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From high Tc to low Tc: Multiorbital effects in transition metal oxides
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Despite the structural resemblance of certain cuprate and nickelate parent compounds there is a striking spread
of Tc among such transition metal oxide superconductors. We adopt a minimal two-orbital eg model which
covers cuprates and nickelate heterostructures in different parametric limits, and analyze its superconducting
instabilities. The joint consideration of interactions, doping, fermiology, and in particular the eg orbital splitting
allows us to explain the strongly differing pairing propensities in cuprate and nickelate superconductors.
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Introduction. High-temperature unconventional supercon-
ductivity, as discovered in copper oxides in 1986 [1], has
ever since decisively framed the landscape of research in
condensed matter physics. In particular, many trends of Tc as a
function of tunable system parameters have been investigated.
The hope is to identify a way to tune the cuprates just enough
to approach room temperature, and hence render them, or
another class of unconventional superconductors, technolog-
ically viable [2,3]. Initially, the rather accurate single-orbital
one-band Hubbard model description was assumed to be an
advantageous, and hence already Tc optimized, feature of the
copper oxide superconductors. Due to the Jahn-Teller effect,
the apical oxygen distance to the CuO2 planes is elongated,
and thus ensures a splitting of the eg orbitals such that the 3d9

configuration of Cu yields a nearly exclusive hole population
of the 3dx2−y2 orbital [4].

Research on unconventional superconductivity over the
past two decades indicates that this picture, in its gener-
ality, needs revision [5]. While orbital fluctuations may be
detrimental to high Tc, multiorbital systems can also yield
beneficial effects for unconventional superconductivity, such
as the multipocket fermiology of iron-based superconduc-
tors [6,7]. Interpreting the single-band cuprates as the nucleus
for high-Tc superconductivity, the addition of multiorbital
character can thus take different turns. Nickelate thin-film
heterostructures such as LaNiO3/LaAlO3, whose electronic
structure is suggested to be analogous to the high-Tc cuprate
compounds [8,9], only show a Tc as low as 3 K [10]. This
might hint at the detrimental effect of orbital fluctuations,
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which would be in line with a precise analysis of the im-
pact of interactions on the orbital polarization [11]. We call
this a low-Tc instance of multiorbital effects. To the con-
trary, Ba2CuO3+δ , where eg orbital fluctuations are likewise
expected to be as prominently present as in LaNiO3 het-
erostructures, reaches a Tc as high as 70 K [12], which we
highlight as a high-Tc instance. Note that all aforementioned
material examples of transition metal oxide superconductors
are characterized by the eg orbitals of the transition metal atom
at low energies, albeit for different orbital fillings (Ni 3d7

versus Cu 3d9), doping levels, and Fermi surface topologies
(fermiologies). Adopting the view from a generalized eg two-
orbital octahedral oxide setting, Ba2CuO3+δ has recently been
speculated [12] to drastically modify the eg splitting due to a
strong reduction of the apical oxygen distance, bringing into
play both the 3dx2−y2 and 3d3z2−r2 orbital.

In this Letter, we particularize on the analysis of an ef-
fective two-band model spanned by the eg orbital space of
transition metal oxides, and investigate the onset of supercon-
ducting order. While variants of this model have already been
studied in the context of overdoped cuprate superconductors
in general [13] and Ba2CuO3+δ in particular [14], we create
a synoptic perspective on multiorbital effects by comparing
the high-Tc material Ba2CuO3+δ (BCO) to the low-Tc regime
of LaNiO3/LaAlO3 (LNO/LAO) heterostructures. The rare-
earth nickelates, with a close similarity between the NiO2 and
CuO2 planes, have recently surfaced as potentially cuprate-
related unconventional superconductors [15] and, since the
finding of Tc up to 15 K in NdNiO2, have established an excit-
ing domain, in which even higher Tc’s may be realized [16].
An earlier idea in this direction [8], followed up by local
density approximation (LDA)+ dynamical mean-field the-
ory (DMFT) electronic structure calculations [9], suggested
turning a nickelate Fermi surface (FS) into a cupratelike one
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by orbital engineering via heterostructuring: sandwiching a
LaNiO3 layer between layers of an insulating oxide, such as
LaAlO3, will confine the 3d3z2−r2 orbital in the z direction,
removing this band from the FS. This way, one restricts the
electron to the 3dx2−y2 orbital, similar to the conventional
cuprate case. The DMFT calculation of Ref. [9] yields a
single-sheet FS with a small (30%) 3d3z2−r2 component. The
more recent experimental finding of a Tc of only 3K in related
heterostructures, however, challenges the hitherto belief that
Tc is optimized when the 3dx2−y2 orbital weight is concentrated
in a single band.

