Article

Critical role of hydrogen for
superconductivity in nickelates

https://doi.org/10.1038/s41586-022-05657-2
Received: 6 May 2022
Accepted: 14 December 2022

Published online: 1 March 2023

Xiang Ding"®, Charles C. Tam>3?, Xuelei Sui*°, Yan Zhao', Minghui Xu', Jaewon Choi?,
Huagian Leng', Ji Zhang®, Mei Wu®, Haiyan Xiao', Xiaotao Zu', Mirian Garcia-Fernandez?,
Stefano Agrestini?, Xiaogiang Wu’, Qingyuan Wang’™, Peng Gao®, Sean Li°, Bing Huang*®™,
Ke-Jin Zhou?™ & Liang Qiao"™

M Check for updates

The newly discovered nickelate superconductors so far only exist in epitaxial thin films

synthesized by a topotactic reaction with metal hydrides’. This method changes the
nickelates from the perovskite to aninfinite-layer structure by deintercalation of apical
oxygens'. Such a chemical reaction may introduce hydrogen (H), influencing the
physical properties of the end materials*®. Unfortunately, H is insensitive to most
characterization techniques and is difficult to detect because of its light weight.

Here, in optimally Sr doped Nd, ¢Sr, ,NiO,H epitaxial films, secondary-ion mass
spectroscopy shows abundant H existing in the form of Nd, ¢Sr,,NiO,H, (x =~ 0.2-0.5).
Zeroresistivity is found within a very narrow H-doping window of 0.22 < x < 0.28,
showing unequivocally the critical role of H in superconductivity. Resonant

inelastic X-ray scattering demonstrates the existence of itinerant interstitial s (IIS)
orbitals originating from apical oxygen deintercalation. Density functional

theory calculations show that electronegative H occupies the apical oxygen sites
annihilating IIS orbitals, reducing the IIS-Ni 3d orbital hybridization. This leads the
electronicstructure of H-doped Nd, sSr, ,NiO,H, to be more two-dimensional-like,
which might be relevant for the observed superconductivity. We highlight that His an
importantingredient for superconductivity in epitaxial infinite-layer nickelates.

In2019, Danfeng Li et al. reported unconventional superconductivity
ininfinite-layer Nd, ¢Sr,,,NiO, films with amaximum superconducting
temperature (7;) of roughly 15 K. Although substantial progress has
beenachieved, suchasthediscovery ofthe hole-dopedsuperconducting
phase diagram'®", antiferromagnetic correlations'> ™, superconduc-
tivity in Nd¢NisO,, (ref. '), charge density waves (CDW) ¥ the field is
still inits infancy. One of the key challenges lies in material synthesis
as superconductivity so far exclusively happens in epitaxial films,
and only a few groups worldwide can reproduce superconducting
nickelates**'01"16182022 Njckelates show strong similarities to cuprates
in structure, electronic and magnetic correlations, which raises the
question as to whether a similar pairing mechanism applies here and
how high a T_ could be achieved for nickelate superconductors.
Torealize the ultra-low valence Ni'* in nickelates, requires strong
topotactic reduction, for example, through the metal-hydride CaH,
agent'?, that, however, may introduce unintentional H doping. Identify-
ingand overcoming theissue of Hin materials are the key steps for both
scientific research and industrial applications: for example, realizing
nitride-based LEDs?. Although some have considered the effect of H
(refs.?*%) in nickelate superconductors (Supplementary Note 1), it
is (1) unclear whether H actually exists in the infinite-layer nickelate
thin films? and (2) if so, what role does H play in superconductivity?

