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High-T, superconductivity (SC) was recently found in the bilayer material La;Ni,O; (La327) under high
pressures. We study the bilayer two-orbital Hubbard model derived from the band structure of the La327. The
model is solved by cluster dynamical mean-field theory with natural orbitals renormalization group as impurity
solver at zero temperature, considering only normal states. With hole doping, we have observed sequentially the
Mott insulator, pseudogap (PG), non-Fermi liquid (NFL), and Fermi liquid phases, with quantum correlations
decreasing. The ground state of the La327 is in the NFL phase with Hund spin correlation, which transmits the
Ni-3d.» (z) orbital interlayer antiferromagnetic (AFM) correlation to the Ni-3d,2_,» orbitals. When the o-bonding
state of the z orbitals (z+) is no longer fully filled, the interlayer AFM correlations weaken rapidly. At low
pressures, the fully filled z+ band supports strong interlayer AFM correlations, potentially suppressing SC and
favoring short-range spin density wave (SDW). Hole doping at low pressures may achieve a similar effect to
high pressures, under which the z+ band intersects with the Fermi level, and consequently the spin correlations
weaken remarkably, potentially suppressing the possible short-range SDW and favoring SC.

DOLI: 10.1103/PhysRevB.110.235119

I. INTRODUCTION

Recently, superconductivity (SC) was discovered in
Ruddlesden-Popper bilayer perovskite nickelate La3;Ni,O;
(La327) with a maximum 7; of about 80 K under pressure [1]
and quickly attracted a lot of attention [2—15]. The electron-
phonon coupling is insufficient to induce high 7, in bilayer
nickelates [16]. In the La327, the two e, orbitals of Ni are
partially filled and strongly correlated, namely the Ni-3d,
(denoted as z) and Ni-3d,>_» (denoted as x) orbitals, while the
three 15, orbitals are fully filled. Bridged by the inner apical
oxygen p, orbital in the middle of the bilayer, the z orbitals of
the two layers have a large effective hopping and form a low-
energy o-bonding state and a high-energy antibonding state.
The interplay between the two e, orbitals with the bilayer
structure may lead to new electron correlation behaviors.

Previous studies using density functional theory plus dy-
namical mean-field theory (DFT + DMFT) have indicated
that the La327 exhibits Hund correlation [17]. Several exper-
iments [18,19] have shown that the La327 features a linear
resistivity behavior in the high-temperature normal state, im-
plying a strange metal. Recently, Wang et al. [20] found
that the Hund spin correlation may accounts for the linear
resistivity.

Several experiments have detected spin density waves
(SDWs) [21-24] at ambient pressure and low temperatures,

“These authors contributed equally to this work.
TContact author: rghe @ruc.edu.cn
Contact author: zlu@ruc.edu.cn

2469-9950/2024/110(23)/235119(7)

235119-1

indicating a significant interaction between magnetic and
electronic properties. Since no long-range magnetic order was
detected in neutron scattering measurements down to 10 K, it
is probable that the SDW is either short-range or involves only
small magnetic moments [25,26]. It is believed that magnetic
fluctuations play a crucial role for the pairing mechanism of
SC. Some model studies [12,27-31] associate the s+ wave
pairing mechanism with interlayer magnetic interactions be-
tween z-orbital spins.

Our recent model study [32] reports that the z orbital forms
an sy-wave superconducting state due to strong interlayer
hopping and antiferromagnetic (AFM) correlation, but its su-
perconducting order parameter is small; while the x orbital
forms a strong si-wave superconducting state by sharing
the interlayer AFM correlation of the z orbitals. Suppressing
the local interorbital spin coupling [32], which accounts for
the Hund spin correlation between the two e, orbitals of Ni,
causes the Mott state to disappear and significantly suppresses
SC, indicating that the local interorbital spin coupling is cru-
cial for electron correlation and SC [32]. Usually, hole doping
is a key role in manipulating SC. It is worth studying whether
the x orbitals can still share the interlayer AFM correlation of
the z orbitals through Hund’s coupling with hole doping.

