
50 | Nature | Vol 615 | 2 March 2023

Article

Critical role of hydrogen for 
superconductivity in nickelates

Xiang Ding1,9, Charles C. Tam2,3,9, Xuelei Sui4,9, Yan Zhao1, Minghui Xu1, Jaewon Choi2, 
Huaqian Leng1, Ji Zhang5, Mei Wu6, Haiyan Xiao1, Xiaotao Zu1, Mirian Garcia-Fernandez2, 
Stefano Agrestini2, Xiaoqiang Wu7, Qingyuan Wang7 ✉, Peng Gao6, Sean Li5, Bing Huang4,8 ✉, 
Ke-Jin Zhou2 ✉ & Liang Qiao1 ✉

The newly discovered nickelate superconductors so far only exist in epitaxial thin films 
synthesized by a topotactic reaction with metal hydrides1. This method changes the 
nickelates from the perovskite to an infinite-layer structure by deintercalation of apical 
oxygens1–3. Such a chemical reaction may introduce hydrogen (H), influencing the 
physical properties of the end materials4–9. Unfortunately, H is insensitive to most 
characterization techniques and is difficult to detect because of its light weight.  
Here, in optimally Sr doped Nd0.8Sr0.2NiO2H epitaxial films, secondary-ion mass 
spectroscopy shows abundant H existing in the form of Nd0.8Sr0.2NiO2Hx (x ≅ 0.2–0.5). 
Zero resistivity 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 
electronic structure of H-doped Nd0.8Sr0.2NiO2Hx to be more two-dimensional-like, 
which might be relevant for the observed superconductivity. We highlight that H is an 
important ingredient for superconductivity in epitaxial infinite-layer nickelates.

In 2019, Danfeng Li et al. reported unconventional superconductivity 
in infinite-layer Nd0.8Sr0.2NiO2 films with a maximum superconducting 
temperature (Tc) of roughly 15 K. Although substantial  progress has  
been achieved, such as the discovery of the hole-doped superconducting  
phase diagram10,11, antiferromagnetic correlations12–15, superconduc-
tivity in Nd6Ni5O12 (ref. 16), charge density waves (CDW)17–19 the field is 
still in its 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 
nickelates1,2,10,11,16,18,20–22. Nickelates 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 Tc could be achieved for nickelate superconductors.

To realize the ultra-low valence Ni1+ in nickelates, requires strong 
topotactic reduction, for example, through the metal-hydride CaH2 
agent1–3, that, however, may introduce unintentional H doping. Identify-
ing and overcoming the issue of H in materials are the key steps for both 
scientific research and industrial applications: for example, realizing 
nitride-based LEDs23. Although some have considered the effect of H 
(refs. 24–26) 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?

 
H identification and quantification
To answer these questions, we designed a series of experiments to char-
acterize the optimal 20% Sr-doped NdNiO2 (Supplementary Note 2). 
Pulsed laser deposition was used to grow 15-nm-thick Nd0.8Sr0.2NiO3 
films epitaxially on a SrTiO3(001) substrate (Methods and Extended Data 
Fig. 1)27. As-grown Nd0.8Sr0.2NiO3 films were reduced by CaH2 at 300 °C 
under variable annealing times from 1 to 420 min (Methods). X-ray dif-
fraction (XRD) spectra indicate the films are fully transformed from the  
perovskite into the infinite-layer structure (Extended Data Fig. 2). Ultra-
sensitive secondary-ion mass spectroscopy (SIMS) was used to char-
acterize the elemental distributions28. Figure 1a shows that H is clearly 
detected with a strong signal in the bulk of all films. Its intensity becomes 
two orders of magnitude higher than the background level of as-received 
and reduced (300 °C, 120 min) SrTiO3 crystals (Supplementary Note 3). 
Figure 1b shows typical three-dimensional (3D) SIMS element maps 
of a reduced 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 H in the infinite-layer nickelate, forming Nd0.8Sr0.2NiO2Hx.