Hidentification and quantification

Toanswer these questions, we designed aseries of experimentsto char-
acterize the optimal 20% Sr-doped NdNiO, (Supplementary Note 2).
Pulsed laser deposition was used to grow 15-nm-thick Nd, sSr, ,NiO;
films epitaxially onaSrTiO,(001) substrate (Methods and Extended Data
Fig.1)”. As-grown Nd, ¢Sr,,NiO; films were reduced by CaH, at 300 °C
under variable annealing times from 1to 420 min (Methods). X-ray dif*-
fraction (XRD) spectraindicate the films are fully transformed from the
perovskiteinto theinfinite-layer structure (Extended DataFig.2). Ultra-
sensitive secondary-ion mass spectroscopy (SIMS) was used to char-
acterize the elemental distributions®. Figure 1a shows that H is clearly
detected withastrongsignalinthe bulk of all films. Its intensity becomes
two orders of magnitude higher thanthe background level of as-received
andreduced (300 °C,120 min) SrTiO; crystals (Supplementary Note 3).
Figure 1b shows typical three-dimensional (3D) SIMS element maps
of areduced superconducting sample (Extended Data Fig. 3). For all
infinite-layer nickelates, the H distribution shows traces of diffusion into
the substrate. These results unambiguously demonstrate the existence
of abundant Hin the infinite-layer nickelate, forming Nd, sSr,,NiO,H,.

Apristine Nd, ¢Sr,,NiO; filmalso shows a notable H signal above the
background level (Fig. 1a). The as-grown film was not treated by CaH,
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Fig.1|Hydrogendetection of as-grown and infinite-layer nickelates.

a, SIMS depth-profiles of pristine Nd, sSr, ,NiO;and Nd, Sr, ,NiO, films under
differentreduction times, along with areference reduced SrTiO; single crystal
using the optimized topotactic reduction condition of 300 °Cand 120 min
(red solid line). The Tisignal from the SrTiO; substrate was used as a marker for
theinterface position. Hdetection limit (blue dashed line) was determined by

suggesting other sources such as residual water or H, trapped in the
growth chamber?. Furthermore, H was found in the polycrystalline
Nd,sSr,,NiO; target (Supplementary Note 4). Therefore, unintentional
H could originate from the target, growth and the reduction process.
We choose natural mica, KAL[AISi;0,,1(OH),, as areliable solid-state
reference to quantify the H concentration in Nd, sSr,,NiO,H, (Meth-
ods and Extended Data Fig. 4). Figure 1c shows that the H concentra-
tion (x) increases linearly with the reduction time. The retrieved x
falls in the range of 0.2 ~ 0.5. This is similar to reported x values for
other H-containing infinite-layer systems, such as SrVO,H, (ref. %),
SrCrO,H, (ref.%), the H-containing perovskite systems BaTiO;H, (ref. ¢),
CaTiO;H, (ref.”), LaSrCoO;H, (ref. 8) and the H-containing pnictides
SmFeAs(0,_,H,)°. We highlight that the variation of Hin Nd, gSr, ,NiO,H,
results from CaH, reduction rather than during the growth or from
the Nd, sSr,,NiO; target as both of which introduce a fixed level of H.

H-induced superconducting phase diagram

Figure 2a shows the temperature-dependent resistivity p(7) of
Nd, sSr,,NiO,H, samples, with x ranging from 0.19 to 0.44, respec-
tively. Azoomed-in p(T) curve below 30 K is shown in Extended Data
Fig.5.0bviously, thetransport properties and superconducting transi-
tions are systematically correlated with x, which can be constructed
intoaH-doping phase diagram (Fig. 2b). It depicts a superconducting
dome with a narrow range of optimal H doping, 0.22 <x< 0.28. Both
under- and over-doped samples show weakly insulating behaviour
with distinctive metal-insulator transition (MIT) temperature Ty, at
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theas-received SrTiO; substrate. b, 3D mappings of H, Nd, Sr,Ni, O and
Tielementsinal20 min-reduced superconducting sample. The analysisareais
100 x 100 pm?. ¢, Quantified hydrogen concentrationas afunction of reduction
time. Thestarindicatesthe H concentration of pristine Nd, sSr, ,NiO;. Mean £ s.d.
(n=3)areshown.

which dp/dT = 0. The phase diagram shows a striking resemblance to
that of the Sr-doped Nd,_,Sr,NiO, (refs.®) and demonstrates that, in
addition to Sr dopant, a hidden H-dopant may play a critical role to
the observed superconductivity. This may also explain the challenge
of film synthesis, that is, H content must fall into a narrow window to
achieve superconductivity.

