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Recently, signatures of superconductivity with critical temperature from 20 to 30 K have been reported in
pressured trilayer nickelate LasNizO1¢ through a pressure-induced structure transition. Here we explore the
evolution of electronic structures and electronic correlations in different phases of LasNi3O1¢ under correspond-
ing pressure regions, by using density functional theory (DFT) combined with dynamical mean-field theory
(DMFT). Similar to bilayer superconductor LazNi>O7, the electronic bands in superconducting LasNizO1q are
dominated by Ni-3d,2_,2 and 3d 2 orbits near the Fermi level, in contrast, the inner Ni-O plane in LasNizO10
generates a doublet hole-pocket Fermi surfaces around the Brillouin-zone corner, meanwhile one branch of the
Ni-3d.2 bands is pushed very close above the Fermi level, which can induce an electron pocket through small
electron doping. The DFT+DMFT simulations suggest that the electronic correlations only give minor modifi-
cation to the Fermi surfaces, meanwhile the Ni-3d .2 and 3d,2_ 2 states on outer Ni-O layers have considerable
greater mass enhancements than on the inner layer. The sensitiveness of electronic structure under doping and
unique layer dependence of correlation suggest a distinct superconducting mechanism with respect to bilayer
LasNi2O7. Based on the DFT and DFT+DMFT simulations, we eventually derive a trilayer effective tight-
binding model, which can produce rather precise electronic bands and Fermi surfaces, hence can serve as an
appropriate model to further study the superconducting mechanism and paring symmetry in trilayer LasNizO1g.

I. INTRODUCTION

Recently, experimental evidences have shown that the nick-
elate LasNipO7 exhibits high-temperature superconductivity
with transition temperature 7. exceeding 80 K under high
pressure [1, 2], which has aroused widespread research inter-
est. Similar to cuprate high-temperature superconductors, the
superconductivity of LagNiyO7 arises on bilayer Ni-O planes
and can be described by an effective tight-binding model in-
volving 3d .2 and 3d,2_, orbits of Ni [3-5]. Although there
are still controversies over the superconducting (SC) pairing
mechanism and symmetry in LasNisO7 [6-12], growing ex-
perimental and theoretical evidences suggest the unconven-
tional nature of superconductivity [13—19] and that the driving
force of SC pairing is closely related to the magnetic correla-
tions between Ni-d,2 orbits [7, 20-26]. Very recently, super-
conductivity has also been discovered in LagNizO;( with tri-
layer Ni-O planes [27, 28]. Likewise, LayNizO1¢ also under-
goes a structure transition to a higher-symmetric phase before
superconductivity emerges [29]. However, unlike the cuprate
superconductors with highest 7 in trilayer systems [30], the
SC transition temperature in trilayer LayNizO1¢ (77 from 20-
30 K) is significantly lower than bilayer LazNio O [1], which
poses a new challenge to the theoretical understanding of
nickelate superconductivity.

In this article, we explore LasNi3O; through first-principle
calculations, and reveal the electronic structures of differ-
ent crystal structures emerging in corresponding pressure re-
gion [29, 31]. We find that the 74/mmm symmetry of the SC
phase at high pressure possess a similar electronic structure to
the SC phase of LagNi2O~, however, due to the trilayer Ni-O
planes, the Fermi surfaces have doublet hole pockets around
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FIG. 1: Crystal structures of (a) I4/mmm, (b) Cmca and (¢c) P21 /a
phases of LasNizO1.

