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Displacive phase transitions in infinite-layer nickelates from first- and second-principles calculations
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Antiferrodistortive (AFD) motions in ABX3 perovskites play an important role in determining, tuning, and
creating functionalities. Here, through first-principles calculations, we predict that the AFD motions in RNiO,
(where R denotes rare-earth ion), which recently gained significant interest as superconductor systems, show very

similar behaviors with perovskites in various aspects, indicating an intrinsic property. The origin of AFD motions
is rationalized by chemical bond valence theory, and we reveal that the undercoordination of the R cation is the
driving force for the appearance of rotation, analogous to perovskites. Going further, the temperature dependence
of local deformations is addressed by developing a second-principles model, and we suggest that the structural
phase transitions should be classified as displacive. Eventually, a direct rotation-electron-spin connection is
established, which opens a pathway to purposefully tune the Fermi surface, magnetic coupling strength, and
magnetic dimensionality. Given that superconducting properties are associated with electronic and magnetic
properties, our results provide the possibility and feasibility of the practical control of behaviors in nickelate

superconductors through rotation engineering.
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I. INTRODUCTION

Antiferrodistortive (AFD) motions, which normally in-
clude rotations and tilts, exist broadly in ABX3 perovskites,
and they have been identified as a powerful approach to con-
trol functional properties through the strong interplay with
lattice, electron, and spin degrees of freedom [1-48]. From
a structural point of view, AFD motions are the primary order
parameter to induce ferroelectricity through a hybrid improper
mechanism [1-10]. In addition, AFD motions can facilitate
the design of polar metal [11-13] and magnetically induced
multiferroics [14-20]. From an electronic point of view, AFD
motions have been widely exploited as practical strategies to
optimize properties such as band gap [21-25], metal-insulator
transition of RNiO3; (where R denotes rare-earth) and RMnOj;
[26-32], and even the superconductivity of cuprates [33-36].
From the viewpoint of magnetic properties, AFD motions
have been revealed to be of direct relevance to magnetic
interactions [37-39], Néel/Curie temperature [40-44], and
magnetic order [45—48].

Infinite-layer nickelates RNiO,, which are derived from
the RNiO3 perovskites by removing apical oxygen, have re-
cently gained growing interest inspired by the discovery of
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superconductivity [49-78]. AFD rotations are important char-
acteristics of RNiO3 perovskite, which are not only critical for
the appearance of a metal-insulator transition [26], but also are
useful for a continuous fine-tuning of the transition tempera-
ture [27]. As infinite-layer RNiO, and RNiOj3 perovskites have
the same atomic structure at the square plane, and rotation
around the ¢ axis only involves displacements of oxygen at
the square plane, it is reasonable to expect that RNiO, may
also have similar in-plane rotation.

In experiments, it is suggested that LaNiO, and NdNiO,
are crystallized in the P4/mmm phase without AFD motions
[75,79]. Recently, several theoretical works have reported
the appearance of in-plane rotation in RNiO, with small
R-site cations [69-73]. Despite the progress on the struc-
tural properties, there is no clear explanation for the driving
mechanisms of the structural transitions. Moreover, being
able to determine whether dynamically stabilized phases are
of an order-disorder or displacive nature is important for
understanding material properties that depend on local struc-
ture [80-86]. Therefore, the understanding of the displacive
or order-disorder transition is one of the central issues of
condensed-matter physics. To our knowledge, the details of
the characteristics of the local structure in RNiO, at different
temperature have not been reported yet. More importantly,
a robust understanding of the similarity and difference of
rotation effects in infinite-layer RNiO; and RNiOj; perovskites

©2023 American Physical Society
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has still not been achieved, which may impede the full ex-
ploitation of rotation engineering. It is well known that the
electronic and magnetic properties have strong and direct
connections with superconductivity [87—-89]. Uncovering the
origin and nature of rotation and disentangling the effects
on the electronic and magnetic properties are fundamen-
tal to the rational optimization of superconducting critical
temperatures.

