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Recently, the discovery of superconductivity in Ruddlesden-Popper (RP) LayNi;O,o under pressure has further
expanded the realm of nickelate-based superconductor family. In this paper, we perform a first-principles
study of LayNi;Oo for both the P2;/a phase at ambient pressure and /4/mmm phase at high pressure, with
U =0, 3.5 eV. Our results confirm the characteristic upward shift of a Ni-d> bonding band under pressure.
Moreover, our analysis of electronic spectrum and orbital occupancy unveil the dynamic mechanism of electronic
reconstructions under pressure, embedded in a critical dual effect. Based on our results, we further propose
a trilayer two-orbital model by performing Wannier downfolding on Ni-e, orbitals. Our model reveals four
Fermi surface sheets with «, 8, 8, y pockets, bearing resemblance to that of bilayer La;Ni,O;. According to
the model, our calculated spin susceptibility under random phase approximation shows that the d,>_,» orbital is
also important for the magnetic fluctuation in the RP series. Finally, a high energy 16-orbital model with direct
dp, pp hoppings is proposed, which implies that LasNi;O also lies in the charge-transfer picture within the
Zaanen-Sawatzky-Allen scheme. Our exposition of electronic reconstructions and multiorbital models shed light
on theoretical electronic correlation study and experimental exploration of lower pressure superconductors in the

RP series.
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I. INTRODUCTION

The recently consecutive discoveries of nickelate-based
superconductors from infinite-layer nickelates RNiO; (R =
La,Nd,Pr) [1-3] to Ruddlesden-Popper (RP) series nickelates
La,+1Ni, 03,41 (n =2, 3) [4-10], have drawn intensive in-
vestigations in the field of high-7, superconductivity [11-44],
particularly in the aspect of how correlations renormalize the
low-lying electronic states and potentially drive the uncon-
ventional pairing in these compounds [26-40,42]. Also, for
RNiO,, the sample-dependent factors, such as defects, im-
purity, and domains deserve careful consideration [2,45]. For
RP series nickelates, pressure is undoubtedly in the center of
the road map, as the observations of zero resistance always
correlate with a structure transition, and further promote the
electronic reconstructions [4,7,9—11,46]. The reconstructions
exhibit a quite general trend among this series, which is
largely manifested in the upward shift of Ni-d,. states to-
wards Fermi energy [4,11,47]. It is widely believed that such
an upward shift should be responsible for the emergence of
superconductivity. However, there still lacks comprehension
of the dynamic mechanism of these reconstructions, which is
indeed fundamental and indispensable. Furthermore, inspec-
tions of layer dependence is another important aspect. These
are crucial to unveiling superconducting mechanisms in the
RP series.
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In bilayer La3Ni,O7, the structure at ambient pressure
is characterized by octahedral-distorted Amam (space group
63), which transits to octahedral-regular F'mmm phase (space
group 69) roughly in the range of 10 ~ 15 GPa [5,6,8] within
orthorhombic lattice. Surprisingly, this range highly coincides
with the full development of superconducting 7, from O to
80 K [4-6]. For pressure up to ~19 GPa, a higher symmetric
14 /mmm (space group 139) phase within tetragonal lattice is
emergent [48,49], where T, exhibits a certain amount of de-
crease [4-6]. In trilayer LayNiz Oy, an analogous monoclinic
P2, /a (space group 14) phase is characterized at ambient
pressure, which transits to the /4/mmm phase roughly in
the range of 12 ~ 15 GPa. However, the maximal 7, merely
reaches 20 ~ 30 K under a much higher pressure of about
43 GPa [7]. These further suggest some critical roles of pres-
sure to be clear in the series.

In this paper, we perform a comprehensive first-principles
study of trilayer LasNizO;9 for both P2;/a phase at am-
bient pressure (AP) and [4/mmm phase at high pressure
(HP). Our resulting electronic structure and microscopic mul-
tiorbital models strongly suggest an alike superconducting
mechanism as compared with LasNi,O;. Moreover, based
on our DFT results, we clarify the dynamic mechanism of
such electronic reconstructures, which is of importance for
a comprehensive understanding of superconductivity in the
RP series.