In this work, the bilayer two-orbital model of the La327
is calculated using the cluster dynamical mean-field theory
(CDMFT) [33,34] method at zero temperature, considering
only the normal state. With hole doping, we have observed
Mott, pseudogap (PG), non-Fermi liquid (NFL), and Fermi
liquid (FL) phases sequentially, and quantum correlations
decrease accordingly. The Hund spin correlation allows the
z-orbital interlayer AFM correlation to efficiently transmit
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to the x orbital in the Mott, PG, and NFL phases, but this
transmission fails in the FL phase. Suppressing the local in-
terorbital spin coupling eliminates the Hund spin correlation
and the x-orbital interlayer AFM correlation, and transitions
the system from a Mott phase to a FL phase, thereby high-
lighting the Hund spin correlation’s role in enhancing electron
correlation.

Moreover, we find that the ground state of the La327 is
in the NFL phase. Electron doping to fully fill the o-bonding
state of the z orbitals (z+) can significantly enhance the in-
terlayer AFM correlations. At low pressures, the fully filled
z+ band leads to strong interlayer AFM correlations, which
may promote a short-range SDW and inhibit the formation of
SC order. At high pressures, the z+ band intersects with the
Fermi level, the interlayer AFM correlations weaken rapidly,
potentially diminishing the short-range SDW and encouraging
the development of SC order.

II. MODEL AND METHOD

The bilayer two-orbital Hubbard model for the La327 is
employed [32,35]. Each site contains both the two e, orbitals.
The Hamiltonian is

H = Hy + Hj,
Hy =YW/ HK)¥,,
ko
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where W, = (duvs, dazo, dpro, dp.o )’ and dy, denotes the
annihilation operator for an electron with spin o in the
states s = Ax, Az, Bx, Bz. Here, A and B denote the top and
bottom layers, respectively, while x and z represent the Ni-
3d,-_» and Ni-3d. orbitals, respectively. The parameters
U, and U] represent the interorbital repulsion strength for
antiparallel and parallel spins, respectively. J is the Hund’s
coupling. The model parameters are the same as those set in
Ref. [32] with U =4,J = U/4,U’ = U — 2J. The noninter-
acting bandwidths of the x and z orbitals are 3.9 eV and 2.3 eV,
respectively.

Due to the mirror symmetry of this model, it is convenient
to transform to the bonding (4) and antibonding (—) states
for both e, orbitals. We define Wiy, = (Cytko, Cotko )T with
Catko = dykas T doxBes . This transformation renders H block
diagonal. The bonding states of the x and z orbitals are labeled
as x+ and z+, respectively, and the antibonding states are
labeled as x— and z—.

The model is calculated using CDMFT [33,34], with nat-
ural orbitals renormalization group (NORG) [36-38] as the
impurity solver. In this approach, the impurity cluster of the
quantum impurity model contains the two sites in a unit cell
(one site in the top layer and one in the bottom layer), fully
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FIG. 1. Ground-state phase diagram with respect to hole doping
p. Mott, PG, NFL, and FL phases are observed sequentially as p
increases (p at the boundaries of these phases is 0, 0.15, 0.38 corre-
sponding to u = 0.1, —1.1, —2.1). The ground state of the La327 is a
NFL state because the nominal occupancy number of Ni is 7.5, which
corresponds to 25% hole doping (correspondingly, u = —1.59, n, =
0.59, n, = 0.91).

considering the interlayer quantum correlations. The detailed
discussion on the convergence of CDMFT is provided in the
Appendix.

II1. RESULTS

A. Ground-state phase diagram

To study the electron correlation and spin correlation in the
model with hole doping, we have done cluster DMFT calcu-
lations at zero temperature without considering any possible
symmetry breaking states, i.e., only considering the normal
state. According to the variation of the obtained ground-state
self-energies with hole doping p, we draw a phase diagram
(Fig. 1), which contains four phases, including Mott insulator
at half-filling, PG at small doping, NFL at moderate doping,
and FL at over doping (p at the boundaries of these phases
is 0,0.15,0.38 corresponding to w =0.1,—1.1, =2.1),
respectively.