In this work, the driving force for the oxygen rotation, its
order-disorder or displacive nature, and the effects on the elec-
tronic and magnetic properties in infinite-layer nickelates are
investigated by a combination of first- and finite-temperature
second-principles calculations. The results unveil that the
oxygen rotation of infinite-layer nickelates is strikingly sim-
ilar to that witnessed in perovskites. We further reveal that
oxygen rotation motion originates from the enhancement of
R-O covalency due to the undercoordination of a smaller R-
cation (R = Nd-Lu), which is also in line with perovskites.
A finite-temperature second-principles model is constructed
to describe temperature-dependent structural transformations.
Our results provide evidence that rotation motion exhibits
displacive characteristics. By investigating the change of elec-
tronic and magnetic properties induced by rotation motion,
we establish a direct rotation-electron-spin link. The strong
sensitivity of the Fermi surface, magnetic coupling strength,
and magnetic dimensionality to rotation provides the potential
to optimize superconducting properties by rotation engineer-
ing.

II. METHODS

A. First-principles calculations

First-principles density functional theory (DFT) calcula-
tions as implemented in the Vienna Ab initio Simulation
Package (VASP) [90,91] were carried out to explore the
ground-state properties. The Perdew-Burke-Ernzerhof func-
tional revised for solid (PBEsol) [92] and Hubbard U [93]
of 2.7 eV for the Ni 3d orbital were employed according to
our previous work [73]. The plane-wave energy cutoff was
set to be 700 eV. Brillouin zone integrations were performed
using an 8 x 8 x 6 Monkhorst-Pack k-point mesh [94] for a
V2 x /2 x 2 supercell. Here, the energy of A-type antiferro-
magnetic (AFM), C-AFM, G-AFM, and ferromagnetic (FM)
states was compared in the calculations to find the magnetic
ground state. During the structural optimizations, the lattice
constants and all internal atomic positions were fully relaxed
until the Hellmann-Feynman force acting on each atom is
less than 1073 eV /A. The exchange constants are calculated
by using the TB2J code [95] based on the maximally local-
ized Wannier functions [96,97]. The distortion amplitude is
identified by the ISODISTORT software [98,99] relative to the
distortion-free P4/mmm phase.

B. Cristallochemical calculations of bond valence

To investigate the origin of rotations from a cristallochemi-
cal viewpoint, we considered a simple crystal chemical model
based on the works of Brown [100,101] to calculate the R
ion coordination in RNiO, and also RNiOj3 for comparison.

FIG. 1. Atomic structure of P4/mmm HoNiO, and the schematic
representation of five short-range interactions included in the energy
term of the second-principles model.

According to their works, the bond valence sum Vi of cation
R can be defined as

/

Ve=) sro, =) exp (%) M

Here, sg.o, denotes the valence of the bond between the
cation R and the oxygen atom 7, and r; is the bond valence
parameter or nominal R-O bond length [102]. rz.o, represents
the actual bond length between the cation R and the oxygen
atom n. For the empirical parameter B, the suggested value of
0.37 is used.

C. Finite-temperature second-principles calculations

A second-principles model for HoNiO; is built to study the
behavior of structural distortions under different temperature.
Since the rotation motion is only related to the change in the
position of the oxygen atoms, we ignore the displacements of
other atoms. Furthermore, we fixed the direction of movement
of the oxygen atoms, since the degrees of freedom on two
other directions do not participate in the A; rotation mode.
The high-symmetry phase P4/mmm is selected as the refer-
ence structure, and total energy can be described by a Taylor
expansion around the reference structure in the following way:

Eioa = Eo + Zszll«iz + ZMM? + Zl{ijﬂiﬂj, )
i i i]

where p; is the displacement of the ith atom. For sym-
metry considerations, only even-order terms are kept. The
Ewt=); szuiz + > suﬁ represents the energy of an iso-
lated oxygen atom at the ith location. Eg,ory = Zi £ Kijpipj
is the energy contribution from the short-range interactions
between neighboring oxygen atoms. Here, five different short-
range interactions and five Kj; (Ki, K>, K3, K4, and Ks) are
considered as sketched in Fig. 1.