the Brillouin zone corners, and slight electron doping can
give rise to an additional electronic pocket around the Bril-
louin zone center. Besides, DFT+DMFT calculations illus-
trate that the electronic correlations is considerably stronger
on the outer Ni-O layers than on the inner layer. In addi-
tion, the Fermi surfaces of C'mca [31] and P24 /a [29] struc-
tures at ambient or low pressures are similar to each other,
and can be properly reconstructed by the Fermi surface of
I14/mmm phase through Brillouin-zone folding. In this con-
text, we have fitted a tight-binding effective model for SC
La,Ni3O1, which can well describe the electronic and Fermi
surface structure thus can serve as an appropriate model for
further studying the SC mechanism and pairing symmetry of
trilayer nicklate superconductors.
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FIG. 2: DFT ((a), (¢)) and effective-model ((b), (d)) bands for 74/mmm phase of LasNizO1. In (a), the dashed black lines denote the fitted
Wannier bands. (a) and (b) illustrate the orbital-projected bands, in which the red, blue and green colors denote Ni-3d.2, 3d,2_,2 and t24
bands, respectively. In (c) and (d), red and blue colors denote contributions from inner and outer Ni-O planes, respectively.

II. ELECTRONIC STRUCTURE AND FERMI SURFACES

Firstly, based on the density functional theory (DFT) em-
bodied in the Vienna ab-initio simulation package (VASP),
we discuss the electronic structures of different phases of
LayNi3O;¢ emerging in corresponding pressure regions. Un-
der ambient and low pressures, literatures have reported two
similar structures, with C'mca [31] or P2;/a [29, 32, 33]
space groups, respectively. At around 12.6 to 13.4 GPa, a
structure transition takes place from monoclinic P21 /a to the
tetragonal 74/mmm space group [29]. These three structures
are illustrated in Fig. 1 (a-c). The orientation of NiOg octahe-
drons in 74/mmm is uniform, forming trilayer Ni-O planes
with an intra-plane square-lattice structure. While in C'mca
and P2, /a structures, the nearby NiOg octahedrons are tilted
with opposite angles along lattice a axis (which is along intra-
plane next-nearest-neighbor Ni-Ni direction), arranging in a
staggered manner along both intra-plane and vertical direc-
tions. For P2, /a phase, the tilted NiOg octahedrons are fur-
ther distorted slightly along the Ni-O bonds which are origi-
nally perpendicular to the Ni-O planes. For both C'mca and
P2, /a phases, the unit cell on Ni-O planes are doubled than
in I4/mmm phase.

Fig. 2 (a) illustrates the orbital-projected representation of
the DFT bands for I4/mmm phase along the high symmetric
path on the k£, = 0 plane in the Brillouin zone, which cor-
responds to the two-dimensional square-lattice Brillouin zone
of Ni-O planes. It can be seen that the electronic bands near
the Fermi energy are mainly constructed by 3d.» (red) and
3dy>_,> (blue) orbits of Ni atoms. Therefore, the Fermi sur-
faces (FSs) are also composed of these two states, as shown

in Fig. 4 (a) and (b). The hole pockets around M points at the
Brillouin corner are contributed by the 3d.= orbit, while the
electron pocket around I" point at the center and the large hole
pockets around M are formed by mixture of these two orbits.
Fig. 2 (c) shows the electronic bands projected by different
Ni-O layers. In comparison to LagNi>O7, the inner Ni-O layer
in LayNi3O; gives rise to two additional energy bands (the
third and sixth bands from bottom to top, denoted by red), re-
sulting in two nearby hole pockets surrounding M (mixed by
two e, orbits). Besides, the inter-layer interactions through
the inner Ni-O layer push the fifth bands (contributed by outer
planes) much closer to the Fermi level, hence induces a small
electron pocket (by 3d,2 orbit) near I on k. # 0 plane, see
Fig. 4(a).