To characterize the charge carriers upon H doping, we measured the
Hall coefficient (Ry). Clearly, an electron-type conduction prevails in
most of the doping and temperature range except the superconduct-
ingsamples (x=0.24,0.26 and 0.28) exhibiting an electron-to-hole type
conversion near 40 K (Fig. 2c). We also extracted R, at 15K and 300 K as
afunction of x (Fig. 2d). At 15K, only optimally H-doped samples in the
superconducting dome show hole conduction, whereas bothunder-and
over-doped samples manifest the electrontype. R, at 300 Kis electron-like
and remains constant for most samples. Hall coefficients data suggest
thatboththeelectronand hole band are at play akinto the case of Sr dop-
ing"'°"", However, unlike with Sr doping, H doping seems to only have an
effectatlow-temperaturerather thanroom-temperature R, whereasboth
low- and room-temperature R, are responsive to Sr doping.

X-ray absorption spectroscopy (XAS) and resonant
inelastic X-ray scattering (RIXS) experiments

XAS and RIXS were used to probe the electronic structure evolution
upon H doping. Figure 3a shows the surface-sensitive O K-edge XAS
spectrain total electron yield mode for Nd, sSr,, ,NiO,H, with x = 0.19,
0.26 and 0.33, representative for under-doped, optimally doped
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Fig.2|Transportpropertiesand H-doping phase diagram of Nd, ¢Sr, ,NiO,H,.
a, Temperature-dependent resistivity measured for samples with different H
concentrations (xfrom 0.19 to 0.44). For the small x value (0.19) and the large
xvalues (0.31,0.33 and 0.44), aweakly insulating behaviour is found with
resistivity upturn of roughly 30 K. Inintermediate ranges (0.21,0.22and 0.28,
0.29),asuperconducting-likeresistivity transition occurs, but zero resistance

and over-doped samples. The pre-edge peak at roughly 527-530 eV
reflects the valence O 2p hole states and its mixing with Ni* 3d orbitals.
Comparing to perovskite NdNiO,, it reduces substantially in accord
with other infinite-layer nickelates?*. The subtle change of the pre-
peak among Nd, sSr,,NiO,H, suggests that the hole state and the O
2p-Ni 3d hybridization may be slightly altered upon H doping. The
Ni L;-XAS and RIXS spectra closely resemble those from R,_,Sr,NiO,
(R=La, Nd, Pr) including the XAS spectral profile, the roughly 0.6 eV
RIXS excitation manifesting significant Ni 3d-Nd 5d hybridization, the
RIXS dd orbital excitations at roughly 1.1 eV, and fluorescence excita-
tion*171830-32 (Fig 3b,c and Supplementary Note 5). Closer inspection
shows that the RIXS dd orbital excitations undergo a monotonic shift to
lower-energy positionas afunction of x (Fig. 3c) consistent with the case
of Sr hole-doping® albeit to asmaller extent (Supplementary Note 7).

A distinct RIXS excitation appears in the optimal-doped (x = 0.26)
sampleatanincident energy roughly 2 eV above therising absorption
edge (circled area in Fig. 3e). Most of the 3d”° ground state allows us
to compare the Ni L;-XAS with the calculated density of states (DOS)
from which we assign the excitation to the hybridized state between
Ni3danditinerantinterstitial s (IIS) orbitals (Supplementary Note 6).
The IIS has been demonstrated in many non-oxide systems, such as
layered compounds®, electrides® and covalent semiconductors®,
which may strongly influence the fundamental electronic, topologi-
cal and catalytic properties®. For infinite-layer nickelates, IIS orbitals
were theoretically predicted to locate at the interstitial apical oxygen
vacancy (AOV) sites with anisotropic s-orbital-like DOS and major inten-
sity roughly 2 eV above the Fermi level (E;) (Fig. 4a)*"*. The assign-
ment is corroborated by the isotropic intensity of the IIS excitation
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cannotbeachieved. Forthexrange of0.24 <x<0.26, the zero-resistance
superconductingstate is obtained. b, Phase diagram of Nd, sSr,, ,NiO,H,. Circles
(squares) represent 90% (10%) of the resistivity (R) value at 30 K. Open triangles
represent the MIT temperature. c, Temperature dependence of R, for the

Nd, sSr,,NiO,H, thinfilmscorrespondingtoa.d, TheR,at T=300and15Kasa
function of Hconcentrationx.

extracted from polarization-dependent RIXS (Supplementary Note 6).
The appearance of 1IS excitations in the superconducting sample but
notothers indicate potentially an intimate connection among H dop-
ing, IIS orbitals and superconductivity.