To determine the parameters from first-principles calcu-
lations, we select 128 structures as the training set. The
structures in the training set are 2 x 2 x 2 supercell as shown
in Fig. 1, and there are 16 oxygen atoms in one supercell.
Since the direction of displacement is fixed, there are theoret-
ically 2'° types of initial structures that need to be considered.
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TABLE I. The parameters in Eq. (2) fitted from first-principles
calculations. Here, the units of s,, K|, K5, K3, K4, and K5 are eV/,&2
and the unit of s, is eV/A%.

5 54 K, K, K; Ky Ks

0.3246 0.9657 0.0753 —0.0534 0.1013 0.0743 —0.0035

For the sake of simplicity, we force the oxygen atoms on the
top layer to always move to the same or opposite direction
to the oxygen atoms below it. Next, we only considered the
structure to be symmetric about the x-axis. And finally, we
reduce the number of initial structures with periodic boundary
conditions. The number of initial structures is reduced from
216 to 28. Among them, we choose eight structures that are
closest to the rotation mode and linearly interpolate 16 struc-
tures between them and the P4/mmm phase. The parameters
are fitted with these 128 structures by minimizing the goal
function:

G= Z(Ej,model — E;prr)’, 3

J=1

where j runs from 1 to the number of structures in the training
set, Ejmodel 18 the total energy obtained from the second-
principles model for the jth structure, and E; per is the energy
from DFT calculations. All the parameters are listed in Table 1.
The total energy of the training set from our second-principles
model is very close to that of DFT calculations (see Fig. S1
of the Supplemental Material [103]). Moreover, the curvatures
of the potential energy surface (PES) of eight models from the
two calculations agree well with each other, indicating that the
second-principles model could also accurately describe the
phonon frequency of each selected mode.

Based on the second-principles model, the Monte Carlo
simulations are carried out on 16 x 16 x 16 supercells to
investigate the atomic movements at different temperatures.
The simulations begin at 5 K, and they proceed in steps of
1 K increments until the temperature reaches 2100 K. For
each temperature, 2x 10° MC steps are used. During the sim-
ulations, the step sizes are adjusted to ensure an acceptance
ratio of approximately 0.2. After we have obtained the equi-
librium structure at different temperatures, 10® MC steps are
performed to obtain the distribution of ;.

LaNiO, —@—PrNiO, --@- NdNiO,
--® - SmNIO, --®- HoNiO, LuNiO,

-100 |- 0,8 g0

(meV/f.u.)

-200 ~
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06 04  -02 0.0 02 04 06
Rotation amplitude (A)

FIG. 3. PESs of out-of-phase rotation for RNiO, (R = La, Pr, Nd,
Sm, Ho, and Lu).

III. RESULTS AND DISCUSSION
A. Intrinsic antiferrodistortive rotation

First, we concentrate on the AFD rotation instability in the
high-symmetry P4/mmm RNiO, by analyzing the PES of the
rotation motion [see Fig. 2(a)]. The lattice constants of the
P4 /mmm phase are fixed as the corresponding values in their
bulk materials. The ground-state structure and magnetic order
of the RNiO, series can be found in Ref. [73]. The calculations
have been performed with the ground-state magnetic order,
namely G-AFM for LaNiO, and PrNiO,, and C-AFM for
NdNiO,, SmNiO,, HoNiO,, and LuNiO,. Clearly, LaNiO,
and PrNiO; are dynamically stable as shown in Fig. 3, while
NdNiO,, SmNiO,, HoNiO, and LuNiO, exhibit the double-
well PES, indicating the instability of rotation motion.

Although oxygen-square rotation in RNiO, has not been
detected experimentally from neutron powder diffraction
[79] and atomic-resolution high-angle annular dark-field
(HAADF) STEM [75], these techniques are known to be less
sensitive to light elements such as oxygen. The detection
of oxygen-square rotation requires more relevant and effi-
cient techniques such as atomic-resolution annular bright field
(ABF) STEM [104] and integrated differential phase contrast

FIG. 2. Schematic representation of the (a) oxygen rotation motion (irreps A} ), tilt distortion (irreps X, ), and (c) polar distortion (irreps

ry).
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FIG. 4. Similarity between RNiO, and RNiO; from structural
and chemical viewpoints. The PESs for the (a) X, tilt distortion and
(b) out-of-plane polarization I';” in HoNiO, with and without fixed
rotation (A} ) of the ground-state value. (c) The PESs of out-of-phase
rotation in HoNiO, as a function of Hubbard U. (d) The amplitude
of rotation angle in HoNiO, as a function of epitaxial biaxial strain.

