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Motivated by cuprate and nickelate superconductors, we perform a comprehensive study of the
superconducting instability in the single-band Hubbard model. We calculate the spectrum and super-
conducting transition temperature Tc as a function of filling and Coulomb interaction for a range of
hopping parameters, using the dynamical vertex approximation. We find the sweet spot for high Tc to be at
intermediate coupling, moderate Fermi surface warping, and low hole doping. Combining these results
with first principles calculations, neither nickelates nor cuprates are close to this optimum within the
single-band description. Instead, we identify some palladates, notably RbSr2PdO3 and A0

2PdO2Cl2
(A0 ¼ Ba0.5La0.5), to be virtually optimal, while others, such as NdPdO2, are too weakly correlated.
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Introduction.—Ever since the discovery of cuprate super-
conductivity [1], the material dependence of the transition
temperature Tc and exploring routes toward optimizing Tc
are a central quest of condensedmatter physics. The recently
discovered nickelate superconductors provide a new per-
spective to this quest. Similar to cuprates, superconductivity
in nickelates emerges from a doped 3d9−δ (δ ∼ 0.2) elec-
tronic configuration of the transition metal. Besides the
initial infinite-layer superconductor Nd1−xSrxNiO2 [2–8],
substituting neodymiumwith another lanthanoid [9–11] and
also the quintuple-layer compound [12] show superconduc-
tivity. This indicates that, akin to cuprates, there is a whole
family of nickelate superconductors.
As for the theoretical modeling, the one-band Hubbard

model is arguably the simplest effective model for cuprates
[13,14]. Its tight-binding parameters can be obtained from
ab initio calculations, and the relation between model
parameters and the experimental Tc has been analyzed
[15–27]. For nickelates, a similar scenario (1) with a one-
band Hubbard model plus largely decoupled electron
pockets has been put forward [28–35]. Based on the same
density functional theory (DFT) and dynamical mean-field
theory (DMFT) Fermi surface with Ni 3dx2−y2 orbital plus
electron pockets around A and Γ momentum, a second
group of scenarios (2) [36–39] emphasizes the role of holes
in the Ni 3dz2 orbital. These originate from an admixture
around the Γ pocket that is predominately Nd 5dz2 . In
scenario (1) this is argued to be not of primary importance
for superconductivity because of the strong doping and rare
earth cation dependence of the Γ pocket [3,40–42]. Finally,
scenario (3) proposes an additional Ni 3dz2 Fermi surface

based on self-interaction corrected (sic) DFTþ DMFT
[32,43–46]. Such an additional Fermi surface is also
obtained in antiferromagnetically ordered DFT [47,48],
GW þ DMFT [49], and DFTþ DMFT in the overdoped
region [28,50].
While the relevant low energy model for nickelates is still

under debate, a boost for scenario (1) was its successful
prediction of the superconducting phase diagram [28] prior
to experiments [5,6] and with high accuracy in the light of
new, defect-free films [53]. Also some other experiments
including, among others, the Hall coefficient, resonant x-ray
spectroscopy [54], and magnetotransport [55], point toward
this scenario. As for the microscopic origin of high-Tc

superconductivity: while spin fluctuations mediate super-
conductivity in Ref. [28], the topic remains highly
controversial; many different mechanisms have been pro-
posed [56–59].
The aim of the present Letter is hence twofold: First, we

would like to identify the optimal conditions for super-
conductivity in the Hubbard model building upon recent
progressmadewith diagrammatic extensions ofDMFT [60].
In particular, we will employ the dynamical vertex approxi-
mation (DΓA) [61], which accurately describes antiferro-
magnetic spin fluctuations in the parameter range where
numerical quantum Monte Carlo simulations are still avail-
able [62]. Second, from a materials point of view we would
like to identify cuprate- or nickelatelike materials that
promise even higher Tc’s. One important factor is the
interaction strength U and its ratio to the hopping U=t.
On a qualitative level it has been recently found [28,63] that
the interaction strength is too large in nickelates. HigherTc’s
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should thus be possible using compressive strain or pressure
[64], confirmed experimentally by a record Tc > 30 K for
nickelates under a pressure of 12 GPa with no saturation yet
discernible [65]. Much more dramatic changes of U=t are
possible when going from 3d to 4d transition metal oxides,
which can be achieved by replacing Ni with Pd
[28,33,66,67]. Here, we study this possibility on a quanti-
tative level. We show that a one-band description is justified
for palladates, andmake a prediction of the superconducting
phase diagram which can be tested in experiment.
Let us start by sketching the electronic structures of the