Electronic structure of Nd, ¢Sr, ,NiO,H,

SIMS s only sensitive to the mass of elements and is unable to determine
thelocation of doped H and its valence state, that is, whetheritisH or
H™.Unfortunately, Hin our samples cannot be observed by a transmis-
sion electron microscope (Supplementary Note 18). To understand
these questions, density functional theory (DFT) was used (Methods).
We examined configurations with Hat various interstitial positions and
identified that H prefers to occupy AOV forming a NiO,H, local envi-
ronment. Calculations of the scenario of hydroxide (OH") whereHand
O arebonded together yield a highly unstable structure (Supplemen-
tary Notes 8 and 9). The calculated partial DOS suggests His in the form
of electronegative H, consistent to many H-doped transition-metal
oxides deintercalated using topotactic reduction (Supplementary
Notes10and11). Thisisalsoinline with RIXS spectrain which holes are
introduced by H doping (Fig. 3c). In terms of the total energy calcula-
tions, we found that H prefers to form an ordered H-Ni-H chain along
the out-of-plane direction but with no strong preference for the in-plane
ordering state (Extended Data Fig. 6 and Supplementary Note 12).
Tounderstand the electronic structure evolutioninduced by H dop-
ing, we calculated the band structure with orbital projections for three
H concentrations x = 0, 0.25 and 0.5 (Fig. 4a—c). Overall, the IIS band
clearly exists near E;corresponding to the electronic states of AOV.
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Fig.3|XAS and RIXS characterization. a, Surface-sensitive total electron
yield XAS spectranear the O K-edge for Nd, sSr, ,NiO,H,withx=0.19,0.26 and
0.33,aswellasthereference NdNiO; film. The experimental geometry is shown
intheinset, where X-rays areincident on the filmsurface atagrazingangle 6
withlinear vertical (o) and linear horizontal () polarization. AU, arbitrary units.
b, Bulk-sensitive fluorescence yield XAS spectranear the NiL;-edge

Hdoping annihilates thelISband, which induces arapid shift of its DOS
towards higher energy and density reduction as reflected in the band
structure. On the other hand, H doping alters the NiO, local environ-
mentand correspondingly the electronicstructure. The deintercalation
of apical oxygens changes the crystal field from O, to D, symmetry,
resulting in nearly fully occupied 3d 2 orbitals with a partially filled
3d,2_,2ground state. At the NiO,H, localsites, H doping obliterates IS
band. TheH1shybridizes withthe 3d ,2orbital of the nearest-neighbour
forming abonding-antibonding state, which pushes the antibonding
3d ,2across E;, hence reducing its orbital filling (Fig. 4a-c and Supple-
mentary Notes 13 and 14). H doping seems to show little effect on the
total 3d orbital filling and, consequently, the Ni 3d,2_,2 band shifts
downwardsinenergy, demonstrating anincreased orbital filling (Sup-
plementary Notes 13).

The local orbital hybridization shows a complex but interesting
development on H doping. The intra- and intercell atomic hopping
energy and onsite energy difference were calculated using Wannier
functions (Supplementary Notes 15). Amongall, the nearest-neighbour
hopping and the longer-range hopping terms are listed in Extended
DataTable 1. Without the presence of H, the Ni3d,2_,2 orbital couples
strongly with the adjacent O 2p orbitals (¢, =1.32 eV), whereas Ni 3d ,2
-Nd 5d,2 (¢,=0.23 eV) coupling shows much less strength. The IIS

corresponding toa. c. Doping-dependent RIXS spectra under different
incidentangles 8. d-f, RIXS intensity map of Nd, sSr, ,NiO,H, measured at
T=20Kwithx=0.19(d),0.26 (e) and 0.33 (f), respectively. The corresponding
XAS are superimposed (solid white line) on top of eachmap. The lIS feature is
highlighted as adashed-greencircleine.

orbital couples relatively strongly with both O 2p (¢,=-0.63 eV) and
Ni3d,z2_,2(t;=-0.21eV) orbitals. &/A; and ¢,/A, are comparable, indi-
cating the comparable orbital hybridization strength between 3d-1IS
and 3d-5d. On H doping, the striking change is the diminishing of the
hopping pathwaystolIS orbitals, thatis, ¢,and ¢; reduce to zero (Fig. 4d).
Moreover, whereas Ni 3d,2_,2-0 2p orbital coupling is not much
affected by H doping, the hybridization between Ni 3d,2and Nd 5d ,2
orbitals weaken (¢,=0.23 > 0.06 eV) (Supplementary Notes 15).