In Cmeca and P2 /a phases, the NiOg octahedrons on
trilayer Ni-O planes undergo distortion in a staggered man-
ner [29, 31], dividing the Ni atoms into two different sublat-
tices. Since the six electronic bands near the Fermi level in
I4/mmm phase are mainly constructed by e, orbits of Ni,
therefore, twelve e, bands emerge near the Fermi level in
Cmca and P24 /a phases, which can be understood in terms
of the Brillouin-zone folding of the six e, bands of I4/mmm
phase. The projected electronic bands of C'mca and P21 /a
phases are shown in Fig. 3 (a) and (b), respectively. It can
also be seen that the twelve Ni-e, bands in C'mca phase are
quite similar to the folded bands (Fig. 3 (c)) computed by
generalizing the effective model of 74 /mmm phase into two-
sublattice structure, which can be ascribed to the small de-
flection angles of the NiOg octahedrons in C'mca phase. By
contrast, the electronic bands of P2 /a phase are a bit more
deviated from the folded bands of I4/mmm phase, due to
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FIG. 3: Projected DFT bands of (a) C'mca and (b) P21 /a phases, in which the red, blue and green colors denote Ni-3d2, 3d,2_,2 and t2,
components, respectively. (c) Folded bands from the effective model of 74 /mmm phase, which can nicely construct the C'mca bands in (a).

In (a) and (b), the dashed black lines denote the fitted Wannier bands.

FIG. 4: Fermi surfaces (FSs) of I4/mmm phase in (a) three dimen-
sional lattice Brillouin zone and (b) on £, = 0 plane. (c) and (d)
show the FSs of C'mca and P21 /a phases on k. = 0 plane (corre-
sponds to the folded Brillouin zone in (b)), respectively.
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FIG. 5: (a) FSs of I4/mmm structure from effective two-orbital
model. (b) FSs via folding into the contracted Brillouin zone (within
the dashed square). In (b), the Fermi energy is set slightly higher
than (a), thus additional small electron pockets emerge at the center
and corners.

further tilting of NiOg octahedrons in P2;/a phase. As dis-
played in Fig. 4 (c) and (d), the FSs of Cmca and P21 /a
phases are similar to each other and coincide with those re-
ported in Ref.[27, 29]. As will be shown in the following,
the FSs of both C'mca and P2, /a phases can be qualitatively
regard as the Brillouin-zone folding of the /4/mmm FSs in
Fig. 4 (b).

III. EFFECTIVE TIGHT-BINDING MODEL

In order to investigate the consequence of trilayer Ni-O
planes on the electronic structure and SC pairing mecha-
nism, we intend to extract an effective lattice model of the
SC I4/mmm phase of LagNizO1o. Firstly, we project the
DFT bands into a subspace containing six Ni-e, orbits by
using maximum-localized Wannier function implemented by
Wannier90 package, thus obtain the tight-binding (TB) coef-
ficients between these e, orbits. The hopping parameters in
LayNi3O;¢ seem slightly greater than in LagNi2O7 [4] over-
all, which may imply that the former are less correlated. The
corresponding Wannier bands are shown as dashed lines in
Fig. 2(a), which show good agreement with the DFT bands.
Afterwards, for the Wannier coefficients, we retain the TB co-
efficients between ¢, orbits to the order of next-next-nearest-
neighbor, thus obtaining a simplified TB model on a two-
dimensional square lattice describing the trilayer Ni-O planes,
of which the model parameters are given explicitly in Tab.
IT in the appendix. The resulting non-interacting electronic
bands of the extracted simplified TB model are shown in
Fig. 2(b) and (d), which can properly reproduce the orbital-
projected and layer-projected representation of DFT bands in
(a) and (c). The FSs calculated by the effective TB model are
shown in Fig. 5(a), indicating good agreement with the DFT
FSs in Fig. 4(b). Similar to the bilayer nikelate supercon-
ductor LagNixO7 [1, 4], LayNi3O;q also exhibits an electron
pocket o around the I' point (contributed by two ¢, orbits,
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FIG. 6: Layer contributions of the FSs of 4/mmm structure from
effective two-orbital model.
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FIG. 7: FSs of I4/mmm structure from effective two-orbital model
under increasing electron doping. From (a) to (b), the doping con-
centration increases from 0.0015 to 0.03.

with average filling 0.12) and hole pockets 8 around M points
(formed by 3d.- orbit, with average filling 0.81). In addition,
LasNi3O;¢ possesses two nearby hole pockets « around M
point (constructed by mixture of two e, orbits), one of which
is induced by the inner Ni-O plane (see Fig. 6), and the conse-
quence of such doublet hole pockets to the superconductivity
deserves deeper understanding. The large electron filling of
5 hole pocket indicates that the 3d.2 orbits are subjected to
Coulomb repulsion, which should be correctly included in the
effective TB model, see appendix. Due to proximity of the
fifth band to the Fermi level (see Fig. 2(a)), a slight electron
doping can induce a small electron pocket around I" point, see
Fig. 7, the consequence of which to superconductivity should
be further examined.

