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The discovery of superconductivity in the infinite-layer nickelates has opened new perspectives in the context
of quantum materials. We analyze, via first-principles calculations, the electronic properties of La,NiO;F—the
first single-layer T -type nickelate—and compare these properties with those of related nickelates and isostruc-
tural cuprates. We find that La,NiOsF is essentially a single-band system with a Fermi surface dominated by the
Ni-3d,2_,» states with an exceptional 2D character. In addition, the hopping ratio is similar to that of the highest
T, cuprates and there is a remarkable e, splitting together with a charge transfer energy of 3.6 eV. According to
these descriptors, along with a comparison to Nd,CuOy, we thus indicate single-layer T -type nickelates of this
class as very promising analogs of cupratelike physics while keeping distinct Ni'* features.

DOI: 10.1103/PhysRevMaterials.5.L061801

I. INTRODUCTION

The reduced Ruddlesen-Popper series R, 1Ni,,02,42 (R =
rare-earth element) provides a special class of nickelates.
These compounds are of particular interest both as a chemistry
challenge and as a new arena for quantum materials [1-3].
Infinite-layer (n = co) nickelates are known since the early
1980s [4-7], while the synthesis of the n = 2 and 3 phases
are more recent achievements [8—11]. These phases display
NiO; layers where the Ni atom formally features unusual
(14 1/n)+ oxidation states, and hence d°~!/" electronic
configurations tantalizingly similar to those in the supercon-
ducting cuprates for large ns [12—-14]. The latest discovery
of unconventional superconductivity in the infinite-layer case
has sparked a renewed interest on these systems [15—19]. This
long-sought finding has motivated a flurry of studies on the
normal and superconducting-state properties of these systems
[1], as well as the search for additional d° materials [20-22].

In this context, here we analyze the electronic structure of
the novel La;NiOsF compound where the 3d° configuration
of the Ni!* is formally realized as in the superconducting
infinite-layer case. This system represents first n = 1 T’-type
nickelate—isostructural to Nd,CuO4—recently synthesized
by Wissel et al. by means of an original two-step fluorina-
tion technique [23]. Thus, rather than the rock-salt spacer of
the T-type K;NiF, structures (e.g., La;NiO4 or La,CuQy),
the T’-type La,NiOsF displays fluorite blocks separating the
NiO; planes as illustrated in Fig. 1. This novel single-layer
nickelate thus provides an additional juxtaposing angle be-
tween nickelates and cuprates.

We find that the potential analogy between nickelates and
cuprate superconductors that has motivated much of the in-
terest in the former is remarkably well realized in La,NiOsF.
Specifically, we find that this material is essentially a single-
band system with a sharply 2D Fermi surface dominated by
the Ni-3d,2_,. states. Besides, compared to infinite-layer nick-
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elates (where Ni'* is not Cu®* [13]), the additional features of
electronic structure much better match the cupratelike picture,
in particular the charge transfer energy which is 3.6 eV in
La;NiOsF. This energy is considerably reduced compared
to the infinite-layer superconducting nickelates [24-26], and
similar to the n = 3 trilayer systems [27]. We spot the fluorite
spacer in La; NiO3F as an important ingredient to obtain these
features. Its rather ionic character, in particular, increases
the covalency within the NiO, layers and drastically enhaces
their effective decoupling. Thus this n = 1 T -type structure
emerges as a very interesting setup where cupratelike features
are promoted with the Ni atom getting close to the ideal Ni'*.

II. COMPUTATIONAL METHODS

The electronic-structure calculations were performed us-
ing the all-electron code WIEN2K [28] based on the full-
potential augmented plane-wave plus local orbitals method
(APW + LO). We used the structural parameters determined
experimentally [23,29] and the Perdew-Burke-Ernzerhof
(PBE) form of the generalized gradient approximation (GGA)
[30] for the nonmagnetic calculations. We used muffin-tin
radii of 2.5, 2.15, and 1.60 a.u. for the La (Nd), Ni, and O
(F) atoms, respectively, and a plane-wave cutoff RyirKmax =
7.0. In the case of Nd, we treated the 4 f-states as core elec-
trons. We employed both conventional (two-formula-units)
and primitive (one-formula-unit) units cells for the nonmag-
netic calculations. The integration over the Brillouin zone was
done using a Monkhorst-Pack mesh of 18 x 18 x 5 (12 x
12 x 12) k points for the self-consistent calculations, while
a denser 24 x 24 x 8 (36 x 36 x 36) k mesh was used to
compute the Fermi surface within the conventional (primi-
tive) cell. Further, the maximally localized Wannier functions
(MLWFs) [31] were calculated by interfacing the WANNIER90
package [32] to WIEN2K using the WIEN2WANNIER code [33].

