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Geometric effects in the infinite-layer nickelates
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Geometric effects in the infinite-layer nickelates RNiO2 associated with the relative size of the R-site atom
are investigated via first-principles calculations. We consider, in particular, the prospective YNiO2 material to
illustrate the impact of these effects. Compared to LaNiO2, we find that the La → Y substitution is equivalent
to a pressure of 19 GPa and that the presence of topotactic hydrogen can be precluded. However, the electronic
structure of YNiO2 departs from the cupratelike picture due to an increase in both self-doping effect and eg

hybridization. Furthermore, we find that geometric effects introduce a quantum critical point in the RNiO2 series.
This implies a P4/mmm ↔ I4/mcm structural transformation associated to an A+

3 normal mode, according to
which the oxygen squares undergo an in-plane rotation around Ni that alternates along c. We find that such
an A+

3 -mode instability has a generic character in the infinite-layer nickelates and can be tuned via either the
effective R-site atom size or epitaxial strain.

DOI: 10.1103/PhysRevMaterials.6.044807

I. INTRODUCTION

The infinite-layer nickelates RNiO2 (R = rare-earth ele-
ment) have long been discussed as candidate materials for
cupratelike high-Tc superconductivity [1–4]. Thus the re-
cent discovery of unconventional superconductivity in these
systems has generated substantial research attention [5–7].
Initially, superconductivity was observed in Sr-doped thin
films for R = Nd but not for R = La [8]. This circumstance has
raised the question of the role of the 4 f electrons [9] as well
as of extrinsic factors such as the unintentional presence of
topotatic hydrogen or apical oxygens, which have been argued
to correlate with the structure [10,11]. Examining the RNiO2

series for R from La to Lu as well as additional candidate
materials for nickelate superconductivity has thus emerged as
a consequential outlook [12–24]. At the same time, in analogy
with their perovskite counterparts [25–27], the appearance of
structural instabilities associated to the relative size of the R
atom may also come into play as an additional key ingredient.

In this context, YNiO2 provides a prospective model-case
system combining the absence of 4 f electrons and geomet-
ric effects associated with a comparatively small R atom.
Here, we introduce this system as a proxy to analyze the
impact of these effects on the fundamental properties of
the infinite-layer nickelates. Specifically, by means of first-
principle calculations, we quantify the corresponding changes
in both crystal structure and electronic properties, addressing
also the likeliness of topotactic hydrogen insertion. Our anal-
ysis of geometrical effects further reveals the presence of a
structural quantum critical point across the infinite-layer rare-
earth nickelate series. We show that this structural instability
is related to a distinct A+

3 soft-mode behavior that can be tuned
via either the effective size of the atom at the R site or epitaxial
strain.

II. COMPUTATIONAL METHODS

The equilibrium structure and phonon calculations were
performed using the QUANTUM ESPRESSO code [28]. We used
norm-conserving PBE and PBEsol pseudopotentials from the
Dojo library with a 115 (460) Ry cutoff for wave func-
tion (density) [29,30]. In addition, we also used the PBEsol
pseudopotentials from the SSSP library with a 75 (600) Ry
cutoff for wave funtions (density) [31,32]. The lattice param-
eters obtained for LaNiO2 and YNiO2 with these two sets of
PBEsol pseudopotentials are essentially identical. However,
significant differences are obtained with PBE vs PBEsol as
discussed below. In the case of the Pr-Eu elements, we re-
strict ourselves to the Dojo pseudopotentials in which the
4 f electrons are treated as core electrons. The phonon dis-
persion was computed using DFPT [33]. The Brillouin zone
integration was performed using a 16 × 16 × 20 k mesh and
an 8 × 8 × 10 q mesh was used to compute the dynamical
matrix. Further, the optimized structural parameters were em-
ployed to compute the electronic structure properties using the
all-electron code WIEN2K [34] based on the full-potential aug-
mented plane-wave plus local orbitals method (APW+LO).
We used muffin-tin radii of 2.5, 2.10, and 1.48 a.u. for the
Y, Ni, and O atoms, respectively, and a plane-wave cutoff
RMTKmax = 7.0. The integration over the Brillouin zone was
done using a Monkhorst-Pack mesh of 11 × 11 × 14 k points
for the self-consistent calculations.