The paper is organized as follows. In Sec. II, we first
analyze the structure difference of the P2, /a phase at AP and
I4/mmm phase at HP, which can provide readers a general
understanding of the pressure effect on the lattice level. On
this basis, in Sec. III, we present the detailed settings of
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FIG. 1. Structure of the trilayer nickelate LayNiz;Ojy for both
P2, /a and 14/mmm phases. The red, green, and orange balls repre-
sent the nickel, oxygen, and lanthanum atoms, respectively. The grey
area shapes the Ni-O octahedra. a, b, ¢ denote the lattice constants.

our DFT calculations. In Sec. IV A, we present our main
DFT results, which include band structures and electronic
spectra for both phases, with U = 0, 3.5 eV. The charge
transfer processes and valence under pressure are also par-
ticularly analyzed in this section. In Sec. IV B, we establish
an effective trilayer two-orbital model based on our DFT
results. In Sec. IV C, we investigate the spin susceptibility
based on the model. In Sec. IV D, we further propose a high
energy 16-orbital model. In Sec. V, we provide discussions
regarding the dynamic mechanism of electronic reconstruc-
tions and layer dependence, followed by the summary in
Sec. VL.

II. STRUCTURE TRANSITION UNDER PRESSURE

In trilayer LasNizOj, each Ni ion is surrounded by six
oxygen sites forming NiOg octahedron. The corner-shared
stacking of these octahedrons gives rise to NiO, trilayers, as
well as the important interlayer Ni-O-Ni bond along c¢ axis.
Both structures of the AP P2,/a and HP I4/mmm phases
are demonstrated in Fig. 1. The schematic reveals two ma-
jor differences: (1) For the AP phase, there are perceivable
octahedral tiltings as compared with the HP phase. (2) Also,
both phases are differentiated in the lattice constants under a
V2 x 2 lattice, in which the AP phase shows orthorhom-
bic distortion with unequal a, b lengths, while the HP phase
possesses square structure. According to Ref. [47], the lattice
constants are a = 5.4675, b = 5.4164, ¢ = 27.9564 A for
AP, and a = 5.1769, ¢ = 26.2766 A for HP at 44.3 GPa,
which corresponds to 15% of the lattice collapse. It should
be noted that there are also several other types of structure

distortions in the RP series, such as octahedral rotation
and bond disproportionation of NiOg octahedron. But their
implications on electronic structure are quite insignificant
compared with octahedral tilting [49]. In fact, for LayNiz Oy,
there exists another phase of Bmab (space group 64) at AP
which survives in high temperature. This phase differs from
P2, /a phase by a relative octahedral rotation, while both band
structures are almost indistinguishable around Eg [50].

II1. METHOD DETAILS

Density functional theory (DFT) calculations were per-
formed with VIENNA AB INITIO SIMULATION PACKAGE (VASP)
[51,52], in which the projector augmented wave [53,54]
method within the framework of the local density approxi-
mation (LDA) [55] exchange correlation potential is applied.
The energy cutoff of the plane-wave expansion was set as
600 eV and a I'-centered 20 x 20 x 19 Monkhorst Pack k-
mesh grid was adopted. In structural relaxations, we adopted
the experimental refined lattice constants for both phases [47],
which is the P2, /a phase at ambient pressure and the /4 /mmm
phase at pressure of 44.3 GPa. The convergence criterion of
force was set to 0.001 eV/A and total energy convergence
criterion was set to 10~ 7eV. In band-structure calculations,
we adopted a /2 x +/2 primitive cell for the 74/mmm phase
to have a direct comparison with P2, /a phase, as both contain
six Ni atoms. To obtain the projected tight-binding models, we
further performed Wannier downfolding as implemented by
WANNIERO0 [56] package, in which the good convergences
were reached.

IV. RESULTS

The DFT results are carefully examined, which are in
agreement with previous theoretical calculations [47,50] as
well as the reported ARPES results [57]. On this basis, we
adopted a very large k-mesh size as mentioned before to
determine the precise Fermi level, which is important given
the flat band feature in this material.