As shown in Fig. 2(a), the x and z orbitals simultaneously
become half-filling when p > 0.1, implying that the two or-
bitals take a Mott metal-insulator transition simultaneously at
u = 0.1. We show the imaginary parts of orbital-dependent
Matsubara self-energies [ImX(iw,)] in different phases in
Fig. 3. When u = —0.8, ImX(iw,) of the x+, x—, z+, 72—
orbitals have an intercept at zero frequency [Figs. 3(c) and
3(d)], indicating that the ground state is in a PG phase. The
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FIG. 2. (a) Electron densities of the x, z orbitals with respect
to w. Both the x and z orbitals are half-filling when u > 0.1. The
doped holes have a significantly lower concentration in the z or-
bital compared to the x orbital [39]. (b) Electron densities of the
X+, x—, z+, z— orbitals with respect to . As u decreases from 0.1
to —1.5, the n,, anomalously increases, implying that the z orbitals
are strongly correlated. The upper boundary of the z+ band is at
p = —1.5. The Fermi level of the La327 is approximately 0.09 eV
below the upper boundary of the z4 band, consistent with previous
findings in the literature [17]. The ground state of the La327 is a NFL
state, which corresponds to u© = —1.59.
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FIG. 3. ImX(iw,) of the x+,x—,z+,z— orbitals with u =
0.1, —0.8, —1.5, or —3 (the ground state is in the Mott, PG, or NFL
phase, respectively).

density of states (DOS) for the four orbitals x+, x—, z+, z—
exhibits a dip near the Fermi level [Fig. 4(a)]. When u =
—1.5, Im¥(iw,) have no intercept at zero frequency and
exhibit nonlinearity at low frequencies [Figs. 3(e) and 3(f)],
indicating that the ground state is in a NFL phase. The DOS
for the x— orbital shows a peak at the Fermi level [Fig. 4(b)],
in contrast to the previously observed pseudogap. Notably,
there is no apparent dip near the Fermi level, except for the
z— orbital. When p = —3.0, ImX(iw, ) have no intercept at
zero frequency and are linear at low frequencies [Figs. 3(g)
and 3(h)], indicating that the ground state is in a FL phase.
Which phase does the high-pressures LazNi,O; (La327)
belong to when suppressing the superconducting state

0.6r@ p=-08PG -

FIG. 4. Density of states (DOS) of the x+, x—, z+, z— orbitals
with u = —0.8, or —1.5 (the ground state is in the PG, or NFL phase,
respectively). The broadening of the DOS plot is set to 0.5 (n = 0.5).
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FIG. 5. (a) Interlayer AFM correlations —(s%,.55,) and —(s5_s%.),
Hund spin correlation (s3,s5.), and local moments ((sfu)z) and
(s, )?) with respect to 1. (b) Probabilities of the local spin multiplets
(Ny, S;) = (2, 1) and (2,0) with respect to . (Ny, S;) denote the local
spin multiplet in a Ni atom with N, electrons in the x and z orbitals
and total spin S;.

(namely the normal state)? It is in the NFL phase since
it is 25% hole doped (correspondingly, i = —1.59, orbital-
resolved electron densities n, = 0.59, n, = 0.91) in our model
calculation according to that the nominal occupation number
of the x and z orbitals of the Ni atoms in La327 is 1.5 in total.
So the La327 is strongly correlated. This is consistent with
the facts that the La327 has a high superconducting transition
temperature and that the La327 features a linear resistiv-
ity behavior in the high-temperature normal state [18,19],
which implies a strange metal and is theoretically studied in
Ref. [20].

B. Fade of spin correlation with hole doping

It is believed that spin fluctuation is indispensable to un-
conventional SC. Some studies [17,20,32] suggest that the
interlayer AFM correlations and the local Hund correlation
are important for the mechanism of the proposed s.-wave SC
in the La327. We calculate the interlayer AFM correlations
—(s4,5p,) and —(s3_s3.), the Hund spin correlation (sy s3.)
of two e, orbitals of Ni, and the local moments ((sf\x)z) and
((sfk)2). The results, which show that all these quantities
decrease with hole doping, are presented in Fig. 5(a).

