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PrsNizOg is an overdoped analog of hole-doped layered cuprates. Here we show via ab initio
calculations that Ce-doped PrsNizOg (Pr3CeNizOg) has the same electronic structure as the anti-
ferromagnetic insulating phase of parent cuprates. We find that substantial Ce-doping should be
thermodynamically stable and that other 44 cations would yield a similar antiferromagnetic insu-
lating state, arguing this configuration is robust for layered nickelates of low enough valence. The
analogies with cuprates at different d fillings suggest that intermediate Ce-doping concentrations
near 1/8 should be an appropriate place to search for superconductivity in these low-valence Ni

oxides.

Cuprate-like electronic structures have been pur-
sued in other oxides since high temperature super-
conductors were discovered.!™® Cuprates are layered
materials with an underlying CuOs square lattice.
The parent compounds (Cu?*: d% S= 1/2) have
dz2_y2 as the active orbitals, with strong antifer-
romagnetic correlations, as well as a substantial hy-
bridization of Cu-d and O-p states. Upon doping the
CuO,, planes away from a stoichiometric Cu?* oxida-
tion state, the antiferromagnetic state is suppressed,
then superconductivity appears, and at higher dop-
ings a Fermi liquid phase arises.? A schematic phase
diagram with respect to filling of the d levels for hole
doping is shown in Fig. 1.

Given the proximity of Ni and Cu in the peri-
odic table, an interesting conjecture is whether these
phenomena could also occur in nickelates, since if
so, this could tell us a lot about the nature of
high temperature superconductivity. LaNiOs-based
heterostructures®® and doped single layer nickelates
(La2_$Sr$NiO4)7’8 have been intensively studied,
but the challenge is finding a nickelate that has a
similar electron count (Ni'* and Cu®* being iso-
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FIG. 1: A schematic diagram representing some of the
phases of the cuprates as a function of nominal fill-
ing of the d levels in the hole-doped region: antifer-
romagnetic insulating (AFI), pseudogap (PG), super-
conducting (SC), and Fermi liquid (FL). PryNizOg and
Pr3RNizOs (R representing a 4+ cation, namely Ce) are
represented at the appropriate d fillings.

electronic) with Ni in a square planar environment.

In this context, the recently synthesized low va-
lence layered nickelates (R4NizOg, R438, with R=
La or Pr) with an average Ni valence of 1.33,
are promising candidates to investigate.? 16 Particu-
larly, Pr438, a 1/3 self hole doped (relative to d?) line
compound, stands among the closest bulk analogs to
high-T. cuprates. It shows metallic behavior and a
large orbital polarization with holes in the planar
dg2_y2 states, as well as a high degree of O-p-Ni-d
hybridization.'” Figure 1 illustrates where metallic
Pr438 lies within the cuprate phase diagram, sitting
in the overdoped Fermi liquid region.

Electron doping this new phase is an obvious
strategy to explore the analogy with cuprates. If we
consider as a starting point that the physics of high-
T, superconductivity in cuprates is brought about
by doping a 2D Mott insulator with strong antiferro-
magnetic correlations, a natural question is whether
this type of “parent phase” arises at d° filling for
electron-doped Pr438.'® As pointed out almost 20
years ago by Anisimov et al.,'® “only if the Ni ions
are forced into a planar coordination with the O ions
can a S=1/2 magnetic insulator be realized with the
difficult Ni'* oxidation state”. Here, we show using
DFT-based calculations that doping PryNizOg with
a 4+ ion allows going from a Fermi liquid phase at
a nominal d®7 filling to a parent antiferromagnetic
insulating phase at d° filling, effectively spanning the
hole-doped cuprate phase diagram (see Fig.1).