A. Electronic structure

In Fig. 2, we present the electronic structures of LayNi3Oqq
for both AP P2;/a and HP I4/mmm phases. Here the upper
and lower panels represent the cases of U =0 and 3.5 eV,
respectively. From these band structures, we can observe the
dominant Ni-d (blue) and d,>_,» (red) orbitals around Fermi
energy, which is quite similar to the bilayer system [4,11,58].
For the Ni-d,> band, it clearly exhibits the characteristic three-
branch structure, which corresponds to bonding, nonbonding,
and antibonding states with increasing energy, as indicated
in Fig. 2(a) [47,59]. Apart from the Ni-e, sector, there also
appear dense bands (grey) away from Ep, which can be found
in the density of states (DOS) [Figs. 2(c) and 2(f)] associating
with the Ni-,, sector around —1 eV (orange) and the La sector
around 3 eV (cyan).

Next, we discuss the electronic reconstructions under pres-
sure. As expected, that pressure is prone to enhance the
itinerancy of electrons, which in our case corresponds to
a ratio of ~1.3 to the increase of bandwidth from AP to
HP, as illustrated in Figs. 2(a) and 2(b) for U = 0 eV and
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FIG. 2. Electronic structure of LayNi3O;9. DFT (LDA) calculated band structures of LayNi;O1g at U = 0eV (a), (b) and U = 3.5¢eV (d),

(e) for AP P2, /a phase and HP 74 /mmm phase. The blue and red colors are spectral weights for d5» and d»

2_,» orbitals, respectively. (c), (f)

Projected DOS of LayNizOyo at AP (left panel) and HP (right panel). The blue, red, orange, green, and cyan colors denote the projection of

Ni-d;>_,2, Ni-dxz,yz, Ni-t5,, O-p, and La orbitals.

Figs. 2(d) and 2(e) for U = 3.5 eV. As we further zoom in
to the Fermi level, for AP phase (left panel), we observe a
very narrow gap relating the bonding and nonbonding bands
at the I' point [47,50]. Forthe HP phase (middle panel), the
bonding band gets upward shifted as a hole pocket for both
U = 0, 3.5 eV. It is worth noting that, for U = 3.5 eV
[Fig. 2(e)], such a hole pocket is almost flat right at Ef,
giving rise to a sharp peak in DOS, further highlighting
a crucial link to the superconductivity [60,61] in the RP
series.

Given such a critical band upward shift under pressure,
we further address the corresponding charge transfer process.
In Table I, we present the orbital occupancies of Ni-d, O-p
orbitals for both phases at U = 0 eV. It is clear that both e,
orbitals are over half filling at AP, while pressure tends to
depress their occupancies, and become almost half filling at
HP. We noted that the decrease of njljzi_yz is hardly identified
in band structure, although it has a relatively smaller amount
than that of ngi. But for the 54 sector, pressure has an opposite
effect, in which ngg‘ is increased from about 5.9 to 6, i.e., fully
filled at HP. Such a trend can also be observed in Figs. 2(c)
and 2(f), in which the #,, spectrum is closer to Ep for AP
phase. Also, for oxygen occupancies, we find their variations
are quite insignificant under pressure. Finally, the table reveals

a slight charge imbalance between the inner and outer layers,
and we find that these trends and magnitudes are quite close to
that of DFT + DMFT results at HP [62]. This highlights that
our results at U = 0eV are also valid for the consideration of
correlation effect.

In view of the above analysis, we can quantitatively obtain
some crucial charge transfer magnitudes from AP to HP based

TABLE 1. DFT calculated (U = 0 eV) orbital occupancies of
LasNizOy¢ for both the AP P2,/a phase and HP 14/mmm phase.
Here "Sx Iy denotes one of the in-plane O-py, p, orbitals that is
elongated along its adjacent Ni site. For n?z, the rows of inner and
outer denote the apical O-p, orbitals that are inside and outside
the trilayer, respectively. Note that for the AP phase, each value is

averaged appropriately over doubled atoms.