In addition, we performed magnetic calculations using
both PBEsol and the local density approximation (LDA) [35]
as the generalized gradient approximation (GGA) tends to
overestimate the tendency towards magnetic order in weakly
and moderately correlated metals [36]. The magnetic solu-
tions were obtained using different cells according to the
magnetic order under consideration. For the ferromagnetic
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(FM) order we used the primitive tetragonal cell, while for
the A-type antiferromagnetic (AFM) order with the spins of
adjacent NiO2 planes pointing in opposite directions—i.e.,
FM planes stacked AFM along c—we used a tetragonal
cell encompassing two formula units. For the C-type AFM
order—i.e., checkerboard order in-plane—we used a

√
2 ×√

2 × 1 tetragonal cell encompassing two formula units, with
a and b axis rotated by 45◦ with respect to the primitve cell.
For the G-type AFM with nearest-neighboring spins point-
ing in opposite directions (“full” AFM ordering) we used a√

2 × √
2 × 2 body-centered tetragonal cell. Finally, we also

considered the E -type AFM order where spins are aligned
forming a double stripe structure using a base-centered or-
thorhombic cell encompassing four formula units.

III. RESULTS

A. Structure

We first consider the ideal P4/mmm structure of the
prospective nickelate YNiO2. Using the PBEsol functional,
the optimized lattice parameters are a = 3.798 Å and c =
3.092 Å. Compared to LaNiO2, the volume of the unit cell
is reduced due to the smaller size of the Y cation. In fact,
the a parameter is smaller compared to the values reported
across the RNiO2 series (R = La-Lu), while the parameter c
is similar to the value calculated for ErNiO2 [18,19]. We note
that this difference, however, is resolved when the PBE func-
tional is used instead. In that case, we obtain a = 3.850 Å and
c = 3.144 Å, which places YNiO2 right between TbNiO2 and
ErNiO2 in terms of both a and c lattice parameters. We note
that, for the experimentally available compounds (R = La, Pr,
and Nd), PBEsol performs remarkably well in reproducing the
c parameter but not a and, conversely, PBE performs very
well with a but not c (see Table IV and [15,37,38]). The
overall agreement (lattice constants and anisotropy), however,
is slightly better with PBE.

In order to translate this reduction of lattice parameters
into an effective pressure we computed the bulk modulus of
LaNiO2 using PBE. The calculated value is 150 GPa, which
is similar to that measured in CaCuO2 and other cuprates (see,
e.g., Ref. [39]). Thus, from the lattice parameters obtained
for YNiO2, the La → Y substitution in these infinite-layer
nickelates can be seen as equivalent to a chemical pressure
of ∼19 GPa. Taking into account that LaNiO2 has been re-
ported to be superconducting with Tc ∼ 1 K and that the Tc

of (Pr,Sr)NiO2 has been reported to increase with pressure—
without saturation up to 12 GPa—at a rate dTc/dP ∼ 1
K/GPa [40], it is tempting to speculate that YNiO2 may be
superconducting with Tc ∼ 19 GPa.

B. Topotactic hydrogen

Infinite-layer nickelates are typically obtained from their
perovskite counterparts by means of topochemistry, using re-
ducing agents such as CaH2. This process, however, may lead
to oxide-hydrides RNiO2H instead, as concluded for R = La
but not for Nd after partial substitution with Sr [10]. This
suggests a link between the presence of topotactic hydrogen
and the size of the rare-earth element that can be further
verified by analyzing YNiO2.

TABLE I. Lattice parameters and relative energy of YNiO2H
calculated for different positions of the H atom in the P4/mmm
structure using the PBEsol functional.

H position a (Å) b (Å) c (Å) �E (eV/f.u.)

Apical 3.850 3.850 3.180 0
Interstitial 4.076 3.734 3.236 +2.38
Equatorial 3.830 3.830 3.486 +3.25

Thus, to determine whether the nickelates with smaller
R atoms may host topotactic hydrogens, we first consider
YNiO2H with three possible configurations relative to the
P4/mmm structure, namely, with the H atom occupying ei-
ther apical, interstitial, or equatorial positions. The computed
structures and relative energies are given in Table I. We find
that the configuration in which the H sits at the apical positions
is energetically favored. We note that the same situation takes
place in LaNiO2 [10]. The H binding energy EB can then be
computed from the corresponding total energies as [10]

