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Interlayer valence bonds and two-component theory for high-7, superconductivity
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The recent discovery of high-7, superconductivity in bilayer nickelate La;Ni,O; under high pressure has
stimulated great interest concerning its pairing mechanism. We argue that the weak coupling model from the
almost fully filled 4> bonding band cannot give rise to its high 7, and thus propose a strong coupling model
based on local interlayer spin singlets of Ni-d> electrons due to their strong on-site Coulomb repulsion. This
leads to a minimal effective model that contains local pairing of d» electrons and a considerable hybridization
with near quarter-filled itinerant d,2_» electrons on nearest-neighbor sites. Their strong coupling provides a
unique two-component scenario to achieve high-7,. superconductivity. Our theory highlights the importance of

the bilayer structure of superconducting La;Ni,O; and points out a potential route for the exploration of more

high-7, superconductors.
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Introduction. Exploration of high-T, superconductivity has
lasted for almost four decades since the first discovery of
cuprate superconductors [1-3]. One of the main ideas is
to start from a Mott insulator, suppress the long-range an-
tiferromagnetic order by doping, and create spin singlet
pairs whose phase coherence may eventually lead to the
high-T, superconductivity [4]. However, attempts to repli-
cate this doped-Mott-insulator mechanism in nickelates have
not been successful despite intensive experimental investiga-
tions [5-7]. An advance is the discovery of the infinite-layer
(Nd,Pr);_,Sr,NiO; nickelate superconductors [8—11], which
have the desired d° configuration with almost half-filled Ni-
d,>_,» orbitals [12-16]. But superconductivity only appears in
thin films with the transition temperature below 40 K even
under high pressure [17].

More recently, the bilayer La;Ni,O; bulk superconductor
with a much higher T, of about 80 K has been found under
high pressure [18-21]. Density functional theory (DFT) cal-
culations predicted a d’- configuration with an almost fully
filled d» bonding band and two d,>_,» bands near quarter-
filling [18,22], which is far from the Mott regime. Although
many theoretical works [23-32] have been proposed, the key
question concerning its high-7, pairing mechanism remains
open.
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It is known that the highest 7, of cuprate superconductors
is achieved in the trilayer structure of CuO, planes within
a unit cell [33-35]. Experiments have shown that the outer
and inner CuO, planes have different hole concentrations
[36,37]. While the outer planes are heavily hole doped, the
inner one is only slightly doped. A composite scenario had
been put forward by Kivelson to understand how this might
lead to the highest 7. [38]. This scenario contains a pairing
component with a high pairing scale A, but small or zero
superfluid stiffness, and a metallic component with no pairing
but high phase stiffness. The two components are strongly
coupled by a tunneling matrix element or hybridization. Under
proper conditions, a high 7, ~ A/2 can be reached [39] by
assuming the superconducting transition as the Kosterlitz-
Thouless phase transition [40]. In a recent experimental work,
Luo et al. argued that the outer and inner planes in tri-
layer Bi;Sr;Ca;CusOjo4s (Bi2223) cuprate superconductors
play the role of the pairing and metallic components, re-
spectively, and the unusual phase diagram in which 7. keeps
nearly constant in the overdoped region might thus be well
explained [41].

Although the application of Kivelson’s composite scenario
to the cuprate superconductors may be debated, it motivated
us to propose a more realistic two-component theory for the
high-7, mechanism in superconducting La3;Ni,O; under high
pressure. We argue in this work that the weak coupling picture
starting from the DFT single particle band structures with the
almost fully filled d» bonding band may not be able to give the
high T,. Rather, the strong on-site Coulomb repulsion favors
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FIG. 1. (a) A schematic diagram of the wave function overlap
of bilayer LazNi,O; under high pressure, showing the Ni-d> and
d,>_» orbitals and the O-p orbitals. For clarity, only one of the d_»
and d,>_» orbitals is plotted on each Ni ion. The y direction is similar
to the x direction and not shown. (b) A tentative plot of the DFT
Fermi surfaces, showing the y hole pocket from the d_2 bonding band

and the o/ B Fermi surfaces from the hybridized d,»_> bands.