Ni Ni Ni (0] (0]

Layer na o n; My R Ipy n,
AP Inner 1.199 1.289 5.874 1.695 1.656

Outer 1.173 1.241 5.942 1.698 1.861
HP Inner 1.066 1.022 5.996 1.675 1.641

Outer 1.077 1.100 5.993 1.696 1.843
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FIG. 3. (a) Schematic of trilayer LayNi; O lattice. The blue and
orange shapes denote Ni-d» and d,>_» orbitals, respectively. Some
of the hoppings of the trilayer two-orbital model are drawn, whose
values can be found in Table II; also see text for details. (b) Elec-
tronic configuration of LasNi;Oy. The arrows indicate nominal
configuration 3d7-3.

on Table 1. Overall, there is an average 3d%3¢ — 34%1# for
Ni ions. Specifically, 2.44 — 2.14 for Ni-¢, and 5.92 — 6.0
for Ni-f;, sectors. However, for oxygen ions, an average ~1.7
valence is persistent. Here, if we assume full ionization of
oxygens, we would alternatively obtain an average d’¢ —
d’', in which the former value is quite close to the nominal
d’* configuration. These charge transfers imply a critical
dual effect of pressure on microscopic electronic structures.
On one hand, pressure promotes a charge redistribution within
Ni-3d orbitals, which can alter the relative renormalization
effects of these orbitals. In particular, the involvement of the
Iy, sector near Ep could enhance the charge fluctuation at AP,
which is relevant to the observed charge density wave [7,63].
On the other hand, the electric neutrality indicates a pressure-
driven charge transfer from Ni to La ions (the transfer to Ni-4s
orbitals is negligible). In fact, from Figs. 2(a) and 2(b), we
can also see a notable drop of the lowest La band from about
2 to 0.7 eV at I point, which implies a general downward
shift of the La spectrum. This feature further indicates an
enhanced d — f hybridization at HP above Ef, especially

J

X/z __ yyx/z
Hllz - H33Z

x/z,1

=/l 4 2t;{ o) (cos ky + cos ky) + 417!

x/z
H;, [1,1]

Hfz/z = Hég/z = tl’g/j‘)’llo + thl/,g’llo(cos ky + cosky),

with the Ni-d,» orbital, which might be observed in resonant
inelastic x-ray scattering signal [64].

B. Trilayer two-orbital model

To gain more insights into the electronic property that is
directly relevant to the superconductivity, in the following sec-
tions, we focus on the HP /4 /mmm phase. Based on the DFT
electronic structure, we further perform Wannier downfolding
on the trilayer Ni-e, orbitals at U = 0 eV, which allows us to
build an effective trilayer two-orbital model:

H=H+Hy, H =) ¥, HEKV,
ko
a=1,2,3

Hy=U ) (minis +nsniy)
i

«a=1,2,3 a=1,2,3
+UT Y s+ U =) Y g
io i
a=1,2,3
il il
+ JH Z (dixaTdixaLdiZaidiZaT
i
—d} did | diy +He) (1
ixg Xg | iz i7e 1 .C.).

The model H is composed of the tight-binding H,
and Coulomb interaction ;. The basis is W, =
(@yo» dvyos Axsos A2y diyors dzw)T, in which d,, denotes
annihilation of a d,>_,» electron in the ath layer with spin o,
etc. The notation of layer is demonstrated in Fig. 3(a). For
Hy , there have four terms in full Kanamori form [65] with
relation U' = U — 2Jy, and U, U’, Jy are on-site Coulomb
repulsions of the same and different orbitals and Hund’s
coupling, respectively.
We further express the tight-binding kernel as

_ | H'&) H%(k)
in which H*/*(k) is the trilayer tight-binding matrix of

d_y/do orbital, and H*(k) is the hybridization between
them. They are expressed as

@

x/z,0 x/z,0

= /20 4 thl/j)’lo(cos ky + cosky) + 4t 7} cos ky cos ky + 215 5" (cos 2k, + cos 2ky),

x/z,1

cos k. cosk, + 2t ) (cos 2k, + cos 2ky),

z __ 2,00
Hyy =150

Hf=Hj; = 269 (cos k, — cos ky) + 2679 (cos 2k, — cos 2ky),

[1,0] [2,0]

H = 265 (cos k, — cosky) + 26554 (cos 2k, — cos 2k, ),

[1,0] [2,0]

We consider the hoppings up to the third-nearest neighbor
in order to accurately describe the low-lying state of our DFT,
which yields a total of 25 parameters listed in Table II. Some
of the major hoppings are demonstrated in the schematic in
Fig. 3(a). Here tf‘l’}o] denotes in-plane nearest-neighbor hop-

ping of d»_,» orbitals inside inner layer, and t[zdyl(?] denotes

H§ = Hy5 = 21777 (cos ky — cosky). (3)