EB = E [YNiO2H] − (E [YNiO2] + E [H2]/2). (1)

Thus we find that, contrary to LaNiO2, the incorporation of
H into YNiO2 is energetically unfavorable by 197 meV/f.u.
using the PBEsol functional and even more unfavorable by
316 meV/f.u. using the PBE one. Besides, we find that cor-
relation effects at the DFT+U level penalize even further the
H incorporation (see Table II). This is in fact in tune with the
trend previously obtained as a function of Sr doping and strain
[10]. Our results thus confirm that the RNiO2 nickelates are
borderline systems where the H binding energy can change
from positive to negative. In the case of (La → Y)NiO2,
topotactic hydrogen is avoided by means of a Y3+ cation that
preserves the nominal 1+ oxidation state of the Ni atom.

C. Electronic properties

Figure 1 shows the band structure and orbital-resolved den-
sity of states (DOS) of YNiO2 in the P4/mmm structure. The
main features near the Fermi level are associated to the Ni 3d
bands. These features can be traced back to the nominal 3d9

configuration of the Ni1+ as in LaNiO2. The splitting between
the eg = {dx2−y2 , dz2} states, however, is considerably reduced.
At the same time, there is a sizable self-doping from the ideal

TABLE II. Binding energy EB of the topotatic H at the apical
position obtained from PBE+U calculations as a function of the
Hubbard U parameter. The values in parentheses correspond to the
PBEsol functional.

U (eV) EB (meV/f.u.)

P4/mmm I4/mcm

0 +316 (+197) +57 (−38)
1 +339 (+217) +79 (−20)
2 +366 (+242) +104 (+2)
3 +397 (+269) +133 (+27)
4 +432 (+300) +165 (+55)
5 +471 (+335) +201 (+86)
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FIG. 1. Band structure along the high-symmetry directions of
the Brillouin zone and density of states of YNiO2 in the P4/mmm
structure.

d9 configuration which, despite the reduced polarizability of
the Y ion, is visibly enhanced compared to LaNiO2. Such a
self-doping originates from a Y 4d derived band, which has an
increased hybridization not only with Ni 3dz2 but also with O
2p states. In fact the width of the O 2p bands increases, which
makes the contribution of the O 2p states to the DOS near
the Fermi level slightly higher compared to LaNiO2. These
modifications result from the reduced lattice parameters of
YNiO2 and are compatible with those reported in [18] for
LaNiO2 as a function of the in-plane lattice constant. Also,
the presence of the two larger electron pockets at � and A is
in tune with those reported in [19].

These changes in the electronic structure modify the
tendency towards magnetism as summarized in Table III.
Specifically, our calculations with FM and A-AFM initial
configurations converged but yielded a vanishing magnetic
moment, while the rest of the configurations resulted in
metastable states at the LDA level. This situation changes at
the GGA level. In this case, the tendency towards magnetism
is enhanced and the G-AFM solution is found to minimize
the energy. In any case, we note that both LDA and GGA
yield rather small magnetization energies indicating that the
tendency towards magnetism is very weak.

TABLE III. Energy difference with respect to the nonmagnetic
solution and magnetic moment of the Ni atom for different magnetic
configurations of YNiO2 obtained using the LDA exchange-
correlation functional (the values between parentheses correspond to
PBEsol).

�E (meV/Ni) μNi (μB)

G-AFM +2.98 (−9.16) 0.30 (0.45)
E -AFM +1.18 (−3.65) 0.14 (0.37)
C-AFM +0.27 (−1.92) 0.06 (0.43)
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FIG. 2. Phonon spectrum of YNiO2 computed in the optimized
P4/mmm structure. The spectrum reveals a weak instability at A [q =
(1/2, 1/2, 1/2)] associated to an A+

3 normal mode.

D. P4/mmm → I4/mcm structural distortion
and epitaxial strain

Next, we address the stability of the P4/mmm structure
of the infinite-layer RNiO2 nickelates when the size of the
R atom is reduced. The Goldschmidt tolerance factor is a
well known geometric indicator of the stability of cubic
perovskites. In the tetragonal infinite-layer case, there is an
analogous “no rattle limit” that can be inferred from the ratio
of ionic radii also. Accordingly, for R = Y, we note that the
ionic-radius ratio rY/rO in eightfold coordination is 0.718,
and hence below such a limit (0.732). In fact, the calculated
Y-O distance in YNiO2 is slightly larger than the sum of the
corresponding radii. Consequently, the system may be prone
to structural instabilities according to Pauling’s rules [41].

