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Motivated by the recently proposed alternating single-layer trilayer stacking structure for the nickelate
La;Ni,O;, we comprehensively study this system using ab initio and random-phase approximation techniques.
Our analysis unveils similarities between this novel La;Ni,O; structure and other Ruddlesden-Popper nickelate
superconductors, such as a similar charge-transfer gap value and orbital-selective behavior of the e, orbitals.
Pressure primarily increases the bandwidths of the Ni e, bands, suggesting an enhancement of the itinerant
properties of those e, states. By changing the cell volume ratio V/V; from 0.9 to 1.10, we found that the bilayer
structure in LazNi,O; always has lower energy than the single-layer trilayer stacking La;Ni,O;. In addition,
we observe a “self-doping” effect (compared to the average 1.5 electrons per e, orbital per site of the entire
structure) from the trilayer to the single-layer sublattices and this effect will be enhanced by overall electron
doping. Moreover, we find a leading d,»_2-wave pairing state that is restricted to the single layer. Because the
effective coupling between the single layers is very weak, due to the nonsuperconducting trilayer in-between,
this suggests that the superconducting transition temperature 7 in this structure should be much lower than in

the bilayer structure.

DOI: 10.1103/PhysRevB.110.L060510

Introduction. The Ruddlesden-Popper (RP) perovskite
nickelate systems have recently attracted considerable at-
tention due to the discovery of superconductivity under
pressure in LasNi,O; (327-LNO) with a 47 configura-
tion [1], opening a remarkable and challenging avenue
for the study of nickelate-based unconventional high-T;
superconductivity [2-7].

For the 327-LNO system, the original experiments reported
a bilayer (BL) stacking structure [1], where superconductivity
was found in a very broad pressure range, with a high transi-
tion temperature up to 80 K [1]. This occurs after a first-order
structural transition from the ambient-pressure Amam phase
with distorted NiOg octahedra to the high-pressure Fmmm
phase without tilting of those oxygen octahedra [see Fig. 1(a)].
Very recently, a transition to a tetragonal /4 /mmm phase under
pressure has also been proposed in both theory [8] and exper-
iment [9]. Because the distortion from /4/mmm (No. 139) to
Fmmm (No. 69) is very small, there is no fundamental dif-
ferences among those two phases, providing the same physics
[10]. Based on the BL structure, many followup experimental
studies [11-16] and theoretical [10,17-37] efforts based on
two “active” orbitals (ds2_,» and d,>_,») were presented to
understand the interesting physical properties and possible
superconducting pairing mechanism in this compound. Very
recently, Li et al. [38] observed the Meissner effect of the
superconducting state using the ac magnetic susceptibility,
with the superconducting volume fraction being around 48%.

Furthermore, an interesting alternating single-layer (SL)
and trilayer (TL) stacking structure was proposed experi-
mentally (with the same chemical formula 327-LNO) as an
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alternative to the BL stacking structure [see Fig. 1(a)], by
several groups [39-42]. Interestingly, signatures of super-
conductivity under pressure were also reported in another
RP nickelate La4NizO;9 with only a TL stacking struc-
ture [43-49]. However, superconductivity was absent in SL
La,;NiO4 under pressure [6].

Similarly to 327-LNO (BL), the corner-sharing NiOg oc-
tahedra were also found to be strongly distorted in TL
LayNizOjp at ambient conditions [43—49], leading to a
monoclinic P2;/c structure (No. 14). Increasing pressure
suppresses the distortion of the NiOg octahedra, yielding a
high-symmetry /4/mmm phase without the tilting of oxygen
octahedra around 15 GPa, where the signature of supercon-
ductivity was found with a 7, of about 20-30 K [45-49]. In
327-LNO (SL-TL), the NiOg oxygen octahedra also do not
display any substantial tilting in the high-pressure P4/mmm
phases [39-41,50].

Considering these developments, several interesting ques-
tions naturally arise: What are the similarities and differences
between the 327-LNO (SL-TL) and other RP nickelate su-
perconductors under pressure? What interesting physics can
be obtained in this alternating SL and TL stacking 327-LNO,
as compared to the first proposed bilayer 327-LNO structure?
Could we obtain superconductivity in 327-LNO (SL-TL) and
is the pairing mechanism the same as in other RP nickelate
superconductors?