(

perpendicular hopping of d,. orbital between inner and outer
layers. According to the values in Table II, we find that most
of the hoppings are enhanced comparably with respect to
bilayer LasNi,O7. Practically, 7 (; is enhanced from —0.483

to —0.521 (inner) or —0.511 (outer), and t[zé,l(())] from —0.635
to —0.738 [11]. Such enhancement of hopping parameters
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TABLE II. Tight-binding parameters of trilayer two-orbital
model for Lay;Ni;O;( under pressure. z[’j/ Jz.] denotes the hopping term
that is connected by [0,0]-[#, j] bond within d,>_ > /d,» orbital, while
Iy denotes the hybridization between them, all in units of eV. The

symmetrically equivalent terms are not shown for clarity.

Layer i J i )y fig) G
Inner 0 0 1.094 1.081 0

1 0 —0.521 —0.168 0.298

1 1 0.069 —0.018 0

2 0 —0.076 —0.018 0.040
Outer 0 0 0.867 0.683 0

1 0 —0.511 —0.143 0.274

1 1 0.065 —0.015 0

2 0 —0.074 —0.017 0.039
Inner-outer 0 0 0.035 —0.738 0

1 0 0 0.033 —0.057
Outer-outer 0 0 0 —0.078 0

partially reflect a relative weaker correlation of trilayer than
that of bilayer.

Based on the trilayer two-orbital model, we calculate the
densities of d,>_> and d_> orbitals, which are 0.62 and 0.54 for
the inner layer, 0.55 and 0.63 for the outer layer, respectively.
These correspond to an average 3d”"!” configuration, in exact
agreement with previous analysis. According to the configu-
ration, we roughly obtain the schematic depicted in Fig. 3(b).
Here there have about two electrons on the d,» orbital forming
a fully filled bonding state, while the nonbonding state is close
to empty. The remaining two electrons reside on the d,>_
orbital with the same spin alignment.

In Fig. 4, we further show the band structure and Fermi
surface of the trilayer two-orbital model, which is in good
agreement with our DFT results. The model is expressed un-
der the primitive cell that contains only three Ni atoms, hence
the flat band will be unfolded from the I" to M point, as shown
by the y pocket in Fig. 4(b). The figure also reveals another
three pockets «, B, B’ with 8, B’ very close in each other. In
general, the Fermi surface profile as well as the orbital weights
are quite similar to that of the bilayer LazNi,O; [11], as the y
point is uniquely characterized by the d_. orbital and «, 8, B’

EORRS
W\ r

7 dpaye

d»

FIG. 4. (a) Band structure and (b) Fermi surface of trilayer two-
orbital model. The color bar indicates the orbital weight of Ni-d;_>_
and d,2_,». The grey lines in (a) are band structures from DFT (LDA,
U = 0eV). The diamond shape in (b) indicates the folded Brillouin
zone.

—T

—Tr dz2 dZZ - dzz e

—y2 — dzz,yQ T —T

FIG. 5. RPA spin susceptibility x"®" of trilayer two-orbital
model. U =3.5,J = U/10 are adopted in the calculation. (a) Or-
bital sum x X =3 xR (b)—(d) Orbital resolved x**™. An
amplify factor of 2 is used in (b), (c).

pockets by mixing of d,> and d,»_,> orbitals. Finally, we note
that the band structure shows a slight deviation from DFT
at the X point under Ep, which is a compromise for a more
accurate fitting of the Fermi surface during our modeling.

To illustrate the bonding feature in LasNizO,o, we perform
a rotation of the orbital basis under the trilayer symmetry, in
which we define the new basis as

®=(c,c,0), cx= %(dl td3),
with d applied for both d, and d, operators. When along
the nodal direction (|| = |k,|), the two e, orbitals are well
decoupled as the off-diagonal H**(k) = 0 in Eq. (2). In this
case, we can find that the nonbonding state is decisively
characterized by the c_ state, namely, a sign-reversed super-
position of states from two outer layers, while the bonding
and antibonding states are associated with mixing of both
¢y, c states [66]. For the most concerning bonding band of
the Ni-d,> orbital, we can find that it is characterized by the
positive superposition of ¢, and ¢, which corresponds to a
more elongated Wannier wave function along the c axis.

