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We prove that multilayer superconductivity with interlayer pairing may naturally decompose into a series

of weakly coupled bilayer and trilayer superconducting blocks in order to minimize its total free energy.
Our work is motivated by the recent proposal of interlayer pairing induced by the interlayer superexchange
interaction of nearly half-filled d> orbitals in the bilayer and trilayer nickelate superconductors. We explore
general properties of interlayer pairing superconductivity and perform systematic Ginzburg-Landau analyses
of an effective multilayer model. For real materials, our results imply strong superconducting order parameter
modulation and a short coherence length along the z axis (perpendicular to the layers). This reveals a unique
feature of multilayer superconductivity with interlayer pairing and provides a basic framework for future

experimental and theoretical investigations.
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The layer structure greatly influences the properties of
unconventional superconductors. In cuprates, 7. reaches its
record-high value in trilayer systems [1,2], leading to the
belief that multilayers may somehow promote the electron
pairing. But in the recently discovered multilayer nickelate
superconductors, the maximum 7 is reduced from about 80 K
in bilayer La3zNipO7 to 30 K in trilayer La4Niz Oy [3-9]. It has
been shown that this opposite trend may be caused by their
distinct pairing mechanisms, namely, intralayer pairing in
cuprate superconductors and interlayer pairing in the bilayer
and trilayer nickelate superconductors, owing to the different
orbitals responsible for their pairing interactions [10]. While
the cuprates have nearly half-filled d,>_,> orbitals with a dom-
inant in-plane superexchange interaction [11], the bilayer and
trilayer nickelates are governed mainly by the nearly half-
filled d,» orbitals with an interlayer superexchange interaction
mediated by apical O [12,13], which supports interlayer pair-
ing for the superconductivity through hybridization with the
nearly quarter-filled metallic d,>_,> bands [14-16].

Experimentally, the Ruddlesden-Popper (RP) phase of
nickelates, La,;Ni,Os,.;, provides a material basis for
studying the interlayer pairing superconductivity. Besides the
bilayer and trilayer structures, other members (n = 4, 5, c0)
have also been grown [17,18], but superconductivity has not
yet been reported, which possibly requires very high pres-
sure. Other factors, such as the valence, oxygen vacancy
[19,20], and layer imbalance [21,22], might also critically
influence the superconductivity. These are chemical properties
that cannot be easily avoided and require tremendous efforts in
material tuning. Nevertheless, interlayer pairing superconduc-
tivity represents a future direction potentially different from
intralayer pairing superconductivity such as the cuprates, and
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has rarely been explored. It is therefore intriguing to inves-
tigate the general properties of multilayer superconductivity
with interlayer pairing to provide some theoretical insight
beforehand.

Quite unexpectedly, we find that multilayer supercon-
ductivity with interlayer pairing has a natural tendency to
decompose into bilayer and trilayer superconducting blocks
separated by nonsuperconducting blocks. This leads to a
strong order parameter modulation along the z direction per-
pendicular to the layer plane. A small interlayer hopping may
induce a weak Josephson coupling between these decoupled
superconducting blocks, so that the whole structure may be
viewed as a series of weakly coupled bilayer and trilayer
superconductors. Our observation provides a basic framework
for future explorations of multilayer superconductivity with
interlayer pairing.

We start with the following effective two-orbital multilayer
t-V-J model as illustrated in Fig. 1 [10,14-16],

H=— Z(fij + i)t crjs — Z Vij(cl dijs +He.)

lijs lij

+J Zsai “Sat1i— 1L Z(d;isda-&-l,ix +Hc), (D

ais

where dj;; and cj;; represent the local pairing orbital and the
metallic orbital, respectively, S;; = % Zm, d;fl.sam/ djiy is the
spin density operator of the pairing orbital, #;; and u are the in-
plane hopping and the chemical potential of the metallic band,
V;j is the renormalized in-plane hybridization between two or-
bitals, 7, is the renormalized interlayer hopping of the pairing
orbital, and J is the interlayer superexchange interaction. We
use / =1,...,L to denote the layers anda=1,...,L — 1.
A constraint may be applied to exclude the double occupancy
on the local orbital. The model is motivated by the bilayer
and trilayer nickelates, but our results can be easily extended
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FIG. 1. Illustration of the #-V-J model for multilayer supercon-
ductivity with interlayer pairing, where ¢ is the hopping parameter of
the metallic band, J is the interlayer superexchange interaction of the
local pairing orbital, and V is their hybridization.

to general multilayer superconductors with interlayer pairing
beyond this particular model.