A pristine Nd0.8Sr0.2NiO3 film also shows a notable H signal above the 
background level (Fig. 1a). The as-grown film was not treated by CaH2 
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suggesting other sources such as residual water or H2 trapped in the 
growth chamber29. Furthermore, H was found in the polycrystalline 
Nd0.8Sr0.2NiO3 target (Supplementary Note 4). Therefore, unintentional 
H could originate from the target, growth and the reduction process.

We choose natural mica, KAl2[AlSi3O10](OH)2, as a reliable solid-state 
reference to quantify the H concentration in Nd0.8Sr0.2NiO2Hx (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 SrVO2Hx (ref. 4),  
SrCrO2Hx (ref. 5), the H-containing perovskite systems BaTiO3Hx (ref. 6),  
CaTiO3Hx (ref. 7), LaSrCoO3Hx (ref. 8) and the H-containing pnictides 
SmFeAs(O1–xHx)9. We highlight that the variation of H in Nd0.8Sr0.2NiO2Hx 
results from CaH2 reduction rather than during the growth or from 
the Nd0.8Sr0.2NiO3 target as both of which introduce a fixed level of H.

H-induced superconducting phase diagram
Figure  2a shows the temperature-dependent resistivity ρ(T) of 
Nd0.8Sr0.2NiO2Hx samples, with x ranging from 0.19 to 0.44, respec-
tively. A zoomed-in ρ(T) curve below 30 K is shown in Extended Data 
Fig. 5. Obviously, the transport properties and superconducting transi-
tions are systematically correlated with x, which can be constructed 
into a H-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 TMIT, at 

which dρ/dT = 0. The phase diagram shows a striking resemblance to 
that of the Sr-doped Nd1−xSrxNiO2 (refs. 10,11) 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 (RH). Clearly, an electron-type conduction prevails in 
most of the doping and temperature range except the superconduct-
ing samples (x = 0.24, 0.26 and 0.28) exhibiting an electron-to-hole type 
conversion near 40 K (Fig. 2c). We also extracted RH at 15 K and 300 K as 
a function of x (Fig. 2d). At 15 K, only optimally H-doped samples in the 
superconducting dome show hole conduction, whereas both under- and 
over-doped samples manifest the electron type. RH at 300 K is electron-like 
and remains constant for most samples. Hall coefficients data suggest 
that both the electron and hole band are at play akin to the case of Sr dop-
ing1,10,11. However, unlike with Sr doping, H doping seems to only have an 
effect at low-temperature rather than room-temperature RH, whereas both 
low- and room-temperature RH 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 
spectra in total electron yield mode for Nd0.8Sr0.2NiO2Hx with x = 0.19, 
0.26 and 0.33, representative for under-doped, optimally doped 
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Fig. 1 | Hydrogen detection of as-grown and infinite-layer nickelates.  
a, SIMS depth-profiles of pristine Nd0.8Sr0.2NiO3 and Nd0.8Sr0.2NiO2 films under 
different reduction times, along with a reference reduced SrTiO3 single crystal 
using the optimized topotactic reduction condition of 300 °C and 120 min  
(red solid line). The Ti signal from the SrTiO3 substrate was used as a marker for 
the interface position. H detection limit (blue dashed line) was determined by 

the as-received SrTiO3 substrate. b, 3D mappings of H, Nd, Sr, Ni, O and  
Ti elements in a 120 min-reduced superconducting sample. The analysis area is 
100 × 100 μm2. c, Quantified hydrogen concentration as a function of reduction 
time. The star indicates the H concentration of pristine Nd0.8Sr0.2NiO3. Mean ± s.d. 
(n = 3) are shown.
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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 NdNiO3, it reduces substantially in accord 
with other infinite-layer nickelates2,30. The subtle change of the pre-
peak among Nd0.8Sr0.2NiO2Hx suggests that the hole state and the O 
2p–Ni 3d hybridization may be slightly altered upon H doping. The 
Ni L3-XAS and RIXS spectra closely resemble those from R1−xSrxNiO2 
(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-
tion2,12,17,18,30–32 (Fig. 3b,c and Supplementary Note 5). Closer inspection 
shows that the RIXS dd orbital excitations undergo a monotonic shift to 
lower-energy position as a function of x (Fig. 3c) consistent with the case 
of Sr hole-doping31 albeit to a smaller extent (Supplementary Note 7).

