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and undoped). For thin-film LaNiO3, reduction induces a series of 
transformation steps: first to brownmillerite LaNiO2.5, then to c-axis 
LaNiO2, followed by a reorientation transition to a-axis LaNiO2, before 
subsequent decomposition29. For NdNiO3 and Nd0.8Sr0.2NiO3, we only 
observe a direct transition to the c-axis infinite-layer structure (Fig. 1). 
Our annealing conditions (see Methods) are empirically optimized to 
maximize the XRD infinite-layer peak intensity and minimize the 
c-axis lattice constant (as a proxy for the removal of apical oxygen). 
The comparable (002) peak intensities for the perovskite and infinite-
layer phases (Fig. 2a), as well as the thickness fringes observed near 
(002) after reduction, indicate a complete structural transformation 
of the film. Reduction for much longer times or at higher temperature 
induces decomposition of the film, and no XRD features are observed.

Figure 3a shows the temperature-dependent resistivity ρ(T) of 
NdNiO3 and Nd0.8Sr0.2NiO3. NdNiO3 shows the characteristic first- 
order phase transition from a high-temperature paramagnetic metal to a 
low-temperature charge-disproportionated antiferromagnetic insulator,  
which is suppressed with Sr doping26,27. After reduction (Fig. 3b), we 
find that NdNiO2 displays metallic temperature dependence at high 
temperatures, with a resistive upturn below about 70 K. By contrast, 
Nd0.8Sr0.2NiO2 exhibits metallic behaviour followed by a superconduct-
ing transition, with an onset at 14.9 K (point of maximum curvature), 
a midpoint at 13.6 K and zero resistance at 9.1 K (indistinguishable 
from the noise floor) for this sample. The temperature-dependent 
normal-state Hall coefficient RH(T) is given in Fig. 3c. RH for NdNiO2 
is negative at all temperatures, whereas it undergoes a sign change at 
about 55 K for Nd0.8Sr0.2NiO2. This feature, as well as the overall mag-
nitude of RH, are inconsistent with the expectations for simple hole 
doping of a single electronic band, and suggest a more complex Fermi 
surface. This may be consistent with calculations of the electronic band 
structure of LaNiO2, which find multiple electron and hole pockets that 
have different orbital contributions6 and that vary with the Coulomb 
interaction. We further note that the interface between the infinite-
layer nickelate and the SrTiO3 substrate (Fig. 1) hosts a strong polar 
discontinuity30. Depending on how this electrostatic boundary condi-
tion is resolved, there may be transport contributions from interface 
states. However, the comparison between NdNiO2 and Nd0.8Sr0.2NiO2 
demonstrates that this alone does not lead to superconductivity here.

The observation of superconductivity is quite robust. In Fig. 3d, e  
we show a number of different samples of Nd0.8Sr0.2NiO2 synthe-
sized in nominally similar conditions. The origin of the variation in 
transition temperature (Tc) is unclear, but there are some indications 
that it correlates with the crystallinity of the parent perovskite phase 
and may also reflect slight variations in the oxygen stoichiometry. 
In Figs. 3f, 4 we focus on one sample (Fig. 3b) with a high transition 
temperature; all other samples showed similar behaviour as scaled 
by Tc. Figure 3f shows measurements of the temperature-dependent 
current–voltage characteristics for this sample. These features are  
linear in the normal state (outside nonlinearities due to Joule heating 

at high bias) and increasingly nonlinear below the transition, and they 
are characteristic of superconductivity with a critical current density 
Jc(2 K) ≈ 170 kA cm−2.

Figure 4a displays the temperature-dependent magnetoresistance 
measured in magnetic fields perpendicular to the plane of the sample, 
up to 13 T. The normal state exhibits very little magnetoresistance, 
whereas superconductivity is suppressed with increasing field. As a 
proxy for the variation of the upper critical field Hc,⊥, we take the mid-
point of the resistive transition to the normal state near Tc and fit it to 
the linearized Ginzburg–Landau form
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where Φ0 is the flux quantum and ξGL(0) is the extrapolated zero- 
temperature Ginzburg–Landau coherence length, which we find to be 
3.25 ± 0.01 nm. (This estimate does not consider potential contribu-
tions from vortex motion or variations due to sample inhomogeneity.) 
We further perform two-coil mutual-inductance measurements in the 
perpendicular geometry, as shown in Fig. 4b. Here we plot the real 
(Re(Vp)) and imaginary (Im(Vp)) components of the a.c. voltage signal 
detected by the pickup coil above the sample. As the sample is cooled 
through the transition, Re(Vp) decreases while Im(Vp) exhibits a peak, 
indicating an emergent diamagnetic response below the transition as 
the magnetic field generated from the drive coil becomes screened by 
the superconductor. The fact that Re(Vp) does not approach zero at low 
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Fig. 1 | Topotactic reduction of nickelate thin films. Schematic crystal 
structures of Nd0.8Sr0.2NiO3 (left) and Nd0.8Sr0.2NiO2 (right) thin films 
on the TiO2-terminated single-crystal SrTiO3 (001) substrate. Upon low-
temperature reduction, the films undergo a topotactic transition from the 
perovskite phase to the infinite-layer phase. 5.8
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Fig. 2 | Structural characterization of the doped nickelate thin films. 
a, X-ray diffraction θ–2θ symmetric scans of 11-nm-thick Nd0.8Sr0.2NiO3 
(top) and Nd0.8Sr0.2NiO2 (bottom; with contribution from gold contacts) 
films capped with 20-nm-thick SrTiO3 layers grown on SrTiO3 (001) 
substrates. b, c, Reciprocal space maps of Nd0.8Sr0.2NiO3 (b) and 
Nd0.8Sr0.2NiO2 (c) around the (103) SrTiO3 diffraction peak. Both maps 
indicate that the films are fully strained to the SrTiO3 substrates. a.u., 
arbitrary units.
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temperatures resembles measurement results of a 40-nm-thick infinite-
layer copper oxide film with Tc ≈ 10.8 K and extrapolated London 
penetration depth λL(T = 0) = 2.2 µm (ref. 31). This indicates that λL 
for Nd0.8Sr0.2NiO2 is similarly large compared to the film thickness. 
Given the numerical uncertainties arising from the finite sample size 
(substantially wider films show indications of laterally inhomogeneous 
reduction), the order parameter symmetry and the scale of disorder, we 
did not attempt to extract λL (ref. 32). Nevertheless, these data suggest 
that this is a type-II superconductor with second critical field Hc2,⊥ 
approximately given in the inset to Fig. 4a.

Clearly the analogy to copper oxides motivated this finding, and 
much remains to be explored in this new superconducting compound. 
However, several important dissimilarities between these two systems 
are apparent. One key difference is the energy level alignments in their 
orbital electronic structure. Holes in copper oxides are often discussed 
in terms of Zhang–Rice singlets with strong oxygen character, owing 
to the close spatial overlap and near-energetic degeneracy of the Cu 

−dx y2 2 orbitals and the O 2p orbitals33. This naturally leads to large 
in-plane antiferromagnetic coupling, which many consider to be cen-
tral for superconducting pairing24. Because Ni+ is one column to the 
left of Cu2+ on the periodic table and one oxidation state lower, the 
chemical potential in the infinite-layer nickelates is several electronvolts 
higher than that of comparable copper oxides; therefore, in hole-doped 
nickelates, much less hybridization with the O 2p band is expected6. 
Furthermore, powder neutron diffraction studies of LaNiO2 and 
NdNiO2 show no indication of magnetic order down to 5 K and 1.7 K, 
respectively15,16, and the resistivity of NdNiO2 (Fig. 3b) is inconsistent 
with a robust insulator (although interface effects may contribute to 
conductivity). Consequently, two features that are central to copper 
oxides—the Zhang–Rice singlet and large planar spin fluctuations—
may be absent (or considerably diminished) in these nickelate 
superconductors.

On the materials side, one immediate question is the effect of 
the various substrates on the topotactic structural transition of this 

–100

–50

0

50

100

E 
(V

 c
m

–1
)

–200 –100 0 100 200
J (kA cm–2)

 2 K  10 K
 3 K  11 K
 4 K  12 K
 5 K  13 K
 6 K  14 K
 7 K  15 K
 8 K  16 K
 9 K 

1.0

0.8

0.6

0.4

0.2

0.0

R
es

is
tiv

ity
 (m

Ω
 c

m
)

302520151050
Temperature (K)

1.6

1.4

1.2

1.0

0.8

0.6

0.4

0.2

0.0

R
es

is
tiv

ity
 (m

Ω
 c

m
)

3002001000
Temperature (K)

–8

–6

–4

–2

0

2

H
al

l c
oe

ffi
ci

en
t (

×1
0–3

 c
m

3  
C

–1
)

3002001000
Temperature (K)

 NdNiO2
 Nd0.8Sr0.2NiO2

2.0

1.5

1.0

0.5

0.0

R
es

is
tiv

ity
 (m

Ω
 c

m
)

3002001000

Temperature (K)

 NdNiO2
 Nd0.8Sr0.2NiO2

10–1

100

101

102

R
es

is
tiv

ity
 (m

Ω
 c

m
)

3002001000

Temperature (K)

 NdNiO3
 Nd0.8Sr0.2NiO3

a b

ed

c

f

Fig. 3 | Transport properties and superconductivity of the nickelate thin 
films. a, Resistivity versus temperature ρ(T) plots of the as-grown NdNiO3 
and Nd0.8Sr0.2NiO3 films. b, c, Resistivity (b) and normal-state Hall 
coefficient (c) as a function of temperature for the corresponding reduced 
films (NdNiO2 and Nd0.8Sr0.2NiO2). d, e, ρ(T) for multiple Nd0.8Sr0.2NiO2 

films, showing resistive superconducting transitions. Dotted lines indicate 
samples without a capping layer, for which the XRD Scherrer thickness 
was used to estimate the resistivity. f, Electric field (E) versus current 
density (J) characteristics for varying temperature.
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Fig. 4 | Magnetic-field response of superconducting Nd0.8Sr0.2NiO2.  
a, ρ(T) under a varying magnetic field perpendicular to the a–b plane. 
The inset shows the variation of the upper critical field Hc,⊥ (as estimated 
by the midpoint of the resistive transition) with a linear fit in the vicinity 

of Tc. b, The real (Re(Vp)) and imaginary (Im(Vp)) parts of the voltage 
as a function of temperature in the pickup coil on a Nd0.8Sr0.2NiO2 film, 
measured using a two-coil mutual-inductance measurement. µ0, magnetic 
constant.
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temperatures resembles measurement results of a 40-nm-thick infinite-
layer copper oxide film with Tc ≈ 10.8 K and extrapolated London 
penetration depth λL(T = 0) = 2.2 µm (ref. 31). This indicates that λL 
for Nd0.8Sr0.2NiO2 is similarly large compared to the film thickness. 
Given the numerical uncertainties arising from the finite sample size 
(substantially wider films show indications of laterally inhomogeneous 
reduction), the order parameter symmetry and the scale of disorder, we 
did not attempt to extract λL (ref. 32). Nevertheless, these data suggest 
that this is a type-II superconductor with second critical field Hc2,⊥ 
approximately given in the inset to Fig. 4a.

Clearly the analogy to copper oxides motivated this finding, and 
much remains to be explored in this new superconducting compound. 
However, several important dissimilarities between these two systems 
are apparent. One key difference is the energy level alignments in their 
orbital electronic structure. Holes in copper oxides are often discussed 
in terms of Zhang–Rice singlets with strong oxygen character, owing 
to the close spatial overlap and near-energetic degeneracy of the Cu 

−dx y2 2 orbitals and the O 2p orbitals33. This naturally leads to large 
in-plane antiferromagnetic coupling, which many consider to be cen-
tral for superconducting pairing24. Because Ni+ is one column to the 
left of Cu2+ on the periodic table and one oxidation state lower, the 
chemical potential in the infinite-layer nickelates is several electronvolts 
higher than that of comparable copper oxides; therefore, in hole-doped 
nickelates, much less hybridization with the O 2p band is expected6. 
Furthermore, powder neutron diffraction studies of LaNiO2 and 
NdNiO2 show no indication of magnetic order down to 5 K and 1.7 K, 
respectively15,16, and the resistivity of NdNiO2 (Fig. 3b) is inconsistent 
with a robust insulator (although interface effects may contribute to 
conductivity). Consequently, two features that are central to copper 
oxides—the Zhang–Rice singlet and large planar spin fluctuations—
may be absent (or considerably diminished) in these nickelate 
superconductors.

On the materials side, one immediate question is the effect of 
the various substrates on the topotactic structural transition of this 
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Fig. 3 | Transport properties and superconductivity of the nickelate thin 
films. a, Resistivity versus temperature ρ(T) plots of the as-grown NdNiO3 
and Nd0.8Sr0.2NiO3 films. b, c, Resistivity (b) and normal-state Hall 
coefficient (c) as a function of temperature for the corresponding reduced 
films (NdNiO2 and Nd0.8Sr0.2NiO2). d, e, ρ(T) for multiple Nd0.8Sr0.2NiO2 

films, showing resistive superconducting transitions. Dotted lines indicate 
samples without a capping layer, for which the XRD Scherrer thickness 
was used to estimate the resistivity. f, Electric field (E) versus current 
density (J) characteristics for varying temperature.
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Fig. 4 | Magnetic-field response of superconducting Nd0.8Sr0.2NiO2.  
a, ρ(T) under a varying magnetic field perpendicular to the a–b plane. 
The inset shows the variation of the upper critical field Hc,⊥ (as estimated 
by the midpoint of the resistive transition) with a linear fit in the vicinity 

of Tc. b, The real (Re(Vp)) and imaginary (Im(Vp)) parts of the voltage 
as a function of temperature in the pickup coil on a Nd0.8Sr0.2NiO2 film, 
measured using a two-coil mutual-inductance measurement. µ0, magnetic 
constant.
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temperatures resembles measurement results of a 40-nm-thick infinite-
layer copper oxide film with Tc ≈ 10.8 K and extrapolated London 
penetration depth λL(T = 0) = 2.2 µm (ref. 31). This indicates that λL 
for Nd0.8Sr0.2NiO2 is similarly large compared to the film thickness. 
Given the numerical uncertainties arising from the finite sample size 
(substantially wider films show indications of laterally inhomogeneous 
reduction), the order parameter symmetry and the scale of disorder, we 
did not attempt to extract λL (ref. 32). Nevertheless, these data suggest 
that this is a type-II superconductor with second critical field Hc2,⊥ 
approximately given in the inset to Fig. 4a.