above-mentioned materials schematically in Fig. 1. As is
well known, the parent cuprate compounds are charge
transfer insulators [68]; Cu-3d and O-2p bands exist at a
similar energy level and are strongly hybridized. Thus the
Hubbard model is justified only as an effective model that
mimics the physics of the Zhang-Rice singlet [14]. In
contrast, the Ni 3d orbital is higher up in energy by ∼1 eV.
The increased distance to the oxygen orbitals then makes
the single-dx2−y2-orbital description more suitable than for
the CuO2 layers in cuprates. However, DFT calculations
[63,67,69–74] show that the Ni-d bands of NdNiO2 now
partially overlap instead with the bands of Nd in between
the NiO2 layers, forming the already mentioned pockets
around the A and Γ momentum.
If we replace Ni (3d) with Pd (4d), the Pd 4d orbitals are

shifted back down by ∼1 eV due to the higher ionization
energy of Pd compared to Ni. This removes the pockets
present in the nickelates and leads to a larger d-p
hybridization and minor overlap with the oxygen bands.
However, we do not yet have a charge transfer state as in the
cuprates. Indeed, our DFT and DMFT computations
(shown in the Supplemental Material (SM) [75],
Sections I–III) of the crystal and electronic structures of
the nickelate NdNiO2 and the palladates NdPdO2,
RbSr2PdO3, and A0

2PdO2Cl2 show that palladate com-
pounds are somewhere in between cuprates and nickel-
ates—with a single-band dx2−y2 Fermi surface justifying a
modeling by a single-orbital Hubbard model. Tuning the
dispersion and interaction strength in palladates thus opens

so-far untapped possibilities for finding new superconduc-
tors with possibly higher Tc’s.
Model and method.—We study the two-dimensional

Hubbard model on the square lattice with Hamiltonian

H ¼
X

k;σ

ϵkc
†
k;σck;σ þU

X

i

ni;↑ni;↓; ð1Þ

where c†k;σðck;σÞ is the creation (annihilation) operator,

ϵk ¼ −2t½cosðkxÞ þ cosðkyÞ� − 4t0 cosðkxÞ cosðkyÞ
− 2t00½cosð2kxÞ þ cosð2kyÞ�; ð2Þ

the energy-momentum dispersion, U the onsite Coulomb
repulsion, and t, t0, t00 are the nearest, second nearest,
and third nearest hoppings, respectively. The model para-
meters are obtained from DFT, using WIEN2K [98] with
the PBE [99,100] exchange correlation functional and
WIEN2WANNIER [101] for projecting onto a maximally
localized 3dx2−y2 Wannier orbital [102]. Supplemental
Material Sections VI, VII, VIII, and IX provide details
on the Wannier projection, the DFT calculation of
A0
2PdO2Cl2, the stability against structural distortions,

and the antiferromagnetic DFT solution, respectively.
Before constructing the single-orbital model for palladates,
we performed multiorbital DMFT calculations which con-
firm the single orbital nature of the system, see SM [75]
Sec. III. The constrained random phase approximation
(cRPA) is employed to estimate U. Following the previous
research [28], we employed slightly enhanced values
(þ0.35 eV [103]) from our cRPA calculation for entangled
bands [104]: 2.85 eV for NdNiO2, 2.55 eV for RbSr2PdO2,
and 2.97 eV for A0

2PdO2Cl2 (which are consistent with the
preceding study [67]; please note that small changes in the
interaction strength U do not change our conclusions).
Table I provides a summary of the DFT and cRPA derived
parameters [105] (for details see SM [75] Section II), which
are used in subsequent DΓA calculations. Besides these
material-specific Hubbard models we also include the simp-
lest case with nearest-neighbor hopping only (t0 ¼ t00 ¼ 0).