For clarity, we ignore other complications and only focus
on the superconductivity. The superexchange term is decou-
pled as

8AWAW
3J
where &f = %(da,- 1dat1,it — dairday1,i)) denotes the local

interlayer singlet in the ath block between the ath and (a+1)th
layers and AE“) is the corresponding pairing field. Ignoring the

imaginary time dependence of the auxiliary fields, A:@ (r) —>
AE”), we obtain the action in the Nambu representation [23],

§= Xn: lﬁn(_iwn + O, + % %: |

where O is a matrix given by the model parameters and the
auxiliary fields and

JSui - Sav1,i = \/E(AEG)CD? + q_)?Aga)) + , (@

(€)

VUn = (Cip,Copsooos €1y Coto oo din, day,y o dhy, dog, ),
4
with
Cis = {Ellx(gia)n)’ s Ele(giwn)}a
dis = {dp,Giwy), . . ., dinsGiw,)}. 5

Here, w, denotes the fermionic Matsubara frequency, § = 1
(—1) for s =1 (|), and N is the total number of lattice sites.
Integrating out the fermionic degrees of freedom gives the
effective action of the pairing fields alone:

Z |A((I)|

The above formula may be further simplified, but numeri-
cal simulations are still too heavy for large L and N. For
simplicity, we perform the szbur% -Landau (GL) analysis
for uniform static pairing fields: A — A@. The GL free-
energy density can be derived stra1ghtf0rwardly from the
effective action, fgL = Sefr/BN, and takes the perturbative

Sere ({A}) — Y Trin(—iw, + 0). (6)

form [10]
foL = (0) L+ f(z) + 0@t

a

—h(AYACTD 4 ce, (7

where c¢; and ¢, are temperature-dependent constants de-
termined by the model parameters, and & ti represents
the interlayer Josephson coupling. The sum is over a =
I,...,L—1 and we have introduced artificially |A©®|? =
|A(L) |2 = 0 as the boundary conditions. The detailed forms of
¢; and & depend on the model parameters and are given in the
Supplemental Material [23]. By now, controversies still exist
on the electronic structures and pairing mechanisms of the
nickelate high-temperature superconductivity [14—-16,24-45],
but our conclusion is robust as far as only the interlayer pair-
ing is concerned, although parameter tuning may destroy the
superconductivity and invalidate our starting point.

To simplify the analyses, we first ignore & and minimize
foL by dfgL/dA@ = 0. This gives L — 1 equations for the
superconducting order parameters A,

AD(=cy + AL + AP AU =0, (8)

where cp = —c1/2¢, > 0 in the superconducting phase. It is
not straightforward to write down immediately the GL solu-
tions. For clarity, we discuss below how to obtain them step
by step. Our conclusion is that multilayer superconductivity
with interlayer pairing for L > 4 will decompose into weakly
coupled bilayer and trilayer superconducting blocks. For even
L, it decomposes into L/2 separated bilayer blocks, while for
odd L, it decomposes into (L — 3)/2 bilayer blocks and one
trilayer block.

Our proof contains several steps.

(1) For the bilayer model L = 2, there is only one block
satisfying AW (—cy + |AM|2) = 0, which has two solutions,
AD =0and |[AD|> = ¢;. For ¢y > 0 (¢; < 0), the latter so-
lution has a lower free-energy density, for. = —c3 /4¢3, which
gives a mean-field solution of the superconductivity with in-
terlayer pairing in the bilayer nickelate.

(2) For the trilayer model L = 3, there are two order pa-
rameters, A" and AP, satisfying two GL equations,

AV (=co + 1AV + 1212 =0
AD(=co+|AVP +]AP) =0, ©)
which give four candidate solutions,

@ AV =0, AP =

(b) AP =0, AV =,
© [ADP + AP =
(d) AD =A? =0, (10)

with the free-energy density fgr =0 for (d) and fgL =
—c% /4c, for all three others. Among them, (a) and (b) are
special cases of (c). They all have the same free-energy den-
sity as the GL solution of the bilayer model. The uncertainty
in (c) was first observed in our previous Monte Carlo sim-
ulations, revealing unexpected superconducting frustration
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between two blocks, which is a unique feature of the trilayer
model. Introducing a small / fixes the uncertainty to |A(V|? =
|A®|2 = ¢y /2 at sufficiently low temperature, whose reduced
magnitude explains the reduction of 7. in the trilayer nickelate
[10]. Unlike cuprate superconductors where the pairing occurs
within each CuO; layer and the 7, is maximized in the trilayer
structure, its reduction here reflects a fundamental distinction
of the interlayer pairing superconductivity, where the two
outer layers compete to form spin-singlet pairs with the same
inner layer.