almost half-filled and localized d,. electrons on the Ni ions.
This, together with the special bilayer structure of La3NiyO7,
creates an interlayer superexchange interaction of d,. elec-
trons through the apical O-p, orbital, and further induces local
spin singlets with a large pairing energy. We show that their
hybridization with near quarter-filled itinerant d,>_,> electrons
on nearest-neighbor sites may explain the high-T, supercon-
ductivity in pressurized La3zNi,O7. A minimal effective model
is then constructed for more elaborated investigations. Our
scenario differs from the picture of the one-band Hubbard
model or r—J model for cuprate superconductors [1-3] and
points out an alternative route to realize the high-7; supercon-
ductivity by doping into the spin-singlet array [42].

Electronic band structures. We start with considering the
basic lattice structure of superconducting Laz;Ni;O7 under
high pressure, which contains two layers of Ni-O octahedra
with shared apical O. The Ni-d orbitals are split into fully
filled 1,, orbitals, which are irrelevant for the low-energy
physics, and partially filled e, orbitals. DFT calculations
[18,22] predict dominant Ni-d,. and Ni-d,»_,> characters near
the Fermi energy. These two orbitals are orthogonal on indi-
vidual Ni ions, but hybridize strongly between the in-plane
nearest-neighbor sites through the Ni-O-Ni bond. Due to
the bilayer structure, the Ni-d,» orbitals coupled through the
shared apical O-p, orbital along the z axis are further split
into bonding and antibonding states [28].

As illustrated in Fig. 1(a), we first construct the noninter-
acting Hamiltonian of Ni-d» and d,-_,» orbitals for the bilayer
structure after integrating out the O degrees of freedom:

Ho= — ) thddijs — 1) (d]dais + He.)

1(ij)s

c .7
_§ 1ii€isCljs

1(ij)s

is

— Y Viydj,cij+He), (1)
1ij)s

where dj;; (c;;5) annihilates a Ni-d2 (d,2_,2) electron of spin s
at site i on layer /, 7, accounts for the interlayer hopping of dy
electrons via the shared apical O-p, orbital, tlF‘j- (t;;) gives the
onsite energy and in-plane hopping integral of d> (d,>_» ), and
V;j describes their hybridization between nearest-neighbor
sites which is positive along the x direction and negative along
the y direction. For simplicity, we have neglected all other

interlayer hopping terms that are supposed to be small. In
momentum space, the Hamiltonian may be rewritten as

€ 0 -V 0

. 0 € 0 —V*
Hy=) W k e, @
0 ; 2 DRV g, |V 2
0 —Vk -1 Gl‘z

where \IIES = (chka, c;ks, lekS, d;kx), eff, and €, are the dis-
persions of d> and d,»_> electrons, respectively, and Vi =
V(cosk, — cosk,) is their momentum-dependent hybridiza-
tion. The interlayer coupling 7, is site independent along the
planar directions and therefore remains a constant.

The above Hamiltonian can be easily diagonalized and
gives an almost fully occupied d,» bonding band and two
d»_» bands around the Fermi energy. As predicted by DFT,
the d» antibonding band is above the Fermi energy. The re-
sulting Fermi surfaces in the two-dimensional Brillouin zone
are given in Fig. 1(b), where the d,. bonding band contributes
a small hole pocket y around M, while the two d,2_,> bands
hybridize with the d.. bands and contribute the & and # Fermi
surfaces.

Weak coupling picture. The weak coupling picture starts
from the above DFT Fermi surfaces. Hence, the d,» antibond-
ing band is irrelevant and may be, in principle, projected out

to give an effective three-band model:

€t 0 —ViE/V2
Hgband = Z QDL 0 e]‘(‘ —Vk*/ﬁ Dys,
ks “Vi/V2 —W/NV2 -t
3

where @y, = (Ciks: Cokss diyks)” and dags = (diks £ doxs)/+/2
describe the bonding (+) and antibonding (—) bands, respec-
tively. To achieve high 7; of about 80 K, the pairing interaction
should be sufficiently strong. However, because the y band is
almost fully filled and the «/8 bands are far from the Mott
regime, the effective three-band model contains only weak
electronic correlations. As may be seen in Fig. 1(b), none of
the Fermi surfaces is well nested to support a strong pairing
interaction for the high-T,. superconductivity.