The z-orbital interlayer AFM correlation —(s3_s3) has an
abrupt slope change at u© = —1.5. The z-orbital local moment
((sgz)z) also exhibits a similar slope change. These slope
changes mark a special point u,; = —1.5, where the orbital-
resolved electron densities (Fig. 2) also change abruptly. For
U < .., the z4+-orbital and z-orbital electron densities de-
crease rapidly with decreasing p. However, for & > .4, they
remain almost unchanged, indicating that the upper boundary
of the z+ band is at p,,. When the z4 band is fully filled
(u > p,4), the z-orbital local moment and interlayer AFM
correlation decrease slowly as u decreases; but when partially
filled (14 < pzy), they rapidly decrease. This shows that the
full filling of the z+ band, which does not mean a half-filling
for the z orbitals (Fig. 2), plays a key role for the strong
magnetic correlations.

The La327 corresponds to u = —1.59 in the model (1),
whose Fermi level is 0.09 eV below the upper boundary of
the z+ band, which is consistent with previous findings in the
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literature [17]. These imply that electron doping in the La327
will enhance the magnetic correlations.

C. Fade of Hund correlation with hole doping

The Hund correlation of the two e, orbitals of the Ni atoms
is crucial for the si-wave superconductivity in the La327
[27,30,32,39-44]. To quantitatively describe the strength of
the Hund correlation in model (1), we calculate the probability
distribution of the local spin multiplets defined by the total
occupancy number N, and the z component S of the total spin
for a Ni site. The local spin multiplet (N, S;) = (2, 1) is the
only high-spin state among all possible local spin multiplets.
The probabilities of the local spin multiplets (2,1) and (2,0)
with respect to p are exhibited in Fig. 5(b). The former is
close to one while the latter is strictly suppressed in the Mott
phase. With hole doping, the probability of the local spin
multiplet (2,1) decreases gradually, indicating that the Hund
spin correlation [20] weakens gradually. It dominates when
u > —2.1, indicating that the Hund spin correlation persists,
where the ground state is in the Mott, PG, or NFL phase. It no
longer dominates when u < —2.1, indicating that the Hund
spin correlation disappears, where the system enters the FL
phase.

D. Transmission of AFM correlation

Prior investigations [17,20,32] have shown that the inter-
layer AFM correlation of z orbital can be transmitted to the x
orbital through the Hund’s coupling, which tends to align the
spins on the two e, orbitals of a Ni atom. However, as hole
doping increases, the Hund spin correlation weakens. In this
situation, can the interlayer AFM correlation of the z orbital
still be transmitted to the x orbital? To answer this question,
we define and calculate the interlayer AFM correlation trans-
mission functions'

RAxB — (Sf&x SZBZ )
o Asisilsios)
RAxBx — (s;\x SéX ) (2)

16{s5i. 858555 {5555
Ruyp; describes the transmission of the interlayer AFM cor-
relation between Az and Bz orbitals to that between Ax and
Bz orbitals through the Hund spin correlation between Ax and
Az orbitals [Fig. 6(a)]. Raxpx describes a similar transmission
to that between Ax and Bx orbitals, including the additional
Hund spin correlation between Bx and Bz orbitals.

When u > —2.1 (the ground state is in the Mott, PG, or
NFL phase), Ry, and Rs.p, are around 1, indicating that the
transmission is fully (Fig. 6(b)). As u decreases, although
the z-orbital interlayer AFM correlation —(s5_s3.) and the
Hund spin correlation (s}, s3.) decrease, the AFM correlation
between the Az and Bz orbitals can efficiently transmits to
that between Ax and Bx orbitals through the Hund spin cor-
relation. In stark contrast, when u < —2.1 (the ground state
is in the FL phase), Rayp, and Ra,p, decrease drastically as