(3) For any finite L > 4, we first prove that its GL solution
must contain nonsuperconducting blocks. If A = 0 for all
L — 1 blocks, Eq. (8) would reduce to

—co +1ADP + AP 4 AR =0, A1)

Applying this to two neighboring blocks, we obtain immedi-
ately |[A@|? = |A@+3m|2 for all a and integer m satisfying
0 < a+3m < L, so that the superconducting order parame-
ters must repeat periodically every three blocks. The boundary
conditions, |A©@]2 = |AD|2 =0, then require |AC™|? =
|[AE=3m12 = ( as long as 0 < 3m < L. For finite L > 4, we
have m = 1 and |A®|> = |AC~D|2 = 0, which violates our
assumption that all A are nonzero. We therefore conclude
that the GL solution for any finite L > 4 must contain at least
one nonsuperconducting block.

(4) Since each block is coupled only to its neighboring
blocks in the free energy Eq. (7), a nonsuperconducting block
splits the multilayer superconductivity into two decoupled
subsystems if only the superconductivity is concerned. Each
subsystem as an independent multilayer model must also con-
tain nonsuperconducting blocks if the number of its layers is
greater than or equal to 4. This splits the subsystems until
the whole system completely decomposes into a series of de-
coupled bilayer and trilayer superconducting blocks separated
by nonsuperconducting blocks. As an example, we list all
candidate solutions of the L = 4 model:

(@ A® =0,
() AD =A% =0,
(©) AD = A® = 0,
d A® =A% =0,

12 2 2

IADPR = AP =¢o,  for = —cl/2¢a,
3

AP =co,  foL = —ci/4ca,
22 2

AP =co, foL = —ci/4ca,

AV = ¢y, for = —cl/4er,

e AV =0, |APP+|ADP =¢y,  for = —ci/der,
0 AP =0, [AVP+|APP =cy,  foL = —ci/de,
(@ AV =A® =AD =0, fo=0. (12)

All of them contain nonsuperconducting blocks. The solution
(a) has the lowest free energy, which splits the L = 4 structure
into two superconducting blocks separated by a nonsupercon-
ducting block. Then, (b)—(d) reduce the model to a bilayer
model, (e) and (f) reduce it to a trilayer model, and (g) is a non-
superconducting solution. Figure 2 compares the free-energy
density as a function of AV = A® for different values of
|A®)]|. We see that fg has the lowest value on the A® =0
curve rather than at a finite A®,

(5) Among all candidate solutions, the GL decompo-
sition should have the lowest free energy. But since the
bilayer and trilayer superconducting blocks have the same

FIG. 2. Free-energy density of the four-layer model with varying

AW = A® for different values of |A®|, showing the minima at
[AD] = |A®| = ¢y on the A® = 0 curve. The parameters are h =
0, ¢c; = =2, and ¢; = 1, so that ¢ = —c;/2¢; = 1 and the lowest

free-energy density foL = —c3/2c; = —2.

free energy, minimizing the total free energy requires that
the decomposition contains the largest number of decoupled
superconducting blocks. For even L, this implies L/2 bilayer
superconducting blocks, which gives the only GL solution
with the lowest free energy. For odd L, this gives (L — 3)/2
decoupled bilayer superconducting blocks plus one decou-
pled trilayer superconducting block. We have then (L — 1)/2
equivalent solutions corresponding to different positions of
the trilayer superconducting block. For an intuitive under-
standing, Fig. 3 illustrates the decompositions for L = 2, 3,
4,5.

(6) For infinite L, if all A are nonzero, the periodicity
[A@]2 = | A2 allows one to simplify the free-energy

A® [ADR=]A®2=c,
|AW2=|AG)2-+|A®2=c,
|AD]2+]A@2=c,

FIG. 3. GL decomposition of the multilayer superconductivity
into a series of bilayer and trilayer superconducting blocks sepa-
rated by nonsuperconducting blocks for L = 2, 3, 4, 5. For L =5,
there exists a second solution with A® = 0 and |AV|? + |A®|2 =
[A®|?2 = ¢.