Effect of electronic correlations. To include the correlation
effect, we start from the original Hy in Eq. (1) and construct
an interacting Hamiltonian:

H=Hy+UY nfynf. )
li

where U is the onsite Coulomb repulsion of d,. electrons, and
the Coulomb repulsion for d,>_,» orbital has been ignored
because of their quarter filling. Then the final Hamiltonian
H describes two coupled layers of the periodic Anderson
lattice model. For more realistic calculations, we may also
include a local Hund’s rule coupling between d> and d,2_,
orbitals: —Jy > 1 Sii - S1i, where the spin operators are defined
as Sy = % Do d;xassrdl,-sl and s;; = % Y sy C1isOss Clis» With &
being the Pauli matrices. It has been shown that the Hund’s
rule coupling tends to compete with the hybridization and
promote the quasiparticle flat bands [31].
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To see the effect of U, we first consider a toy model of two
coupled Ni-d,. orbitals:

Hyoy = —1, Z(dfsdzs +Hc)+U Z npngy. (5)
K 1

For half filling, we may rewrite the above Hamiltonian in a
matrix form in the subspace of a total electron number N; = 2
and a total spin S = O:

0 0 -t —t
0 0 1 t
-t 1y U 0 ’ ©)
-t 1 0 U

Htoy =

It may then be diagonalized to give the ground state energy

Ey = (U — ,/U? + 1612)/2 and the wave function:

1 <|20>+|02) Jro[IN) - |¢T)> )
V1 +a? V2 V2 ’

which is a superposition of the interlayer spin singlet and two
doubly occupied states. Their relative weight is determined
by the parameter @ = +/x% + 1 + x with x = U /4¢, . Thus, for
U « 4t;, we have « — 1 and |GS) =~ (|10) + |01))(]{0) +
|0))/2, which recovers the doubly occupied d bonding
state, while the antibonding state is unoccupied with a higher
energy. For U > 4¢,, we have instead &~! — 0 and |GS) ~
W, which is an interlayer spin singlet. The ground state

IGS) =

energy of the spin singlet is Eg &~ —4¢2 /U, which corresponds
to the superexchange energy. Taking for example U = 5 eV
and 7, = 0.6 eV [23], the weight of the doubly-occupied state
is only about five percent. Therefore, even for such a large ¢,
from DFT, the on-site Coulomb repulsion can still effectively
suppress double occupancy, enforce almost fully localized
Ni-d electrons, and produce an interlayer spin singlet. It
is therefore necessary to start from localized d,. electrons
instead of the almost fully filled d.» bonding state.

Strong coupling picture. Our analysis suggests a strong
coupling picture with local interlayer spin singlets of d. elec-
trons. They are further hybridized with the near quarter-filled
dy>_y» bands. The hybridization may cause some electron
transfer from d to d,>_,» orbitals, which is equivalent to
introduce self-doped holes in d,> orbitals. On the other hand,
despite the strong hybridization, the d,» spins cannot be fully
screened by d,._,» electrons because of their quarter fill-
ing. We are therefore left with both strongly renormalized
hybridization bands and a large residual interlayer superex-
change coupling that may mediate the electron pairing [31].