Electronic structure of the P4/mmm phase of 327-LNO
(SL-TL). In the 327-LNO (BL) system, due to the “dimer”
physics induced by its BL geometry [18], the d32_,» or-
bital splits into antibonding and bonding states, while the

©2024 American Physical Society
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FIG. 1. (a) Schematic crystal structure of the conventional cells
of the high-pressure F'mmm phase of 327-LNO (BL) and P4/mmm
phase of 327-LNO (SL-TL), respectively (green = La; gray = Ni;
red = O). All crystal structures were visualized using the VESTA code
[59]. (b) Sketches of electronic states in the BL and SL-TL. The light
blue (pink) horizontal lines represent ds > 2 (d,2_,2) states. The solid
and open circles represent 1.0 and 0.5 electrons, réspectively. The to-
tal population of e, electrons considered is n = 3.0 and 6.0 electrons,
for BL with two sites and SL-TL with four sites, respectively. (c) The
Ni e, orbitals projected band structures and density of states. The
ds>_,» and d,2_,» orbitals are distinguished by the blue and red lines.
(d) FS for the nénmagnetic state of the high-pressure P4 /mmm phase
of the 327-LNO (SL-TL) structure at 16 GPa. Note that the local z
axis is perpendicular to the NiOg plane towards the top O atom, while
the local x or y axis is along the in-plane Ni-O bond directions.

d_y» orbital remains decoupled among planes, as shown in
Fig. 1(b), resulting in an orbital-selective behavior [51,52].
Considering the nominal valence Ni*>*, close to two elec-
trons would occupy the bonding states of the d;,._,» orbital
and approximately one electron stays in the d\>_,» band [18]
[see Fig. 1(b)].

Because 327-LNO (SL-TL) has an alternating SL and TL
stacking structure, the d3.._,. orbital from the TL sublattice
also splits into antibonding, nonbonding, and bonding states
due to the “trimer” physics induced by the TL structure [53],
as displayed in Fig. 1(b). Meanwhile, the d,>_,» orbital does
not participate in the formation of antibonding and bonding
states, as well as the e, states from the SL sublattice. Con-
sidering an average of 1.5 electrons in e, states per Ni in the
327-LNO, two electrons would occupy the bonding states of
the d;,2_,» orbital and one electron enters the nonbonding state
in the TL sublattice, while an extra 1.5 electrons would remain
in the d,»_,> state [Fig. 1(b)]. For the SL sublattice, 1.0 and
0.5 electrons would occupy the states of the ds2_,» and d,>_»
orbitals, respectively. Being a SL, these are, obviously, only
nonbonding states. Then, the e, orbitals of 327-LNO (SL-TL)
have both orbital-selective and layer-selective characteristics.

To better understand the physical properties of 327-LNO
(SL-TL), we have calculated the electronic structure based on
the experimental crystal structure under pressure [54] using
first-principles density functional theory (DFT) [55-58]. The
states near the Fermi level mainly arise from Ni 3d orbitals
hybridized with O p states, which are located at lower energies
than the Ni 3d states, indicating a charge-transfer picture
similar to other nickelates [18,32,60]. As expected, the d32_,2
orbital from the TL sublattice splits into three antibonding,

nonbonding, and bonding related bands in the 327-LNO
(SL-TL) band structure, as shown in Fig. 1(c). In addition,
the d,>_,» orbital from the TL sublattice and the e, orbitals
from the SL sublattice all remain nearly decoupled between
different planes.

Similarly as it occurs in 327-LNO (BL), due to the strong
in-plane hybridization of the e, states [18] electrons transfer
between the d3,2_,2 and d,»_,» orbitals in 327-LNO (SL-TL)
as well, leading to a noninteger electronic population in both
orbitals. A crucial observation is that different from the TL
LasNizOy9, the bonding band of the d;,2_,» states from the TL
sublattice does not touch the Fermi surface (FS). Therefore,
the TL states do not create a Fermi-surface hole y pocket
in 327-LNO (SL-TL) [see Fig. 1(d)]. Instead, a y pocket
does exist in the TL LayNi3Oo context [53], basically due
a different crystal field splitting. Note that the y; sheet shown
in Fig. 1(d) arises entirely from the SL sublattice, and should
not be confused with the y pocket of the BL and TL systems.
The TL sublattice states give rise to two B sheets and an «;
sheet of mixed e, orbital character, while the o pocket is made
up of the d3,2_,» orbital in the 327-LNO (SL-TL), similar to
LasNizOyo. Moreover, the SL sublattice also gives rise to the
o, sheet displayed in Fig. 1(d).