To confirm this, we considered possible distortions of the
P4/mmm structure. The phonon spectrum, in particular, re-
veals a dynamical instability at the A point of the Brilluoin
zone (see Fig. 2). In fact, we further find that the total energy
is minimized in the I4/mcm structure illustrated in Fig. 3. The
optimized lattice parameters again depend on the exchange-
correlation functional that is used. Using PBEsol we find a =

FIG. 3. Top and side views of the ideal P4/mmm and distorted
I4/mcm structures of the infinite-layer nickelates RNiO2. Gray, blue,
and red balls indicate R, Ni, and O atoms, respectively.
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TABLE IV. Optimized lattice parameters and frequency of the
A+

3 mode for different RNiO2 systems in the P4/mmm structure
obtained with the PBE exchange-correlation functional (the values
between brackets correspond to the PBEsol functional). Imagi-
nary frequencies indicate the dynamical instability of the P4/mmm
structure.

a (Å) c (Å) ωA+
3

(cm−1)

La 3.939 (3.880) 3.398 (3.352) 132.0 (178.0)
Pr 3.920 (3.864) 3.355 (3.314) 119.7 (169.6)
Nd 3.905 (3.849) 3.310 (3.267) 95.2 (153.9)
Sm 3.880 (3.826) 3.237 (3.191) i38.1 (115.0)
Eu 3.870 (3.816) 3.207 (3.160) i82.6 (89.6)
Y 3.850 (3.798) 3.144 (3.092) i130.1 (i52.5)

5.390 Å and c = 6.376 Å, with the parameter xO = 0.038 73
determining the oxygen positions at the 8h Wyckoff sites.
Using PBE, however, we find a = 5.480 Å, c = 6.499 Å, and
xO = 0.045 28.

When it comes to the possibility of incorporating topotac-
tic H, the I4/mcm structure becomes formally borderline.
In this case, the calculated binding energy ranges between
−38 meV/f.u. using PBEsol and +57 meV/f.u. using PBE.
However, taking into account electronic correlations at the
DFT+U level the binding energy further increases and even-
tually becomes positive in both cases (see Table II). This
indicates that the presence of H is also precluded in this
structure. Moreover, note that these values correspond to zero
temperature while, experimentally, the topotactic reduction
is typically performed at ∼300 ◦C. At this temperature, the
I4/mcm distortion can be expected to be significantly weaker
so that the binding energy will tend to that obtained for the
P4/mmm case.

As discussed above, this P4/mmm → I4/mcm instability
can be ascribed to the presence of an R atom that is too
small (i.e., a geometric effect). In fact, we find a gradual
softening of the A+

3 phonon across the series that eventually
reveals the dynamical instability of the P4/mmm structure
as summarized in Table IV. Specifically, while the R = La,
Pr, and Nd members remain stable, the structural instability
emerges for smaller R elements. At the same time, we obtain
different A+

3 -mode frequencies depending on the exchange-
correlation—PBE vs PBEsol—functional that is employed.
Thus, while the existence of a critical R size is clear from the
calculated trend, we could not conclude its precise value.

In any case, the structural instability of the P4/mmm phase
is relatively weak. In fact, for YNiO2, the difference in energy
between the P4/mmm and the I4/mcm structures is only
45 meV per formula unit. Thus we considered the influence
of epitaxial strain since this may prevent the in-plane oxygen
rotations within the NiO2 layers. Epitaxial strain ε is modeled
by changing the in-plane lattice parameter and relaxing the
structure in the c direction [ε = (a − a0)/a0, where a0 is the
initial (relaxed) lattice constant]. The top panel in Fig. 4 shows
the calculated c parameter as a function of epitaxial strain in
the P4/mmm structure. The c parameter increases by decreas-
ing the lattice constant a, and in this sense counteracts the La
→ Y substitution. This behavior is standard and can be ex-

FIG. 4. Relative change in the out-of-plane lattice parameter c
(top panel) and frequency of the soft A+

3 mode (bottom panel) of
YNiO2 calculated in the P4/mmm structure as a function of epi-
taxial strain. Negative values correspond to imaginary frequencies
indicating the dynamical instability towards the I4/mcm structure.
Compressive strain �−0.7% suppresses the A+

3 -mode instability.

pected across the RNiO2 series also. The overall modification
of the structure, however, remains dominated by the relative
changes imposed in a. Consequently, compressive strain can
be expected to reduce the Y “rattle” and thereby to stabilize
the P4/mmm structure.