The factors (4 or 16) in the denominator serve as normalization

factors since an electron has a spin of s = %
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FIG. 6. (a) The AFM correlation transmits from the Az and Bz
orbitals to the Ax and Bz orbitals through the Hund spin correlation
between the Ax and Az orbitals. A similar transmission occurs to the
Ax and Bx orbitals, incorporating the additional Hund correlation
between the Bx and Bz orbitals. (b) AFM correlation transmission
functions (2). When & > —2.1, Ry.p, and Ry,p, are around 1, indi-
cating that the transmission is fully. When u < —2.1, they decreases
drastically as u decrease, indicating the transmission fails quickly.

w decreases. — (s} s5.) approaches zero with hole doping.
Neither the z-orbital interlayer AFM correlation nor the Hund
spin correlation of the two e, orbitals of Ni is zero, but the
AFM correlation between Az and Bz orbitals can not transmit
to that between Ax and Bx orbitals.

E. AU’ for strong correlation

To further understand the effect of the Hund’s coupling
on the spin correlation, we perform a comparative study by
suppressing its spin part. We reformulate the local interorbital
interaction on a single site as follows [32]:

/ /
E Uanxa N + Upnxa Nz
o

U+ U
e

where n, represents the electron number of the o orbital,
and s% denotes the z component of the spin of the « orbital.
This reformulation defines the local interorbital spin coupling
[32]as AU’ =U, — Ul;, which exactly accounts for the Hund
spin correlation between the two e, orbitals of Ni. When
suppressing the local interorbital spin coupling, Ref. [32]
shows that the Mott phase disappears and the SC is suppressed
remarkably.

We do a calculation where (U, +U,)/2 remains un-
changed while AU’ is reduced from J to a negligible value
of 0.002J. We find that n, and n, increase continuously as i
increases without plateauing at half-filling [Fig. 7(a)], indi-
cating that the Mott phase with a large Mott gap disappears.
ImX(iw,) has no intercept at zero frequency and is linear
at low frequencies [Figs. 7(c) and 7(d)], indicating that the
ground state is a FL. This shows that the local interorbital spin
coupling enhances pronouncedly the electron correlation.

We also find that the x-orbital interlayer AFM correlation
(85,53, and the Hund spin correlation (s} s3.) approach zero,
but the z-orbital interlayer AFM correlation (s} _s3_ ) remains
finite, as shown in Fig. 7(b). This shows that the local in-

nun, — 2(U; — U,)siss, 3)
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FIG. 7. Calculations for AU’ = 0.002J. (a) Electron densities
of the x and z orbitals with respect to u. Orbital-resolved electron
densities n, and n, increase continuously as u increases, without
plateauing at 1 (unit electron density), indicating absence of the
Mott phase. (b) The x-orbital interlayer AFM correlation (s3,s3,)
and the Hund spin correlation (s§,s3.) are close to zero. The z-orbital
interlayer AFM correlation (s5_s5.) remains finite. (¢) ImX(iw,) of
x+, x—, z+, z— orbitals with u = 0.8. ImX(iw,) has no intercept at
zero frequency and is linear at low frequencies, indicating a FL state.
(d) An enlarged view for (c) at low frequencies.

terorbital spin coupling plays a key role in transmitting the
interlayer AFM correlation of z orbitals to the x orbitals
through Hund’s coupling. This indicates that the interlayer
AFM correlation of the z orbitals cannot be transmitted to
the x orbitals through Hund’s coupling. When the local in-
terorbital spin coupling is not suppressed, the interlayer AFM
correlation of the x orbital is mainly derived from that of the z
orbital through Hund’s coupling.

IV. DISCUSSION ABOUT LA327

The La327 has a full filling of the z+ band and short-range
SDW at low pressures [45], with no SC observed. Under high
pressures, the z+ band is slightly hole doped, resulting in
high-7,. SC. Usually, SDW and SC compete with each other
[46].