Pressure effect. Furthermore, the Imma [40] and Fmmm
phases [40,50], with octahedral tilting distortion, were also
proposed as possible structures for 327-LNO (SL-TL) at am-
bient pressure. By fully relaxing these phases, we found that
the Fmmm and P4/mmm phases have the lowest energy or en-
thalpy at 0 and 16 GPa, respectively. To understand better the
different phases of 327-LNO (SL-TL) and 327-LNO (BL), we
also studied the energies when changing the ratio V/V;), where
W is the conventional-cell volume of the P4/mmm phase of
327-LNO (SL-TL) at 16 GPa. As shown in Fig. 2(a), 327-
LNO (BL) always has lower energy than 327-LNO (SL-TL)
when changing the ratio V/V; from 0.9 to 1.10 [61]. Because
the distortion from /4/mmm to Fmmm in 327-LNO (BL) is
very small, they almost have identical energies, as displayed
in Fig. 2(a).

In addition, as the volume increases, corresponding to a
decrease in pressure, the Amam phase has lower energy than
the Fmmm phase in the 327-LNO (BL) structure, in agree-
ment with a previous experiment [1]. For 327-LNO (SL-TL),
the P4/mmm and Cmmm phases have nearly degenerate en-
ergies in the entire V/V; region that we studied because the
distortions from the high-symmetry P4/mmm phase are quite
small. In addition, at very large V/V}), the Fmmm phase has the
lowest energy among those phases, while the P4/mmm phase
has lower energy than that in the F'mmm and Imma phases by
reducing the ratio V/Vj.

Furthermore, we also calculated the band structure of the
Cmmm and Fmmm phases of 327-LNO (SL-TL) by using
the primitive unit cell at ambient pressure, as displayed in
Figs. 2(b) and 2(c). Similarly to the P4/mmm phase under
pressure, the bonding state of TL d3,._,» orbitals does not
touch the Fermi level. Thus, this band does not produce a hole
y pocket in the FS at ambient pressure, which is in agree-
ment with recent angle-resolved photoemission spectroscopy
experiments [42].

Tight-binding model and self-doping effect. To understand
the low-energy physics under pressure, we constructed an
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FIG. 2. (a) Calculated energies of different structural phases of
327-LNO (SL-TL) and 327-LNO (BL), as a function of the ratio
V/Vo. Here, Vj is the conventional-cell volume of the P4 /mmm phase
of 327-LNO (SL-TL) at 16 GPa. The P4/mmm phase of 327-LNO
(SL-TL) is taken as the energy of reference. (b), (c) The Ni ¢, orbitals
projected band structure for the (b) Cmmm and (c) Fmmm phases,
respectively.

eight-band e,-orbital tight-binding model for the SL and TL
sublattice states for the P4/mmm phase of 327-LNO (SL-TL)
at 16 GPa, with overall filling n = 6, including the longer-
range hoppings between the SL and TL sublattices. The entire
hopping file used in this work can be found in the Supplemen-
tal Material [63], where additional details are provided for the
tight-binding model.

As shown in Figs. 3(a) and 3(b), the tight-binding band
structure and FS fit very well with the DFT results discussed
in the previous section. By using the maximally localized
Wannier functions (MLWFs) method based on the WANNIER90
package [64], we obtained the crystal-field splittings of the
e, orbitals for different Ni sites in the P4/mmm phase of
327-LNO (SL-TL), as summarized in Fig. 3(c). The Nil
site from the SL sublattice has a larger crystal-field splitting
(A ~ 0.666 eV) than the Ni2, Ni3, and Ni4 sites from the
TL sublattice. In the TL sublattice, the outer layers (Ni2 and
Ni4 sites) have lower onsite energies than the middle layer
(Ni3 site), similarly to the case of the TL for LasNizOy.
Furthermore, we find that the ratios ¢'2/#%2 are 0.425, 0.511,
and 0.548 for the Nil, Ni2/Ni4, and Ni3 sites, respectively
(where the in-plane interorbital hopping between the ds3,2_,»
and d,>_,> orbitals is 7'2, and the intraorbital d,>_,» hopping
is #2%). This indicates that the in-plane hybridization of the e,
orbitals is stronger in the TL sublattice.