Clearly the analogy to copper oxides motivated this finding, and 
much remains to be explored in this new superconducting compound. 
However, several important dissimilarities between these two systems 
are apparent. One key difference is the energy level alignments in their 
orbital electronic structure. Holes in copper oxides are often discussed 
in terms of Zhang–Rice singlets with strong oxygen character, owing 
to the close spatial overlap and near-energetic degeneracy of the Cu 

−dx y2 2 orbitals and the O 2p orbitals33. This naturally leads to large 
in-plane antiferromagnetic coupling, which many consider to be cen-
tral for superconducting pairing24. Because Ni+ is one column to the 
left of Cu2+ on the periodic table and one oxidation state lower, the 
chemical potential in the infinite-layer nickelates is several electronvolts 
higher than that of comparable copper oxides; therefore, in hole-doped 
nickelates, much less hybridization with the O 2p band is expected6. 
Furthermore, powder neutron diffraction studies of LaNiO2 and 
NdNiO2 show no indication of magnetic order down to 5 K and 1.7 K, 
respectively15,16, and the resistivity of NdNiO2 (Fig. 3b) is inconsistent 
with a robust insulator (although interface effects may contribute to 
conductivity). Consequently, two features that are central to copper 
oxides—the Zhang–Rice singlet and large planar spin fluctuations—
may be absent (or considerably diminished) in these nickelate 
superconductors.

On the materials side, one immediate question is the effect of 
the various substrates on the topotactic structural transition of this 
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Fig. 3 | Transport properties and superconductivity of the nickelate thin 
films. a, Resistivity versus temperature ρ(T) plots of the as-grown NdNiO3 
and Nd0.8Sr0.2NiO3 films. b, c, Resistivity (b) and normal-state Hall 
coefficient (c) as a function of temperature for the corresponding reduced 
films (NdNiO2 and Nd0.8Sr0.2NiO2). d, e, ρ(T) for multiple Nd0.8Sr0.2NiO2 

films, showing resistive superconducting transitions. Dotted lines indicate 
samples without a capping layer, for which the XRD Scherrer thickness 
was used to estimate the resistivity. f, Electric field (E) versus current 
density (J) characteristics for varying temperature.
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Fig. 4 | Magnetic-field response of superconducting Nd0.8Sr0.2NiO2.  
a, ρ(T) under a varying magnetic field perpendicular to the a–b plane. 
The inset shows the variation of the upper critical field Hc,⊥ (as estimated 
by the midpoint of the resistive transition) with a linear fit in the vicinity 

of Tc. b, The real (Re(Vp)) and imaginary (Im(Vp)) parts of the voltage 
as a function of temperature in the pickup coil on a Nd0.8Sr0.2NiO2 film, 
measured using a two-coil mutual-inductance measurement. µ0, magnetic 
constant.
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temperatures resembles measurement results of a 40-nm-thick infinite-
layer copper oxide film with Tc ≈ 10.8 K and extrapolated London 
penetration depth λL(T = 0) = 2.2 µm (ref. 31). This indicates that λL 
for Nd0.8Sr0.2NiO2 is similarly large compared to the film thickness. 
Given the numerical uncertainties arising from the finite sample size 
(substantially wider films show indications of laterally inhomogeneous 
reduction), the order parameter symmetry and the scale of disorder, we 
did not attempt to extract λL (ref. 32). Nevertheless, these data suggest 
that this is a type-II superconductor with second critical field Hc2,⊥ 
approximately given in the inset to Fig. 4a.

Clearly the analogy to copper oxides motivated this finding, and 
much remains to be explored in this new superconducting compound. 
However, several important dissimilarities between these two systems 
are apparent. One key difference is the energy level alignments in their 
orbital electronic structure. Holes in copper oxides are often discussed 
in terms of Zhang–Rice singlets with strong oxygen character, owing 
to the close spatial overlap and near-energetic degeneracy of the Cu 

−dx y2 2 orbitals and the O 2p orbitals33. This naturally leads to large 
in-plane antiferromagnetic coupling, which many consider to be cen-
tral for superconducting pairing24. Because Ni+ is one column to the 
left of Cu2+ on the periodic table and one oxidation state lower, the 
chemical potential in the infinite-layer nickelates is several electronvolts 
higher than that of comparable copper oxides; therefore, in hole-doped 
nickelates, much less hybridization with the O 2p band is expected6. 
Furthermore, powder neutron diffraction studies of LaNiO2 and 
NdNiO2 show no indication of magnetic order down to 5 K and 1.7 K, 
respectively15,16, and the resistivity of NdNiO2 (Fig. 3b) is inconsistent 
with a robust insulator (although interface effects may contribute to 
conductivity). Consequently, two features that are central to copper 
oxides—the Zhang–Rice singlet and large planar spin fluctuations—
may be absent (or considerably diminished) in these nickelate 
superconductors.

On the materials side, one immediate question is the effect of 
the various substrates on the topotactic structural transition of this 
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Fig. 3 | Transport properties and superconductivity of the nickelate thin 
films. a, Resistivity versus temperature ρ(T) plots of the as-grown NdNiO3 
and Nd0.8Sr0.2NiO3 films. b, c, Resistivity (b) and normal-state Hall 
coefficient (c) as a function of temperature for the corresponding reduced 
films (NdNiO2 and Nd0.8Sr0.2NiO2). d, e, ρ(T) for multiple Nd0.8Sr0.2NiO2 

films, showing resistive superconducting transitions. Dotted lines indicate 
samples without a capping layer, for which the XRD Scherrer thickness 
was used to estimate the resistivity. f, Electric field (E) versus current 
density (J) characteristics for varying temperature.
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and undoped). For thin-film LaNiO3, reduction induces a series of 
transformation steps: first to brownmillerite LaNiO2.5, then to c-axis 
LaNiO2, followed by a reorientation transition to a-axis LaNiO2, before 
subsequent decomposition29. For NdNiO3 and Nd0.8Sr0.2NiO3, we only 
observe a direct transition to the c-axis infinite-layer structure (Fig. 1). 
Our annealing conditions (see Methods) are empirically optimized to 
maximize the XRD infinite-layer peak intensity and minimize the 
c-axis lattice constant (as a proxy for the removal of apical oxygen). 
The comparable (002) peak intensities for the perovskite and infinite-
layer phases (Fig. 2a), as well as the thickness fringes observed near 
(002) after reduction, indicate a complete structural transformation 
of the film. Reduction for much longer times or at higher temperature 
induces decomposition of the film, and no XRD features are observed.

Figure 3a shows the temperature-dependent resistivity ρ(T) of 
NdNiO3 and Nd0.8Sr0.2NiO3. NdNiO3 shows the characteristic first- 
order phase transition from a high-temperature paramagnetic metal to a 
low-temperature charge-disproportionated antiferromagnetic insulator,  
which is suppressed with Sr doping26,27. After reduction (Fig. 3b), we 
find that NdNiO2 displays metallic temperature dependence at high 
temperatures, with a resistive upturn below about 70 K. By contrast, 
Nd0.8Sr0.2NiO2 exhibits metallic behaviour followed by a superconduct-
ing transition, with an onset at 14.9 K (point of maximum curvature), 
a midpoint at 13.6 K and zero resistance at 9.1 K (indistinguishable 
from the noise floor) for this sample. The temperature-dependent 
normal-state Hall coefficient RH(T) is given in Fig. 3c. RH for NdNiO2 
is negative at all temperatures, whereas it undergoes a sign change at 
about 55 K for Nd0.8Sr0.2NiO2. This feature, as well as the overall mag-
nitude of RH, are inconsistent with the expectations for simple hole 
doping of a single electronic band, and suggest a more complex Fermi 
surface. This may be consistent with calculations of the electronic band 
structure of LaNiO2, which find multiple electron and hole pockets that 
have different orbital contributions6 and that vary with the Coulomb 
interaction. We further note that the interface between the infinite-
layer nickelate and the SrTiO3 substrate (Fig. 1) hosts a strong polar 
discontinuity30. Depending on how this electrostatic boundary condi-
tion is resolved, there may be transport contributions from interface 
states. However, the comparison between NdNiO2 and Nd0.8Sr0.2NiO2 
demonstrates that this alone does not lead to superconductivity here.

The observation of superconductivity is quite robust. In Fig. 3d, e  
we show a number of different samples of Nd0.8Sr0.2NiO2 synthe-
sized in nominally similar conditions. The origin of the variation in 
transition temperature (Tc) is unclear, but there are some indications 
that it correlates with the crystallinity of the parent perovskite phase 
and may also reflect slight variations in the oxygen stoichiometry. 
In Figs. 3f, 4 we focus on one sample (Fig. 3b) with a high transition 
temperature; all other samples showed similar behaviour as scaled 
by Tc. Figure 3f shows measurements of the temperature-dependent 
current–voltage characteristics for this sample. These features are  
linear in the normal state (outside nonlinearities due to Joule heating 

at high bias) and increasingly nonlinear below the transition, and they 
are characteristic of superconductivity with a critical current density 
Jc(2 K) ≈ 170 kA cm−2.

Figure 4a displays the temperature-dependent magnetoresistance 
measured in magnetic fields perpendicular to the plane of the sample, 
up to 13 T. The normal state exhibits very little magnetoresistance, 
whereas superconductivity is suppressed with increasing field. As a 
proxy for the variation of the upper critical field Hc,⊥, we take the mid-
point of the resistive transition to the normal state near Tc and fit it to 
the linearized Ginzburg–Landau form
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where Φ0 is the flux quantum and ξGL(0) is the extrapolated zero- 
temperature Ginzburg–Landau coherence length, which we find to be 
3.25 ± 0.01 nm. (This estimate does not consider potential contribu-
tions from vortex motion or variations due to sample inhomogeneity.) 
We further perform two-coil mutual-inductance measurements in the 
perpendicular geometry, as shown in Fig. 4b. Here we plot the real 
(Re(Vp)) and imaginary (Im(Vp)) components of the a.c. voltage signal 
detected by the pickup coil above the sample. As the sample is cooled 
through the transition, Re(Vp) decreases while Im(Vp) exhibits a peak, 
indicating an emergent diamagnetic response below the transition as 
the magnetic field generated from the drive coil becomes screened by 
the superconductor. The fact that Re(Vp) does not approach zero at low 
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Fig. 1 | Topotactic reduction of nickelate thin films. Schematic crystal 
structures of Nd0.8Sr0.2NiO3 (left) and Nd0.8Sr0.2NiO2 (right) thin films 
on the TiO2-terminated single-crystal SrTiO3 (001) substrate. Upon low-
temperature reduction, the films undergo a topotactic transition from the 
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(top) and Nd0.8Sr0.2NiO2 (bottom; with contribution from gold contacts) 
films capped with 20-nm-thick SrTiO3 layers grown on SrTiO3 (001) 
substrates. b, c, Reciprocal space maps of Nd0.8Sr0.2NiO3 (b) and 
Nd0.8Sr0.2NiO2 (c) around the (103) SrTiO3 diffraction peak. Both maps 
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arbitrary units.
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and undoped). For thin-film LaNiO3, reduction induces a series of 
transformation steps: first to brownmillerite LaNiO2.5, then to c-axis 
LaNiO2, followed by a reorientation transition to a-axis LaNiO2, before 
subsequent decomposition29. For NdNiO3 and Nd0.8Sr0.2NiO3, we only 
observe a direct transition to the c-axis infinite-layer structure (Fig. 1). 
Our annealing conditions (see Methods) are empirically optimized to 
maximize the XRD infinite-layer peak intensity and minimize the 
c-axis lattice constant (as a proxy for the removal of apical oxygen). 
The comparable (002) peak intensities for the perovskite and infinite-
layer phases (Fig. 2a), as well as the thickness fringes observed near 
(002) after reduction, indicate a complete structural transformation 
of the film. Reduction for much longer times or at higher temperature 
induces decomposition of the film, and no XRD features are observed.

Figure 3a shows the temperature-dependent resistivity ρ(T) of 
NdNiO3 and Nd0.8Sr0.2NiO3. NdNiO3 shows the characteristic first- 
order phase transition from a high-temperature paramagnetic metal to a 
low-temperature charge-disproportionated antiferromagnetic insulator,  
which is suppressed with Sr doping26,27. After reduction (Fig. 3b), we 
find that NdNiO2 displays metallic temperature dependence at high 
temperatures, with a resistive upturn below about 70 K. By contrast, 
Nd0.8Sr0.2NiO2 exhibits metallic behaviour followed by a superconduct-
ing transition, with an onset at 14.9 K (point of maximum curvature), 
a midpoint at 13.6 K and zero resistance at 9.1 K (indistinguishable 
from the noise floor) for this sample. The temperature-dependent 
normal-state Hall coefficient RH(T) is given in Fig. 3c. RH for NdNiO2 
is negative at all temperatures, whereas it undergoes a sign change at 
about 55 K for Nd0.8Sr0.2NiO2. This feature, as well as the overall mag-
nitude of RH, are inconsistent with the expectations for simple hole 
doping of a single electronic band, and suggest a more complex Fermi 
surface. This may be consistent with calculations of the electronic band 
structure of LaNiO2, which find multiple electron and hole pockets that 
have different orbital contributions6 and that vary with the Coulomb 
interaction. We further note that the interface between the infinite-
layer nickelate and the SrTiO3 substrate (Fig. 1) hosts a strong polar 
discontinuity30. Depending on how this electrostatic boundary condi-
tion is resolved, there may be transport contributions from interface 
states. However, the comparison between NdNiO2 and Nd0.8Sr0.2NiO2 
demonstrates that this alone does not lead to superconductivity here.