104507-3



YI-FENG YANG

PHYSICAL REVIEW B 110, 104507 (2024)

density to a three-block form,

3
for =Y (1] AP + e A9 + 262 AWP| AT,

a=1

3 3 2
=) 1A+ (Z |A<“>|2> : (13)
a=1 a=1

where fg is the free-energy density for three blocks and we
have defined |A®|> = |A(|2, This gives a solution,

IADPR L |APP 4 AP = ¢, (14)

with uncertainty as in the trilayer model. The free-energy
density (for three blocks) is then fgr = —cf /4co, the same
as the bilayer (for one block) and trilayer (for two blocks)
models. This decomposes the whole system into a series of
three-block structures, whose free energy per block is higher
than the bilayer decomposition. Thus, the infinite layer struc-
ture also favors a natural decomposition into a series of bilayer
superconducting blocks.

(7) The above analyses assume & = 0. Including interlayer
hopping gives the Josephson coupling term —hA*A“+D in
Eq. (7) [10]. For nearly half-filled d,. orbitals, the interlayer
hopping is strongly renormalized. Its magnitude is propor-
tional to the hole density self-doped into the d,. bonding
orbital [14]. The parameter & ti is therefore small and
might only induce a weak proximity effect in the nonsuper-
conducting blocks and an even weaker coupling between
neighboring superconducting blocks. As a result, the multi-
layer superconductivity is more as a series of weakly coupled
bilayer and trilayer superconducting junctions. If this is the
case, it might host a high 7, determined mainly by the bilayer
superconducting blocks.

Taking together, we have proved that multilayer supercon-
ductivity with interlayer pairing in an ideal structure would
intrinsically break down into weakly coupled bilayer and
trilayer superconducting blocks to minimize the total free
energy. The bilayer and trilayer structures may therefore
be regarded as the elementary blocks of interlayer pairing
superconductivity. Note that the boundary conditions seem
to play a key role for our conclusion. But this is actually
not the case, as may be seen in the solution for infinite L,
where we have discussed a three-block model with a periodic
boundary condition. Ultimately, it is the number of decoupled
superconducting blocks that plays the key role and should be
maximized to give the lowest total free energy.

Our conclusion may hold for more general situations,
although it is derived for an ideal structure with the
same parameters for all layers. The free-energy density
Eq. (7) is a general consequence of the interlayering pairing
term, AV ®¢ 4 dIA . For 1, = 0, the |A@ |2, |[A@]*, and
|A@|2|ATD|2 terms represent all that can appear in the
second- and fourth-order perturbation expansion after inte-
grating out the fermionic degrees of freedom. The 4 term
represents the second-order contribution from the interlayer
hopping. Thus, our observation reflects a general tendency of
decomposition in multilayer superconductivity with interlayer
pairing, at least on the mean-field perturbative level.

Real materials may also suffer from imbalance between
layers or other material-specific factors, which may alter the
parameters in the free energy and extend Eq. (7) to a more
general form,

L—-1
fGL — Z [C(la)|A(a)|2 + C(Qa)lA(a)|4 + 2C§a)|A(a)|2|A(a+l)|2

a=1

— hO(A AT + e, (15)

in which all parameters ¢ and 4@ are layer dependent.
Again, we have defined |[A©2 = |AD|2 = 0. For h = 0, the
GL solutions can be easily obtained numerically by minimiz-
ing the above free-energy density. If the parameters are not
changed significantly, the solutions should be close to those
of the ideal model. Then, the superconductivity should still
be intrinsically inhomogeneous and block dependent, which
would reduce the superconducting coherence length along the
Z axis.

Valence change may invalidate our effective model. In
La,;1Ni,03,11, the nominal valence of Ni ions is v =3 —
1/n, which gives v = 2.5 for LazNi, 07, 2.67 for LasNizO,0,
2.75 for LasNizOg3, and 3 for LaNiOsz. In LazNi, O, the
nearly half-filled d. orbitals and the nearly quarter-filled
d,»_y» orbitals provide the pairing and metallic components,
respectively. Their hybridization supports a two-component
scenario for the high-temperature superconductivity [14,15].
However, it remains to see if the variation of the Ni va-
lence with increasing n might cause significant change in the
property of the d» electrons and hence alter or even destroy
the interlayer pairing. In any case, exploring possible high-
temperature superconductivity through the interlayer pairing
of d_ orbitals is still a feasible way to go beyond the cuprate
scenario. Future experiments will overcome these challenging
issues, grow more layered compounds with strong interlayer
coupling, and tune them to achieve desired properties.