©2021 American Physical Society
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FIG. 1. (a) Ball-and-stick model of the single-layer T -type
La,;NiOsF where single NiO, layers are separated by La,OF fluorite
blocks (the conventional unit cell is indicated by the lines). (b) Nom-
inal 3d° electronic configuration of the Ni'™ atom in this single-layer
T’-type class of nickelates.

The main calculations were performed considering the O-F
arrangement within the fluorite spacers illustrated in Fig. 1(a).
This is the high-symmetry configuration that minimizes the
overall energy within the conventional unit cell. The config-
uration in which the O-F alternation is not rotated 90° along
¢, however, is only 5 meV /f.u higher in energy and produces
essentially the same results. We also considered the La,OF
fluorite spacer within the virtual crystal approximation (VCA)
as in Ref. [21]. This method, however, fails to reproduce the
enhanced electronegativity of the F atom in our system. This
circumstance manifests, in particular, in substantially different
results for the p states. We then concluded that, to the purpose
of our analysis, VCA is not reliable and consequently we stuck
to “real crystal” calculations.

In addition, we performed magnetic calculations using
both PBE and the local density approximation (LDA) [34]
as the former is known to overestimate the tendency towards
magnetic order, especially in metals. The magnetic solutions
were obtained using different cells according to the mag-
netic order under consideration. For the ferromagnetic (FM)
order we used the primitive body-centered tetragonal cell
(BCT), while for the A-type antiferromagnetic (AFM) order
with the spins adjacent NiO, planes pointing in opposite
directions—i.e., FM planes stacked AFM along c—we used
the conventional tetragonal cell encompassing two formula
units. For the C-type AFM order—i.e., checkerboard order
in-plane—we used a monoclinic cell encompassing two for-
mula units. In addition, we also investigated the FM versus
AFM vertical stacking of such a C-type in-plane order using a
four-formula-unit tetragonal cell. Finally, we also considered
the E-type AFM order where spins are aligned forming a
double stripe structure using a body-centered orthorhombic
cell encompassing four formula units.

III. RESULTS

A. Nonmagnetic electronic structure

Figure 2 shows the band structure and orbital-resolved
density of states (DOS) of La;NiOsF. The main features near
the Fermi level are associated to the Ni-3d bands. In fact,
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FIG. 2. Band structure and orbital resolved density of states
(DOS) of La,NiOsF (I14/mmm space group a = 3.9925 A, ¢ =
12.5150 A [23]). O1 refers to the oxygens in the NiO, layer, while
02 to the fluorite block.

there is a clear splitting between the Ni-3d and the O/F-2p
states with a gap of ~1 eV between these two manifolds.
The O-2p bands, in particular, extend below the Fermi energy
from —3 to —7.5 eV, while the F-2p ones are further below at
~ — 8 eV. Yet, the DOS reveals some degree of hybridization
between the Ni-3d,._,» and the O-2p states. The bands above
the Fermi energy derive from the La states mainly. One of
them dips down and just touch the Fermi level at M and A.
This provides an incipient self-doping of the Ni-3d Fermi
surface that, however, is different compared to the infinite-
layer case [13]. In La;NiOsF, in particular, no La-5d,» states
at I' are involved. The different self-doping is due the sup-
pressed hybridization along ¢ resulting from the presence of
the fluorite spacer between the NiO, planes. This situation
is similar to that of the trilayer (hetero)structures [27,35].
In the present case, however, the enhanced electronegativity
of the F atom—and thereby the enhanced ionicity of the
fluorite spacer—represents an additional key ingredient that
suppresses such a hybridization and weakens the overall self-
doping effect.

Figure 3 highlights the different Ni-3d contributions to
the bands near the Fermi level and the corresponding Fermi
surface. The band crossing the Fermi level is associated to
the d,_,» states. The d band, in its turn, is located 2 eV
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FIG. 3. Band structure near the Fermi energy and Fermi surface
of La,NiO;F (top and perspective views).
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TABLE I. Tight-binding fit of the main Ni-3d,>_,» band near
the Fermi level with e(k) =) 1,f,(k) and v(k) = [cos(k.a) —
cos(kya)l/2.