The observation of superconductivity is quite robust. In Fig. 3d, e  
we show a number of different samples of Nd0.8Sr0.2NiO2 synthe-
sized in nominally similar conditions. The origin of the variation in 
transition temperature (Tc) is unclear, but there are some indications 
that it correlates with the crystallinity of the parent perovskite phase 
and may also reflect slight variations in the oxygen stoichiometry. 
In Figs. 3f, 4 we focus on one sample (Fig. 3b) with a high transition 
temperature; all other samples showed similar behaviour as scaled 
by Tc. Figure 3f shows measurements of the temperature-dependent 
current–voltage characteristics for this sample. These features are  
linear in the normal state (outside nonlinearities due to Joule heating 

at high bias) and increasingly nonlinear below the transition, and they 
are characteristic of superconductivity with a critical current density 
Jc(2 K) ≈ 170 kA cm−2.

Figure 4a displays the temperature-dependent magnetoresistance 
measured in magnetic fields perpendicular to the plane of the sample, 
up to 13 T. The normal state exhibits very little magnetoresistance, 
whereas superconductivity is suppressed with increasing field. As a 
proxy for the variation of the upper critical field Hc,⊥, we take the mid-
point of the resistive transition to the normal state near Tc and fit it to 
the linearized Ginzburg–Landau form
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where Φ0 is the flux quantum and ξGL(0) is the extrapolated zero- 
temperature Ginzburg–Landau coherence length, which we find to be 
3.25 ± 0.01 nm. (This estimate does not consider potential contribu-
tions from vortex motion or variations due to sample inhomogeneity.) 
We further perform two-coil mutual-inductance measurements in the 
perpendicular geometry, as shown in Fig. 4b. Here we plot the real 
(Re(Vp)) and imaginary (Im(Vp)) components of the a.c. voltage signal 
detected by the pickup coil above the sample. As the sample is cooled 
through the transition, Re(Vp) decreases while Im(Vp) exhibits a peak, 
indicating an emergent diamagnetic response below the transition as 
the magnetic field generated from the drive coil becomes screened by 
the superconductor. The fact that Re(Vp) does not approach zero at low 
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structures of Nd0.8Sr0.2NiO3 (left) and Nd0.8Sr0.2NiO2 (right) thin films 
on the TiO2-terminated single-crystal SrTiO3 (001) substrate. Upon low-
temperature reduction, the films undergo a topotactic transition from the 
perovskite phase to the infinite-layer phase. 5.8
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Fig. 2 | Structural characterization of the doped nickelate thin films. 
a, X-ray diffraction θ–2θ symmetric scans of 11-nm-thick Nd0.8Sr0.2NiO3 
(top) and Nd0.8Sr0.2NiO2 (bottom; with contribution from gold contacts) 
films capped with 20-nm-thick SrTiO3 layers grown on SrTiO3 (001) 
substrates. b, c, Reciprocal space maps of Nd0.8Sr0.2NiO3 (b) and 
Nd0.8Sr0.2NiO2 (c) around the (103) SrTiO3 diffraction peak. Both maps 
indicate that the films are fully strained to the SrTiO3 substrates. a.u., 
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temperatures resembles measurement results of a 40-nm-thick infinite-
layer copper oxide film with Tc ≈ 10.8 K and extrapolated London 
penetration depth λL(T = 0) = 2.2 µm (ref. 31). This indicates that λL 
for Nd0.8Sr0.2NiO2 is similarly large compared to the film thickness. 
Given the numerical uncertainties arising from the finite sample size 
(substantially wider films show indications of laterally inhomogeneous 
reduction), the order parameter symmetry and the scale of disorder, we 
did not attempt to extract λL (ref. 32). Nevertheless, these data suggest 
that this is a type-II superconductor with second critical field Hc2,⊥ 
approximately given in the inset to Fig. 4a.

Clearly the analogy to copper oxides motivated this finding, and 
much remains to be explored in this new superconducting compound. 
However, several important dissimilarities between these two systems 
are apparent. One key difference is the energy level alignments in their 
orbital electronic structure. Holes in copper oxides are often discussed 
in terms of Zhang–Rice singlets with strong oxygen character, owing 
to the close spatial overlap and near-energetic degeneracy of the Cu 

−dx y2 2 orbitals and the O 2p orbitals33. This naturally leads to large 
in-plane antiferromagnetic coupling, which many consider to be cen-
tral for superconducting pairing24. Because Ni+ is one column to the 
left of Cu2+ on the periodic table and one oxidation state lower, the 
chemical potential in the infinite-layer nickelates is several electronvolts 
higher than that of comparable copper oxides; therefore, in hole-doped 
nickelates, much less hybridization with the O 2p band is expected6. 
Furthermore, powder neutron diffraction studies of LaNiO2 and 
NdNiO2 show no indication of magnetic order down to 5 K and 1.7 K, 
respectively15,16, and the resistivity of NdNiO2 (Fig. 3b) is inconsistent 
with a robust insulator (although interface effects may contribute to 
conductivity). Consequently, two features that are central to copper 
oxides—the Zhang–Rice singlet and large planar spin fluctuations—
may be absent (or considerably diminished) in these nickelate 
superconductors.

On the materials side, one immediate question is the effect of 
the various substrates on the topotactic structural transition of this 

–100

–50

0

50

100

E 
(V

 c
m

–1
)

–200 –100 0 100 200
J (kA cm–2)

 2 K  10 K
 3 K  11 K
 4 K  12 K
 5 K  13 K
 6 K  14 K
 7 K  15 K
 8 K  16 K
 9 K 

1.0

0.8

0.6

0.4

0.2

0.0

R
es

is
tiv

ity
 (m

Ω
 c

m
)

302520151050
Temperature (K)

1.6

1.4

1.2

1.0

0.8

0.6

0.4

0.2

0.0

R
es

is
tiv

ity
 (m

Ω
 c

m
)

3002001000
Temperature (K)

–8

–6

–4

–2

0

2

H
al

l c
oe

ffi
ci

en
t (

×1
0–3

 c
m

3  
C

–1
)

3002001000
Temperature (K)

 NdNiO2
 Nd0.8Sr0.2NiO2

2.0

1.5

1.0

0.5

0.0

R
es

is
tiv

ity
 (m

Ω
 c

m
)

3002001000

Temperature (K)

 NdNiO2
 Nd0.8Sr0.2NiO2

10–1

100

101

102

R
es

is
tiv

ity
 (m

Ω
 c

m
)

3002001000

Temperature (K)

 NdNiO3
 Nd0.8Sr0.2NiO3

a b

ed

c

f

Fig. 3 | Transport properties and superconductivity of the nickelate thin 
films. a, Resistivity versus temperature ρ(T) plots of the as-grown NdNiO3 
and Nd0.8Sr0.2NiO3 films. b, c, Resistivity (b) and normal-state Hall 
coefficient (c) as a function of temperature for the corresponding reduced 
films (NdNiO2 and Nd0.8Sr0.2NiO2). d, e, ρ(T) for multiple Nd0.8Sr0.2NiO2 

films, showing resistive superconducting transitions. Dotted lines indicate 
samples without a capping layer, for which the XRD Scherrer thickness 
was used to estimate the resistivity. f, Electric field (E) versus current 
density (J) characteristics for varying temperature.
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of Tc. b, The real (Re(Vp)) and imaginary (Im(Vp)) parts of the voltage 
as a function of temperature in the pickup coil on a Nd0.8Sr0.2NiO2 film, 
measured using a two-coil mutual-inductance measurement. µ0, magnetic 
constant.
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and undoped). For thin-film LaNiO3, reduction induces a series of 
transformation steps: first to brownmillerite LaNiO2.5, then to c-axis 
LaNiO2, followed by a reorientation transition to a-axis LaNiO2, before 
subsequent decomposition29. For NdNiO3 and Nd0.8Sr0.2NiO3, we only 
observe a direct transition to the c-axis infinite-layer structure (Fig. 1). 
Our annealing conditions (see Methods) are empirically optimized to 
maximize the XRD infinite-layer peak intensity and minimize the 
c-axis lattice constant (as a proxy for the removal of apical oxygen). 
The comparable (002) peak intensities for the perovskite and infinite-
layer phases (Fig. 2a), as well as the thickness fringes observed near 
(002) after reduction, indicate a complete structural transformation 
of the film. Reduction for much longer times or at higher temperature 
induces decomposition of the film, and no XRD features are observed.

Figure 3a shows the temperature-dependent resistivity ρ(T) of 
NdNiO3 and Nd0.8Sr0.2NiO3. NdNiO3 shows the characteristic first- 
order phase transition from a high-temperature paramagnetic metal to a 
low-temperature charge-disproportionated antiferromagnetic insulator,  
which is suppressed with Sr doping26,27. After reduction (Fig. 3b), we 
find that NdNiO2 displays metallic temperature dependence at high 
temperatures, with a resistive upturn below about 70 K. By contrast, 
Nd0.8Sr0.2NiO2 exhibits metallic behaviour followed by a superconduct-
ing transition, with an onset at 14.9 K (point of maximum curvature), 
a midpoint at 13.6 K and zero resistance at 9.1 K (indistinguishable 
from the noise floor) for this sample. The temperature-dependent 
normal-state Hall coefficient RH(T) is given in Fig. 3c. RH for NdNiO2 
is negative at all temperatures, whereas it undergoes a sign change at 
about 55 K for Nd0.8Sr0.2NiO2. This feature, as well as the overall mag-
nitude of RH, are inconsistent with the expectations for simple hole 
doping of a single electronic band, and suggest a more complex Fermi 
surface. This may be consistent with calculations of the electronic band 
structure of LaNiO2, which find multiple electron and hole pockets that 
have different orbital contributions6 and that vary with the Coulomb 
interaction. We further note that the interface between the infinite-
layer nickelate and the SrTiO3 substrate (Fig. 1) hosts a strong polar 
discontinuity30. Depending on how this electrostatic boundary condi-
tion is resolved, there may be transport contributions from interface 
states. However, the comparison between NdNiO2 and Nd0.8Sr0.2NiO2 
demonstrates that this alone does not lead to superconductivity here.

The observation of superconductivity is quite robust. In Fig. 3d, e  
we show a number of different samples of Nd0.8Sr0.2NiO2 synthe-
sized in nominally similar conditions. The origin of the variation in 
transition temperature (Tc) is unclear, but there are some indications 
that it correlates with the crystallinity of the parent perovskite phase 
and may also reflect slight variations in the oxygen stoichiometry. 
In Figs. 3f, 4 we focus on one sample (Fig. 3b) with a high transition 
temperature; all other samples showed similar behaviour as scaled 
by Tc. Figure 3f shows measurements of the temperature-dependent 
current–voltage characteristics for this sample. These features are  
linear in the normal state (outside nonlinearities due to Joule heating 

at high bias) and increasingly nonlinear below the transition, and they 
are characteristic of superconductivity with a critical current density 
Jc(2 K) ≈ 170 kA cm−2.

Figure 4a displays the temperature-dependent magnetoresistance 
measured in magnetic fields perpendicular to the plane of the sample, 
up to 13 T. The normal state exhibits very little magnetoresistance, 
whereas superconductivity is suppressed with increasing field. As a 
proxy for the variation of the upper critical field Hc,⊥, we take the mid-
point of the resistive transition to the normal state near Tc and fit it to 
the linearized Ginzburg–Landau form
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where Φ0 is the flux quantum and ξGL(0) is the extrapolated zero- 
temperature Ginzburg–Landau coherence length, which we find to be 
3.25 ± 0.01 nm. (This estimate does not consider potential contribu-
tions from vortex motion or variations due to sample inhomogeneity.) 
We further perform two-coil mutual-inductance measurements in the 
perpendicular geometry, as shown in Fig. 4b. Here we plot the real 
(Re(Vp)) and imaginary (Im(Vp)) components of the a.c. voltage signal 
detected by the pickup coil above the sample. As the sample is cooled 
through the transition, Re(Vp) decreases while Im(Vp) exhibits a peak, 
indicating an emergent diamagnetic response below the transition as 
the magnetic field generated from the drive coil becomes screened by 
the superconductor. The fact that Re(Vp) does not approach zero at low 
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Fig. 1 | Topotactic reduction of nickelate thin films. Schematic crystal 
structures of Nd0.8Sr0.2NiO3 (left) and Nd0.8Sr0.2NiO2 (right) thin films 
on the TiO2-terminated single-crystal SrTiO3 (001) substrate. Upon low-
temperature reduction, the films undergo a topotactic transition from the 
perovskite phase to the infinite-layer phase. 5.8
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Fig. 2 | Structural characterization of the doped nickelate thin films. 
a, X-ray diffraction θ–2θ symmetric scans of 11-nm-thick Nd0.8Sr0.2NiO3 
(top) and Nd0.8Sr0.2NiO2 (bottom; with contribution from gold contacts) 
films capped with 20-nm-thick SrTiO3 layers grown on SrTiO3 (001) 
substrates. b, c, Reciprocal space maps of Nd0.8Sr0.2NiO3 (b) and 
Nd0.8Sr0.2NiO2 (c) around the (103) SrTiO3 diffraction peak. Both maps 
indicate that the films are fully strained to the SrTiO3 substrates. a.u., 
arbitrary units.
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temperatures resembles measurement results of a 40-nm-thick infinite-
layer copper oxide film with Tc ≈ 10.8 K and extrapolated London 
penetration depth λL(T = 0) = 2.2 µm (ref. 31). This indicates that λL 
for Nd0.8Sr0.2NiO2 is similarly large compared to the film thickness. 
Given the numerical uncertainties arising from the finite sample size 
(substantially wider films show indications of laterally inhomogeneous 
reduction), the order parameter symmetry and the scale of disorder, we 
did not attempt to extract λL (ref. 32). Nevertheless, these data suggest 
that this is a type-II superconductor with second critical field Hc2,⊥ 
approximately given in the inset to Fig. 4a.