For C'mca and P24 /a phases, the FSs on k., = 0 plane can
also be reproduced qualitatively by the effective TB model
of I4/mmm phase through Brillouin-zone folding along the
boundaries of the extracted Brillouin zone (dashed lines), the
result is illustrated in Fig. 5(b), which agrees well with DFT
FSs in Fig. 4 (c) and (d). It is worth noting that the SC
phases in both LasNi»O7 and LayNi3O;q favor the aligned
NiOg octahedrons perpendicular to the Ni-O planes [1, 29],
thus the physical origin of the disadvantage of tilted NiOg oc-
tahedrons to superconductivity should be further studied and
understood.
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FIG. 8: DFT+DMFT self-energies of Ni atoms in 74/mmm phase,
on (a) imaginary- and (b) real-frequency axes, respectively.

IV. LAYER-DEPENDENT ELECTRONIC CORRELATION

Since the superconductivity of LayNi3O;9 emerges after
the density-wave like magnetic order is suppressed at high
pressure [27, 28], the electronic correlations particularly the
spin correlations may play a crucial role in the SC pairing
mechanism. In order to study the electronic correlations,
we employ the DFT+DMFT algorithm embodied in EDMFT
package [34], which is a powerful tool in simulating the cor-
related materials. We employ the on-site Coulomb repul-
sion U=5.0 eV and Hund’s coupling Jy=0.7 eV on Ni-3d
orbits, which are typical value used for nickelates [22], and
we use the hybridization expansion version of the continuous-
time quantum Monte Carlo method (CT-QMC) as the im-
purity solver. Fig. 8 shows the imaginary parts of self-
energies of Ni atoms, which indicates a notable orbital and
layer dependence. In Fig. 9(a), we illustrate the momentum-
resolved spectral function of 74/mmm phase at temperature
T=230 K, in which the spectral weights of two e, orbits are
represented by different colors. Near the Fermi level, the
momentum-resolved spectral functions turn out to be close re-
lated to the DFT bands in Fig. 2(a). The similarity between
DFT and DFT+DMFT bands suggest that the electronic cor-
relations give only minor modification to the FSs, therefore
the FSs deduced by the non-interacting part of the effective
TB model in Fig. 5(a) can provide appropriate description
to the FSs even at presence of electronic correlations [35].
Noticeably, the energy spreading of DFT+DMFT bands are
remarkably reduced in comparison to the DFT bands, lead-
ing to enhancement of quasi-particle mass m*/mp gp, which
can be evaluated through the quasi-particle spectral weight

Z = 1/(1 - Zn)|, o4) by m* /mppr = 1/Z, with
the results listed in Tab. I). Ni-e, orbits on the outer layers
have considerably greater mass enhancements than on the in-
ner layer, which reflects that the outer layers are more corre-
lated and may be more responsible to the formation of super-
conductivity. Beside, on outer layers, d,» orbit has a much
greater mass enhancement than d»>_,» and to, orbits, imply-

ing d,» orbits are more correlated, in accordance with the
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FIG. 9: Momentum-resolved spectral functions for (a) 74/mmm, (b) Cmca and (c) P21 /a phases at 230 K, respectively. In (a) the red, blue
and green colors denote the components of 3d 2, 3d,2_ 2 and t24 orbits, respectively.

TABLE I: Quasi-particle mass enhancements m™ /mprr of Ni-3d
states in 14/mmm phase of LasNizO10 through DFT+DMFT cal-
culation, which show slight increase upon cooling.