Last, we would like to emphasize again the peculiarity of
our proposed minimal effective -V -J model [14—16]. Differ-
ent from the usual one-band model where the superexchange
mechanism gives most probably a larger J along the larger
hopping direction [46], the -V -J model separates the hopping
and pairing terms into two hybridized orbitals, and thus allows
for independent control of two key factors of the superconduc-
tivity. This lays the microscopic basis for interlayer pairing
and also points out another route for exploring more high-
temperature superconductors. More investigations may reveal
even richer physics of the #-V-J model [47].

To summarize, we have performed GL analyses of a
multilayer model with interlayer pairing and proved on the
mean-field perturbative level that its superconductivity may
generally decompose into a series of weakly coupled bilayer
and trilayer superconducting blocks in order to minimize its
total free energy. This implies intrinsic inhomogeneity and
order parameter modulation along the z axis. We hope more
elaborate investigations will verify this unique feature of in-
terlayer pairing superconductivity.

The author thanks Jiangfan Wang and Qiong Qin for useful
discussions. This work was supported by the Strategic Prior-
ity Research Program of the Chinese Academy of Sciences

104507-4



DECOMPOSITION OF MULTILAYER SUPERCONDUCTIVITY ...

PHYSICAL REVIEW B 110, 104507 (2024)

(Grant No. XDB33010100), the National Natural Science
Foundation of China (Grant No. 12174429), and the National

Key Research and Development Program of China (Grant No.
2022YFA1402203).

[1] D. J. Scalapino, A common thread: The pairing interaction
for unconventional superconductors, Rev. Mod. Phys. 84, 1383
(2012).

[2] Z. Wang, C. Zou, C. Lin, X. Luo, H. Yan, C. Yin,
Y. Xu, X. Zhou, Y. Wang, and J. Zhu, Correlating the
charge-transfer gap to the maximum transition temperature in
Bi,Sr,Ca,_;Cu,0,,.45, Science 381, 227 (2023).

[3] H. Sun, M. Huo, X. Hu, J. Li, Z. Liu, Y. Han, L. Tang, Z. Mao,
P. Yang, B. Wang, J. Cheng, D.-X. Yao, G.-M. Zhang, and M.
Wang, Signatures of superconductivity near 80 K in a nickelate
under high pressure, Nature (London) 621, 493 (2023).

[4] J. Hou, P. T. Yang, Z. Y. Liu, J. Y. Li, P. E Shan, L. Ma, G.
Wang, N. N. Wang, H. Z. Guo, J. P. Sun, Y. Uwatoko, M.
Wang, G.-M. Zhang, B. S. Wang, and J.-G. Cheng, Emergence
of high-temperature superconducting phase in the pressurized
La;Ni,O; crystals, Chin. Phys. Lett. 40, 117302 (2023).

[5] Y. Zhang, D. Su, Y. Huang, Z. Shan, H. Sun, M. Huo, K. Ye, J.
Zhang, Z. Yang, Y. Xu, Y. Su, R. Li, M. Smidman, M. Wang,
L. Jiao, and H. Yuan, High-temperature superconductivity with
zero-resistance and strange metal behavior in La;Ni,O;_s, Nat.
Phys. 20, 1269 (2024).

[6] See M. Wang, H.-H. Wen, T. Wu, D.-X. Yao, and T. Xiang,
Normal and superconducting properties of La;Ni,O;, Chin.
Phys. Lett. 41, 077402 (2024).

[7] Q. Li, Y.-J. Zhang, Z.-N. Xiang, Y. Zhang, X. Zhu, and H.-H.
Wen, Signature of superconductivity in pressurized LasNi3; Oy,
Chin. Phys. Lett. 41, 017401 (2024).

[8] Y. Zhu, E. Zhang, B. Pan, X. Chen, D. Peng, L. Chen, H. Ren, F.
Liu, N. Li, Z. Xing, J. Han, J. Wang, D. Jia, H. Wo, Y. Gu, Y. Gu,
L. Ji, W. Wang, H. Gou, Y. Shen, T. Ying, X. Chen, W. Yang,
C. Zheng, Q. Zeng, J. Guo, and J. Zhao, Superconductivity in
trilayer nickelate LasNizOj, single crystals, Nature (London)
631, 531 (2024).