A distinct RIXS excitation appears in the optimal-doped (x = 0.26) 
sample at an incident energy roughly 2 eV above the rising absorption 
edge (circled area in Fig. 3e). Most of the 3d9-δ ground state allows us 
to compare the Ni L3-XAS with the calculated density of states (DOS) 
from which we assign the excitation to the hybridized state between 
Ni 3d and itinerant interstitial s (IIS) orbitals (Supplementary Note 6). 
The IIS has been demonstrated in many non-oxide systems, such as 
layered compounds33, electrides34 and covalent semiconductors35, 
which may strongly influence the fundamental electronic, topologi-
cal and catalytic properties36. For infinite-layer nickelates, IIS orbitals 
were theoretically predicted to locate at the interstitial apical oxygen 
vacancy (AOV) sites with an isotropic s-orbital-like DOS and major inten-
sity roughly 2 eV above the Fermi level (Ef) (Fig. 4a)37,38. The assign-
ment is corroborated by the isotropic intensity of the IIS excitation 

extracted from polarization-dependent RIXS (Supplementary Note 6). 
The appearance of IIS excitations in the superconducting sample but 
not others indicate potentially an intimate connection among H dop-
ing, IIS orbitals and superconductivity.

Electronic structure of Nd0.8Sr0.2NiO2Hx

SIMS is only sensitive to the mass of elements and is unable to determine 
the location of doped H and its valence state, that is, whether it is H+ or 
H–. Unfortunately, H in 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 H at various interstitial positions and 
identified that H prefers to occupy AOV forming a NiO4H2 local envi-
ronment. Calculations of the scenario of hydroxide (OH–) where H and  
O are bonded together yield a highly unstable structure (Supplemen-
tary Notes 8 and 9). The calculated partial DOS suggests H is in the form 
of electronegative H–, consistent to many H-doped transition-metal 
oxides deintercalated using topotactic reduction (Supplementary 
Notes 10 and 11). This is also in line with RIXS spectra in 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).

To understand the electronic structure evolution induced 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 Ef corresponding to the electronic states of AOV.  

0.20 0.25 0.30 0.45

0

10

20

30

40

0 100 200 300
–4

–3

–2

–1

0

1

2

0.20 0.25 0.30 0.35
–4

–3

–2

–1

0

1

2

Weakly
insulating

TMIT

Tc,90%R

Tc,10%R

Metallic

SC

Weakly
insulatingTe

m
p

er
at

ur
e 

(K
)

H concentration (x)

a

c

b

d 0.19  0.21  0.22
 0.24  0.26  0.28
 0.29  0.31  0.33

R
H

(×
10

–3
cm

3
C

–1
)

T (K)

R
H

(×
10

–3
cm

3
C

–1
)

H concentration (x)

 300 K
 15 K

0
0

3

6

9

T (K)

0.22

0.20

0.24

0.28

0.26

0.30

0.44

0.46

0.18
300

0.19
0.21
0.22

0.24
0.26
0.28

0.29
0.31
0.33
0.44 0.34

0.32

25020015010050

 (m
Ω

 c
m

)

H
 c

on
ce

nt
ra

tio
n 

(x
)

Fig. 2 | Transport properties and H-doping phase diagram of Nd0.8Sr0.2NiO2Hx. 
a, Temperature-dependent resistivity measured for samples with different H 
concentrations (x from 0.19 to 0.44). For the small x value (0.19) and the large  
x values (0.31, 0.33 and 0.44), a weakly insulating behaviour is found with 
resistivity upturn of roughly 30 K. In intermediate ranges (0.21, 0.22 and 0.28, 
0.29), a superconducting-like resistivity transition occurs, but zero resistance 