Following up on previous work, we compare the high-Tc

to the low-Tc regime of the eg two-orbital Hubbard model
by employing a toolkit composed of a variety of numerical
methods. Our analysis is performed through Kohn-Luttinger
(KL)-type calculations [17–19] in the weak-coupling regime
and through functional renormalization group (FRG) [7,20] as
well as random phase approximation (RPA) [21–23] studies in
the intermediate-coupling regime. We find that, most impor-
tantly, the eg energy splitting and the orbital filling turn out
to be crucial parameters to unravel different superconducting
orders, and drastically varying pairing strengths. All methods
yield d-wave and extended s-wave pairing as the leading and
subleading superconducting orders in the high-Tc regime. The
ordering hierarchy in the low-Tc regime becomes significantly
more susceptible to even a small change of parameters, and
hence less universal.

eg minimal model. The shared geometry of the T O2 (T =
Ni, Cu) planes leads to similarities of the ratios of different
transition matrix elements to′o,α between neighboring sites,
as established by ab initio density functional theory (DFT)
calculations [24] yielding band structures such as Fig. 1.
This allows us to identify two critical parameters that dis-
tinguish the high-Tc material BCO from the low-Tc nickelate
heterostructure. The first is the eg manifold splitting ε caused
by Jahn-Teller distortions of the oxygen octahedra, which is
significantly enhanced in the cuprate system (0.87 eV) com-
pared to the nickelate system (0.11 eV). The second crucial
distinction, which is particularly visible through the paradig-
matic material limits of cuprates and nickelates, is given by
the doping level δ. While the transition metal ion in both
cases is nominally given by 3d7 for LNO/LAO and Ba2CuO4,
reducing the oxygen doping in BCO δ will increase the filling
of the d shell up to a 3d9 configuration for Ba2CuO3. In our
model, this is taken into account by increasing the filling of
the eg subspace for BCO to n = 2 electrons. The Hamiltonian
we adopt for both materials (albeit with different parameters)
is given by

H0 =
∑
i,σ

∑
o=1,2

(
(−1)o ε

2
− μ

)
c†

o,i,σ co,i,σ

+
∑
i,σ

∑
j �=i

∑
o′,o=1,2

to′o,α(i, j)c
†
o′,i,σ co, j,σ , (1)

where c†
o,i creates an electron in the orbital o = 1, 2

(dx2−y2 , d3z2−r2 ) on site �ri. The index α(i, j) counts the prox-
imity of different sites i and j and is used to label the
corresponding orbital hybridizations to′o,α; ε indicates the size
of the on-site energy difference for the relevant orbitals and
the chemical potential μ controls the filling of the system.

FIG. 1. Sketch of unit cell, band structure, and Fermi surface for
BCO (unit cell for δ = 1, left) and LNO/LAO (right). The orbital
weight of a state is given by the respective color blend of blue (dx2−y2 )
and green (d3z2−r2 ); we indicate the density of states on the Fermi
surface by the thickness of the line.

Starting from DFT calculations [25,26] for our prototypical
material instances LNO/LAO and BCO, the tight-binding
parameters for this low-energy model were obtained by pro-
jecting the DFT result onto a pair of maximally localized
Wannier orbitals on the transition metal ions [27]. The result-
ing model parameters for both LNO heterostructures and BCO
are given in the Supplemental Material (SM) [24].

Despite the different material chemistry, the similarity of
the obtained parameter sets after normalizing to the bandwidth
is remarkable, given the strongly differing Tc. We are able
to identify two significant differences: (i) the orbital splitting
and (ii) the filling fraction of the eg doublet. While the orbital
splitting mainly controls the energy splitting of the bands at
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the � point as well as the orbital hybridization, the resulting
differences in the fermiology, seen in Fig. 1, result primarily
from the difference in the chemical potential.

We model the interaction by adopting a Kanamori-type
Hamiltonian, comprising the four on-site interaction terms in
the considered multiorbital model:

HI = U
∑
i,o

c†
o,i,↑co,i,↑c†

o,i,↓co,i,↓

+ V
∑
i,σ,σ ′

c†
1,i,σ c1,i,σ c†

2,i,σ ′c2,i,σ ′

+ J
∑
i,σ,σ ′

c†
1,i,σ c†

2,i,σ ′c1,i,σ ′c2,i,σ

+ J ′ ∑
i,o�=o′

c†
o,i,↑c†

o,i,↓co′,i,↓co′,i,↑, (2)

with intraorbital (U ) and interorbital (V ) repulsive interactions
as well as Hund’s coupling (J) and pair hopping terms (J ′).
The orbital makeup of the BCO bands at the Fermi level
are cleaner than the ones of LNO/LAO due to the larger
orbital splitting ε. As a consequence, interorbital (intraorbital)
interactions and interpocket (intrapocket)/band interactions
correlate more strongly in the case of BCO compared to
LNO/LAO.