(iDPC) STEM [105]. We strongly suggest a thorough reex-
amination of lattice instability in the RNiO, system since we
found that the intrinsic features of rotation motion in RNiO,
infinite layer compounds are similar to the physics of related
RNiO; compounds, and more generally of ABX 3 perovskites.

(i) A-site ionic radius effect. It is well known that rotation
in ABX 3 perovskites is closely correlated to the A-site ionic
radius. Typically, the amplitude of rotation monotonically
increases with decreasing the ionic radius [26]. Comparing
the curvature of PESs of RNiO, (R = Nd, Sm, Ho, and Lu)
and their rotation amplitude with the lowest energy as shown
in Fig. 3, it is obvious that rotation behaves in a strikingly
similar fashion as in ABX 5 perovskite: decreasing ionic radius
rg simultaneously increases the instability and amplitude of
rotation.

(ii) Lattice competition between different rotation motions.
In many distorted ABX3 perovskites, there are rotation mo-
tions along three directions with the a~a~a~ or a~a c*
rotation pattern represented by Glazer notations [106]. An-
other feature of rotation motion is that rotation along a
different direction tends to suppress each other [107]. From
the PESs shown in Fig. 4(a), it is obvious that the out-of-phase
A} rotation enhances the stability of X, tilt distortion [see
Fig. 2(b)], indicating the strong competition between different
rotation motions.

(iii) Ferroelectricity-rotation lattice competition. The com-
petition between ferroelectric polarization and rotation is a
rather generic behavior in ABX3 perovskites and is respon-
sible for the scarcity of ferroelectricity [108—110]. From
the PESs of out-of-plane polar motion P, [see Fig. 2(c)]
of HoNiO, with and without rotation shown in Fig. 4(b),
we confirm that polar motion becomes more stable and in-

creases the total energy due to the ferroelectricity-rotation
competition.

(iv) Covalency-dependent rotation. In ABX3 perovskites
like CaFeO3;, Cammarata et al. point out that covalency of
the metal-oxygen is strongly related to the rotation amplitude,
and the more covalent the Fe-O bond is, the smaller is the
rotation amplitude [111]. In addition, they found that Hubbard
U can be considered as an indicator to track the evolution of
covalency. Typically, the larger the U value, the weaker the
covalency. To explore covalency-dependent rotation, we use a
similar method and analyze the PESs of rotation in HoNiO,
as a function of U. One can clearly see from Fig. 4(c) that
increasing the U value continuously enhances the rotation
instability, which is also in line with perovskites [111].

(v) Strain-rotation coupling. The fifth feature of rotation
in ABX; perovskites is the strong coupling with epitaxial
strain [112,113]. The amplitude of rotation is usually very
sensitive to strain. We then examine the evolution of the rota-
tion amplitude of HoNiO, with epitaxial strain ranging from
—2% to 2%. A monotonic increase of rotation amplitude from
compressive to tensile strain is clearly visible in Fig. 4(d). Ob-
viously, such strong strain-rotation coupling is again similar
with ABX 3 perovskites.

Although the Ni-O network is different in perovskite and
the infinite layer, all these results confirm that RNiO, infinite
layer compounds show a marked resemblance to that of ABX3
perovskites from both structural and chemical viewpoints,
providing further evidence that rotation instability should be
an intrinsic feature of ABX, compounds. It is well known
that there are plenty of approaches to tune the rotation of
perovskites such as strain engineering, chemical doping, and
interfacial coupling. The close parallelism between oxygen-
square rotation in RNiO, compounds and oxygen octahedra
rotation in RNiOs3 perovskites indicates that the strategies
currently used in perovskites could be exploited in infinite
layers to achieve the continuous control of rotation motion
and related functional properties. In practice, relying then on
chemical doping, we highlight in the following that the tuning
of their ground-state properties and phase transitions could be
realized.