[9] M. Zhang, C. Pei, X. Du, W. Hu, Y. Cao, Q. Wang, J. Wu, Y.
Li, H. Liu, C. Wen, Y. Zhao, C. Li, W. Cao, S. Zhu, Q. Zhang,
N. Yu, P. Cheng, L. Zhang, Z. Li, J. Zhao, Y. Chen, H. Guo, C.
Wu, F. Yang, S. Yan, L. Yang, and Y. Qi, Superconductivity in
trilayer nickelate La,;NizO1o under pressure, arXiv:2311.07423.

[10] Q. Qin, J. Wang, and Y.-F. Yang, Frustrated superconductivity
in the trilayer nickelate LasNiz Oy, arXiv:2405.04340.

[11] M. Le Tacon, G. Ghiringhelli, J. Chaloupka, M. M. Sala, V.
Hinkov, M. W. Haverkort, M. Minola, M. Bakr, K. J. Zhou,
S. Blanco-Canosa, C. Monney, Y. T. Song, G. L. Sun, C. T.
Lin, G. M. De Luca, M. Salluzzo, G. Khaliullin, T. Schmitt, L.
Braicovich, and B. Keimer, Intense paramagnon excitations in
a large family of high-temperature superconductors, Nat. Phys.
7,725 (2011).

[12] T. Xie, M. Huo, X. Ni, F. Shen, X. Huang, H. Sun, H. C.
Walker, D. Adroja, D. Yu, B. Shen, L. He, K. Cao, and M.
Wang, Neutron scattering studies on the high-7, superconductor
La;Ni,O;_; at ambient pressure, arXiv:2401.12635.

[13] X. Chen, J. Choi, Z. Jiang, J. Mei, K. Jiang, J. Li, S. Agrestini,
M. Garcia-Fernandez, X. Huang, H. Sun, D. Shen, M. Wang, J.
Hu, Y. Lu, K.-J. Zhou, and D. Feng, Electronic and magnetic
excitations in La3Ni, O, arXiv:2401.12657.

[14] Y.-F. Yang, G.-M. Zhang, and F.-C. Zhang, Interlayer valence
bonds and two-component theory for high-7,. superconductiv-
ity of LasNiO; under pressure, Phys. Rev. B 108, L201108
(2023).

[15] Q. Qin and Y.-F. Yang, High-7, superconductivity by mobi-
lizing local spin singlets and possible route to higher 7. in
pressurized Laz;Ni,O7, Phys. Rev. B 108, L140504 (2023).

[16] J. Wang and Y.-F. Yang, Two-component superconductivity and
strange metallicity in La;Ni,O;: A Schwinger boson study of
the -V -J model, arXiv:2408.09774.

[17] Z. Li, W. Guo, T. T. Zhang, J. H. Song, T. Y. Gao, Z. B.
Gu, and Y. F. Nie, Epitaxial growth and electronic structure
of Ruddlesden—Popper nickelates (La,+Ni,O3,41, n = 1-5),
APL Mater. 8, 091112 (2020).

[18] Q. Lei, M. Golalikhani, B. A. Davidson, G. Liu, D. G. Schlom,
Q. Qiao, Y. Zhu, R. U. Chandrasena, W. Yang, A. X. Gray,
E. Arenholz, A. K. Farrar, D. A. Tenne, M. Hu, J. Guo, R. K.
Singh, and X. Xi, Constructing oxide interfaces and heterostruc-
tures by atomic layer-by-layer laser molecular beam epitaxy,
npj Quantum Mater. 2, 10 (2017).

[19] Y.-B. Liu, J.-W. Mei, F. Ye, W.-Q. Chen, and F. Yang, sT-wave
pairing and the destructive role of apical-oxygen deficiencies
in LasNi;O; under pressure, Phys. Rev. Lett. 131, 236002
(2023).

[20] Z. Dong, M. Huo, J. Li, J. Li, P. Li, H. Sun, Y. Lu, M. Wang,
Y. Wang, and Z. Chen, Visualization of oxygen vacancies and
self-doped ligand holes in LazNiO;_s, Nature (London) 630,
847 (2024).

[21] P-F. Tian, H.-T. Ma, X. Ming, X.-J. Zheng, and H. Li, Effective
model and electron correlations in trilayer nickelate super-
conductor LayNi;Oy, J. Phys.: Condens. Matter 36, 355602
(2024).