Thus, a minimal effective model may be derived by pro-
jecting out only the double occupancy of Ni-d» orbital in the
interacting Hamiltonian (4):

Her =J1. Z Sii- Sy — 11 Z(d;ristis +H.c.)
i is
= Dt =V ) (dj g+ He), (8
1(ij)s lis
where J| is the interlayer superexchange coupling of d,2 spins
and we have defined & = %(cz,iﬂys + Climx,s = Clity,s —
C1,i—y,s) to reflect the nearest-neighbor hybridization. Similar
to the r—J model for cuprate superconductors, the above
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FIG. 2. Tllustration of some main low-energy processes. J, (¢,)
denotes the interlayer superexchange interaction (hopping) between
Ni-d_» electrons, ¢ and t¢ are the hopping parameters of dya_y» and
d_ electrons, respectively, Jy is their local Hund’s rule coupling, and
V is their in-plane nearest-neighbor hybridization.

Jo I'l

model is subject to a local constraint nj’l = ZS d;isdlis =1-
84 < 1, where §; counts the self-doped hole density on the
d,» orbital. We have dropped the Hund’s rule coupling, whose
effect is partly included in the renormalization of the hy-
bridization parameter [31]. Other parameters may also be
modified by electronic correlations. The small d,» intralayer
hopping is ignored in the minimal model for simplicity. As
in heavily hole-doped cuprates, the intralayer superexchange
interaction is small and dropped because of the near quarter-
filled d,>_,». Figure 2 gives an illustration of these terms in
the low-energy physics. Simply from this effective model,
we can already see that LazNi;O7 is a unique system with
special characters for exploring exotic many-body quantum
phenomena.

Route to high-T, superconductivity. Although somewhat
different, the similarity compared to the 7-J model for hole-
doped cuprates suggests a candidate route toward high-T;
superconductivity, with the interlayer d,» spin singlets pro-
viding a high pairing energy scale given by the interlayer
superexchange interaction J, . To see how this works, we first
decouple the superexchange term in the Hamiltonian (8):

JL) S-Sy — —Ajy +He, )

where ¢ = \/% Yo diis(io?, )daiy is the d» local interlayer

spin singlet pair and A, = %J L(¥?) gives the mean-field
self-consistent equation. A second-order perturbation with V
yields the (static) d,>_» pairing term:

2V?
id Z [Elif(ias);f)gzm’ + H.c.]

i

Hp = —g

= - [Ark)yg + Hel], 10)

k

where ¢ = % Yo Ciks(i0) )iy for dea_yo electrons,
A (k) = Aq(cosk, — cos ky)2 with the proximity induced
pairing field A.~ gV?/A,, and g, ~ 8; accounts for
Gutzwiller projection to exclude the d. double occupancy
as in the r—J model. This predicts nodeless s-wave pairing
on the d. Fermi surface and extended s-wave pairing with
possible nodes or gap minima along the zone diagonal on the
d,>_» Fermi surfaces. To simplify the discussions, we have
ignored the renormalized interlayer hopping term ¢, , which
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determines the detailed (anti)bonding and orbital properties
of each Fermi surface but does not affect the primary pairing
mechanism. In reality, « and y Fermi surfaces are from the
bonding bands of d,>_,» or d orbitals so that their gap func-
tions have the same sign, while the 8 Fermi surface is from
the antibonding band of hybridized d,>_,» and d > orbitals and
its gap function has an opposite sign [43]. Note that despite
the primary role of the d» pairing, the induced d,>_,» pairing
is equally important and the gaps on « and 8 Fermi surfaces
may also be large for sufficiently strong hybridization under
high pressure.

The above mean-field equations yield a large Ay ~ J,
and a transition temperature Ty which is much higher than
the true 7. due to the Cooper pair phase fluctuations in two
dimension. On the other hand, the d_. pairs alone have small
superfluid stiffness (~8,4¢¢) and may not give a large 7, [2].
A different estimate of 7, may be obtained in the composite
scenario by following the approach outlined in Ref. [39] to
apply a phase twist to the kinetic energy term, €, — € ¢/,
and calculate the phase stiffness p, = 3%f/ aqg, where f is
the free energy density and ¢, is the applied phase twist along
the x direction. Without going into more details, a qualitative
analysis yields [39]

AZ s3v4
ps(T) ~ =15 ~ 1, (11
T? JiT?