116 K 230 K
d,> 3.72 3.47
outer layers dy2_ 2 2.69 2.52
tog 1.32 1.32
d.2 1.75 1.73
inner layer dy2_ 2 1.73 1.74
tog 1.28 1.28

flat 3d,> bands in the spectral function in Fig. 9(a). The
strongly-correlated electronic character indicates an uncon-
ventional SC pairing mechanism, therefore, the electronic cor-
relations should be treated properly, particularly for the corre-
lated 3d.- orbits which has a filling factor ~ 0.81 remarkably
higher than half filling. It should be noted that the mass en-
hancements on the outer (inner) Ni-O layers in LayNizOq
are stronger (weaker) than trilayer LagNioO7 (which is 2.74
at 220 K [22]), indicating that in LayNi3O;¢ the SC pair-
ing mechanism is rather distinct to LagNi2O~, and should be
deeply investigated in the context of the trilayer structure.

The spectral functions of C'mca and P2;/a phases are
illustrated in Fig. 9(b-c). Beside the reduction of energy
spreadings, the spectral functions are compatible to the DFT
bands in Fig. 3(a) and (b), respectively, which in turn confirms
the validity of Brillouin-zone folding in the understanding of
DFT bands and FSs of C'mca and P2, /a phases in terms of
I4/mmm bands, as previously shown in Fig. 3(c) and Fig.
5(b).

V. CONCLUSION AND DISCUSSION

To summarize, we have explored the electronic structures
and electronic correlations in distinct phases of LasNi3Oqg
under different pressure regions. We suggest that under am-
bient and low pressures, the electronic bands and Fermi sur-

faces of C'mca and P2 /a phases can be constructed quali-
tatively through the superconducting /4/mmm phase in the
context of Brillouin-zone folding, as a consequence of tilted
NiOg octahedrons in C'mca and P24 /a phases. Similar to the
trilayer nickelate superconductor LagNiaO7, in SC I4/mmm
phase of LayNi3 O, the electronic bands near the Fermi level
are dominated by the e, orbits of Ni-3d states, in which the
3d,>_,» orbit constructs a electron pocket around the Bril-
louin center, and the 3d,= state forms hole pockets around
Brillouin-zone corners. Notably, the additional inner Ni-O
plane in SC LayNi3O;q gives rise to a doublet hole pock-
ets surrounding Brillouin zone corners, which are contributed
by mixture of 3d,>_,» and 3d.» states. Besides, the pres-
ence of inner Ni-O plane pushes one branch of 3d.> bands
much closer to the Fermi level, thus can induce a small 3d-
electron pocket around the Brillouin-zone center under slight
electron doping. By using DFT+DMFT simulations of the
SC I4/mmm phase, we verify that the electronic states near
the Fermi level are dominated by Ni-3d,>_,> and 3d.- states,
though the Fermi surface structure are only weakly modified
by electronic correlations, the electronic states near the Fermi
level are correlated with remarkably enhanced quasi-particle
mass, particularly for the Ni-3d,> state. Notably, 3d states
on the outer layers are considerably more correlated than on
the inner layer. In this context, we have extracted an effec-
tive two-orbital tight-binding model for the 74/mmm phase,
which is appropriate for further studying the SC pairing mech-
anism and pairing symmetry in trilayer nickelate LasNi3O.

In comparison to the bilayer LaszNi,O7, the hopping
strengths in LagNi3O;( are overall greater, leading to weaker
electron correlations than the former. Since the inter-layer ver-
tical hybridization between d .2 orbits (e; = —0.7 eV) domi-
nates over the intra-layer hybridization (t; = —0.15 ~ —0.16
eV), the leading spin correlation is the inter-layer spin-singlet
pairing <, which is induced by the superexchange coupling
between inter-layer d.2 bonds with strength J; = e2/U [3].
Under the trilayer structure, the inter-layer spin-singlet pair-
ing in LayNi3O;9 may be partially reduced with respect to
the bilayer LazNiaO7, due to the inner layer which interacts
with both outer layers, causing some frustration-like effects.
The possible reduction of spin-singlet pairing may further give