Energy

Oxygen
2p-bands

Block layers

Cu, Ni, Pd
s-band

Cuprate
(Cu2+  )

3d-bands

Nickelate
(Ni+)

3d-bands
Palladate

(Pd+)
4d-bands

FIG. 1. Schematic picture of the energy levels for copper
(Cu2þ), nickel (Niþ), palladium (Pdþ) superconductors.

TABLE I. Summary of the DFT-derived parameters for the
single-band Hubbard model, as an effective low-energy model for
the nickelate NdNiO2, the palladates NdPdO2, RbSr2PdO3, and
A0
2PdO2Cl2.

jtj (meV) t0=t t00=t Ueff=t

NdNiO2 395 −0.25 0.12 8
NdNiO2 (strained) 419 −0.23 0.12 7.0–7.5
NdPdO2 558 −0.17 0.13 4.5
RbSr2PdO3 495 −0.24 0.16 6
A0
2PdO2Cl2 443 −0.22 0.14 7.5

A0
2PdO2Cl2 (−1.5% strain) 470 −0.22 0.14 7.0

A0
2PdO2Cl2 (−3.0% strain) 497 −0.22 0.14 6.0
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We analyze these single-orbital models by means of the
DΓA [61,106–108], a diagrammatic extension of DMFT
[109–111]. Similar techniques have been previously
applied to unconventional superconductivity on the square
lattice [112–119]. We mainly use the continuous-time
quantum Monte Carlo solver from W2DYNAMICS [120] as
DMFT solver, see SM [75] for details. DΓA simultaneously
includes strong correlations and long-range spatial (charge
and spin) fluctuations. Both are essential for modeling
superconductivity in correlated electron systems. Most
importantly, DΓA can describe dynamical screening effects
which are crucial for accurately determining Tc [121]. It
has predicted the superconducting dome in nickelates [28]
prior to experiments [5,6,53] with astonishing accuracy.
For a review of DΓA, see Ref. [60]; and [122] for how to
calculate Tc.
Spectrum.—We first discuss the electronic spectrum.

In Fig. 2, we show the momentum dependence of the
imaginary part of the Green’s function at the lowest
Matsubara frequency: −ℑGðωn ¼ π=β;kÞ=π for various
interactions:U=t ¼ 4.3, 6, 7, 8 and fillings: n ¼ 0.80, 0.85,
0.90, 0.95 for hoppings corresponding to NdPdO2

(t0=t ¼ −0.17, t00=t ¼ 0.13). We observe that the spectrum
changes from a noninteractinglike Fermi surface at weak
coupling to a shape with strongly momentum-dependent
damping at stronger coupling, before, finally, all spectral
weight is removed. In between, we obtained a Fermi arc
structure at low doping (ndx2−y2 ∼ 0.90–0.95) for U ¼ 7t

and 8t, which is a hallmark feature of cuprates.

Even outside the pseudogap region, correlation effects
change the Fermi surface structure. Specifically, they
decrease the Fermi surface warping, i.e., effectively
decrease t0. Such change of the spectrum for large
ðt0; t00Þ region has also been observed in other theoretical
studies [123–125]. These Fermi surface changes also affect
the superconducting instability. While this effect (coming
from the momentum dependence of ℜΣ) is minor com-
pared with the pseudogap physics (stemming from the
momentum dependence of ℑΣ), we find that such a Fermi
surface flattening can enhance superconductivity, but only
around the optimal conditions in parameter space; see SM
[75] for a detailed discussion.
As demonstrated here, DΓA properly captures correla-

tion-induced changes of the Fermi surface (e.g., Fermi arc
in cuprates [126]) and is consistent with previous results.
Superconductivity.—Next, we discuss the superconduct-