Our electronic structure calculations were per-
formed within density functional theory using the
all-electron, full potential code WIEN2K based on the
augmented plane wave plus local orbitals (APW+lo)
basis set.?%2! For the structural relaxations the
Perdew-Burke-Ernzerhof version of the generalized
gradient approximation (GGA) has been used.??
Volume and ¢/a optimizations, as well as a full re-
laxation of all the internal atomic coordinates, were
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FIG. 2: Left panels. Structure of the v2a x v2a x ¢
cells for PrsCeNizOg with Ce substitution on both Prl
and Pr2 sites (infinite layer, IL, and fluorite, F, blocks,
respectively). Ce atoms are in green, Pr atoms in blue,
Ni atoms in gray and O atoms in red. Right panel: En-
ergy versus volume curves for both structures obtained
within GGA-PBE. Vj represents the experimental vol-
ume of Pr438.

carried out. To deal with strong correlation ef-
fects, the LDA+U scheme that incorporates an on-
site Coulomb repulsion U and Hund’s rule coupling
strength Jp has been applied.?? We use typical val-
ues: U= 5 eV for Ni-3d, U= 8 eV for Pr-4f, and
U= 8 eV for Ce-4f. Jy has been set to 0.7 eV
for Ni-d and 1 eV for Pr and Ce-f. Experience with
the cuprates and other transition metal oxides shows
LDA+U to be a reliable method to predict electronic
structures.?426

Pr438 crystallizes in a tetragonal unit cell,'” with
space group I4/mmm (no. 139) and lattice parame-
ters a= 3.9347 A, c= 25.4850 A. The structure, pic-
tured in Fig. 2, consists of three NiOs infinite-layer
(IL) planes separated by layers of Pr ions. On either
side of this trilayer lies a fluorite (F) Pr-Oo-Pr block.
With an average Ni valence of 1.33+(d®°7) Pr438 is
isoelectronic with (hole) overdoped cuprates involv-
ing a mixture of Ni'* and Ni?* ions. The electronic
structure of Pr438 (described in Ref. 17) is found to
be metallic, with Ni-d,2_,> bands hybridized with
O-p states that cross the Fermi level giving rise to a
cuprate-like Fermi surface (see Fig. 3).

By substituting trivalent Pr with a tetravalent ion
in Pr438, the electron count on the NiOs layers can
be changed, moving the material towards the left of
the phase diagram shown in Fig. 1. In principle,
the ionic count required for reaching optimal dop-
ing within the superconducting phase would need
~1/8 substitution. We do not describe calculations
for this doping since the complicated band structure
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FIG. 3: Left panel: GGA band structure of Pr438. Right
panel: Fermi surface of Pr438 (top) and 1/6 electron
doped Pr438 (bottom), the latter obtained by a rigid
band adjustment of the Fermi energy of Pr438. The
center of the plot is at (7/a,7/a).

of the resulting supercell would not be instructive,
but as shown in Fig. 3, a rigid-band shift of Pr438
corresponding to such a substitution (equivalent to
1/6 electron doping, d®®3) results in a Fermi surface
similar to that of optimal doped cuprates.?

Reaching the parent insulating state (with Ni*:
d®) would instead need 25% substitution, giving rise
to PrgRNi3Og, R= Ce, Th. It is important to re-
mark that low oxidation state Ni'T is hard to sta-
bilize. The bulk synthesis of the Ni'* infinite-layer
compound LaNiO, is difficult and because of these
materials issues, it is unclear whether an insulat-
ing state is achieved.?” 2 LDA+U calculations give
a stable solution with antiferromagnetic ordering of
S=1/2 ions,'” but experimentally there is no evi-
dence for long range order. In principle, the on-
site energy difference between the p and d levels is
smaller for Cu?* than for Ni'*, favoring larger hy-
bridizations in the former. However, we will see that
substantial oxygen hybridization can occur for the
layered nickelates studied here.