TABLE II. Calculated on-site energies and hoppings for
La,NiO3F derived from the Wannier functions. Ol is in the NiO,
layer while O2 is the fluorite spacer.

t, (meV) fu(k) Wannier on-site energies (eV)
213 1 do_yp —1.06
—352 2[cos(kca) + cos(kya)] d2 —1.55 px (O1) —4.65
198 4 cos(kca) cos(kya) dyz)y: —1.49 py (O1) —3.28
—45 2[cos(2ka) + cos(2kya)] dyy —1.57 p. (0O1) —-3.30
—116 v (k) cos(h12) cos () cos (k) px (02) —3.08 px (B) =717
py (02) —3.08 py (F) —-7.17
p. (02) -3.01 . (F) ~7.20
below the Fermi energy and is remarkably flat all along the =~ Wannier hoppings (eV)
B.rillouin zone, giving rise to a sharp feature in the DOS (see de_ g - pe (O1) _122
Fig. 2). The d.;;,, and d,, bands then appear sandw1.ch.ed d.: - p, (O1) _044 d:-d: (La) ~0.11
between the e, = {d\>_y2, d2} states. The Fermi surface, inits 4 p (0O1) 0.48
turn, is remarkably two-dimensional (2D) and wraps the M-A dy - py (O1) 0.65

line as can be seen in Fig. 3, including the small electron
pocket. This exceptionally 2D character as well as the flatness
of the d,. is again due to the suppressed hybridization along ¢
(due to the fluorite spacer containing the highly electronega-
tive F atom).

B. Tight binding and wannierization

The main Ni-3d,»_,» band can be reproduced using a
simple one-band tight-binding model. The parameters of the
model are summarized in Table I. Compared to the infinite-
layer nickelates [13,24], the out-of-plane hopping plays a
minor role due to the exceptional 2D character of this d,>_,»
band in La;NiOsF. Otherwise, the values of the in-plane
hopping integrals are similar. In particular, the ratio between
longer-range to nearest-neighbor hopping defined as ¢'/t =
(2] + |#31)/]1| turns out to be 0.41 (versus 0.37 in the infinite-
layer case [24]).

To gain further insight on the electronic properties of
La,;NiOsF, we performed an analysis based on MLWFs. The
Ni-3d manifold of the band structure can be reasonably repro-
duced by means of MLWFs obtained out of five Ni-centered
d orbitals. However, to reproduce the extra features near the
Fermi level (i.e., the self-doping effect), not only La-d orbitals
but also O1-p ones need to be included. Inclusion of O2-p, F-p
and La-f orbitals improves the overall fit. Here and hereafter
Ol refers to the oxygens in the NiO, layer while O2 to the
fluorite spacer.

The on-site energies and hoppings obtained from the Wan-
nier fits are summarized in Table II. The splitting between
the d,2_,» and d» energies is d¢,, = 0.49 eV. This splitting
is in between the one obtained for the infinite- and tri-layer
systems, all of them smaller than the typical splitting of the
cuprates. We note, however, that the distribution of d,» states
is bipartite in the present case as there is a gap between fully
occupied and fully empty d,. states (see Figs. 2 and 3). On the
other hand, the charge transfer energy A =¢; — €, is 3.6 eV
(A refers to d>_,» and p,). This energy is largely reduced
compared to the infinite-layer systems, and turns out to be
essentially the same charge transfer energy of the trilayer
materials. The hopping parameters, in their turn, are almost
identical for the d,>_,»-p, case while some differences are
observed in the other hoppings.

C. Comparison with other nickelates and cuprates

The low-energy features of La;NiOsF described above
make this system a rather ideal d° material. This system is
essentially a single d,>_,>-band system like the cuprates, with
a remarkable 2D character.

In addition, the splitting between the d,>_,» and d.> bands
increases compared with the infinite-layer nickelates. The e,
splitting has been discussed in relation to the superconducting
T, in cuprates, where a larger splitting correlates to a higher
T, due to the reduced mixing of these states. In La,NiOsF
the e, splitting is neat below the Fermi level. However, there
is another d. band above the Fermi level that crosses the
d,2_,» one. We note that this situation is similar in the trilayer
nickelates. In fact, the overall occupation of the Ni-3d,. states
is 0.76 per spin. However, the contribution of these states to
the DOS at the Fermi level is negligible so that no effective
d\>_2-d,> mixing occurs for low-energy physics.

The occupation of the Ni-3d,» 2 orbitals, in its turn, is 0.6
per spin. Thus, the system can in principle be driven towards
half-filling by means of hole doping (e.g.,La — Sror O — F
substitutions). Hole doping can also be expected to wipe out
the incipient self-doping of the main d,>_,» Fermi surface.
Thus an ideal cupratelike situation may be better realized in
La,;NiOsF than in the infinite-layer nickelates. Besides, the
ratio '/t describing the relative strength of longer-range to
nearest-neighbor hopping is 0.41. This ratio, which is consid-
ered as an indicator of superconductivity [36,37], thus takes
a value that is comparable to that of the cuprates with the
highest 7.