Assuming rotational symmetry for the interaction, as well
as a perfectly degenerate eg orbital manifold, these parameters
are restricted by V = U − 2J and J ′ = J [28–31]. We further
fix J = 0.25 U (resulting in V = U/2) and are subsequently
left with the overall interaction scale U as the only free
parameter.

Since the cubic symmetry of the eg complex is broken by
the Jahn-Teller splitting ε and the anisotropy in the screened
Coulomb interaction, it is interesting to compare interaction
schemes beyond this simple modeling [30]. The ratio of inter-
versus intraorbital interaction strength hence is a reasonable
parameter to explore, and we further use it to gain additional
insight into multiorbital interaction effects in our effective
model. While actual materials will be limited to the vicinity
of V/U ≈ 1/2, it is revealing to fully probe the available
parameter space, as implemented in the SM [24]. For the
remainder of the main text, we fix V = U/2 and choose a
bare value of U = 3.5 eV for the functional renormalization
group calculations in both models [32], resulting in a value of
U/W = 0.86 (0.98) for BCO (LNO/LAO) (for further details
regarding all methods see also the SM [24]).

Results. In order to get a first impression of the primary
spin fluctuation channels, we analyze the bare particle-hole
susceptibility,

χ0(q, ω) =
∑
oo′

∑
k,iω̄n

(
Goo′

k+q,ω+iω̄n
Go′o

k,iω̄n

)

=
∑
oo′

χoo′
(q, ω). (3)

It is determined by the single-particle Green’s functions Goo′
k,iωn

and hence independent of the employed approximations for
the treatment of interactions beyond DFT. We show its zero
frequency limit in Fig. 2 and highlight corresponding nesting
features of the Fermi surface. In contrast to LNO/LAO, which

FIG. 2. Bare susceptibility in arbitrary units for BCO (top) and
LNO/LAO (bottom) with χ 11 = χx2−y2 , χ 22 = χ3z2−r2 , and χ 12 +
χ 21 = χinter and leading nesting vectors shown in the corresponding
Brillouin zone (right-hand side).

shows an overall uniform bare susceptibility, the nesting in
BCO is strongly enhanced for the transfer momenta Q1 =
(π, 0), (0, π ) and Q2 = (π, π ). These commensurate nesting
vectors induce pronounced spin fluctuations in the system
which will finally result in attractive interaction channels for
the pair-scattering vertex (see, e.g., Ref. [3]).

While analyzing the onset of superconductivity for
LNO/LAO and BCO one has to be particularly careful due to
strong correlation effects in the transition metal oxides [33].
Accordingly we triangulate the problem through different
methods: (i) a Kohn-Luttinger-type analysis [17,18], which
is asymptotically exact at infinitesimal coupling, (ii) comple-
mented by a standard random phase approximation [21–23],
as well as (iii) functional renormalization group [7,20]
calculations.

In the main text, we constrain ourselves mainly to the
presentation of the FRG results, and refer the reader to the de-
tailed SM for additional information [24]. Since the material
instances are most likely located in the intermediate-coupling
regime, the FRG provides the most systematic treatment of
superconductivity, as it treats all particle-hole and particle-
particle channels on equal footing.

It thus allows to most directly resolve the connection be-
tween spin fluctuations and superconductivity, as has been
shown in numerous studies (e.g., Refs. [7,20]). Still, one needs
to stay aware of the fact that all numerical methods at inter-
mediate coupling are just approximations. Due to this, we also
added the Kohn-Luttinger analysis, in order to have a rigorous
reference point at infinitesimal coupling [34].

Within FRG, we determine the critical cutoff en-
ergy 
c and effective two-particle irreducible vertex
�
c (k1, k2, k3, k4) for our effective model. As with all other
methods used, a short review of the FRG methodology is
delegated to the SM [24]. The renormalization flow breaks
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FIG. 3. Fermi surface (left) of BCO discretized in patches
(1–128) for the numerical FRG study. The color scheme, represent-
ing the orbital weights, is in accordance with Fig. 1 and the thickness
of the plot marker indicates the density of states. On the right-hand
side we plotted the form factor of the leading (upper panel) and sub-
leading (lower panel) eigenvalue λ for the superconducting channel
on the discretized Fermi surface at the breakdown of the FRG flow.
They transform according to the B1 and A1 irreducible representa-
tions of the lattices’ C4v point-group symmetry, respectively. The
fitted harmonic fingerprint of these form factors is indicated by the
grey lines in the panels on the right.