In Pr438 there are two different Pr sites: Prl
within the NiO; trilayer and Pr2 within the fluo-
rite blocks that separate NiOq trilayers (see Fig. 2).
Both types of substitutions were tried, giving rise to
a very similar outcome for the electronic structure
(which will be described in detail below). Concern-
ing the most appropriate 4+ dopant atom, Ce is the
most obvious choice given its proximity to Pr in the
periodic table and because Ce-doping has been re-
alized in T’-cuprates giving rise to electron-doped
phases. For instance, T'-Pry_,Ce,CuQO,4 shows su-
perconductivity with an optimum doping level x=
0.135 and T.= 27 K.3932 In T’-Nd,CuOy4 super-



TABLE I: Nearest neighbor Pr-O, Ce-O and Ni-O dis-
tances for Pr3sCeNizOg in A for Ce substitution on the
Prl and Pr2 sites. The Pr/Ce environment is square an-
tiprismatic with eight oxygen ions as nearest neighbors.
The R ion is positioned asymmetrically inside the poly-
hedra. For this reason, two different R-O distances are
listed in the table. In undoped Pr438 the Pr-O distances
are (in A) 2.48, 2.59 for Prl (IL), and 2.32, 2.74 for Pr2
(F). The Ni is in a square planar environment of oxygens.
For undoped Pr438 the Ni-O distance is 1.97 A.

PrgC@NigOS (IL) PI‘3CeNi303 (F)
Ce—1IL 2.39, 2.54 Ce—F 2.30, 2.63
Pr—1IL 2.46, 2.59 Pr—F 2.40, 2.63
Pr—F 2.33, 2.74 Pr—1IL 2.53 2.59
Pr—F 2.32, 2.79 Pr—1IL 2.55, 2.58
N1t 1.96 N1 1.96

conductivity develops by doping with both Ce and
Th.33’34

To test the possibility of in-plane checkerboard
magnetic (AFM) ordering in Pr3CeNizOg, a v/2a x
V2a x ¢ cell was used. After the substitution of
Pr by Ce in a 3:1 ratio, the optimized volume re-
sults in a reduction with respect to that of Pr438
of 1 to 2 % (see Fig. 2) — the ionic radius of Cet*
in an 8-fold coordination is 0.97 A vs the ionic ra-
dius of Pr3t of 1.13 A, so a decrease in lattice
constants can be anticipated.3® Small distortions of
the Ni-O and Pr/Ce-O distances take place after
the structural relaxation as shown in Table I. Ce-
substitution within the F block is energetically favor-
able by 96 meV /unit cell with respect to substitu-
tion in the IL block. The standard enthalpy change
AH can be obtained at T= 0 from the calculated to-
tal energies: E(Pr3CeNizOs)+ 2E(O2)- 3E(Pr203)-
E(Ce02)- 3E(NiO) giving a value of -814 kJ/mol .36

Within GGA, the band structure is metallic with
an in-plane AFM coupling within the NiOs planes.
Application of a Coulomb U to the Ni-d, Pr-f and
Ce-f states opens a gap of ~0.6 eV for doping in the
IL block and ~0.3 eV in the F block (see Fig. 4). The
gap is smaller for substitution in the F block due to
the unoccupied Ni-d states from the outer planes be-
ing closer in energy to the Ce-f bands, leading to a
level repulsion effect (see Fig. 4). The magnetic mo-
ments inside the Ni muffin-tin sphere are approxi-
mately £0.9 pp with checkerboard (AFM) ordering
within the NiOy planes as well as between planes.
All in all, the LDA+4U band structure, shown in
Fig. 4, exhibits a correlated S=1/2 AFM insulator
analog of the parent cuprate materials. Holes would
hence go into the Ni-d band of x? — y? character
that is highly hybridized with O-p states (see be-
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FIG. 4: Band structures for PrsRNi3Og within LDA+U
(R= Ce, top panels; R= Th, bottom panels). R** dop-
ing within the IL (left panels) and F blocks (right panels)
with an in-plane AFM ordering of Ni ions.

low). Calculations confirm that this state comprised
of AFM-ordered Ni layers is more stable than a fer-
romagnetic one, giving rise to a superexchange inter-
action J ~ 1200K, comparable to that of cuprates.