[22] C.-Q. Chen, Z. Luo, M. Wang, W. W4, and D.-X. Yao, Trilayer
multi-orbital models of LasNi;Oyg, Phys. Rev. B 110, 014503
(2024).

[23] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevB.110.104507 for more details on the deriva-
tion of the effective action and the free-energy density.

[24] M. Nakata, D. Ogura, H. Usui, and K. Kuroki, Finite-energy
spin fluctuations as a pairing glue in systems with coex-
isting electron and hole bands, Phys. Rev. B 95, 214509
(2017).

[25] Z. Luo, X. Hu, M. Wang, W. W4, and D.-X. Yao, Bilayer two-
orbital model of La;Ni,O; under pressure, Phys. Rev. Lett. 131,
126001 (2023).

[26] Y. Shen, M. Qin, and G.-M. Zhang, Effective bi-layer model
hamiltonian and density-matrix renormalization group study for
the high-7, superconductivity in La3Ni,O; under high pressure,
Chin. Phys. Lett. 40, 127401 (2023).

[27] Q.-G. Yang, D. Wang, and Q.-H. Wang, Possible s,-wave
superconductivity in LazNi,O;, Phys. Rev. B 108, L140505
(2023).

[28] F. Lechermann, J. Gondolf, S. Botzel, and I. M. Eremin, Elec-
tronic correlations and superconducting instability in La;Ni, O,
under high pressure, Phys. Rev. B 108, L201121 (2023).

104507-5


https://doi.org/10.1103/RevModPhys.84.1383
https://doi.org/10.1126/science.add3672
https://doi.org/10.1038/s41586-023-06408-7
https://doi.org/10.1088/0256-307X/40/11/117302
https://doi.org/10.1038/s41567-024-02515-y
https://doi.org/10.1088/0256-307X/41/7/077402
https://doi.org/10.1088/0256-307X/41/1/017401
https://doi.org/10.1038/s41586-024-07553-3
https://arxiv.org/abs/2311.07423
https://arxiv.org/abs/2405.04340
https://doi.org/10.1038/nphys2041
https://arxiv.org/abs/2401.12635
https://arxiv.org/abs/2401.12657
https://doi.org/10.1103/PhysRevB.108.L201108
https://doi.org/10.1103/PhysRevB.108.L140504
https://arxiv.org/abs/2408.09774
https://doi.org/10.1063/5.0018934
https://doi.org/10.1038/s41535-017-0015-x
https://doi.org/10.1103/PhysRevLett.131.236002
https://doi.org/10.1038/s41586-024-07482-1
https://doi.org/10.1088/1361-648X/ad512c
https://doi.org/10.1103/PhysRevB.110.014503
http://link.aps.org/supplemental/10.1103/PhysRevB.110.104507
https://doi.org/10.1103/PhysRevB.95.214509
https://doi.org/10.1103/PhysRevLett.131.126001
https://doi.org/10.1088/0256-307X/40/12/127401
https://doi.org/10.1103/PhysRevB.108.L140505
https://doi.org/10.1103/PhysRevB.108.L201121

YI-FENG YANG

PHYSICAL REVIEW B 110, 104507 (2024)

[29] V. Christiansson, F. Petocchi, and P. Werner, Correlated elec-
tronic structure of La;Ni,O; under pressure, Phys. Rev. Lett.
131, 206501 (2023).

[30] Y. Gu, C. Le, Z. Yang, X. Wu, and J. Hu, Effective model and
pairing tendency in bilayer Ni-based superconductor La;Ni,O7,
arXiv:2306.07275.

[31] Y.-Y. Zheng and W. W, Superconductivity in the bilayer two-
orbital Hubbard model, arXiv:2312.03605.

[32] Y. Cao and Y.-F. Yang, Flat bands promoted by Hund’s rule
coupling in the candidate double-layer high-temperature super-
conductor La;Ni,O7, Phys. Rev. B 109, L081105 (2024).

[33] Y. Zhang, L.-F. Lin, A. Moreo, T. A. Maier, and E. Dagotto,
Structural phase transition, si.-wave pairing and magnetic stripe
order in the bilayered nickelate superconductor La;Ni, O; under
pressure, Nat. Commun. 15, 2470 (2024).

[34] X.-Z. Qu, D.-W. Qu, J. Chen, C. Wu, F. Yang, W. Li, and G. Su,
Bilayer 7-J-J; model and magnetically mediated pairing in the
pressurized nickelate La;Ni,O;, Phys. Rev. Lett. 132, 036502
(2024).