Our model calculations show that with hole doping, the
z+ band is not fully filled, the z-orbital interlayer AFM cor-
relation weakens remarkably. Simultaneously, the x-orbital
interlayer AFM correlation also decreases. Whether the z+
band is fully filled or not significantly affects the strength of
the AFM correlation, thereby influencing the competition be-
tween the short-range SDW and the SC. For the La327, under
low pressures, the z4 band is fully filled, and the interlayer
AFM correlation is relatively strong, which may help to stabi-
lize the short-range SDW, thus suppressing the establishment
of SC order. If the z+ band is doped and intersects the Fermi
level, it rapidly weakens the interlayer AFM correlations and
may diminish the SC. If the z+ band is overdoped, the AFM
correlation will weaken excessively, failing to provide suffi-
cient pairing interaction, thereby killing the SC [32].

FIG. 8. ImX(iw,) of the x+, x—, z+, z— orbitals at u = —1.5
and —1.8.

At low pressures, the z+ band in the La327 is fully filled,
resulting in strong interlayer AFM correlations. Meanwhile,
the z orbital becomes half-filled and the band is narrow, thus
exhibiting strong Mott correlations. The x orbital is corre-
lated with the z orbital through the Hund’s coupling within
the Ni, which enhances the correlation of the x orbital as
well. As the pressures increases, the z+4 band intersects with
the Fermi level, causing the interlayer AFM correlations to
weaken rapidly. Simultaneously, the z orbital becomes less
than half-filled, and the Mott correlation weakens, leading
to a reduction in the correlation of the x orbital as well.
Consequently, significant changes in the correlated electronic
structure, such as the substantial variations in the self-energies
(Fig. 8), are observed before and after the z+ band crosses
the Fermi level. This is helpful for understanding the electron
correlations in the La327 and, on this basis, for studying the
mechanism of high-7, SC.

V. SUMMARY

At zero temperature, the bilayer two-orbital model (1) of
the La327 is calculated using the CDMFT method without
considering any potential symmetry breaking states, i.e., con-
sidering only the normal state. We find that as increasing hole
doping, the ground state sequentially transitions through the
Mott, PG, NFL, and FL phases. The ground state of the La327
is in the NFL phase. Hole doping weakens various quantum
correlations. Once the z+ band is no longer fully filled, the
interlayer AFM correlations will rapidly weaken. When the
ground state is in the Mott, PG, or NFL phase, the Hund spin
correlation persists, allowing the interlayer AFM correlation
of the z orbital to transmit to the x orbital. And particularly
this transmission is about 100%. But it quickly breaks down
and the x-orbital interlayer spin correlation vanishes when
the system enters the FL phase. When suppressing the local
interorbital spin coupling, the Hund spin correlation and the x-
orbital interlayer AFM correlation disappear. And the system
becomes a FL state, showing that the Hund’s coupling can
greatly enhance electron correlation.
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FIG. 9. ImX(iw,) of the x+, x—, z+, z— orbitals at © = —1.8
are obtained by NORG + CDMFT with N, = 12, 16, and 20 bath
sites, respectively.

At low pressure, the fully filled z+ band in the La327
leads to large local moments and strong interlayer AFM cor-
relations. This may suppress the SC order and support the
short-range SDW. At low pressures, hole doping may have an
effect similar to that of high pressures, causing the z+ band to
intersect with the Fermi level. This can significantly weaken
spin correlations, and may hence suppress the short-range
SDW and promote SC.
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FIG. 10. z-orbital interlayer spin correlation (s}_sg_) (a) and elec-
tron density n, (b) with respect to the chemical potential p are
obtained by NORG + CDMFT with N, = 12, 16, and 20 bath sites,
respectively.
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APPENDIX: CONVERGENCE WITH THE NUMBER
OF BATH SITES IN CDMFT

The electronic bath for the impurity model of CDMFT is
discretized into a number of bath sites. Bath discretization
may lead to error. Reference [38] shows that the error de-
creases exponentially as the number of bath sites increases.
To determine the number of bath sites required for CDMFT
to converge, we performed calculations with 12, 16, and
20 bath sites, respectively. We find that ImX(iw,) for the
X+, x—, z+, z— orbitals (Fig. 9), as well as (s s3 ) and N,
(Fig. 10), converge with 16 and 20 bath sites. We utilize 16
bath sites for the impurity model in our CDMFT calculations.
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