Discussion

The H-doping phase diagram of Nd, sSr,,NiO,H, is intriguing. The
appearance of the superconducting dome in the optimal H doping
range (x=0.2-0.3) aswell as the weakly insulating behaviour at both the
under-and over-doped regimes (x < 0.2 and x > 0.3) almost mimic the
hole-doping phase diagram of infinite-layer nickelate superconductors.
This suggests that, besides the Sr dopant, H may play a critical role in
superconductivity. At first glance, H may act just as adonor of ordinary
charge carriers into the charge reservoirs, however, Hall coefficient,
X-ray spectroscopy and DFT calculations demonstrate that the situa-
tionis more complex. For instance, although both the electron and hole
types of carrier exist in the superconducting samples, Hall coefficients
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Fig.4|Electronicstructure of Nd, Sr, ,NiO,H,.a-c,Band structuresand DOS
with orbital projections for Nd, sSr, ,NiO,H, (x=0 (a), 0.25 (b) and 0.5 (c))
(correspondingstructures are shownin Extended Data Fig. 6). The solid (dashed)
linesinDOS are for the 3d orbitalsinthe NiO, (NiO,H,) environment. The DOS of
lISisenlarged by five times for clarity. Note that the lISstateis fully suppressed in
theNiO,H, environment. The Fermilevelissettozero.d, Intracellhopping

(¢, (Ni 3d,2_2>0 2p),t,(02p~>11S),t,(Ni3d ,2>Nd5d ,2)) and intercell hopping
(t5(Ni 3dxz,y2 > 1IS)) without (w/o, left) and with (w, right) the insertion of Hin

deviate fromwhat was observed in Sr-doped counterparts alluding to
an extraordinary effect.

Besides confirming the 3d°*ground state, RIXS shows the IIS exci-
tation is present only in the superconducting sample. It is not fully
clear why the IIS excitation is not present at other H dopings which
deserves further study. However, for the under-doped case, it may
notbeimpossible that the IIS excitation overlaps with dd excitations
because its central DOS are lower in energy intersecting Ni 3d 2_2
band. For the over-doped sample, with more H doping, IIS bands shift
upinenergy andreduce their weight, which perhaps explainsits neg-
ligible contribution. DFT calculations indicate that the total 3d orbital
fillingis slightly changed, much less than expected according to the
number of doped holes (Supplementary Notes13). This seems at odds
at first, however, the RIXS dd excitations indeed signal a modest
energy shift as a response to a partial doping into Ni 3d bands. The
increased hole-peakintensity in the O K-XAS upon H doping probably
underlines the involvement of O 2p orbitalsin the hole-doping, sim-
ilar to the case of La,Ni,Og trilayer nickelate®. Further studies are
needed and may renew the view that the infinite-layer nickelates
predominantly bear Mott-Hubbard physics®.

Another small but important detail is the relevance of H doping to
CDWs. Inour RIXS spectra, no signs of CDWs show in any samples meas-
ured (Extended Data Fig. 7), consistent to the results in roughly 20%
Sr-doped infinite-layer nickelates” ™. The fact that CDWs progressively
fade away with Sr dopingin both LaNiO, and NdNiO,, regardless of the
different growth conditions”?, suggests that H doping, if it exists, may
not be the precursor of CDWs.

Finally, putting all the pieces together, we can draw a mechanism
partially responsible for the H-doping phase diagram. Starting from
the non-doped Nd, ¢Sr,,NiO,H, (x = 0), electron-like bands dominate
with sizeable interlayer hopping and hybridization among IS, O 2p,
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H concentration (x)

Nd,sSr,,NiO,H,. The weight of arrows represents the hopping strength, where
the corresponding hopping energy tand onsite energy difference A arelisted in
Extended DataTable 1. A full table of tand A between more orbitals can be found
inSupplementary Note15.e,3d ,2_,2-3d ;2 orbital polarization as a function of
H concentration. Details can be found in Supplementary Note 13.f, Schematic
drawing of the competition between the average 3d 2_,2-3d ;2 orbital mixture
(Ion) and the average hopping £; asafunction of H concentrationx, leading to an
optimized xregion (green-shaded region) that is more quasi 2D like.