cannot be achieved. For the x range of 0.24 < x < 0.26, the zero-resistance 
superconducting state is obtained. b, Phase diagram of Nd0.8Sr0.2NiO2Hx. Circles 
(squares) represent 90% (10%) of the resistivity (R) value at 30 K. Open triangles 
represent the MIT temperature. c, Temperature dependence of RH for the 
Nd0.8Sr0.2NiO2Hx thin films corresponding to a. d, The RH at T = 300 and 15 K as a 
function of H concentration x.
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H doping annihilates the IIS band, which induces a rapid shift of its DOS 
towards higher energy and density reduction as reflected in the band 
structure. On the other hand, H doping alters the NiO4 local environ-
ment and correspondingly the electronic structure. The deintercalation 
of apical oxygens changes the crystal field from Oh to D4h symmetry, 
resulting in nearly fully occupied 3d z 2 orbitals with a partially filled 
3d x y−2 2 ground state. At the NiO4H2 local sites, H doping obliterates IIS 
band. The H 1s hybridizes with the 3d z 2 orbital of the nearest-neighbour 
forming a bonding-antibonding state, which pushes the antibonding 
3d z 2 across Ef, 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 x y−2 2  band shifts 
downwards in energy, demonstrating an increased 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). Among all, the nearest-neighbour 
hopping and the longer-range hopping terms are listed in Extended 
Data Table 1. Without the presence of H, the Ni 3d x y−2 2 orbital couples 
strongly with the adjacent O 2p orbitals (t1 = 1.32 eV), whereas Ni 3d z 2

–Nd 5d z 2 (t4 = 0.23 eV) coupling shows much less strength. The IIS 

orbital couples relatively strongly with both O 2p (t2 = −0.63 eV) and  
Ni 3d x y−2 2 (t3 = −0.21 eV) orbitals. t3/∆3 and t4/∆4 are comparable, indi-
cating the comparable orbital hybridization strength between 3d-IIS 
and 3d–5d. On H doping, the striking change is the diminishing of the 
hopping pathways to IIS orbitals, that is, t2 and t3 reduce to zero (Fig. 4d). 
Moreover, whereas Ni 3d x y−2 2 –O 2p orbital coupling is not much 
affected by H doping, the hybridization between Ni 3d z 2 and Nd 5d z 2 
orbitals weaken (t4 = 0.23 → 0.06 eV) (Supplementary Notes 15).

Discussion
The H-doping phase diagram of Nd0.8Sr0.2NiO2Hx is intriguing. The 
appearance of the superconducting dome in the optimal H doping 
range (x = 0.2–0.3) as well 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 a donor of ordinary 
charge carriers into the charge reservoirs, however, Hall coefficient, 
X-ray spectroscopy and DFT calculations demonstrate that the situa-
tion is more complex. For instance, although both the electron and hole 
types of carrier exist in the superconducting samples, Hall coefficients 
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deviate from what was observed in Sr-doped counterparts alluding to 
an extraordinary effect.

Besides confirming the 3d9−δ 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 
not be impossible that the IIS excitation overlaps with dd excitations 
because its central DOS are lower in energy intersecting Ni 3d x y−2 2 
band. For the over-doped sample, with more H doping, IIS bands shift 
up in energy and reduce their weight, which perhaps explains its neg-
ligible contribution. DFT calculations indicate that the total 3d orbital 
filling is slightly changed, much less than expected according to the 
number of doped holes (Supplementary Notes 13). 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-peak intensity in the O K-XAS upon H doping probably 
underlines the involvement of O 2p orbitals in the hole-doping, sim-
ilar to the case of La4Ni3O8 trilayer nickelate39. Further studies are 
needed and may renew the view that the infinite-layer nickelates 
predominantly bear Mott–Hubbard physics2.

Another small but important detail is the relevance of H doping to 
CDWs. In our 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 nickelates17–19. The fact that CDWs progressively 
fade away with Sr doping in both LaNiO2 and NdNiO2, regardless of the 
different growth conditions17–19, suggests that H doping, if it exists, may 
not be the precursor of CDWs.