c=d, &

C. Spin susceptibility

The multi Fermi surface sheets of LasNi3;O;o implies some
possible magnetic instabilities that might be observed in ex-
periments. In Fig. 5, we present the spin susceptibility of
a trilayer two-orbital model at @ = 0 under random phase
approximation. The total orbital-summed xR = )" ysRPA
[Fig. 5(a)] shows a broad magnetic 51gna1 over the whole
Brillouin zone, just like that in Ref. [62] as well as in a bilayer
system [11,23,41]. Still, we can observe notable enhance-
ment at some particular regimes reflecting fine nesting of
the Fermi surface, especially at wave vector q = (£7, £%).
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From orbital-resolved x"-RP* [Figs. 5(b)-5(d)], we find that it
has a major d» character, also the contribution from the d,>_,»
orbital is non-negligible. Remarkably, the Fermi surface in
Fig. 4(b) shows that such wave vectors are more associated
with nesting within 8, 8’ pockets which possess a quasi-1D
feature and strong orbital mixing instead of o, y pockets.
This conjecture is also evidenced in XfPA by the appearance
of a Moire pattern along these wave vectors, reflecting the
quasidegeneracy of B, 8’ pockets. This highlights that the
dy_y» orbital is also important for the magnetic fluctuation
of the ground state in LayNi3Oyo, despite it having a rela-
tively weak correlation than d orbital [57]. Recently, the
magnetic signal at this wave vector has been unambiguously
revealed in a RIXS experiment for a bilayer system, indi-
cating a corresponding double-stripe spin texture [67]. But
according to the early experimental probe [63], the trilayer
system, in fact, possesses an incommensurate magnetic wave
vector (0.627, 0.627), which is a bit deviated from the bi-
layer. We conjecture that such deviation is related to the
strong interplay with a charge density wave or possibly charge
fluctuation [68].

D. Sixteen-orbital model

In the previous trilayer two-orbital model, the oxygens
are implicitly incorporated and the Ni-d orbital should be
interpreted as a ligand-hold state in the sense of Sawatzky’s
picture [69,70]. In a dynamic mean-field theory (DMFT)
study, the mapping from lattice to impurity problem requires
explicit consideration of these conduction degree of freedoms
[22,71]. Therefore, we further perform Wannier downfolding
on both Ni-e, and O-p orbitals. For each of the in-plane
oxygens, we only pick one of the p./p, orbitals that is
elongated along its adjacent Ni site, as is usually done in a
CuO; plane [71]. For apical oxygens, only p, orbitals are
selected. These yield a 16-orbital basis as demonstrated in
the schematic in Fig. 6(c). In this basis, it is sufficient to
consider merely 12 hopping parameters, which include the
dominate nearest-neighbor dp, dd overlaps as listed in Ta-
ble III. In this table, each hopping term is indicated by the
orbital pairs which are connected by real-space vector [i,j,k],
as can be located in the schematic. Note that the symmet-
rically equivalent terms are not shown for clarity. The site
energies of these orbitals are also presented in the last two
panels. The resulting band structure and Fermi surface are
shown in Figs. 6(a) and 6(b), which are all in good agreement
with our DFT results. The band structure covers an energy
range of —9 ~ 3 eV, with strong split into two parts. We
find there appear two flat bands in the lower part, which are
originated from two dangling p/, orbitals with strong coupling
to apical d,. orbitals. The huge band split indicates a signif-
icantly large energy scale of dp hybridization, from which
the effective direct dd couplings emerge, as illustrated in our
trilayer two-orbital model. This model will be important for
further study of strong correlation effects and superexchange
couplings.

According to the table, the site-energy differences within
the NiO, plane are calculated as €, — €,,, = 3.42eV and
€, — €py, = 3.68¢€V, respectively, for inner and outer lay-
ers. Along the apical direction, the energy differences are

d.»

[ ]
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@< @Px1
[/
4
pZ
Inner:2
p.
1 ‘O v
: d12_y2 @ QP
d,2 I
H
Pz Outer:3
x’.py3
@ > D@Px3
" z

FIG. 6. (a) Band structure and (b) Fermi surface of 16-orbital
model. The color bar indicates the orbital weight of Ni-d;2_,> and
d_,» orbitals. The grey lines in (a) are band structures from DFT
(LDA, U = 0eV). The diamond shape in (b) indicates the folded

Brillouin zone. (¢) Schematic of 16 orbitals for 16-orbital model.