Clearly the analogy to copper oxides motivated this finding, and 
much remains to be explored in this new superconducting compound. 
However, several important dissimilarities between these two systems 
are apparent. One key difference is the energy level alignments in their 
orbital electronic structure. Holes in copper oxides are often discussed 
in terms of Zhang–Rice singlets with strong oxygen character, owing 
to the close spatial overlap and near-energetic degeneracy of the Cu 

−dx y2 2 orbitals and the O 2p orbitals33. This naturally leads to large 
in-plane antiferromagnetic coupling, which many consider to be cen-
tral for superconducting pairing24. Because Ni+ is one column to the 
left of Cu2+ on the periodic table and one oxidation state lower, the 
chemical potential in the infinite-layer nickelates is several electronvolts 
higher than that of comparable copper oxides; therefore, in hole-doped 
nickelates, much less hybridization with the O 2p band is expected6. 
Furthermore, powder neutron diffraction studies of LaNiO2 and 
NdNiO2 show no indication of magnetic order down to 5 K and 1.7 K, 
respectively15,16, and the resistivity of NdNiO2 (Fig. 3b) is inconsistent 
with a robust insulator (although interface effects may contribute to 
conductivity). Consequently, two features that are central to copper 
oxides—the Zhang–Rice singlet and large planar spin fluctuations—
may be absent (or considerably diminished) in these nickelate 
superconductors.

On the materials side, one immediate question is the effect of 
the various substrates on the topotactic structural transition of this 
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Fig. 3 | Transport properties and superconductivity of the nickelate thin 
films. a, Resistivity versus temperature ρ(T) plots of the as-grown NdNiO3 
and Nd0.8Sr0.2NiO3 films. b, c, Resistivity (b) and normal-state Hall 
coefficient (c) as a function of temperature for the corresponding reduced 
films (NdNiO2 and Nd0.8Sr0.2NiO2). d, e, ρ(T) for multiple Nd0.8Sr0.2NiO2 

films, showing resistive superconducting transitions. Dotted lines indicate 
samples without a capping layer, for which the XRD Scherrer thickness 
was used to estimate the resistivity. f, Electric field (E) versus current 
density (J) characteristics for varying temperature.
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by the midpoint of the resistive transition) with a linear fit in the vicinity 

of Tc. b, The real (Re(Vp)) and imaginary (Im(Vp)) parts of the voltage 
as a function of temperature in the pickup coil on a Nd0.8Sr0.2NiO2 film, 
measured using a two-coil mutual-inductance measurement. µ0, magnetic 
constant.
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mesh [15]. The growth of NdNiO2 on a SrTiO3 substrate is
simulated by imposing an in-plane lattice constant a = 3.91Å
and relative relaxed out-of-plane parameter c = 3.37 Å [1].
The extraction of the three-orbitals minimal model used to
investigate the superconducting tendencies of NdNiO2 was
based on the Wannier functions formalism [16].

Fig. 2 shows the single-particle band structure of NdNiO2,
along with the orbital contributions relevant for the low-
energy model description. Owing to a d

9 electronic config-
uration in a peculiar +1 oxidation state for Ni, the crystal
field imposed by the planar square coordination (Fig. 1) re-
sults in a high-lying nominally half-filled dx2�y2 orbital (red
dots), featuring a predominantly two-dimensional character.
Nonetheless, the delocalized and formally empty Nd 5d states
reside fairly low in energy, leading to a sizable hybridization
with Ni 3d bands, and to the appearance of electron pockets
at the � and A = (⇡/a,⇡/a,⇡/c) (see panel Fig. 2(a)) points.
Such pockets mainly display Nd dz2 (yellow squares) and dxy

(blue diamonds) orbital contributions, respectively, and de-
termine a concomitant self-doping of the large hole-like Ni
dx2�y2 Fermi surface.

Having established the contribution of the relevant or-
bitals to the low-energy physics of NdNiO2, we consider a
three-orbital tight-binding (TB) model which includes long
range hopping terms. We introduce the operator  †

k� =

[c†1�(k), c
†
2�(k), c

†
3�(k)], where c†↵�(k) is a fermionic creation

operator with � and ↵ denoting spin and orbital indices, re-
spectively. The orbital index ↵ = 1, 2, 3 represents the Nd
dz2 for 1, the Nd dxy for 2 and the Ni dx2�y2 for 3. The
tight-binding Hamiltonian can be written as

HTB =
X

k�
 
†
k�h(k) k�, (1)

where h(k) is given in the appendix, along with the cor-
responding parameters extracted from a downfolding of the
first-principles band structure onto a set of localized Wan-
nier functions. With the above parameters, the obtained band
structure fits are given in the appendix and reach a good agree-
ment between DFT and the effective TB bands. Near the

FIG. 1: (a) View of the crystal structure of NdNiO2. Ni, O and Nd
atoms are represented by grey, red and orange spheres. The planar
coordination in the NiO2 is highlighted by a grey square. (b) The
resulting crystal field is characterized by a topmost dx2�y2 orbital,
which is nominally singly occupied in a d9 electronic configuration.
(c) Crystal field acting on the formally empty Nd d orbitals. In (b)
and (c), the crystal field levels are given in eV, with respect to the Ni
dx2�y2 .

FIG. 2: First-principles band structure (a) and density of states (b) of
NdNiO2 with lattice parameters forced by the commensuration to the
SrTiO3 substrate. The red, yellow and blue symbols emphasize the
relevant orbitals that contribute to the low-energy description. Views
of the Fermi surface of NdNiO2 at (c) pristine filling (n = 1.0)
and (d) upon 0.2 hole doping (n = 0.8). The color scale reports
the momentum dependence of the inverse Fermi velocity (1/vF (k)),
which is a measure of the DOS. The ↵ Fermi surface displays a van
Hove feature evolving from the kz = 0 cut to the kz = ⇡ cut, where
it changes from a hole pocket around the M point in the kz = 0 plane
to an electron pocket around the Z point in the kz = ⇡ plane.

Fermi level, the DOS is dominantly attributed to the Ni dx2�y2

orbital, as shown in Fig. 2 (b). Further considering the rela-
tively weak interaction effects in the 5d orbitals of Nd, the
dominant correlation effects must derive from the 3d dx2�y2

orbital of Ni in NdNiO2. These conclusions are consistent
with previous [7, 8] as well as concurrent [17] first principles
calculations of this system.

The resulting 3D Fermi surfaces are shown in Fig. 2 (c)
and (d) for the fillings n = 1.0 and n = 0.8. For the for-
mer case, there is an almost cylindrical, non-dispersive in
kz , hole-like pocket ↵, and two small electron-like pockets
� and � around the � and A points, respectively. With 0.2
hole doping, the electron Fermi surfaces shrink. For the hole
pocket, van Hove singularities are reached near the kz = ⇡

plane, and its density of states increases considerably along
with enhanced nesting, as shown by the red curve in Fig. 2(b).
The three-dimensional character of the obtained Fermiology
is an essential distinguishing aspect from the infinite-layer
cuprates. Within a weak-coupling framework of supercon-
ductivity, such enhancement of the density of states available

2

mesh [15]. The growth of NdNiO2 on a SrTiO3 substrate is
simulated by imposing an in-plane lattice constant a = 3.91Å
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Supplemental Material to “Similarities and di↵erences between infinite-layer nickelates and cuprates and
implications for superconductivity”

FIG. 1. Crystal structure of CaCuO2 (left) and LaNiO2 (right).

FIG. 2. Non-magnetic band structure of NdNiO2 with the Nd-4f -states in the core. Note that it is almost identical around
the Fermi energy to the band structure of LaNiO2 reported in Fig. 1 of the main text.

FIG. 3. Fermi surfaces and Brillouin zone with high symmetry points for LaNiO2 and CaCuO2.
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The extraction of the three-orbitals minimal model used to
investigate the superconducting tendencies of NdNiO2 was
based on the Wannier functions formalism [16].

Fig. 2 shows the single-particle band structure of NdNiO2,
along with the orbital contributions relevant for the low-
energy model description. Owing to a d

9 electronic config-
uration in a peculiar +1 oxidation state for Ni, the crystal
field imposed by the planar square coordination (Fig. 1) re-
sults in a high-lying nominally half-filled dx2�y2 orbital (red
dots), featuring a predominantly two-dimensional character.
Nonetheless, the delocalized and formally empty Nd 5d states
reside fairly low in energy, leading to a sizable hybridization
with Ni 3d bands, and to the appearance of electron pockets
at the � and A = (⇡/a,⇡/a,⇡/c) (see panel Fig. 2(a)) points.
Such pockets mainly display Nd dz2 (yellow squares) and dxy

(blue diamonds) orbital contributions, respectively, and de-
termine a concomitant self-doping of the large hole-like Ni
dx2�y2 Fermi surface.

Having established the contribution of the relevant or-
bitals to the low-energy physics of NdNiO2, we consider a
three-orbital tight-binding (TB) model which includes long
range hopping terms. We introduce the operator  †

k� =

[c†1�(k), c
†
2�(k), c

†
3�(k)], where c†↵�(k) is a fermionic creation

operator with � and ↵ denoting spin and orbital indices, re-
spectively. The orbital index ↵ = 1, 2, 3 represents the Nd
dz2 for 1, the Nd dxy for 2 and the Ni dx2�y2 for 3. The
tight-binding Hamiltonian can be written as

HTB =
X

k�
 
†
k�h(k) k�, (1)

where h(k) is given in the appendix, along with the cor-
responding parameters extracted from a downfolding of the
first-principles band structure onto a set of localized Wan-
nier functions. With the above parameters, the obtained band
structure fits are given in the appendix and reach a good agree-
ment between DFT and the effective TB bands. Near the

FIG. 1: (a) View of the crystal structure of NdNiO2. Ni, O and Nd
atoms are represented by grey, red and orange spheres. The planar
coordination in the NiO2 is highlighted by a grey square. (b) The
resulting crystal field is characterized by a topmost dx2�y2 orbital,
which is nominally singly occupied in a d9 electronic configuration.
(c) Crystal field acting on the formally empty Nd d orbitals. In (b)
and (c), the crystal field levels are given in eV, with respect to the Ni
dx2�y2 .

FIG. 2: First-principles band structure (a) and density of states (b) of
NdNiO2 with lattice parameters forced by the commensuration to the
SrTiO3 substrate. The red, yellow and blue symbols emphasize the
relevant orbitals that contribute to the low-energy description. Views
of the Fermi surface of NdNiO2 at (c) pristine filling (n = 1.0)
and (d) upon 0.2 hole doping (n = 0.8). The color scale reports
the momentum dependence of the inverse Fermi velocity (1/vF (k)),
which is a measure of the DOS. The ↵ Fermi surface displays a van
Hove feature evolving from the kz = 0 cut to the kz = ⇡ cut, where
it changes from a hole pocket around the M point in the kz = 0 plane
to an electron pocket around the Z point in the kz = ⇡ plane.

Fermi level, the DOS is dominantly attributed to the Ni dx2�y2

orbital, as shown in Fig. 2 (b). Further considering the rela-
tively weak interaction effects in the 5d orbitals of Nd, the
dominant correlation effects must derive from the 3d dx2�y2

orbital of Ni in NdNiO2. These conclusions are consistent
with previous [7, 8] as well as concurrent [17] first principles
calculations of this system.

The resulting 3D Fermi surfaces are shown in Fig. 2 (c)
and (d) for the fillings n = 1.0 and n = 0.8. For the for-
mer case, there is an almost cylindrical, non-dispersive in
kz , hole-like pocket ↵, and two small electron-like pockets
� and � around the � and A points, respectively. With 0.2
hole doping, the electron Fermi surfaces shrink. For the hole
pocket, van Hove singularities are reached near the kz = ⇡

plane, and its density of states increases considerably along
with enhanced nesting, as shown by the red curve in Fig. 2(b).
The three-dimensional character of the obtained Fermiology
is an essential distinguishing aspect from the infinite-layer
cuprates. Within a weak-coupling framework of supercon-
ductivity, such enhancement of the density of states available

2

as start values for a Slater-Koster fit of the electronic
structure [24]. In addition, we performed a simple tight-
binding fit of the dominant dx2�y2�p� antibonding band
at the Fermi energy.

Comparison of the non-magnetic electronic structures

of CaCuO2 and LaNiO2. Fig. 1 shows the band struc-
tures of CaCuO2 and LaNiO2. To avoid complications
connected with the 4f states, we chose to focus on
LaNiO2 rather than its Nd counterpart, though we note
that the band structure of NdNiO2 is almost identical to
that of LaNiO2 as shown in Fig. 2 of Ref. [25]. Fig. 1
also shows the orbital-resolved density of states high-
lighting the Ni/Cu-dx2�y2 and dz2 and O-p characters
for CaCuO2 and LaNiO2. As described in previous work
[9–11], there are some di↵erences between the electronic
structures (and magnetic properties, see below) of these
two materials. These arise mostly from the di↵erent en-
ergies of the spacer cation bands. The Ca-3d bands ex-
tend down to about 2 eV above the Fermi level, whereas
the La-5d bands dip down and actually cross the Fermi
energy, with the pocket at � having mostly La-dz2 char-
acter, that at A La-dxy character. These two small elec-
tron pockets in the Ni case lead to self-doping of the large
hole-like dx2�y2 � p� antibonding Fermi surface (Fig. 3
of Ref. [25]).