Finally, putting all the pieces together, we can draw a mecha nism 
partially responsible for the H-doping phase diagram. Start ing from 
the non-doped Nd0.8Sr0.2NiO2Hx (x = 0), electron-like bands dominate 
with sizeable interlayer hopping and hybridization among IIS, O 2p, 

Nd 5d and Ni d3 x y−2 2 orbitals that lead to more 3D-like electronic struc-
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). On further H dop ing, the local crystal field and strong 
orbital coupling re-adjust the Ni 3d states such that the d3 x y−2 2 –  d3 z 2 
orbital polarization (OP), defined as n n n nΔ = ( − )/( + )d d d dOP 3 3 3 3z x y z x y2 2− 2 2 2− 2 ,  
becomes less (Fig. 4e and Supplementary Note 13), that is, the Ni 3d 
orbital mixing (OM) (IOM = 1 − ∆OP) becomes larger. The increased orbital 
mixing transforms again the electronic structure of the NiO2 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 
the situation in cuprates and may facilitate superconductivity40. Note 
that the charge inhomogeneity of 3d x y−2 2 orbitals between NiO4 and 
NiO4H2 environments (Supplementary Note 13) might be detrimental 
to superconductivity and lead to inhomogeneous superconductivity, 
which is another important issue for future clarification.

We highlight that the perceived picture certainly has shortcomings 
as DFT cannot fully capture correlation effects, which is essential for 
nickelate superconductors8,13–15. Also, real materials are much more 
complex in which 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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IIS is enlarged by five times for clarity. Note that the IIS state is fully suppressed in 
the NiO4H2 environment. The Fermi level is set to zero. d, Intracell hopping  
(t1 (Ni 3d x y2 − 2 → O 2p), t2 (O 2p → IIS), t4 (Ni 3d z 2 → Nd 5d z 2)) and intercell hopping 
(t3 (Ni 3d x y2 − 2 → IIS)) without (w/o, left) and with (w, right) the insertion of H in 

Nd0.8Sr0.2NiO2Hx. The weight of arrows represents the hopping strength, where 
the corresponding hopping energy t and onsite energy difference ∆ are listed in 
Extended Data Table 1. A full table of t and ∆ between more orbitals can be found 
in Supplementary Note 15. e, 3d x y2 − 2− 3d z 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 x y2 − 2–3d z 2 orbital mixture 
(IOM) and the average hopping t3 as a function of H concentration x, leading to an 
optimized x region (green-shaded region) that is more quasi 2D like.
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Methods

Thin films growth and characterization
Here, 15-nm-thick Nd0.8Sr0.2NiO3 films were epitaxially fabricated on 
TiO2-terminated SrTiO3 (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 SrTiO3 [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 CaH2 powder 
in a quartz tube (pressure <0.1 mTorr). The reduction temperature 
was fixed at 300 °C. The ramp 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 analysis ion beam (Bi+, 30 keV), allowing a beam diameter of less 
than 100 nm, was digitally scanned within a 1,024 × 1,024 array over 
an analysis area of 100 × 100 μm2 for mass spectra measurement. The 
spatial distribution of various elements can be mapped to this 2D image 
by selecting their characteristic peaks, with about 0.1 μm lateral resolu-
tion. Another pulsed low-energy sputtering ion beam (Cs+, 0.5 keV) was 
used for ablation of the surface, resulting in a crater (300 × 300 μm2, 
depth resolution better than 1 nm). The sputtering beam was inter-
leaved with the analysis beam, with the analysis area in 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.