ing instability. To do so, we calculate the eigenvalues of the
linearized gap (Eliashberg) equation which is the usual
procedure for evaluating the superconducting instability
from the paramagnetic solution. The eigenvalue λ is a
measure of the superconducting instability, and Tc is
identified by λ reaching unity. While DΓA is unbiased
with respect to spin, charge, and quantum critical fluctua-
tions, we find that spin fluctuations mediate d-wave
superconductivity in all cases studied.
In Fig. 3, we plot the superconducting eigen-

values against the interaction U and the filling for three
tight-binding parameter sets: the simplest case (t0 ¼ t00 ¼ 0),
parameters for NdPdO2 (t0 ¼ −0.17t, t00 ¼ 0.13t) and
NdNiO2 (t0 ¼ −0.25t, t00 ¼ 0.12t). First, we notice in all
cases a strong suppression of λ around half-filling at strong
coupling. This leads to a dome structure of Tc as a function
of both interaction strength and filling, which is essential
for optimizing superconducting materials.
Figure 3 unequivocally reveals that the origin of this

suppression is too strong antiferromagnetic correlations
(dark red color scale). These open a pseudogap in Fig. 2
and thus suppress the electron propagator. Even though the

FIG. 3. Superconducting eigenvalue λ and antiferromagnetic
susceptibility χspðQmax;ω ¼ 0Þ as a function of interaction U and
filling at T ¼ 0.01t for the three different t0, t00 given at the top of
each panel.

ndx2-y2=0.80 ndx2-y2=0.85 ndx2-y2=0.90 ndx2-y2=0.95

-π -π -π -π
-π

-π

-π

-π

π ππ π

π

π

π

π

0

3

FIG. 2. DΓA Spectrum (momentum dependence of the imagi-
nary part of the Green function −ℑG=π at lowest Matsubara
frequency) for different interactions (U=t ¼ 4.3, 6.0, 7.0, 8.0) and
fillings (n ¼ 0.80, 0.85, 0.90, 0.95) at T ¼ 0.01t; t0=t ¼ −0.17;
t00=t ¼ 0.13. Corresponding d-wave superconductivity eigen-
values λ are also shown.
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antiferromagnetic pairing glue is huge, this eventually
suppresses superconductivity.
Let us note that cluster DMFT [127] shows a similar

tendency as in Fig. 3, albeit with still much higher
temperatures and weaker superconducting fluctuations.
The pseudogap behavior is, on the other hand, consistent
with the observation that the insulating regime expands
if long-range spatial fluctuations are properly included
[62,128,129].
Except for the perfectly nested case (t0 ¼ t00 ¼ 0) where

spin fluctuations are overly strong and open a gap regard-
less of interaction strength, we can separate the U range
into two regions: For weak couplings (U ≲ 5), there is only
a weak doping dependence. For strong coupling (U ≳ 7),
on the other hand, a pronounced filling dependence
develops, with antiferromagnetic fluctuation dominating
around half-filling and suppressing λ. Optimal conditions
for superconductivity in the one-band 2D square-lattice
Hubbard model are realized in between these two regions.
The importance of the finite Fermi surface warping was
also suggested in early phenomenological material-depend-
ence studies of cuprate superconductors [15]. The only
other possibilities to significantly enhanceTc are (i) increas-
ing t, which sets the energy scale, while keeping all
parameter ratios constant, or (ii) creating a positive feed-
back on superconductivity from other bands including the
oxygen bands in case of cuprates [17,130,131].
Figure 4 demonstrates that a dome shape of λ develops as

a function of U. The optimal U slightly depends on the
ðt0; t00Þ parameters. This trend can be explained by the
earlier onset of the pseudogap for systems with small t0; t00,
due to better (antiferromagentic) nesting.
In Fig. 4, we also show the points corresponding to each

material from Table I. Further we include HgBa2CuO4 as a

typical cuprate which has U=t ∼ 7.5t–8t [22,24,25] and
almost the same t0; t00 as A0