[35] H. Sakakibara, N. Kitamine, M. Ochi, and K. Kuroki, Possible
high 7. superconductivity in La;Ni,O; under high pressure
through manifestation of a nearly-half-filled bilayer Hubbard
model, Phys. Rev. Lett. 132, 106002 (2024).

[36] R.Jiang, J. Hou, Z. Fan, Z.-J. Lang, and W. Ku, Pressure driven
fractionalization of ionic spins results in cupratelike high-7,
superconductivity in La;Ni,O;, Phys. Rev. Lett. 132, 126503
(2024).

[37] H. Sakakibara, M. Ochi, H. Nagata, Y. Ueki, H. Sakurai, R.
Matsumoto, K. Terashima, K. Hirose, H. Ohta, M. Kato, Y.
Takano, and K. Kuroki, Theoretical analysis on the possi-
bility of superconductivity in the trilayer Ruddlesden-Popper
nickelate LasNi;O;y under pressure and its experimental

examination: Comparison with La;Ni,O7, Phys. Rev. B 109,
144511 (2024).

[38] C. Lu, Z. Pan, F. Yang, and C. Wu, Interlayer coupling driven
high-temperature superconductivity in LasNi,O; under pres-
sure, Phys. Rev. Lett. 132, 146002 (2024).

[39] G. Heier, K. Park, and S. Y. Savrasov, Competing d,, and s+
pairing symmetries in superconducting La3Ni,O;: LDA+FLEX
calculations, Phys. Rev. B 109, 104508 (2024).

[40] Y.-H. Tian, Y. Chen, J.-M. Wang, R.-Q. He, and Z.-Y. Lu,
Correlation effects and concomitant two-orbital s,.-wave super-
conductivity in La;Ni,O; under high pressure, Phys. Rev. B
109, 165154 (2024).

[41] Z. Fan, J.-F. Zhang, B. Zhan, D. Lv, X.-Y. Jiang, B. Normand,
and T. Xiang, Superconductivity in nickelate and cuprate su-
perconductors with strong bilayer coupling, Phys. Rev. B 110,
024514 (2024).

[42] J. Chen, F. Yang, and W. Li, Orbital-selective superconductivity
in the pressurized bilayer nickelate LazNi,O;: An infinite pro-
jected entangled-pair state study, Phys. Rev. B 110, L041111
(2024).

[43] Z. Luo, B. Lv, M. Wang, W. Wi, and D.-X. Yao, High T,
superconductivity in La;Ni,O; based on the bilayer two-orbital
t-J model, npj Quantum Mater. 9, 61 (2024).

[44] K. Jiang, Z. Wang, and F. Zhang, High temperature supercon-
ductivity in La;Ni, O, Chin. Phys. Lett. 41, 017402 (2024).

[45] J.-R. Xue and F. Wang, Magnetism and superconductivity in the
t-J model of La;Ni, O; under multiband Gutzwiller approxima-
tion, Chin. Phys. Lett. 41, 057403 (2024).

[46] H.-H. Lin, L. Balents, and M. P. A. Fisher, N-chain Hubbard
model in weak coupling, Phys. Rev. B 56, 6569 (1997).

[47] Y.-F. Yang, Possible Fano effect and suppression of Andreev
reflection in La3Ni, O, arXiv:2408.14294.

104507-6


https://doi.org/10.1103/PhysRevLett.131.206501
https://arxiv.org/abs/2306.07275
https://arxiv.org/abs/2312.03605
https://doi.org/10.1103/PhysRevB.109.L081105
https://doi.org/10.1038/s41467-024-46622-z
https://doi.org/10.1103/PhysRevLett.132.036502
https://doi.org/10.1103/PhysRevLett.132.106002
https://doi.org/10.1103/PhysRevLett.132.126503
https://doi.org/10.1103/PhysRevB.109.144511
https://doi.org/10.1103/PhysRevLett.132.146002
https://doi.org/10.1103/PhysRevB.109.104508
https://doi.org/10.1103/PhysRevB.109.165154
https://doi.org/10.1103/PhysRevB.110.024514
https://doi.org/10.1103/PhysRevB.110.L041111
https://doi.org/10.1038/s41535-024-00668-w
https://doi.org/10.1088/0256-307X/41/1/017402
https://doi.org/10.1088/0256-307X/41/5/057403
https://doi.org/10.1103/PhysRevB.56.6569
https://arxiv.org/abs/2408.14294