Nd5dandNi3d,2_j2orbitals thatlead to more 3D-like electronicstruc-
ture. H doping blocks the interlayer hopping related to IIS orbitals
rendering the electronic structure to be more quasi two-dimensional
(2D)-like (Fig.4d).Onfurther H doping, thelocal crystal field and strong
orbital coupling re-adjust the Ni 3d states such that the3d,2_,2 - 3d 2
orbital polarization (OP), defined as A gp = (n34 ,~ Mg, Mg+ N3y, ),
becomes less (Fig. 4e and Supplementary Note 13), that is, the Ni 3d
orbital mixing (OM) (/oy =1 - Ap) becomes larger. The increased orbital
mixing transforms again the electronic structure of the NiO, planes
back to more 3D-like. The middle region (Fig. 4f) with the optimal H
doping is filled by the most 2D-like electronic structure that mimics
thesituationin cuprates and may facilitate superconductivity*. Note
that the charge inhomogeneity of 3d,.2_,2 orbitals between NiO, and
NiO,H, environments (Supplementary Note 13) might be detrimental
tosuperconductivity and lead toinhomogeneous superconductivity,
whichis another importantissue for future clarification.

We highlight that the perceived picture certainly has shortcomings
as DFT cannot fully capture correlation effects, which is essential for
nickelate superconductors®®™, Also, real materials are much more
complexinwhich defects, strain and domain walls are at play that are
not considered in our model. Nevertheless, our study serves as a sur-
vey of hydrogen doping effect in infinite-layer nickelates produced
by topotactic reduction. An immediate next question would be, can
superconductivity still be realized in these nickel oxide compounds
without hydrogen or only with H doping?
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Methods

Thin films growth and characterization

Here, 15-nm-thick Nd,sSr,,NiO; films were epitaxially fabricated on
TiO,-terminated SrTiO; (001) substrates using pulsed laser deposi-
tion, at a growth temperature of 620 °C and an oxygen pressure of
200 mTorr. The real-time reflective high-energy electron diffraction
intensity oscillation and pattern along the SrTiO,[101] azimuth
direction, along with the XRD pattern, can be found in Extended
Data Fig. 1. After growth, the samples were cooled down to room
temperature in the same oxygen pressure at a cooling rate of 10 °C
per minute. The as-grown samples were cut into pieces and wrapped
in aluminium foil, then sealed together with 0.1 g of CaH, powder
inaquartztube (pressure <0.1 mTorr). The reduction temperature
was fixed at 300 °C. Theramp rate and reduction time are illustrated
in Extended Data Fig. 1d. The structure of the films was character-
ized using a Bruker D8 Discover diffractometer in diffraction and
reflectance modes. Temperature-dependent resistivity and Hall
effect were measured using the four-probe method and van der
Pauw geometry in a cryogen-free magnet system (Cryogenic Ltd
and Quantum Design Ltd).

Time-of-flight-secondary-ion mass spectrometry (TOF-SIMS)
measurement

TOF-SIMS measurements were achieved by a TOF-SIMS-5 instrument
(IONTOF GmbH) to determine the hydrogen concentration of samples.
Depth profiling was done in dual beam mode by two ion beams. The
pulsed analysisionbeam (Bi*, 30 keV), allowing abeam diameter of less
than 100 nm, was digitally scanned within a 1,024 x 1,024 array over
ananalysis area 0f 100 x 100 um?for mass spectra measurement. The
spatial distribution of various elements canbe mapped to this 2D image
by selecting their characteristic peaks, withabout 0.1 pm lateral resolu-
tion. Another pulsed low-energy sputteringionbeam (Cs*, 0.5 keV) was
used for ablation of the surface, resulting in a crater (300 x 300 pm?,
depth resolution better than 1 nm). The sputtering beam was inter-
leaved withthe analysisbeam, withthe analysisareain the centre of the
crater to avoid disturbance from the crater edge. Through sequential
‘analysis—sputtering’ cycles, a series of depth-dependent 2D images
was obtained. The 3D analysis is a combination of these sequential
2D image layers in the depth direction. All signals were collected by
negative secondary ions.