The bottom panel of Fig. 4 shows the computed frequency
of the soft A+

3 mode as a function of epitaxial strain. As
we see, this mode hardens for compressive strain so that the
corresponding instability disappears for ε � −0.7 %. This
confirms that the in-plane compression obtained via epitaxial
strain overcomes the out-of-plane expansion, thereby pro-
viding a direct handle to stabilize the P4/mmm structure.
This could be achieved by using substrates such as RAlO3

(R = La, Nd, Y, and Lu). Conversely, we find that tensile
strain enhances the A+

3 -mode instability. We have performed
additional calculations for other RNiO2 systems. These cal-
culations reveal that this soft-mode behavior as a function of
epitaxial strain is in fact a generic feature of the infinite-layer
rare-earth nickelates. Accordingly, the I4/mcm structure with
the O-square rotations should be expected even in LaNiO2

under high enough tensile strain.

IV. SUMMARY

In summary, we have investigated geometric effects in the
infinite-layer rare-earth nickelates by means of first principles
calculations. By considering the prospective material YNiO2,
we have confirmed that cation-size effects can have a de-
cisive influence on the actual reduction of their perovskite
precursors since they can prevent the presence of topotactic
hydrogen. Moreover, the La → Y substitution is equivalent
to a pressure of 19 GPa, which further might be favorable for
superconductivity. However, the price to pay is the substantial
modification of the electronic properties, which qualitatively
deviate from the ideal cupratelike case. Specifically, both the
self-doping and the eg hybridization—i.e., the 3D character
of the system—is enhanced while tendency towards magnetic
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order is weakened. Furthermore, we have shown that there ex-
ists a structural quantum critical point underneath the RNiO2

series. Specifically, we have found that the original P4/mmm
structure eventually becomes unstable by either reducing the
size of the R atom or under high-enough epitaxial tensile
strain. This gives rise to an I4/mcm superstructure with spon-
taneous, in-plane rotations of the oxygen squares according
to an A+

3 soft-mode distortion. Interestingly, this structural
instability is fundamentally different from its counterpart in
the perovskite nickelates where the A+

3 mode is totally passive
without contributing to their overall distortion [25–27]. In the
infinite-layer nickelates, where the apical oxygens are absent,
the A+

3 mode becomes the main driver of their P4/mmm ↔
I4/mcm structural transformation instead. At the same time,
we note that this instability is also different from the out-
of-plane oxygen buckling reported for CaCuO2 [42]. Thus
our work establishes links between geometric effects and
fundamental properties of the infinite-layer nickelates and we
expect that our findings will motivate further investigations.

Note added. Recently, there appeared three reports address-
ing similar questions from first-principles calculations. The
soft-mode instability and its dependence on epitaxial strain
across the RNiO2 series (R = La-Lu) is confirmed in [43,44].
An additional Pbmn structure is reported in [45]. The relative

stability of this structure in YNiO2, however, depends on the
exchange-correlation functional that is used. With respect to
the I4/mcm phase, �E = −27, −57, and −37 meV/f.u. is
reported using PBEsol, PBEsol+U , and SCAN, respectively,
in [45], while we find �E = −41, +6, and −25 meV/f.u.
using PBE, PBEsol, and PBEsol+U (U = 5 eV on the Ni
in both cases). Also, the binding energy of topotactic H in
the I4/mcm structure is reported to be −300 meV/f.u. using
SCAN in [45], while we find −38 and +57 meV/f.u. using
PBEsol and PBE, respectively. We note that, when it comes
to the structural parameters of the infinite-layer nickelates,
PBE and PBEsol perform considerably better than SCAN in
nonmagnetic calculations [46]. On the other hand, when it
comes to magnetism, the computed magnetic transition tem-
peratures are always below 160 K [44], so that the system can
be expected to be paramagnetic at the reduction temperature
where the hypothetical H incorporation may take place (i.e.,
at �500 K).
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