2PdO2Cl2. As mentioned in
previous works [28,63], we can see that NdNiO2 has an
interaction that is too large and thus falls outside the area
with highest Tc.
Following this insight, we can rationalize now the recent

experimental achievements of realizing higher Tc’s in
NdNiO2: both external pressure [65] and in-plane lattice
compressive strains [53,132] play similar roles at reducing
the in-plane lattice constant, shrinking the Ni-Ni distance,
and weakening the correlation strength U=t, while increas-
ing the magnetic exchange 4t2=U [133]. Simply replacing
Ni-3d by Pd-4d yields NdPdO2 which is too weakly
correlated in Fig. 4. Let us emphasize that this concerns
tetragonal NdPdO2 which can be stabilized in thin films. In
the bulk and for thick films, there will be a substantial
orthorhombic distortion, see SM [75], Section VIII.
Because of the tilting of the PdO6 octahedra, t is reduced
to 304 meV. This pushes orthorhombic NdPdO2 to
U=t ∼ 7, i.e., close to the optimum in Fig. 4 (average
t0=t ≈ −0.25; t00=t ≈ 0). However, this enhancement of Tc=t
is largely compensated by the smaller t, altogether yielding
a similar Tc.
A more promising solution to increaseU=t and thus Tc is

to enlarge the lattice which is possible by inserting spacing
layers between the PdO2 planes. Doing so, our DFT
and cRPA calculations indeed place RbSr2PdO3 and
A0
2PdO2Cl2 close to the optimum.
We finally show in Fig. 5 the phase diagram for these

palladate compounds, using the same approach as previ-
ously for nickelates [28]. We predict palladates to have a
Tc ≳ 60 K, which touches the floor level line of cuprates
and remarkably exceeds the current upper limit of nickel-
ates, Tc ¼ 30 K [53,65]. Indeed, the calculated phase
diagram (superconductivity and antiferromagnetism) for

FIG. 4. Interaction U dependence of the superconducting
eigenvalues λ at T ¼ 0.01t for three different t0,t00 from Table I.
For eachU, the linewidth corresponds to the range of λ for fillings
0.80 ≤ n ≤ 0.90. Materials corresponding to these models and
U’s are indicated.

FIG. 5. Phase diagrams for nickelates (NdNiO2) and palla-
dates (RbSr2PdO3 and A0

2PdO2Cl2). In the red region, we expect
antiferromagnetism instead of superconductivity for A0

2PdO2Cl2
if there is a weak interlayer coupling because of the huge χsp
(color code of χsp in DΓA as in Fig. 3).
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A0
2PdO2Cl2 is quite similar to well-known cuprate

phase diagrams. Furthermore, weak strain (described by
U ¼ 6.5t; 7t [134], cf., Table I) would tune the material to
an even higher Tc.
Conclusion and outlook.—Building on the success of

DΓA to predict the superconducting dome in nickelates, we
have performed a comprehensive survey of the Hubbard
model and revealed the optimal phase-space region for
unconventional superconductivity. Conditions are optimal
at intermediate coupling ðU=t ¼ 6–7Þ, moderate Fermi
surface warping ðjt0j þ jt00j ≈ 0.3–0.4Þ, and low hole
doping ðn ∼ 0.90–0.95Þ. Combining this insight with first
principles calculations, we predict palladates and nickelates
grown on compressive substrates to be superconductors
with a Tc comparable to cuprates.
The theoretically proposed palladates have yet to be

synthesized. Palladates with a perovskitelike structure
[135,136], however, have already been realized in experi-
ment. Then, provided that a reduction process, similar to
that of NdNiO3 → NdNiO2, is possible, realizing palla-
dates with PdO2 layers is a promising route for high-Tc
superconductors. Additionally, the possibility to engineer
cuprate analogs based on 4d materials has been discussed
based on AgF2 [137] and silver oxides [138]. Analyzing the
relation between those systems and the ones we are
proposing in this Letter will offer fresh insight into the
design of superconductors.
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