It has been suggested that the Tc of the cuprates is
correlated with the splitting of the dx2�y2 and dz2 ener-
gies, with a larger value giving rise to a higher Tc due
to reduced mixing of these orbitals [14]. We have com-
pared this energy di↵erence in the Cu and Ni cases us-

ing the band centroids calculated as Ei =
R
gi(E)EdER

gi(E)
, as

done in previous work [26]. Here, gi is the partial den-
sity of states associated with orbital i. The integration
range covers the antibonding band complex for Ni/Cu-eg
states, as in Ref. [26]. The values we derived for CaCuO2

are Ex2�y2= -0.22 eV, Ez2= -2.36 eV, giving a splitting of
2.14 eV, consistent with Ref. 26. For LaNiO2, Ex2�y2=
0.20 eV, Ez2= -1.75 eV, with a comparable splitting of
1.95 eV. These values, though, are quite di↵erent from
the more physical ones obtained from the Wannier fits
(see below).

Another quantity that has been deemed important for
determining Tc in the cuprates is the ratio t0/t that de-
scribes the relative strength of longer-range hopping to
nearest-neighbor hopping in a one-band model - materi-
als with a larger ratio have a higher Tc [13]. To estimate
this ratio, we performed a six-parameter tight-binding
fit to the dx2�y2 band at the Fermi energy. Values are
listed in Table I along with the associated tight-binding
functions, and the resulting band structures are plotted
in Fig. 1. Note that these fits di↵er from those of Lee
and Pickett [9]. In particular, we considered longer-range
in-plane hoppings, and our interlayer functions also dif-
fer, in that they take into account the mixing of rele-
vant ‘even’ (with respect to the diagonal mirror plane)

FIG. 1. Top and middle panels. Comparison of the band
structure (dx2�y2 and dz2 characters highlighted) and orbital-
resolved density of states (Ni/Cu-dx2�y2 and dz2 , O-px, py
and pz) of CaCuO2 and LaNiO2. Bottom panel. Tight bind-
ing fit to the dx2�y2 band at the Fermi energy for both ma-
terials.

states (4s, dz2 , pz) with the ‘odd’ dx2�y2 state that has
a [cos(kxa) � cos(kya)]2 dependence. Then, the t0/t ra-
tio is defined as proposed by Sakakibara et al. [14] as
(|t3|+ |t2|)/|t1|. The resulting ratio in both cases is quite
large, of order 0.4, comparable to that observed for the
highest Tc cuprates. We note, though, that t itself for Ni
is 80% of that for Cu.

Finally, the di↵erence in on-site p and d energies (i.e.,
the charge transfer energy) in cuprates has also been cor-
related with Tc, with smaller values promoting a larger
Tc [15]. In this context, the degree of hybridization be-
tween the p and d states is reduced in the Ni case with re-
spect to Cu as can be observed from the orbital-resolved
density of states (Fig. 1). Moreover, the di↵erence be-
tween these two on-site energies found from the Wan-
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The La (Nd) 5𝑑#$ band crossing the Fermi level can naturally
explain the metallic character of the RNiO2 nickelates

However, hole Fermi surface still needs to be somehow
excluded to explain the Hall data. (???)
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mesh [15]. The growth of NdNiO2 on a SrTiO3 substrate is
simulated by imposing an in-plane lattice constant a = 3.91Å
and relative relaxed out-of-plane parameter c = 3.37 Å [1].
The extraction of the three-orbitals minimal model used to
investigate the superconducting tendencies of NdNiO2 was
based on the Wannier functions formalism [16].

Fig. 2 shows the single-particle band structure of NdNiO2,
along with the orbital contributions relevant for the low-
energy model description. Owing to a d

9 electronic config-
uration in a peculiar +1 oxidation state for Ni, the crystal
field imposed by the planar square coordination (Fig. 1) re-
sults in a high-lying nominally half-filled dx2�y2 orbital (red
dots), featuring a predominantly two-dimensional character.
Nonetheless, the delocalized and formally empty Nd 5d states
reside fairly low in energy, leading to a sizable hybridization
with Ni 3d bands, and to the appearance of electron pockets
at the � and A = (⇡/a,⇡/a,⇡/c) (see panel Fig. 2(a)) points.
Such pockets mainly display Nd dz2 (yellow squares) and dxy

(blue diamonds) orbital contributions, respectively, and de-
termine a concomitant self-doping of the large hole-like Ni
dx2�y2 Fermi surface.

Having established the contribution of the relevant or-
bitals to the low-energy physics of NdNiO2, we consider a
three-orbital tight-binding (TB) model which includes long
range hopping terms. We introduce the operator  †

k� =

[c†1�(k), c
†
2�(k), c

†
3�(k)], where c†↵�(k) is a fermionic creation

operator with � and ↵ denoting spin and orbital indices, re-
spectively. The orbital index ↵ = 1, 2, 3 represents the Nd
dz2 for 1, the Nd dxy for 2 and the Ni dx2�y2 for 3. The
tight-binding Hamiltonian can be written as

HTB =
X

k�
 
†
k�h(k) k�, (1)

where h(k) is given in the appendix, along with the cor-
responding parameters extracted from a downfolding of the
first-principles band structure onto a set of localized Wan-
nier functions. With the above parameters, the obtained band
structure fits are given in the appendix and reach a good agree-
ment between DFT and the effective TB bands. Near the

FIG. 1: (a) View of the crystal structure of NdNiO2. Ni, O and Nd
atoms are represented by grey, red and orange spheres. The planar
coordination in the NiO2 is highlighted by a grey square. (b) The
resulting crystal field is characterized by a topmost dx2�y2 orbital,
which is nominally singly occupied in a d9 electronic configuration.
(c) Crystal field acting on the formally empty Nd d orbitals. In (b)
and (c), the crystal field levels are given in eV, with respect to the Ni
dx2�y2 .

FIG. 2: First-principles band structure (a) and density of states (b) of
NdNiO2 with lattice parameters forced by the commensuration to the
SrTiO3 substrate. The red, yellow and blue symbols emphasize the
relevant orbitals that contribute to the low-energy description. Views
of the Fermi surface of NdNiO2 at (c) pristine filling (n = 1.0)
and (d) upon 0.2 hole doping (n = 0.8). The color scale reports
the momentum dependence of the inverse Fermi velocity (1/vF (k)),
which is a measure of the DOS. The ↵ Fermi surface displays a van
Hove feature evolving from the kz = 0 cut to the kz = ⇡ cut, where
it changes from a hole pocket around the M point in the kz = 0 plane
to an electron pocket around the Z point in the kz = ⇡ plane.

Fermi level, the DOS is dominantly attributed to the Ni dx2�y2

orbital, as shown in Fig. 2 (b). Further considering the rela-
tively weak interaction effects in the 5d orbitals of Nd, the
dominant correlation effects must derive from the 3d dx2�y2

orbital of Ni in NdNiO2. These conclusions are consistent
with previous [7, 8] as well as concurrent [17] first principles
calculations of this system.

The resulting 3D Fermi surfaces are shown in Fig. 2 (c)
and (d) for the fillings n = 1.0 and n = 0.8. For the for-
mer case, there is an almost cylindrical, non-dispersive in
kz , hole-like pocket ↵, and two small electron-like pockets
� and � around the � and A points, respectively. With 0.2
hole doping, the electron Fermi surfaces shrink. For the hole
pocket, van Hove singularities are reached near the kz = ⇡

plane, and its density of states increases considerably along
with enhanced nesting, as shown by the red curve in Fig. 2(b).
The three-dimensional character of the obtained Fermiology
is an essential distinguishing aspect from the infinite-layer
cuprates. Within a weak-coupling framework of supercon-
ductivity, such enhancement of the density of states available

1
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FIG. 1. Crystal structure of CaCuO2 (left) and LaNiO2 (right).

FIG. 2. Non-magnetic band structure of NdNiO2 with the Nd-4f -states in the core. Note that it is almost identical around
the Fermi energy to the band structure of LaNiO2 reported in Fig. 1 of the main text.

FIG. 3. Fermi surfaces and Brillouin zone with high symmetry points for LaNiO2 and CaCuO2.
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as start values for a Slater-Koster fit of the electronic
structure [24]. In addition, we performed a simple tight-
binding fit of the dominant dx2�y2�p� antibonding band
at the Fermi energy.

Comparison of the non-magnetic electronic structures

of CaCuO2 and LaNiO2. Fig. 1 shows the band struc-
tures of CaCuO2 and LaNiO2. To avoid complications
connected with the 4f states, we chose to focus on
LaNiO2 rather than its Nd counterpart, though we note
that the band structure of NdNiO2 is almost identical to
that of LaNiO2 as shown in Fig. 2 of Ref. [25]. Fig. 1
also shows the orbital-resolved density of states high-
lighting the Ni/Cu-dx2�y2 and dz2 and O-p characters
for CaCuO2 and LaNiO2. As described in previous work
[9–11], there are some di↵erences between the electronic
structures (and magnetic properties, see below) of these
two materials. These arise mostly from the di↵erent en-
ergies of the spacer cation bands. The Ca-3d bands ex-
tend down to about 2 eV above the Fermi level, whereas
the La-5d bands dip down and actually cross the Fermi
energy, with the pocket at � having mostly La-dz2 char-
acter, that at A La-dxy character. These two small elec-
tron pockets in the Ni case lead to self-doping of the large
hole-like dx2�y2 � p� antibonding Fermi surface (Fig. 3
of Ref. [25]).

It has been suggested that the Tc of the cuprates is
correlated with the splitting of the dx2�y2 and dz2 ener-
gies, with a larger value giving rise to a higher Tc due
to reduced mixing of these orbitals [14]. We have com-
pared this energy di↵erence in the Cu and Ni cases us-

ing the band centroids calculated as Ei =
R
gi(E)EdER

gi(E)
, as

done in previous work [26]. Here, gi is the partial den-
sity of states associated with orbital i. The integration
range covers the antibonding band complex for Ni/Cu-eg
states, as in Ref. [26]. The values we derived for CaCuO2

are Ex2�y2= -0.22 eV, Ez2= -2.36 eV, giving a splitting of
2.14 eV, consistent with Ref. 26. For LaNiO2, Ex2�y2=
0.20 eV, Ez2= -1.75 eV, with a comparable splitting of
1.95 eV. These values, though, are quite di↵erent from
the more physical ones obtained from the Wannier fits
(see below).

Another quantity that has been deemed important for
determining Tc in the cuprates is the ratio t0/t that de-
scribes the relative strength of longer-range hopping to
nearest-neighbor hopping in a one-band model - materi-
als with a larger ratio have a higher Tc [13]. To estimate
this ratio, we performed a six-parameter tight-binding
fit to the dx2�y2 band at the Fermi energy. Values are
listed in Table I along with the associated tight-binding
functions, and the resulting band structures are plotted
in Fig. 1. Note that these fits di↵er from those of Lee
and Pickett [9]. In particular, we considered longer-range
in-plane hoppings, and our interlayer functions also dif-
fer, in that they take into account the mixing of rele-
vant ‘even’ (with respect to the diagonal mirror plane)

FIG. 1. Top and middle panels. Comparison of the band
structure (dx2�y2 and dz2 characters highlighted) and orbital-
resolved density of states (Ni/Cu-dx2�y2 and dz2 , O-px, py
and pz) of CaCuO2 and LaNiO2. Bottom panel. Tight bind-
ing fit to the dx2�y2 band at the Fermi energy for both ma-
terials.

states (4s, dz2 , pz) with the ‘odd’ dx2�y2 state that has
a [cos(kxa) � cos(kya)]2 dependence. Then, the t0/t ra-
tio is defined as proposed by Sakakibara et al. [14] as
(|t3|+ |t2|)/|t1|. The resulting ratio in both cases is quite
large, of order 0.4, comparable to that observed for the
highest Tc cuprates. We note, though, that t itself for Ni
is 80% of that for Cu.

Finally, the di↵erence in on-site p and d energies (i.e.,
the charge transfer energy) in cuprates has also been cor-
related with Tc, with smaller values promoting a larger
Tc [15]. In this context, the degree of hybridization be-
tween the p and d states is reduced in the Ni case with re-
spect to Cu as can be observed from the orbital-resolved
density of states (Fig. 1). Moreover, the di↵erence be-
tween these two on-site energies found from the Wan-
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temperatures resembles measurement results of a 40-nm-thick infinite-
layer copper oxide film with Tc ≈ 10.8 K and extrapolated London 
penetration depth λL(T = 0) = 2.2 µm (ref. 31). This indicates that λL 
for Nd0.8Sr0.2NiO2 is similarly large compared to the film thickness. 
Given the numerical uncertainties arising from the finite sample size 
(substantially wider films show indications of laterally inhomogeneous 
reduction), the order parameter symmetry and the scale of disorder, we 
did not attempt to extract λL (ref. 32). Nevertheless, these data suggest 
that this is a type-II superconductor with second critical field Hc2,⊥ 
approximately given in the inset to Fig. 4a.