rise to the consequence that the SC pairing in LasNizOq
may be dominated by two outer layers which have greater
electronic and spin correlations, and additional, the inter-
layer hybridization of d,= orbits between two outer layers
(ga = —0.105 eV) leading to an unignorable superexchange
J = ¢2/U which acts as a frustration and further reduce the
spin-singlet pairing . In this context, the lower SC transi-
tion temperature in LayNi3O;¢ than LagNioO7 may attribute
to weaker correlation effect and the trilayer structure, which
can be examined in further study based on our effective TB
model. In addition, the FSs of d> state in LayNizO1q are sen-
sitive to electron doping (Fig. 7), which may lead to drastic
influence to superconductivity.

VI. APPENDIX: DESCRIPTION OF THE EFFECTIVE
TIGHT-BINDING MODEL

For the trilayer Ni-O planes, by defining ®y, =
(cfclg)dfclg) c@d@c@d@), in which the superscripts 1, 2, 3
denote the upper, inner and lower Ni-O planes, ¢ and d rep-
resent the annihilate operators for Ni-3d,2_,> and 3d.> or-
bits, respectively, the non-interacting part of the effective
TB Hamiltonian can be written as a compact matrix form
Ho = D ko <I>I{0Hk<1>ka, in which the summation of k is re-
stricted in the Brillouin zone of square lattice, and the Hamil-
tonian matrix reads

Hy;y Hyo Hyz H;; Hi» Hys
Hy = Hoy Hyy, Hpz | = | Hi2 Hoo Hyp | . (1)
Hsz; Hjso Hss H; Hi» Hy

Since the two outer planes are equal to each other, the above
equation has taken the relations Hzs = Hj;, Hos = Hjo,
with
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in which A (d,t,t',t") = d + 2t(cosk, + cosky) +
4t cosky cosk, + 2t"(cos2k, + cos2ky), w(t,t") =
2t(cosky — cosky) + 2t"(cos 2k, — cos2k,). As shown in

()t )

Fig. 10, in the effective TB model, the hopping parameters ex-
tracted from the Wannier coefficients are approximated to the
order of next-next-nearest-neighbor (with displacement 2a or
2b), with strength (in unit of eV) listed in Tab. II. The chem-
ical potential 1 = 10.83 eV is set equal to the Fermi energy

te,ta,tac

FIG. 10: Tight-binding parameters in the effective TB models on
trilayer Ni-O planes. The green dots denote Ni atoms, among which
the red, black and blue links denote the intra-plane, inner-outer and
outer-outer hopping parameters. Corresponding hopping strengths
are listed in Tab. II.

in DFT. In these parameters, e denotes local potential; e and
g denote hybridization among neighbor layers and two outer
layers along perpendicular direction, respectively; ¢ denotes
intra-layer hopping strength; s denotes the hybridization be-
tween nearby layers; r denotes the hybridization between two
outer layers. The subscripts dc denote the hybridization be-
tween d and c orbits. During the Wannier fitting, the TB pa-
rameters are found to be slightly different between inner and
outer layers, for which the parameters are denoted by super-
scripts (i) and (o), respectively. The nearest-neighbor, next-
nearest-neighbor and next-next-nearest-neighbor (measuring
in terms of on-plane projection) components in ¢, s and r are
denoted by no superscript and superscripts ’ and ”, respec-
tively, see Fig. 10. Since the Ni-3d,2 state constructs 5 hole
pockets with filling factor 0.81 remarkably larger than half-
filling, the on-site Coulomb repulsion between 3d.> electrons
should be included in the effective TB model, with the in-
teracting part as H;p: = Zi)l Unf%né%, where [ = 1,2,3
denote layer numbers, then the entire Hamiltonian of the ef-
fective TB model reads H = Ho + Hine.
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