€, — €, =347eVore, —¢, =3.14 eV. Compared with
bilayer, these magnitudes are quite similar, and both suggest
a relative smaller energy difference between d,» and apical p,
orbitals than that of the cuprate counterpart. This implies that
LasNi3Ojg should also lie in the charge-transfer picture [22],
and would favor a strong interlayer superexchange coupling
[72,73]. However, for trilayer, the microscopic superexchange

TABLE III. Tight-binding parameters of 16-orbital model for
LayNizO,o under pressure, in unit of eV. The corresponding orbitals
are displayed in Fig. 6(b). The symmetrically equivalent terms are
not shown for clarity.

Hopping dy — p; dy, — Pz dx, — px, dy, — px
[0,0.3] [0,0.3] [5.0.0] [5.0.0]
t 1.911 1.523 1.681 1.676
Hopping d; —p. d;, — px, dy — py Px — Py,
[0,0.3] [5.0,0] [5.0.0] 3. 3.0
t 1.591 —0.938 —0.887 0.604
Hopping Py~ Py P:~ Py P: =~ Pa {J’z =Py
gaQ,O] 57(), 2] 57(), 3] [2307_5]
t 0.553 0.597 0.577 —0.465
Site €y, €, €, €,
Energy —1.431 —1.354 —1.075 —1.027
Site €px; €pxy €p. 61’2
Energy —5.109 —4.757 —4.494 —4.149
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couplings is supposed to be more complicated as there involve
at least three d,. and p, orbitals. For example, the superex-
change process of d» — p, — d,» between two adjacent layers,
which is believed to be dominant in the bilayer system [73],
would be depressed in trilayer due to interference from other
dp and p, along the ¢ axis, and we believe that might be the
reason for a much lower transition temperature in La4Ni3Oy.
Also, such speculation is in line with the fundamental concept
that correlation is depressed in higher dimensions.

V. DISCUSSION

The microscopic charge transfer processes as well as the
associating dual effect reflect two impulses from pressure.
For the first one, the charge transfer from Ni-e, to #,, under
pressure can be directly attributed to the octahedral tilting
as illustrated in Sec. II. Meanwhile, a lattice that possesses
higher symmetry is generally preferred by a uniform pres-
sure, which corresponds to the /4/mmm phase in the case
of the RP series. This can be simply understood from the
definition of enthalpy H = U + PV, which shows that pres-
sure would push the lattice to a higher energy state, where
the symmetry unbreaking state is preferred. For the second
one, the partial charge transfer from Ni-d to La ions essen-
tially reflects an urge from lattice collapse, which is strongly
reminiscent of the lanthanide contraction effect [74]. In the
lanthanide series, the removal of correlated 4 f electrons un-
der pressure (or lowering temperature) causes a decrease
of screening from the nucleus charge, so the outer valence
electrons are sucked in closer to the nucleus, further caus-
ing a decrease in ion radius [74]. More importantly, the
partial filling of these correlated orbitals gives rise to va-
lence fluctuation phenomenon. In RP series compounds, an
analogous dynamic mechanism should be applied, which sug-
gests a likewise enhanced valence fluctuation under pressure.
In this sense, the superconductivity can be interpreted as
an unexpected outcome of valence fluctuation within Ni-e,
orbitals.

Based on the above analysis, we further elucidate the
dynamic mechanism of electronic reconstructions under pres-
sure. As we gradually apply pressure onto the lattice, both
effects happen simultaneously, jointly leading to the upward
shift of the Ni-e, spectrum. Note that their respective contri-
butions should be different, and according to our results, the
second effect has the dominate role. However, the first effect
might also be indispensable, as there is a conjecture that the
straightening of the apical Ni-O-Ni bond angle can signifi-
cantly enhance the perpendicular superexchange J,, which
is crucial for the occurrence of superconductivity. Once the
pressure is high enough for such bond angle to reach formal
180°, it corresponds to a structure transition. For even higher
pressure, a new situation appears. In this stage, the oxygens
within the NiO, plane start to move along the ¢ axis, leading
to a separation of the basal oxygens and Ni planes, but it
maintains the invariance of a I4/mmm structure [49]. This
structure variation is related to a further lattice collapse along
the a/b axis, while the collapse along the ¢ axis has largely
depleted in the early stage. In this stage, it can be expected
that there should be a charge transfer from the Ni-d» to d,2_,
orbital, further pushing the Ni-d. spectrum towards higher