Beyond that, the key parameters resulting from the Wan-
nier fit are almost identical to those of the trilayer nickelates
(n =3). In particular, the charge transfer energy is A =
3.6 eV, and hence considerably lower than in the infinite-
layer case. At the same time, the hybridization between the
Ni-3d,>_,> and the O-2p states is slightly lower yet similar to
the trilayer case. Note that using a ¢-J strong-coupling model
based on these trilayer parameters, the superconducting 7, has
been predicted to reach 90 K [27].

It is worth noting that the interesting properties of
La,NiOsF, while genuinely related to the ideal Ni'*, do not
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FIG. 4. Band structure and orbital resolved density of states
(DOS) of Nd,CuQy. Ol refers to the oxygens in the CuO, layer while
02 to the fluorite block.

match those of isostructural T’-type cuprates. Nd,CuOy rep-
resents the natural system to compare with. This compound is
reference material for the electron-doped cuprates, which are
substantially less correlated systems than previously assumed
[38]. The electronic structure of Nd,CuQO, at the DFT level
is shown in Fig. 4. In contrast to the nickelates and other
cuprates, this n = 1 T -type system features a direct overlap
between p and d states [24]. This overlap includes the O2-p
states from the fluorite block, which then cannot be considered
as a mere spacer in this system. We analyzed the hypothet-
ical series Nd,CuO4 — BaNdCuOszF — ... Cs,CuF, in
the same T’-type ideal structure and found that this feature
is robust, even if the fluorite block also contains F as in
La;NiOsF. This reveals a rather fundamental difference be-
tween nickelates and cuprates in terms of p-d hybridization
(or, equivalently, charge transfer energies). Beyond that, this
comparison shows that, contrary to what could have been
extrapolated, n = 1 T’-type nickelates do provide an addi-
tional platform to promote the electronic properties originally
sought out in Ni'*-hosting materials.

D. Magnetism

The magnetic ground state corresponds to the C-AFM
order, in both LDA and PBE, among the different solutions
that we considered. The energy difference with respect to the
nonmagnetic solution is 13 meV /Ni (80 meV/Ni) with LDA
(PBE) exchange and correlation, while magnetic moment of
the Ni atom is 0.57 g (0.70 wp). This energy gain is similarly
small to that in the infinite-layer case and the resulting state is
likewise metallic—as opposed to the AFM insulator obtained
for CaCuQO, [24]. In addition, we found that the FM and
AFM stackings of the C-AFM solution along ¢ in La;NiOsF
are essentially degenerate in energy due to the enhanced 2D

character of this system, which may lead to magnetic disorder.
At the same time, we did not find neither FM nor A-AFM
solutions for La,NiO3F, while these solutions exist for in the
infinite-layer case. This means that the ferromagnetic order
within the NiO, planes is strongly unfavorable. Instead, we
found a small tendency towards E-AFM and SS-AFM with
an energy difference with respect to the nonmagnetic state of
0.4 meV/Ni in LDA for the former (the latter is absent in
LDA), and 39 and 9 meV/Ni respectively in PBE. Exper-
imentally, some tendency towards magnetic order has been
discussed although no robust conclusion can be drawn from
the available data [23]. The theory versus experiments situa-
tion is therefore similar to that of the infinite-layer case and
hence calls for additional details.

IV. CONCLUSIONS

We have analyzed the electronic properties of La;NiOsF.
This system provides the first realization of a n = 1 T’-type
nickelate with the same d° formal configuration of the su-
perconducting infinite-layer case. We have found that the
single-layer La,NiO3F is essentially a single-band system that
much better materializes the intended analogy to cuprates, as
originally sought from Ni'*. In La,NiOsF, the NiO, layers
are remarkably decoupled due to the F-containing fluorite
spacer. This gives rise to a true 2D Fermi surface dominated
by the Ni-3d,»_,> states. At the same time, the dp_-d
mixing is practically absent near the Fermi level. Besides,
the ratio between longer-range to nearest-neighbor hopping
slightly increases while the charge transfer energy decreases
compared to the infinite-layer nickelates. The latter is similar
to the trilayer case, where a superconducting 7; reaching 90 K
has recently been predicted.

Our results thus indicate La,NiOsF as a very promising
candidate for superconductivity according to the above set
of electronic properties. These properties may be further op-
timized in other members of this new single-layer family
and/or tuned by means of control parameters such as applied
pressure or epitaxial strain. These systems can thus be used to
further examine the above quantities as descriptors of high-T
superconductivity, and thereby to clarify the underlying mech-
anisms. In fact, the global behavior of these systems—beyond
the potential emergence of superconductivity in unprece-
dented nickelates—may eventually reveal different degrees
of electronic correlations, which is however hard to establish
from a pure ab initio basis. This broadened panorama is there-
fore expected to motivate further investigations on this class
of quantum materials.
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