Considering the average electronic density of the e, states
(1.5 per Ni) in 327-LNO (SL-TL), the calculated electronic
densities are approximately 1.770, 1.436, and 1.360 for Nil,
Ni2/Ni4, and Ni3 sites, respectively. This indicates a “self-
doping” effect (compared to the average 1.5 electrons per e,
orbital per site of the entire structure), where electrons are
transferred from the TL to the SL sublattice. Note that here
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FIG. 3. (a) Tight-binding band structure and (b) FS for the
P4 /mmm phase of 327-LNO (SL-TL) at 16 GPa. Here, an eight-band
e,-orbital tight-binding model was considered including SL and TL
hoppings (see the hopping file in the Supplemental Material [63])
with an overall filling of n = 6 (i.e., 1.5 electrons per site). (c) Crude
sketches of the crystal-field splitting of the e, orbitals for different
Ni sites. All the values are given in units of eV. (d) The total electron
occupations and (e) different electronic densities of the e, orbitals
for the different Ni sites vs the overall filling n in the tight-binding
model. The red line in (d) represents the average electronic Ni site
occupancy.

the sum of the electronic populations of Ni2, Ni3, and Ni4
(~4.23), locates the system in the superconducting region of
LasNizO,9, where ds,2_,2 y pockets are obtained according to
Ref. [53]. The primary intuitive reason why TL LasNi3 O, has
a y pocket, and thus superconductivity, but TL from 327-LNO
(SL-TL) does not, is because of the crystal-field value: it is
larger in TL from 327-LNO (SL-TL) than in TL La4NizOy.
Moreover, the outer Ni layers (Ni2 and Ni4 sites) of the
TL sublattice have more electrons than the middle layer (Ni3
site). In addition, we also calculated the electron occupations
for different Ni sites by changing the overall filling n from
5.0 to 7.0, as displayed in Figs. 3(d) and 3(e). For electronic
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doping, extra electrons move to the SL Nil site with an in-
creased difference in electron densities between the SL and
TL sublattices, suggesting an enhanced “self-doping” effect.
Specifically, in the hole-doping region, the SL Nil site loses
more electrons than other sites in the TL sublattice. As shown
in Fig. 3(e), for the doping region we studied, the electronic
occupation of the ds._,. orbitals is larger than that in the
d_y» orbital.

RPA pairing tendencies. To analyze the superconducting
pairing tendencies, we used multiorbital random phase ap-
proximation (RPA) calculations to assess the tight-binding
model including the SL and TL sublattices. The RPA cal-
culations of the pairing vertex are based on a perturbative
weak-coupling expansion in the local Coulomb interaction
matrix, which contains intraorbital (U), interorbital (U’),
Hund’s rule coupling (J), and pair-hopping (J') terms [65-68].
The pairing strength A, for pairing channel « and its corre-
sponding pairing structure g, (K) are obtained by solving an
eigenvalue problem of the form

/F K Tk = K0 (K) = g (k). 0

where the momenta k and k' are restricted to the FS, and
I'(k — k) is the irreducible particle-particle vertex. In the
RPA approximation, the dominant term entering I'(k — K’) is
the RPA spin susceptibility x;(k — k’). Here, the parameters
in the kinetic hopping component of the Hamiltonian are taken
from the P4/mmm phase of 327-LNO (SL-TL) at 16 GPa.