which is valid for g,V2/J, <« T < J.. Using the condition,
ps(T.) = %TC, for the two-dimensional Kosterlitz-Thouless
transition [44], one eventually gets

5y 23
T~t<jvt) , (12)
1

which supports a high 7, for finite ; as in LazNi;O7 under
high pressure and explains the absence of superconductivity
at ambient pressure because of the full occupancy of the
d2 bonding band (; = 0). Our theory also predicts that 7,
may be enhanced in the low pressure region of the super-
conductivity by introducing more holes on the d,» bonding
band. On the other hand, applying higher pressure can be
regarded as enhancing the hybridization V. While a larger
V may promote the phase stiffness, it also tends to compete
with the local pairing field, causing nonmonotonic variation of
T. [39]. This is confirmed in Monte Carlo simulations of the
minimal model [43], in good accordance with experimental
observations [18-20].

Our two-component theory represents the lowest-order
contribution to the pairing in the presence of self-doped holes
in the d. orbitals, as illustrated in Fig. 3, with the local
interlayer d,» spin singlets playing the primary role and attain-
ing phase coherence through hybridization with the metallic
d,»_» bands. This mechanism is robust against other pertur-
bations such as interlayer hybridizations or intralayer spin
interactions. A Hund scenario has been proposed previously
in some other superconducting systems [45-52], but we be-
lieve it cannot be the primary driving force for the electron
pairing in La3zNi,O; since no superconductivity is observed at
ambient pressure with fully occupied d,. bonding band. For
the similar reason, we also do not think that spin fluctuations

i

S

T
---)----dm,
Vi

FIG. 3. Illustration of the composite pairing mechanism with
strongly coupled d,» and d,>_,» interlayer spin singlet pairs due to
hybridization, where d» pairs are more local and have small phase
stiffness. Vi denotes their hybridization.

C2-k|

may play an important role. More systematic numerical and
experimental studies are needed to settle all the debates.

Discussion and conclusions. While our theory is moti-
vated by the composite scenario for high-7, cuprates [38],
the two systems have some important differences. First,
La3Ni,O7 is a multiorbital bilayer system. This provides a
natural basis for the two-component theory, where the more
localized d. electrons act as the pairing component and
the itinerant d,._,» electrons provide the metallic compo-
nent. While in cuprate high-7. superconductors, only one
orbital is involved (at least for the Hubbard model), caus-
ing some complications in theory. Second, in contrast to
the cuprate superconductivity whose parent state is an an-
tiferromagnetic Mott insulator, the high-7. superconductor
La3;NiyO; exhibits no long-range antiferromagnetic order.
Rather, it starts with well-formed local spin singlets of Ni-d,>
electrons and superconductivity is induced by doping into the
spin-singlet array. This has an obvious advantage, because
antiferromagnetic ordering typically competes with the su-
perconductivity, causing failures in previous attempts to find
more high-T,. superconductors guided by the cuprate-Mott
mechanism.

To summarize, we have proposed a strong coupling pic-
ture for La3zNiyO7 under high pressure and a two-component
pairing mechanism for its high-7, superconductivity. We show
that the weak coupling picture based on almost fully filled
Ni-d,» bonding band may be incorrect due to the strong on-
site Coulomb interaction, and construct a minimal effective
model for describing its low-energy physics. This leads to the
idea of local interlayer spin singlet pairing of Ni-d,. electrons
due to a large interlayer superexchange interaction via the
apical O-p, orbital. High- 7, superconductivity may then be
established by hybridization with the metallic d,>_, electrons
to induce the global phase coherence. Our theory highlights
the importance of the bilayer structure of superconducting
La3Ni,O7 and provides an alternative route to explore more
high-7,. superconductors [42]. Our model provides a basis for
more elaborate theoretical investigations.

Note added. Recently, we noticed several preprints [53-56]
which studied a bilayer #-J model with strong interlayer
coupling and considered the possible superconducting pairing
symmetry. Several other preprints [57—60] also emphasized
the importance of d,>_,» pairing for the superconductivity.
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