Clearly the analogy to copper oxides motivated this finding, and 
much remains to be explored in this new superconducting compound. 
However, several important dissimilarities between these two systems 
are apparent. One key difference is the energy level alignments in their 
orbital electronic structure. Holes in copper oxides are often discussed 
in terms of Zhang–Rice singlets with strong oxygen character, owing 
to the close spatial overlap and near-energetic degeneracy of the Cu 

−dx y2 2 orbitals and the O 2p orbitals33. This naturally leads to large 
in-plane antiferromagnetic coupling, which many consider to be cen-
tral for superconducting pairing24. Because Ni+ is one column to the 
left of Cu2+ on the periodic table and one oxidation state lower, the 
chemical potential in the infinite-layer nickelates is several electronvolts 
higher than that of comparable copper oxides; therefore, in hole-doped 
nickelates, much less hybridization with the O 2p band is expected6. 
Furthermore, powder neutron diffraction studies of LaNiO2 and 
NdNiO2 show no indication of magnetic order down to 5 K and 1.7 K, 
respectively15,16, and the resistivity of NdNiO2 (Fig. 3b) is inconsistent 
with a robust insulator (although interface effects may contribute to 
conductivity). Consequently, two features that are central to copper 
oxides—the Zhang–Rice singlet and large planar spin fluctuations—
may be absent (or considerably diminished) in these nickelate 
superconductors.

On the materials side, one immediate question is the effect of 
the various substrates on the topotactic structural transition of this 
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Fig. 3 | Transport properties and superconductivity of the nickelate thin 
films. a, Resistivity versus temperature ρ(T) plots of the as-grown NdNiO3 
and Nd0.8Sr0.2NiO3 films. b, c, Resistivity (b) and normal-state Hall 
coefficient (c) as a function of temperature for the corresponding reduced 
films (NdNiO2 and Nd0.8Sr0.2NiO2). d, e, ρ(T) for multiple Nd0.8Sr0.2NiO2 

films, showing resistive superconducting transitions. Dotted lines indicate 
samples without a capping layer, for which the XRD Scherrer thickness 
was used to estimate the resistivity. f, Electric field (E) versus current 
density (J) characteristics for varying temperature.
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as a function of temperature in the pickup coil on a Nd0.8Sr0.2NiO2 film, 
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FIG. 2. Phonon band structure (left panel), atom-projected
phonon DOS (middle), and the Eliashberg function a2F (!)
(right) of NdNiO2. The dotted line in the right panel
shows the accumulated value of �(!) defined as �(!) =
2
R !

0
d!0↵2F (!0)/!0.

state with the Nd 5dxy orbital. The band bottom of the
bonding orbital is located at A point [green open circle
below the Fermi level in Fig. 1]. The energy di↵erence
between the bonding and antibonding states at A point
is more than 10 eV. As we will discuss in Sec. IV, we
can realize a single-component correlated system by con-
trolling the energy dispersion of the interstitial bonding
state.

B. Phonons

Because NdNiO2 has a di↵erent Fermi surface topol-
ogy from the cuprates, there might be a possibility that
the superconducting mechanism is di↵erent. One of the
most fundamental questions would be whether the ob-
served superconductivity can be explained by the phonon
mechanism or not. To investigate this point, we per-
formed phonon calculations and estimated the strength
of the electron-phonon coupling.

Figure 2 shows the calculated phonon and electron-
phonon properties of NdNiO2. The phonon band struc-
ture shows no imaginary modes, confirming the dynam-
ical stability of bulk NdNiO2. To evaluate the Brillouin
zone-averaged electron-phonon coupling strength �, we
first calculated the coupling strength for each phonon
mode ⌫ at momentum q defined as

�q⌫ =
2

N(✏F)Nk!q⌫

X

mnk

|gmn,⌫(k, q)|2�(⇠mq)�(⇠nk+q).

Here, !q⌫ is the phonon frequency, N(✏F) is the DOS
at the Fermi level, Nk is the number of k points,
gmn,⌫(k, q) is the electron-phonon matrix element, and
⇠mk = ✏mk � ✏F is the energy of the Kohn-Sham or-

bital m at momentum k relative to the Fermi level.
The double delta function of �q⌫ was evaluated by the
Gaussian smearing method with di↵erent smearing width
�. We then calculated the Eliashberg function ↵2F (!)
and � as ↵2F (!) = 1

2Nq

P
q⌫ �q⌫!q⌫�(! � !q⌫) and

� = 2
R1
0 d! ↵2F (!)

! , respectively. The results for ↵2F (!)
and the accumulated value of � is shown in the right
panel of Fig. 2.
The electron-phonon interaction evaluated with � =

0.04 Ry is � = 0.22. Although the � value changes
with the smearing width as shown in Table I, we con-
firmed that it does not reach 0.5 with reasonably small
values of �. We note that the � values of NdNiO2 are as
small as those calculated for the cuprate superconductors
YBa2Cu3O7 (� = 0.27, Ref. 55) and La2�xSrxCuO4 (� =
0.14–0.22, Ref. 56). The logarithmic average of phonon
frequencies and the Tc values of NdNiO2 are also sum-
marized in Table I. The Tc values, obtained using the
Allen-Dynes formula [57] with µ⇤ = 0.1, are too small
to account for the experimental results of Tc = 9–15 K.
Therefore, we can rule out the electron-phonon interac-
tion as the exclusive origin of the superconductivity ob-
served in the doped NdNiO2.

TABLE I. Electron-phonon interaction � and the logarithmic
average of phonon frequencies calculated for NdNiO2 with
di↵erent width of the Gaussian smearing. The Tc values are
evaluated using the Allen-Dynes formula with µ⇤ = 0.1.

Smearing width (Ry) � !ln (K) Tc (K)
0.04 0.22 283 0.00
0.06 0.28 258 0.06
0.08 0.32 249 0.24

C. Minimal tight-binding Hamiltonian

In Section III B, we have seen that the electron-phonon
coupling is not strong enough to explain the experimental
transition temperature. Next, we consider the possibil-
ity of whether the Ni 3d electron systems can be a play-
ground for unconventional superconductivity. To analyze
the electron correlation e↵ect, it is essential to derive re-
alistic tight-binding Hamiltonian for the low-energy elec-
trons near the Fermi level [58, 59]. Here, as a mini-
mal tight-binding model to reproduce the band structure
around the Fermi level, based on the orbital character
analysis in Figs. 1(a) and (b), we propose a three-orbital
model consisting of the Ni 3dx2�y2 orbital, Nd 5d3z2�r2

orbital, and interstitial s orbital centered at (0, 0, 1/2)
site.
Figure 3(a) shows a comparison between the original

DFT band structure (red solid curves) and the band
dispersion obtained from the three-orbital tight-binding
model (blue dashed curves). We see that the band struc-
ture near the Fermi level is accurately reproduced. The

Electron-phonon coupling is not enough to mediate superconductivity
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state with the Nd 5dxy orbital. The band bottom of the
bonding orbital is located at A point [green open circle
below the Fermi level in Fig. 1]. The energy di↵erence
between the bonding and antibonding states at A point
is more than 10 eV. As we will discuss in Sec. IV, we
can realize a single-component correlated system by con-
trolling the energy dispersion of the interstitial bonding
state.

B. Phonons

Because NdNiO2 has a di↵erent Fermi surface topol-
ogy from the cuprates, there might be a possibility that
the superconducting mechanism is di↵erent. One of the
most fundamental questions would be whether the ob-
served superconductivity can be explained by the phonon
mechanism or not. To investigate this point, we per-
formed phonon calculations and estimated the strength
of the electron-phonon coupling.

Figure 2 shows the calculated phonon and electron-
phonon properties of NdNiO2. The phonon band struc-
ture shows no imaginary modes, confirming the dynam-
ical stability of bulk NdNiO2. To evaluate the Brillouin
zone-averaged electron-phonon coupling strength �, we
first calculated the coupling strength for each phonon
mode ⌫ at momentum q defined as

�q⌫ =
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Here, !q⌫ is the phonon frequency, N(✏F) is the DOS
at the Fermi level, Nk is the number of k points,
gmn,⌫(k, q) is the electron-phonon matrix element, and
⇠mk = ✏mk � ✏F is the energy of the Kohn-Sham or-

bital m at momentum k relative to the Fermi level.
The double delta function of �q⌫ was evaluated by the
Gaussian smearing method with di↵erent smearing width
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! , respectively. The results for ↵2F (!)
and the accumulated value of � is shown in the right
panel of Fig. 2.
The electron-phonon interaction evaluated with � =

0.04 Ry is � = 0.22. Although the � value changes
with the smearing width as shown in Table I, we con-
firmed that it does not reach 0.5 with reasonably small
values of �. We note that the � values of NdNiO2 are as
small as those calculated for the cuprate superconductors
YBa2Cu3O7 (� = 0.27, Ref. 55) and La2�xSrxCuO4 (� =
0.14–0.22, Ref. 56). The logarithmic average of phonon
frequencies and the Tc values of NdNiO2 are also sum-
marized in Table I. The Tc values, obtained using the
Allen-Dynes formula [57] with µ⇤ = 0.1, are too small
to account for the experimental results of Tc = 9–15 K.
Therefore, we can rule out the electron-phonon interac-
tion as the exclusive origin of the superconductivity ob-
served in the doped NdNiO2.

TABLE I. Electron-phonon interaction � and the logarithmic
average of phonon frequencies calculated for NdNiO2 with
di↵erent width of the Gaussian smearing. The Tc values are
evaluated using the Allen-Dynes formula with µ⇤ = 0.1.

Smearing width (Ry) � !ln (K) Tc (K)
0.04 0.22 283 0.00
0.06 0.28 258 0.06
0.08 0.32 249 0.24

C. Minimal tight-binding Hamiltonian

In Section III B, we have seen that the electron-phonon
coupling is not strong enough to explain the experimental
transition temperature. Next, we consider the possibil-
ity of whether the Ni 3d electron systems can be a play-
ground for unconventional superconductivity. To analyze
the electron correlation e↵ect, it is essential to derive re-
alistic tight-binding Hamiltonian for the low-energy elec-
trons near the Fermi level [58, 59]. Here, as a mini-
mal tight-binding model to reproduce the band structure
around the Fermi level, based on the orbital character
analysis in Figs. 1(a) and (b), we propose a three-orbital
model consisting of the Ni 3dx2�y2 orbital, Nd 5d3z2�r2

orbital, and interstitial s orbital centered at (0, 0, 1/2)
site.
Figure 3(a) shows a comparison between the original

DFT band structure (red solid curves) and the band
dispersion obtained from the three-orbital tight-binding
model (blue dashed curves). We see that the band struc-
ture near the Fermi level is accurately reproduced. The

Nomura et al.; arXiv:1909.03942v1 
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pairing from the t-J model

In the strong-coupling limit, similar to cuprate, we consider the inplane and outplane antiferromagnetic couplings between
the spin of Ni dx2�y2 orbital,

HJ =
X

hiji

Jij(Si3Sj3 �
1

4
ni3nj3) (28)

where Si3 = 1
2c

†
i3����0ci3�0 is the local spin operator and ni3is the local density operator for Ni dx2�y2 orbital. hiji denotes

the inplane and outplane nearest neighbor(NN). The inplane coupling is Jx = Jy = J1 and the outplane coupling is Jz . By
performing the Fourier transformation, HJ in momentum space reads

HJ =
X

k,k0

Vk,k0c
†
k3"c

†
�k3#c�k03#ck03", (29)

with Vk,k0 = � 2J1
N

P
±(coskx ± cosky)(cosk0x ± cosk

0
y) � 2J2

N coskzcosk
0
z . Here we investigate the pairing state for doped

system and neglect the no-double-occupance constraint on this t� J model and perform a mean-field decoupling, similar to the
iron based superconductors[37]. With this, the total Hamiltonian can be written as,

HMF =
X

k

 †
kA(k) k +

N

2J1

X

⌫=s,d

|�⌫ |2 +
N

2J2
|�z|2, (30)

A(k) =

✓
h(k) �"#(k)
�†

"#(k) �h
⇤(�k)

◆
,

�"#(k) =

0

@
0

0
�3(k)

1

A , (31)

where  †
k = ( †

k", 
T
�k#), �3(k) = �s(coskx + cosky) +�d(coskx + cosky) +�zcoskz , and

�s/d = �2J1
N

X

k0

dk0"(cosk
0
x ± cosk

0
y), (32)

�z = �2J2
N

X

k0

dk0"cosk
0
z, (33)

with dk0" = hc�k03#ck03"i. A(k) can be diagonalized by an unitary transformation Uk with and the Bogoliubov quasiparticle
eigenvalues Em+3 = �Em with m = 1, 2, 3. The self-consistent gap equations are

�s/d = �2J1
N

X

k,m

(coskx ± cosky)U
⇤
6,m(k)U3,m(k)F [Em(k)]

�z = �2J2
N

X

k,m

coskzU
⇤
6,m(k)U3,m(k)F [Em(k)] (34)

where F [E] is Fermi-Dirac distribution function, F [E] = 1/(1+e
E/kBT ). The above equations can be solved self-consistently,

varying the doping and the value of J1, J2. For n = 1.0 and n = 0.8, the obtained dx2�y2 gap and ground-state energy as a
function of J1 (J1 = J2) are given in Fig.7 (a) and (b). With J1 being larger than 0.05, the dx2�y2superconducting gap and
ground-state energy increases abruptly. With J1 = J2 = 0.1, Fig.4 in the main text shows the superconducting gap a function
of doping. We find that electron doping will significantly suppress superconductivity and the gap reaches the maximum with 0.1
hole doping. Further hole doping will suppress the gap size. The 3D gap function of dx2�y2 -wave pairing is shown in Fig.4 (b)
for n = 0.8, where the gap on the spherical Fermi surfaces almost vanish. These are consistent with the RPA calculations.