By solving the eigenvalue problem in Eq. (1) for the RPA
calculated pairing vertex I'(k — k) of 327-LNO (SL-TL) at
n = 6.0, we find that the d,2_,> channel is the leading pairing
instability caused by spin fluctuations, followed by subleading
dyy- and g-wave solutions, as displayed in Figs. 4(a)-4(c).
Here we used U =0.5eV,U' =U/2,J=J =U/4 and a
temperature of 7 = 0.02 eV. Despite the small value of U,
the pairing strength A = 0.152 of the leading d,>_,> channel is
already significant. As a comparison, for the bilayer 327 struc-
ture, we obtained A ~ 0.2 at 15 GPaforU =0.8eVand T =
0.002 eV [23]. Note that both the d,>_,» and d3_,> orbitals
have contributions to the superconducting pairing channels
(dy>_y2, dyy, and g wave), similarly to previous discussion in
BL 327-LNO studies [23,69].

Moreover, we note that for all three leading pairing states,
the pairing gap is only finite on the regions of the Fermi
surface made up of states from the SL sublattice [magenta
regions in Fig. 4(d)], and negligible in the TL-dominated
regions. This suggests that pairing, while strong, is restricted
to the SL sublattice, and caused by strong intra-SL-sublattice
spin fluctuations between the o, and y; Fermi-surface sheets.
We believe that it is the absence of a TL y pocket that pair-
ing in the TL sublattice is weak. Based on these results, we
speculate that a possible three-dimensional superconducting
transition involving the SL system would be suppressed to
very low temperatures because the effective coupling between
different SL sublattices is negligible due to the presence of
the TL in-between. In the experimental doping region —15%
to +15%, corresponding to n = 5.4 to 6.6 in our calculation,
we do not observe the hole y pocket from the bonding state
of the TL d3,._,» orbital arising at the FS. Thus, from our
perspective, superconductivity is difficult to stabilize in the
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FIG. 4. The RPA calculated leading superconducting singlet gap
structure g, (k) for momenta k on the FS of 327-LNO (SL-TL) at
n = 6.0 and their pairing strength A: (a) Leading d,>_,»-wave state
with A = 0.152, (b) subleading d,,-wave state with A = 0.112, (c) g-
wave state with A = 0.102. The sign of the gap structure g, (k) is
indicated by the colors (orange = positive, blue = negative), and
the gap amplitude by the point size. The RPA calculations used
Coulomb interaction parameters U = 0.5 (intraorbital), U’ = U/2
(interorbital), and J = J' = U /4 (Hund coupling and pair hopping,
respectively) in units of eV. The hopping parameters are available
in the Supplemental Material [63]. The dominant character of the
Fermi-surface Bloch states arising from the SL (magenta) and TL
(cyan) sublattices is shown in (d).

327-LNO (SL-TL) nickelate system even though a supercon-
ducting instability still can survive in the SL lattice under
doping. For the SL alone, such as in the La;NiOy4 system, it
is very interesting to investigate the possible superconductiv-
ity under doping, which needs and deserves further detailed
studies. However, this is outside the scope of this work.

In addition, we find that larger U (U > 0.6 eV) causes a
spin-density wave instability in the SL sublattice with q ~
(r, m, 0), corresponding to the conventional Néel G-type an-
tiferromagnetic order, arising from the near perfect nesting of
the SL o, and y; sheet Fermi-surface states [magenta regions
in Fig. 4(d)].

Conclusions. In summary, we presented a systematic study
of the newly reported 327-LNO (SL-TL), with an alternating
SL and TL stacking structure, by using DFT and RPA calcu-
lations. We found a large charge-transfer energy, a common
character with other nickelates. By changing the volume ratio
V/Vp from 0.9 to 1.10, corresponding to the effect of pres-
sure, we found that 327-LNO (BL) always has lower energy
than 327-LNO (SL-TL). Moreover, we observed a “self-
doping” effect from the TL to the SL sublattices, compared
to the average 1.5 electrons e, orbital per site of the entire
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structure, which is enhanced by electron doping. Based on
RPA calculations, we obtained a leading d,>_,>-wave pairing
state with sizable pairing strength A. However, this pairing
state is restricted to the SL sublattice and, therefore, a three-
dimensional superconducting state will be suppressed to very
low temperatures due to the weak coupling between the SL
sublattices, which will reduce the coherence between those
layers. These results suggest that a possible superconducting

T, in 327-LNO (SL-TL) may not be sufficiently high to match
the experimentally observed 7, in 327-LNO. Consequently,
we believe that a BL stacking structure remains the most likely
in 327-LNO with T, ~ 80 K.
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