The first several cycles were actually a surface cleaning process,
after which the data collection reached equilibrium. The error bars
reflect the standard error of the test, which is calculated by dividing
the standard deviation by the square root of the number of measure-
ments that make up the mean.

Itiscrucial toidentify agood SIMS reference for quantification of H
element. Although Himplanted Si or SrTiO, were used as a reference®,
the implanted H atoms are not bonded tightly to the crystal lattice
and are very mobile, leading to Hloss near surface region. More Hloss
would be caused during SIMS depth profiling, resultinginaninaccurate
result. Therefore, anideal Hreference for SIMS quantification should
be a solid-state material that is stable in a characterization environ-
ment with H ions bonded in the lattice. In this regard, natural mica
(withaH density of 0.83 x 10% per cm®), KAL[AISi;0,,](OH),, is satisfac-
tory to these requirements*’. By comparing with H signal in mica, we
first get the maximum density of Hin Nd, gSr,,NiO,H, thin films, and
then determine the x value in the formula. Least-squares linear curve
fitting was used to determine the x value in samples without SIMS
measurement.

XAS and RIXS measurements

XAS and RIXS spectranear the NiL;-edge were measured at the Beam-
line 121 at Diamond Light Source in the UK*. All measurements were
done at 20 K. The horizontal scattering plane was parallel to the

crystallographic a-c (or equivalently b—c) planes to ensure momen-
tum transfer along the Ni-O bonds (Fig. 3a). For XAS measurements,
signals were collected witha grazingincidence angle of = 20°. Total
electron yield XAS spectra were collected by the drain current and
normalized to the incoming beam intensity. Both linear vertical (o)
and linear horizontal polarized (1) incoming X-rays were used. For
RIXS measurement, the incident X-ray energy was set to the peak of
Ni-L,resonance (roughly 853 eV), the scattering angle was fixed at 154°
and the combined instrument resolution was about 41 meV (full-width
at half-maximum).

DFT calculations

First-principles generalized gradient approximation plus U(U=3 eV)
calculations for (Nd, sSr,,)NiO,H, were performed using the VASP
package**, PAW pseudopotentials® with the 4felectrons treated as
core electrons were used. The lattice constants of the ab plane were
fixed to the SrTiO, substrate (a = b = 3.905 A) while being relaxed in the
cdirection. The Sr doping effect was simulated in the spirit of virtual
crystal approximation (VCA)*. To directly show the effect of H atoms
onelectronicstructures, all theband structures calculated in the super-
cells were unfolded to the unit cell. The hopping parameters for dif-
ferent orbitals were obtained from Wannier downfolding as
implemented in Wannier90 (ref. *’). Five Ni 3d, five Nd 5d, three O 2p
and one IIS orbital were used to fit the DFT band structures. Eleven
orbitals (five Ni3d, five Nd 5d and IIS) were used to confirm the hybrid-
ization between Ni-d,2_,2 andIS.
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Extended DataFig.1|Characterization of perovskite structure and disappeared as the film thickened. ¢, Typical XRD of as-grown Nd, ¢Sr,, ,NiO;
description oftopotactical reduction process. a, b, Typical RHEED intensity films.Nd, Sr,,NiO; (001) and (002) diffraction peaks are located at 23.7°
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Extended DataFig. 3 |SIMS spectraofother elementsin thinfilm and substrate. SIMS signals of O, Ti, Ni, Sr, Nd secondaryionsin the films under different

Hdopinglevels.
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Extended DataFig.5|Zoom-inview of p(T) with different H concentrations. The temperature-dependent resistivities of Nd, sSr, ,NiO,H, films with x varying
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Extended Data Table 1| Hopping energy t and onsite energy
difference A (in units of eV) without and with the insertion of
Hin Nd,3Sr,,NiO,H, (x=0.25)

4 t t t,
w/o H 1.32 -0.63 -0.21 0.23
wH 1.32 0 0 0.06
A A, Aq A,
w/o H 3.89 6.67 2.78 3.12
wH 3.81 - - 2.94

These values are insensitive to the H doping.
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