Hubbard model t-J model

3

for pairing as obtained for hole doping in the nickelates typi-
cally results in a concomitant increase of the superconducting
temperature. Note that as opposed to the cuprates, this im-
proved nesting occurs away from half filling, such that the on-
set of magnetism is less affected by it than the superconduct-
ing pairing tendency. The largest contribution to the density
of states arises from the large non-kz-dispersive Ni dx2�y2

pocket, suggesting that, to some approximation, it likely plays
a significant role in the superconducting transition.

Weak-coupling Analysis – In order to investigate the pair-
ing symmetry of NdNiO2, we first consider a weak-coupling
limit of the problem. In such an approach, we may view the
first principles analysis as taking into account interaction ef-
fects in determining the low energy Fermi liquid description
of the problem. Then, perturbing about such a Fermi liquid
fixed point using weak, short-ranged residual interactions, we
can analyze the resulting pairing susceptibility of this system.
Such analyses are most rigorously formulated in an asymp-
totically exact weak-coupling approximation [18–20]. In this
limit, assuming spin rotation invariance, the bare short-ranged
repulsive interactions disfavor s-wave pairing but do not af-
fect orthogonal pairing channels, including p-wave, d-wave
etc. In the weak-coupling limit, one can integrate out the high
energy degrees of freedom perturbatively in the ratio of the in-
teractions to the band width. As a result, one obtains effective
attractive BCS interactions in non-s-wave channels, which in
turn grow at low energies in a Fermi liquid. One may identify
an emergent scale, where the dominant BCS coupling grow to
be of order one, with the onset of superconductivity in such a
weak-coupling limit. The associated pair wave function can
also readily be obtained. Similar approaches based on ran-
dom phase approximation (RPA) treatments of interactions,
while less controlled, are more physically motivated, and re-
sult in qualitatively similar conclusions for pairing strengths
in the system. They, along with related approaches, have en-
joyed significant phenomenological success in describing un-
conventional superconductivity [21]. For instance, in both the
weak coupling and RPA treatments of the single band Hub-
bard model, the dominant pairing tendency near half-filling is
in the dx2�y2 channel [22, 23]. A perturbative combined dia-
grammatic inclusion of particle-particle and particle-hole con-
tributions could be reached by the employment of functional
renormalization group [24, 25] in order to further sophisti-
cate the RPA treatment. For the case at hand, however, the
absence of magnetic order combined with the enhanced feasi-
bility in treating three-dimensional band structures render the
RPA approach most preferable at this stage of our weak cou-
pling analysis.

In our RPA calculations, we consider onsite Hubbard intra-
and inter-orbital, Hund’s coupling as well as pairing hopping

interactions,

Hint = UNi
X

i

ni3"ni3# + UNd
X

iµ

niµ"niµ#

+ U
0
Nd

X

i,µ<⌫

niµni⌫ + JNd
X

i,µ<⌫,��0

c
†
iµ�c

†
i⌫�0ciµ�0ci⌫�

+ J
0
Nd

X

i,µ 6=⌫

c
†
iµ"c

†
iµ#ci⌫#ci⌫" (2)

where ni↵ = n↵" + n↵#, µ, ⌫ = 1, 2, UNi is the Coulomb
repulsion for the Ni site, thus acting on the third orbital in
the notation of Eq. (1). UNd, U 0

Nd, JNd and J
0
Nd represent the

onsite intra- and inter-orbital repulsion and the onsite Hund’s
coupling and pair-hopping terms for the Nd site, respectively
[38]. We use the Kanamori relations UNd = U

0
Nd + 2JNd and

JNd = J
0
Nd.

Fig. 3 displays the bare susceptibilities for n = 1.0 and
n = 0.8 filling, respectively. In both cases, similar to cuprates,
the dominant peaks are located around the M and A points, in-
dicating intrinsic antiferromagnetic fluctuations. These peaks
get significantly enhanced upon including interactions at the
RPA level. The prominent features in the orbital-resolved sus-
ceptibility are that the peaks around M and A are dominantly
attributed to the Ni dx2�y2 orbital while the contribution of
Nd dxy and dz2 reaches its maximum around �. Based on the
analysis of the susceptibility, the dx2�y2 band will play the
dominant role in promoting correlation phenomena, including
superconductivity and, if applicable at commensurate filling,
magnetic ordering.

When the interaction is greater than a critical value Uc,
the spin susceptibility will diverge and indicate a spin den-
sity wave (SDW) instability. Below Uc, superconductivity
emerges triggered by spin fluctuations. We perform RPA cal-
culations to study the possible pairing symmetries within a
40⇥ 40⇥ 20 k mesh, energy window �E = 0.02 eV around
the Fermi level and inverse temperature � = 50 eV�1, and
have checked the convergence of pairing strength with respect
to the k mesh and �E. With the above parameters, the num-
bers of the representative momentum points on the Fermi sur-
face are 1038 and 1088 for n = 1.0 and n = 0.8, respectively.
From the susceptibility, we can expect the dominant pairing
state to be dx2�y2 -wave (more details are provided in the ap-
pendix). The obtained pairing eigenvalues as a function of
interaction U for n = 1.0 and n = 0.8 are also displayed in
Fig. 3. We find that dx2�y2 pairing state is dominant, and that
the gap functions are considerably smaller on the two small
spherical Fermi surfaces. This is consistent with the fact that
both the dominant density of states and pairing interactions
reside on the Ni dx2�y2 orbital.
Pairing in the t-J model – Similar to cuprates, the nickelates
represent an intermediately coupled system, and it becomes
important to “triangulate” the pairing problem from various
limits to see if our conclusions are indeed robust. We adopt
the t-J model to investigate pairing symmetries for nickelates
and consider the in-plane and out-of-plane antiferromagnetic
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FIG. 3: Bare susceptibility (left panel) and pairing eigenvalues as a
function of the interaction UNi (right panel) for electron filling (a)
n = 1.0 and (b) n = 0.8, respectively. Here we adopt UNi = UNd
and JNd/UNd = 0.15.

couplings between the spin of Ni dx2�y2 orbital,

HJ =
X

hiji

Jij(Si3Sj3 �
1

4
ni3nj3) (3)

where Si3 = 1
2c

†
i3����0ci3�0 is the local spin operator and

ni3 is the local density operator for Ni dx2�y2 orbital. hiji
denotes the in-plane and out-of-plane nearest neighbor (NN).
The in-plane coupling is Jx = Jy = J1 and the out-of-plane
coupling is J2. We investigate the pairing state for a variety
of doping levels and neglect the no-double-occupancy con-
straint on this t-J model, perform a mean-field decoupling,
and solve the self-consistent gap equations. The details are
provided in the appendix. We find that dx2�y2 pairing is al-
ways the dominant order within extended parameter ranges
of J1 and J2. Fig.4(a) shows the superconducting gap of the
dx2�y2 pairing as a function of doping with J1 = J2 = 0.1
eV. We find that there is a superconducting dome and the gap
reaches the maximum upon 0.1 hole doping. Electron doping,
by reducing the contribution of the Ni dx2�y2 orbital, will sig-
nificantly suppress superconductivity.Instead, beyond optimal
doping, further hole doping will only slightly suppress the su-
perconducting gap, implying to expect an expected Tc dome
feature on the hole doped side. The 3D gap function of the ob-
tained dx2�y2 -wave pairing is displayed in Fig.4(b) at 0.2 hole
doping, where the gaps on the spherical Fermi surfaces from
Nd atoms almost vanish. Our findings from strong coupling
are consistent with our weak-coupling analysis.
Discussion – We have studied the infinite-layer nickelate
NdNiO2 and have found that the dominant pairing instabil-
ity is in the dx2�y2 channel, which places this system in close
analogy with cuprate superconductors. As a consequence of
the pairing symmetry, we expect nodes on the Fermi surface,

(a) (b)

−0.4 −0.2 0 0.2

2

4

6

8

doping

∆ d (m
eV

)

hole doping electron
 doping

FIG. 4: (a) The dx2�y2 -wave gap as a function doping with
J1 = J2 = 0.1 eV. Postive (negative) values relate to electron (hole)
doping. (b) Superconducting gap for dx2�y2 -wave pairing. In the
calculations, a k mesh of 100⇥ 100⇥ 50 has been adopted.

the evidence for which can be found in low temperature heat
capacity [26], penetration depth [27] measurements, quasipar-
ticle interference studies [28], and more directly, from phase-
sensitive studies [29, 30].

In the future, it will be interesting to study the role of the
Nd itinerant electrons in conjunction with the local moments
of the Ni sites. It is thus tempting to invoke the analogy with
heavy fermion systems, and to view the physics of the infinite
layer nickelate from the vantage point of the Kondo lattice. In
this context, it is reasonable to presume that the effect of stron-
tium doping involves more complex phenomena than a simple
rigid shift of the Fermi level. Furthermore, even though an
electronically mediated pairing mechanism may appear likely
judging from the current experimental evidence, the impact of
electron-phonon coupling will be vital to gaining a deeper un-
derstanding of the material. We wish to pursue such questions
in future studies.
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Doped holes in NdNiO2 and high-Tc cuprates show little similarity
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Superconductivity was recently demonstrated in thin films of hole-doped NdNiO2, with a rather
high Tc ⇡ 15K [1]. At first sight this seems reasonable, given its similar lattice structure with
that of LaCuO4, with Ni1+ replacing Cu2+. We argue that NdNiO2 is on the Mott insulator and
not the charge transfer side of the (ZSA) [2] classification scheme, with a superexchange energy at
least an order of magnitude smaller than in cuprates. Hole-doping should therefore produce Ni2+

with spin S = 1, as in common Ni2+ oxides. This is not compatible with robust superconductivity.
We show that in fact, NdNiO2 falls inside a “critical” region of the ZSA scheme, where for large
pd hybridization the lowest energy hole-doped state can be 1A1 as in the cuprates. However, small
changes in the parameters resulting from changes in lattice parameters through chemical composition
could also stabilize the more common 3B1 lowest energy hole state.

Introduction: The discovery by Bednorz and Mueller,
in 1986, that the oxide La2�xSxCuO4 becomes super-
conducting (SC) with critical temperatures TC of up to
35K [3], initiated one of the most intense research e↵orts
in condensed matter physics and chemistry. After exten-
sive investigations, SC persisting up to 133.5 K [4] has
now been reported in cuprates. However, after more than
30 years, there is no consensus regarding its mechanism.

Superconductivity occurs in a metal if the Coulomb
repulsion between electrons is overscreened by the re-
sponse of the surrounding material. The resulting e↵ec-
tive attraction can bind electrons into pairs with bosonic
character. According to the Bardeen-Cooper-Schrie↵er
(BCS) theory [5], at low enough temperatures these pairs
condense into a superfluid with zero electrical resistance.

The question, then, is what is the nature of the “pair-
ing glue” [6]. The conventional BCS mechanism arises
from electron-phonon coupling, but theoretical estimates
based on band structure approaches to electron-phonon
coupling, as used in conventional superconductors, in-
dicate that this cannot facilitate such a high transition
temperature [7]. (For completness, we note that a dif-
ferent view is espoused in Refs. [8], [9], [10]).

Many other scenarios have been proposed, the cur-
rent leading “glue” candidate being the magnetic ex-
citations associated with the spin- 12 of the Cu2+ ions
and the strong superexchange coupling them. The par-
ent compounds are insulators because the strong on-site
Udd repulsion between electrons in the Cu 3d orbitals
freezes their charge fluctuations. The resulting magnetic
moments are locked into long-range antiferromagnetic
(AFM) order by a strong super-exchange Jdd, and spin
fluctuations occur at energies of up to 300meV. Addi-
tional doped holes enter the O2p bands [11], and their
spin couples to adjacent Cu spins through an even larger
AFM exchange and a spin-swapping process [12]. Both
of these allow holes to emit and absorb magnetic exci-
tations of the Cu background. An exchange of such ex-
citations could therefore mediate the e↵ective attraction
between holes, necessary for pairing. The resulting Tc

would be determined by the magnon energy scale and
by the strength of the hole-spin coupling, both of which
are large in the cuprates. A major success of this mag-
netic mechanism was the theoretical prediction of uncon-
ventional superconductivity with d-wave symmetry [13],
subsequently confirmed experimentally [14–16]. Never-
theless, a comprehensive understanding of cuprate phe-
nomenology is still eluding us.
This impasse motivated the search for similar but non-

Cu based SC, which might help solve the mystery. One
of the routes being pursued is to replace Cu2+ with Ni1+

in compounds such as LaNiO2 and NdNiO2, which crys-
talize in a similar structure, with infinite NiO2 planes
as the counterparts of the CuO2 planes. After several
failed attempts [17–19], SC with TC of up to 15K was re-
cently found in doped Nd0.8Sr0.2NiO2 single crystal thin
films [1]. This is a very exciting development, suggesting
the existence of a Ni-based family of high-Tc SC that may
be more like the cuprates than the Fe-based ones [20].

FIG. 1: (color online) Sketch of a Mott insulator (top) vs. a
charge transfer insulator (bottom). The narrow (blue) bands
are the Hubbard 3d bands while the broader (red) band is
the O2p band before the pd hybridization has been switched
on. The sketch assumes a similar U but a significantly larger
�, like for NdNiO2 as compared to LaCuO4. Below (above)
the chemical potential µ are the electron removal (addition)
states, if the starting state is Ni/Cu d9 and a full O 2p band.
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We assume that, like in cuprates: (i) only the O 2p
and Ni 3d states determine the low-energy physics, and
(ii) the stochiometric NdNiO2 is a large gap insulator.
(Note that the parent compound studied in Ref. [1] is
metallic, perhaps due to small di↵erences in stochiome-
try). Even so, a major di↵erence is that according to the
Zaanen-Sawatzky-Allen (ZSA) scheme [2], NdNiO2 is a
Mott insulator while the cuprate parent compounds are
charge-transfer insulators, see sketch in Fig. 1. This is
due to a charge transfer energy � ⇡ 9 eV in NdNiO2

vs. � ⇡ 3 eV in cuprates, because the smaller nuclear
charge of Ni causes a 5-6eV upward shift of the d

10 state
in NdNiO2. The other energy scales Udd, Upp, tpd, are
very similar to those of cuprates.