In general, Ce can be trivalent as well as tetrava-
lent. Using the same structural parameters and U
values described above, as well as a checkerboard
AFM configuration within the NiOy planes, a so-
lution where Ce is 3+ was obtained. However, this
state (in which a magnetic moment of 1 pp develops
on the Ce) turns out be energetically unfavorable by
0.34 eV/unit cell with respect to that where Ce is
tetravalent. An in-trimer charge ordered solution re-
sults with AFM ordering in the NiOs planes: Ni'*
in the outer layers, and Ni** (high spin) in the inner
layers.37

As can be observed in Fig. 5, for Ce**T substi-
tution, the top of the valence band consists of a
mixture of dy2_,2 and d.» states, whereas the Ni-
d unoccupied bands are x? — y?-only in character.
At around 1 eV above the Fermi level lie the Ce-f
states whereas Pr-f states appear mostly above ~ 4
eV. It is clear from the density of states (DOS) that
both inner and outer Nil*: d° (S=1/2) ions have
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FIG. 5: Partial density of states for PrsCeNizOg within
LDA+U (top parts of panels are for spin up, bottom
for spin down). Ce*T doping within the IL block (left)
and within the fluorite block (right). We find that the
Ce cation slightly bonds with neighboring O ions. The
unoccupied Ni-d bands lying at about 3 eV above the
Fermi level have substantial O character, as a result of
the strong o-bond with neighboring O anions.

a single hole in the minority-spin d,>_,2-like band.
Hybridization between the Ni-d and O-p states is
clear in the DOS, being most noticeable for the pla-
nar O ions as a result of the strong pdo bond. The
lobes of the 22 — 3?2 orbital point directly to the p
orbital of the neighboring oxygen, forming a strong
covalent bond with a large hopping integral ¢,4= 0.3
eV. Let us recall that bond covalency sets the un-
usually high energy scale for the exchange interac-
tion in cuprates. Small moments are induced on the
oxygen ions as a consequence of hybridization along
with low-site symmetry: po1=-0.05 pp (inner NiOo
plane), 1p2=-0.07 up (outer NiOy plane), popsz= -
0.02 pp (F block). Importantly, the Ce cation bonds
with neighboring O ions (as implied in the DOS,
clearly reflecting the hybridization between O-p and

Ce-f states). Previous results show that Ce substi-
tution in RoCuOy4 (R= Pr, Nd) enhances the phase
stability given that tetravalent Ce has a firmer grip

on surrounding O?~ ions than trivalent rare earth
ions.34:38,39

To check the robustness of the obtained electronic
structure, Th substitution on the Pr site was also
tried as well as smaller 4+ cations like Zr and Te.
For Th substitution, the same type of calculations
give rise to a smaller volume reduction of only 0.5-
1% (the ionic radius of tetravalent Th** in an 8-fold
environment is 1.06 A, larger than that for Ce*t).3?
The electronic structure is very similar except for the
f-states missing at the tail of the unoccupied Ni-d
states (see Fig. 4) arguing that the derived insulating
AFM state is robust in PrsRNizOg. Zr and Te are
smaller ions®® so substitution with these gives rise
to bigger distortions in the structure. However, the
main features of the electronic structure obtained for
Th doping remain for both Zr and Te doping.

If the likelihood of promoting superconductivity
in these layered nickelates is to be analyzed, the
similarities with cuprates should be characterized.
The state we have obtained in Pr3CeNizOg (for a
Nil* oxidation state) has insulating, AFM planar
order in common with the cuprates, as well as ob-
vious similarities in structure with common MOq
(M= Ni, Cu) square lattice planes and a similar su-
perexchange interaction. Even though we are deal-
ing with hypothetical structures, our calculations
show that substantial Ce-doping should be thermo-
dynamically stable and that several other 4+ cations
would yield a very similar antiferromagnetic insulat-
ing state, suggesting this configuration is robust in
layered nickelates of low enough valence. Our results
show that planar nickelates directly analogous to the
high-T. superconducting cuprates are a realistic pos-
sibility with intermediate Ce-doping concentrations
near 1/8 being the appropriate place to search for
superconductivity.
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