down at 
c; i.e., the entries of �
c diverge so that we
can classify the leading instability by decomposing the
full effective vertex �
c into mean-field channels. For
superconductivity, we obtain the effective Cooper pair in-
teraction �SC,
c (k, k′) = �
c (k,−k, k′,−k′). By solving the
linearized gap equation

λ�k =
∑

k′
�SC,
c (k, k′)�k′ (4)

with 
c ∝ Tc, we identify the symmetry class of the su-
perconducting gap function �k for the smallest eigenvalue
λ at 
c.

Figure 3 displays the gap functions for the leading and
subleading eigenvalues λ for BCO. We find a cuprate-
like dx2−y2 -wave form factor for the leading eigenvalue
of �SC,
c (k, k′) and extended s-wave order for the sub-
leading eigenvalue. Assigning the associated irreducible
lattice representation (irrep), the leading eigenvalue possesses
the symmetry character B1 with �

B1
k ∝ (cos kx − cos ky) +

0.001 (cos 2kx − cos 2ky) and the subleading one A1 with
�

A1
k ∝ (cos kx + cos ky) + 0.45 (cos 3kx + cos 3ky). The har-

monic decomposition of these form factors is obtained by
fitting to the FRG eigenvectors. For BCO, these results agree
with the RPA results presented in the SM [24], which in turn
reproduce previous RPA results by Maier et al. [14].

It is quite transparent in FRG how these superconducting
orders relate to the pronounced spin fluctuation channels: the
B1 and A1 form factors are enhanced by the dominant pair
scattering process with momentum transfer Q2, and partially
by Q1. The corners of the Fermi surface are favorably nested
to a majority of the momenta on the same Fermi pocket via
Q1 and the corners of the other Fermi pocket via Q2, yielding
additional nodes and a particularly anisotropic A1 form factor.

TABLE I. Ratio of the critical temperature for LNO/LAO and
BCO calculated by FRG, RPA, and KL analysis and the corre-
sponding classification of the gap function in irreducible lattice
representations (irreps). The irreps are often named according to their
nodal structure: A1 is referred to as an (extended) s wave, E as a p
wave, and B1 (B2) as dx2−y2 (dxy).

Method
(sub)leading irrep

Tc
LNO/LAO/Tc

BCO

BCO LNO/LAO

fRG 10−2 B1 (A1) E (B2)
RPA 10−10 B1 (A1) B2 (B1)
KL 10−11700 A1 (B1) B2 (B1)

By contrast, the FRG analysis of LNO/LAO yields an
upper bound for Tc which is two orders lower in magnitude,
and a form factor transforming under the E irrep of the crys-
tal’s point group. The Fermi pockets feature no particularly
pronounced nesting which, combined with the unclean orbital
makeup, yields a nearly uniform pairwise interaction between
different points of the Fermi surface. As a consequence, 
c is
dramatically decreased compared to the BCO results.

We present the symmetry class of the leading form factor
and the ratio of Tc for BCO and LNO/LAO in Table I for the
FRG, RPA, and KL calculations. A unanimous finding of all
methods is the overall trend of lower Tc for LNO/LAO as well
as the leading dx2−y2 - and s-wave instabilities for the high-Tc

case in BCO. For LNO/LAO, all methods substantially differ
from each other. Given the small instability scale and, from
there, the enhanced sensitivity of the result to the specific for-
mulation of the approximative method, this is not surprising. It
shows that in the low-Tc, or rather pairing noise, regime, even
slight biases of different approximation schemes manage to
affect the eventual result, and strongly enhance the volatility
of any result for the superconducting instability. Nevertheless,
it is still interesting to trace back the biases of the different
methods in such a case, which is delegated to the SM [24].

Conclusion. Already in an effective description as simple
as the eg minimal model studied in this work, we can iden-
tify the enormous range of multiorbital effects on Tc at the
example of a multiorbital high-Tc material Ba2CuO3+δ and a
multiorbital low-Tc material LaNiO3/LaAlO3. Certainly, this
study is not exhaustive in describing all multiorbital effects
in transition metal superconductors. For instance, not only
multiple orbitals of the transition metal atom, but also other
orbital degrees of freedom may prevail at low energies, such as
recently observed for infinite layer nickelates. Still, we expect
the minimal modeling of multiorbital effects to constitute a
promising future direction to close the gap between experi-
mental evidence and theoretical simulation of unconventional
superconductors.
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