One consequence is that the superexchange [21]:

Jdd =
4t4pd

�2Udd
+

8t4pd
�2(Upp + 2�)

is around ten times smaller in NdNiO2, explaining the
lack of AFM order [18, 19].

The bigger consequence is what happens upon doping.
Holes doped in a Mott insulator should reside on the Ni,
not in the O2p band like in cuprates. But Ni2+ (3d8)
has S = 1 in other Ni2+ oxides, suggesting not only very
di↵erent physics from the cuprates, but also making the
appearance of rather high-Tc SC extremely puzzling.

In this Letter, we argue that NdNiO2 lies in the critical
crossover region of the ZSA diagram [2], where the lowest
eigestates with S = 0 and S = 1 cross. Thus, it is possible
that holes doped in NdNiO2 still have a strong O 2p
component with the same 1

A1 symmetry like the Zhang-
Rice singlet in cuprates [22]. In other words, the new SC
could indeed be similar to cuprates SC from this point of
view, although many other questions remain open.

Model: We study a hole doped into a system consisting
of a Ni1+ (3d9) impurity properly embedded in an infinite
square lattice of O2p6 ions. The Hamiltonian is:

H = Ûdd + T̂pd + T̂pp + �̂+ Ûpp. (1)

Here, Ûdd includes all Coulomb and exchange inte-
grals of the 3d8 multiplet, which determine the spin
and symmetry of the lowest-energy hole addition state.
Matrix elements between the 3d orbitals b1(dx2�y2),
a1(d3z2�r2), b2(dxy), ex(dxz) and ey(dyz) are in terms of
the Racah parameters A,B,C. The 3d orbitals are as-
sumed to be degenerate, i.e. we omit point-charge crys-
tal splittings. (This is a good approximation because it
is the hybridization with the O orbitals, included in our
model, that accounts for most of the di↵erence between
the e↵ective on-site energies of the 3d levels). T̂pd and

T̂pp describe hopping of holes between the Ni3d orbitals
and adjacent O2p ligand orbitals, and between nearest
neighbour O ligand orbitals, respectively. We note that
we have checked explicitly that including the second pair
of in-plane, ⇡-type O2p orbitals has essentially no e↵ect

FIG. 2: (color online) Phase diagram for the stability of a 3B1

triplet ground-state, expected for a doped Mott insulator, vs.
a 1A1 singlet ground-state like in hole-doped cuprates, for dif-
ferent values of � and A, measured in eV. Other parameters
are tpp = 0.55eV,B = 0.15eV, C = 0.58eV, Upp = 0. The
three lines correspond to tpd = 1.3, 1.5 and 1.7eV. We expect
NdNiO2 to lie in the shaded region.

on the results reported below. Finally, �̂ measures the
di↵erence in the on-site energies of 3d and 2p orbitals, as
measured from the full O 2p band to the Ni d10 state,
while Ûpp is an on-site Hubbard repulsion when two holes
are in the same O ligand orbital.

We recently used this model to study a Cu2+ impurity
embedded in a square O lattice [23]; we refer the reader
there for further details on the Hamiltonian and our so-
lution for the one-hole doped case. We choose what we
believe to be reasonable values for the parameters: we es-
timate a magnitude tpd ⇡ 1.5eV for the hybridiation be-
tween the Ni impurity and neighbor O, about the same as
in cuprates. This is because of a cancellation of changes
due to the larger lattice constant of the nickelates, and
to the larger orbital radius of their d orbital, because
of the smaller nuclear charge. We keep the same val-
ues for the Racah parameters B,C. Upp plays little role
for the results discussed below, so we set it to Upp = 0
(very similar results are obtained for Upp ⇡ 3eV). As al-
ready mentioned, we expect the on-site Coulomb repul-
sion on the Ni1+ to be comparable to that on the Cu2+,
A = Udd ⇡ 6�7eV, while the charge transfer� ⇡ 7�9eV
as opposed to � ⇡ 3eV in cuprates.

It is important to note that while this work is concep-
tually similar to older work investigating a multi-band
impurity embedded in a lattice [24], the key di↵erence
is that we keep the square-lattice structure for the O
2p band, instead of approximating it with a featureless
band with a semielliptical density of states. This has sig-
nificant quantitative implications, as also emphasized in
Ref. [23]. These turn out to be particularly important
for a Ni1+ impurity, as we discuss now.

Results: Figure 2 shows the one-hole phase diagram as

Mott insulator

charge-transfer  
insulator

10 times smaller superexchange in the nickelates

no AFM & weakened spin fluctuations
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FIG. 1: Logarithmic temperature dependence of the resistiv-
ity (red color) and the Hall coefficient (blue color) at low tem-
peratures for (a) NdNiO2 with the experimental data adopted
from Ref. [1]; (b) LaNiO2 reproduced from Ref. [28]. The
dashed lines are the lnT fits.

for LaNiO2. Both are an order of magnitude higher
than those of normal heavy fermion metals. For exam-
ple, we have RH ≈ −3.5 × 10−4 cm3 C−1 in all three
CeM In5 compounds (M= Co, Rh, Ir) at high tempera-
tures [33]. This indicates that there are only a few per-
cent of electron-like carriers per unit cell in both NdNiO2

and LaNiO2. Therefore, the parent compounds of nicke-
lates belong to a Kondo system with low-density charge
carriers.

Below we examine the Kondo scenario for NdNiO2

from the microscopic picture. The first-principles band
structure calculations [34] show that the Nd 5d orbitals
in NdNiO2 are hybridized with the Ni 3d orbitals, lead-
ing to small Fermi pockets of dominantly Nd 5d electrons
in the Brillouin zone. Nd-5d conduction electrons have
a low electron density of nc ≪ 1 per Ni-site, coupling
to the localized Ni1+ spin-1/2 of 3dx2−y2 orbital to form
Kondo spin singlets (doublons) [35]. Here we have consid-
ered Ni-3dx2−y2 electrons to be strongly correlated with
a large on-site Coulomb repulsion U to disfavor double
occupation on the same sites.

With this picture in mind, it is attempted to propose
a Kondo Hamiltonian to describe the parent compounds
of nickelates. However, unlike the usual Kondo lattice
model, the Ni1+ localized spins here are coupled mainly
by superexchange interaction through the O-2p orbitals
as same as in the cuprates, though the coupling on nickel

J

t*

t
K

Si

ci!

FIG. 2: Illustration of the effective model on a two-
dimensional square lattice of NiO2 plane of NdNiO2. Blue
arrow represents Ni-spin, which interacts with its neighbor-
ing spin antiferromagetically by coupling J . Orange arrow de-
notes Nd-5d electron, which couples to Ni-spin by the Kondo
coupling K, to form a Kondo singlet (doublon). Red cir-
cle represents Ni-3d8 configuration, or a holon. t and t∗ are
the hoping integrals of doublon and holon, respectively. Not
shown is the holon-doublon anhilation into a Ni-spin.

sites is small. Thus the starting point should actually
be a background lattice of Ni1+ localized spins with the
nearest-neighbor AF Heisenberg superexchange coupling
and additional local Kondo exchanges with the itinerant
5d electrons.

For the parent compound, we have correspondingly
1−nc electrons per Ni-site, or ncNs (Ns as the total num-
ber of Ni-sites) empty nickel sites (holons) on the NiO2

plane. This introduces a strongly renormalized hopping
term of holons. A schematic picture is displayed in Fig.2
The presence of both the Kondo singlets/doublons and
the holons can suppress very efficiently the AF long-range
order and cause a phase transition from the Mott insu-
lating state to a metallic state. Actually, as we will show
below, an effective low-energy model Hamiltonian can be
derived in terms of the doublons, holons and localized
spins, describing a self-doped Mott metallic state even
in the parent LnNiO2 (Ln=La, Nd) compounds. Upon
further Sr hole doping, such a low-energy effective model
is expected to exhibit d-wave pairing instability as in the
usual t-J model.

Effective model Hamiltonian. - We consider Ni-
3d8 and Nd-5d0 as the vacuum, and start with the lo-
calized 3dx2−y2 spins on the NiO2 plane that form a
two-dimensional quantum Heisenberg model with nearest
neighbour AF superexchange interactions,

HJ = J
∑

⟨ij⟩

Si · Sj. (1)

This is similar to the cuprates, where the superexchange
interaction is induced by the O-2p orbitals and the parent
compound is a Mott insulating state with AF long-range
orders. In nickelates, however, we have to further con-
sider the Kondo coupling with the Nd or La 5d conduc-
tion electrons. This leads to the following Kondo lattice

Strange metals

𝜌 ~ T𝛼 (𝛼 ≃ 1.12)

2

mesh [15]. The growth of NdNiO2 on a SrTiO3 substrate is
simulated by imposing an in-plane lattice constant a = 3.91Å
and relative relaxed out-of-plane parameter c = 3.37 Å [1].
The extraction of the three-orbitals minimal model used to
investigate the superconducting tendencies of NdNiO2 was
based on the Wannier functions formalism [16].

Fig. 2 shows the single-particle band structure of NdNiO2,
along with the orbital contributions relevant for the low-
energy model description. Owing to a d

9 electronic config-
uration in a peculiar +1 oxidation state for Ni, the crystal
field imposed by the planar square coordination (Fig. 1) re-
sults in a high-lying nominally half-filled dx2�y2 orbital (red
dots), featuring a predominantly two-dimensional character.
Nonetheless, the delocalized and formally empty Nd 5d states
reside fairly low in energy, leading to a sizable hybridization
with Ni 3d bands, and to the appearance of electron pockets
at the � and A = (⇡/a,⇡/a,⇡/c) (see panel Fig. 2(a)) points.
Such pockets mainly display Nd dz2 (yellow squares) and dxy

(blue diamonds) orbital contributions, respectively, and de-
termine a concomitant self-doping of the large hole-like Ni
dx2�y2 Fermi surface.

Having established the contribution of the relevant or-
bitals to the low-energy physics of NdNiO2, we consider a
three-orbital tight-binding (TB) model which includes long
range hopping terms. We introduce the operator  †

k� =

[c†1�(k), c
†
2�(k), c

†
3�(k)], where c†↵�(k) is a fermionic creation

operator with � and ↵ denoting spin and orbital indices, re-
spectively. The orbital index ↵ = 1, 2, 3 represents the Nd
dz2 for 1, the Nd dxy for 2 and the Ni dx2�y2 for 3. The
tight-binding Hamiltonian can be written as

HTB =
X

k�
 
†
k�h(k) k�, (1)

where h(k) is given in the appendix, along with the cor-
responding parameters extracted from a downfolding of the
first-principles band structure onto a set of localized Wan-
nier functions. With the above parameters, the obtained band
structure fits are given in the appendix and reach a good agree-
ment between DFT and the effective TB bands. Near the

FIG. 1: (a) View of the crystal structure of NdNiO2. Ni, O and Nd
atoms are represented by grey, red and orange spheres. The planar
coordination in the NiO2 is highlighted by a grey square. (b) The
resulting crystal field is characterized by a topmost dx2�y2 orbital,
which is nominally singly occupied in a d9 electronic configuration.
(c) Crystal field acting on the formally empty Nd d orbitals. In (b)
and (c), the crystal field levels are given in eV, with respect to the Ni
dx2�y2 .

FIG. 2: First-principles band structure (a) and density of states (b) of
NdNiO2 with lattice parameters forced by the commensuration to the
SrTiO3 substrate. The red, yellow and blue symbols emphasize the
relevant orbitals that contribute to the low-energy description. Views
of the Fermi surface of NdNiO2 at (c) pristine filling (n = 1.0)
and (d) upon 0.2 hole doping (n = 0.8). The color scale reports
the momentum dependence of the inverse Fermi velocity (1/vF (k)),
which is a measure of the DOS. The ↵ Fermi surface displays a van
Hove feature evolving from the kz = 0 cut to the kz = ⇡ cut, where
it changes from a hole pocket around the M point in the kz = 0 plane
to an electron pocket around the Z point in the kz = ⇡ plane.

Fermi level, the DOS is dominantly attributed to the Ni dx2�y2

orbital, as shown in Fig. 2 (b). Further considering the rela-
tively weak interaction effects in the 5d orbitals of Nd, the
dominant correlation effects must derive from the 3d dx2�y2

orbital of Ni in NdNiO2. These conclusions are consistent
with previous [7, 8] as well as concurrent [17] first principles
calculations of this system.

The resulting 3D Fermi surfaces are shown in Fig. 2 (c)
and (d) for the fillings n = 1.0 and n = 0.8. For the for-
mer case, there is an almost cylindrical, non-dispersive in
kz , hole-like pocket ↵, and two small electron-like pockets
� and � around the � and A points, respectively. With 0.2
hole doping, the electron Fermi surfaces shrink. For the hole
pocket, van Hove singularities are reached near the kz = ⇡

plane, and its density of states increases considerably along
with enhanced nesting, as shown by the red curve in Fig. 2(b).
The three-dimensional character of the obtained Fermiology
is an essential distinguishing aspect from the infinite-layer
cuprates. Within a weak-coupling framework of supercon-
ductivity, such enhancement of the density of states available
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Nickelates: i) are potential room-temperature superconductors,
ii) or have nothing to do with cuprates, 
iii) or their electronic band structure needs to be seriously revisited 
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