energy. Overall, we believe our exposition of the dynamic
mechanism of electronic reconstructions is particularly help-
ful for theoretical understanding of electronic properties in
the RP series, which can inspire various further theoretical
investigations on various aspects, such as valence fluctuation,
superexchanges, correlation renormalization effect [42,75],
orbital selective property [11,39,67,76,77], strange metal
behavior [7,78], and the interplay with spin/charge density
wave fluctuations [63]. Moreover, it sheds light on experi-
mental exploration of superconductors under low pressure via
chemical substitute.

Finally, regarding the layer dependence, our investigations
on electronic properties of LayNi3Oj¢ have strongly recom-
mended a similar superconducting mechanism among the RP
series, in which the increase of layer seems to trivially play
a negative role. We tend to believe the suppression of T,
is largely related to the decrease of correlation, while the
latter can be understood in such a way: As the bonding
state of the d. orbital always has a Wannier function that
is elongated along the c axis all over the layers, the increase
of layer indicates a more extended ground-state wave func-
tion, which in turn weakens the correlation. If so, it would
be unsurprising that superconductivity is fully depressed in
quadlayer LasNizO;3 even which possesses an alike Fermi
surface profile [50]. Nevertheless, such an experimental ob-
servation is still of significance. All these features highlight
that the RP series is a perfect platform for theoretical under-
standing of the unconventional superconducting mechanism.
Also, the role of the even-odd effect, which governs the
excitation gap in local spin—% chain, remains clear in the
series [59,79,80].

VI. SUMMARY

In summary, we performed comprehensive DFT calcula-
tions on RP series La4NizO;¢ for both AP P2;/a and HP
14 /mmm phases, with U = 0, 3.5 eV. Our results clearly reveal
the characteristic upward shift of the Ni-d,> bonding band un-
der pressure, suggesting a crucial link to the superconductivity
in the RP series. Our analysis of electronic spectra as well
as orbital occupancies indicate a charge transfer of 3d%36 —
3d®!'* under pressure, specifically, 2.44 — 2.14 for Ni-e, and
5.92 — 6.0 for Ni-t5, sectors. These trends indicate a criti-
cal dual effect of pressure, in which pressure, on one hand,
promotes a charge redistribution within Ni-e, and #,, sectors.
On the other hand, pressure drives a partial charge transfer
from Ni to La ions. On this basis, in the discussion, we fully
unveil the dynamic mechanism of electronic reconstructions
under pressure, which sheds light on theoretical understanding
of electronic correlations and superconductivity, as well as
on experimental exploration of superconductors with lower
pressure.

Based on our DFT results, we proposed a trilayer two-
orbital model by performing Wannier downfolding on Ni-e,
orbitals. This model reveals four Fermi pockets «, 8, 8/, ¥,
which is very close to that of LayNi3Oy, suggesting a similar
superconducting mechanism in the RP series. Also, our cal-
culated RPA spin susceptibility suggests that d,>_,» orbitals
should also be important for the magnetic fluctuation in RP
series.
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To gain insights into the charge-transfer property within
the Zaanen-Sawatzky-Allen (ZSA) scheme, we further pro-
posed a high energy 16-orbital model based on Wannier
downfolding on both Ni-¢, and O-p orbitals. The model also
well reproduces the low-lying band structure, with merely
12 nearest-neighbor dd, dp hoppings. The site energies of
the model show that the energy differences between Ni-d
and O-p orbitals are close to that in bilayer, which are 3.42
and 3.68 eV, respectively, for inner and outer layers between
dy>_y» — px/py, and 3.47,3.14 eV for apical d> — p; orbitals.
This implies that LasNiz3Oj¢ also lies in the charge-transfer
picture within ZAS scheme. In short, the 16-orbital model as
well as the trilayer two-orbital model are important for future
study of strong correlation effects and unconventional pairing
symmetry.

Note added. Recently, we noticed several works [81-87]
showing consistency with our results.
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