It is crucial to identify a good SIMS reference for quantification of H 
element. Although H implanted Si or SrTiO3 were used as a reference41, 
the implanted H atoms are not bonded tightly to the crystal lattice 
and are very mobile, leading to H loss near surface region. More H loss 
would be caused during SIMS depth profiling, resulting in an inaccurate 
result. Therefore, an ideal H reference 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 
(with a H density of 0.83 × 1022 per cm3), KAl2[AlSi3O10](OH)2, is satisfac-
tory to these requirements42. By comparing with H signal in mica, we 
first get the maximum density of H in Nd0.8Sr0.2NiO2Hx 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 spectra near the Ni L3-edge were measured at the Beam-
line I21 at Diamond Light Source in the UK43. 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 with a grazing incidence angle of θ = 20°. Total 
electron yield XAS spectra were collected by the drain current and 
normalized to the incoming beam intensity. Both linear vertical (σ) 
and linear horizontal polarized (π) incoming X-rays were used. For 
RIXS measurement, the incident X-ray energy was set to the peak of 
Ni-L3 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 (Nd0.8Sr0.2)NiO2Hx were performed using the VASP 
package44, PAW pseudopotentials45 with the 4f electrons treated as 
core electrons were used. The lattice constants of the ab plane were 
fixed to the SrTiO3 substrate (a = b = 3.905 Å) while being relaxed in the 
c direction. The Sr doping effect was simulated in the spirit of virtual 
crystal approximation (VCA)46. To directly show the effect of H atoms 
on electronic structures, all the band 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. 47). Five Ni 3d, five Nd 5d, three O 2p 
and one IIS orbital were used to fit the DFT band structures. Eleven 
orbitals (five Ni 3d, five Nd 5d and IIS) were used to confirm the hybrid-
ization between Ni-d x y−2 2  and IIS.

Data availability
The data that support the findings of this study are available from 
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Extended Data Fig. 1 | Characterization of perovskite structure and 
description of topotactical reduction process. a, b, Typical RHEED intensity 
oscillation and RHEED pattern along SrTiO3 [101] azimuth direction for 
Nd0.8Sr0.2NiO3 films. The oscillations indicate that the film grows layer by  
layer during the initial stage of growth. The layer-by-layer growth gradually 

disappeared as the film thickened. c, Typical XRD of as-grown Nd0.8Sr0.2NiO3 
films. Nd0.8Sr0.2NiO3 (001) and (002) diffraction peaks are located at 23.7°  
and 48.3°, respectively d, Illustration of the reduction heating process.  
During the reduction time the sample is maintained at the temperature of 
300 °C.



Extended Data Fig. 2 | X-ray diffraction for all Nd0.8Sr0.2NiO2Hx films. XRD scans of films with reduction time varied from 1 min to 420 min. The insert picture 
shows the corresponding c lattice parameters.
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Extended Data Fig. 3 | SIMS spectra of other elements in thin film and substrate. SIMS signals of O, Ti, Ni, Sr, Nd secondary ions in the films under different  
H doping levels.



Extended Data Fig. 4 | Crystal structure and SIMS spectrum of mica. a, Crystal structure of mica with the formula of KAl2[AlSi3O10](OH)2. b, SIMS spectrum of H, 
O, Al, K, Si secondary ions in mica as a reference sample for calibration.
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Extended Data Fig. 5 | Zoom-in view of ρ(T) with different H concentrations. The temperature-dependent resistivities of Nd0.8Sr0.2NiO2Hx films with x varying 
from 0.19 to 0.33.



Extended Data Fig. 6 | Crystal structure of Nd0.8Sr0.2NiO2Hx. a-c, Lowest 
energy configurations of Nd0.8Sr0.2NiO2Hx (x = 0, 0.25 and 0.5) in 2×2×2 
supercell, where H forms 1D chain structure along c direction [see details in 

Supplementary Note 12]. The green shaded areas indicate the unit cells.  
These structures are used for electronic structure calculations in Fig. 4.
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Extended Data Fig. 7 | RIXS spectra of Nd0.8Sr0.2NiO2Hx. Low-energy RIXS intensity maps (a-c) and the integrated quasielastic region (d–f) of three 
Nd0.8Sr0.2NiO2Hx samples with x = 0.19 (a, d), 0.26 (b, e) and 0.33 (c, f), respectively. No sign of CDWs is present in any probed samples.



Extended Data Table 1 | Hopping energy t and onsite energy 
difference ∆ (in units of eV) without and with the insertion of 
H in Nd0.8Sr0.2NiO2Hx (x = 0.25)

These values are insensitive to the H doping.
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