B. Origin of AFD rotation from bond valence theory

We further disentangle the underlying physical origin of ro-
tation motion from atomistic and crystal chemical viewpoints.
The appearance of rotation motion in perovskites can be
traced back to the seminal work of Pauling in 1929, in which it
was proposed that the role of atomic motions was to optimize
the coordination environment of anion about the A-site cation
and find the minimum in the crystal energy [114]. Thus, the
appearance and amplitude of rotation are determined by the
best optimization of the coordination environment [106,115].
According to Brown [100,101], the bond valence sum Vj is a
reliable fingerprint to describe the coordination environment.

In terms of RNiO,, if the high-symmetry P4/mmm phase
is a metastable state, due to the undercoordination of the R
cation, the oxygen atoms should move closer to the R cation
to better coordinate the R-site cation and improve the R-O in-
teractions. From this perspective, the difference of Vi between
the high-symmetry and low-symmetry ground-state phases
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FIG. 5. The difference of bond valence sum V; of cation R
between the P4/mmm and 14/mcm phases (blue curve); the corre-
sponding difference of V; in RNiO; between cubic and P2, /c phases
(red curve) are shown for comparison.

will be beneficial for the understanding of AFD rotation mo-
tion. The top view of RNiO, with rotation motion is displayed
in Fig. 2(a). It is obvious that each cation R is surrounded
by eight oxygen atoms. With the appearance of out-of-phase
rotation motion, four oxygen atoms move closer to cation R in
a same way as a’a’c™ rotation in ABX 5 perovskites.

Figure 5 compares the difference of Vi in RNiO, between
the P4/mmm and I4/mcm phases and RNiO; between the
cubic and P2;/c phases in the FM order for simplicity. As
the ground state of LaNiO, and PrNiO, is the high-symmetry
P4 /mmm phase without rotation motion, the AVy is zero for
the two compounds. The results clearly reflect two similar
features: (i) the Vi of high-symmetry phases in RNiO, (R =
Nd-Lu) and RNiOj3 are smaller than the ground-state phases,
and consequently AFD motions are favored to further en-
hance the covalency. The larger difference in RNiOj3 indicates
strong AFD motions. This is consistent with the a"a~a~ or
a~a~ct AFD pattern with a much larger Ni-O-Ni bond angle
along three directions, while RNiO, have a relatively smaller
bond angle along two in-plane directions. (ii) The difference
of Vg between the high-symmetry and low-symmetry phases
increases continuously when the R cation radius decreases,
suggesting much larger AFD motions are needed to optimize
the coordination environment. This finding is also in line
with the above discussion that RNiO, with a smaller R cation
have stronger AFD instability and larger amplitudes of AFD
motions, which is in accordance with ABX 3 perovskites.

In perovskites, it is known that lattice strain could also
affect the instability of rotation through strain-rotation cou-
pling. On decreasing the R cation radius, the lattice constants
gradually decrease. To properly account for the lattice effects,
we first analyze the variety of PES in which the rare-earth
element La is kept the same and the lattice constants are
changed to the values in a series of RNiO, compounds. It is
clearly shown in Fig. 6(a) that the increase of compressive
lattice strain dramatically increases the stability of rotation
motion, which means that rotation is disfavored by the lattice
strain induced by the reduction of the R cation radius. We then
froze the lattice constants to that of LaNiO, and changed the

200
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> —9— SmNiO,
E 100F —@— HoNiO,
B LuNiO,
()
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FIG. 6. (a) Comparison of the PESs of LaNiO, with the lattice
constants of P4/mmm LaNiO,, PrNiO,, NdNiO,, SmNiO,, HoNiO,,
and LuNiO,. (b) Comparison of the PESs of RNiO, (R = La, Pr, Nd,
Sm, Ho, and Lu) with the lattice constants of LaNiO,.

R cation to a different element. Comparing with the results in
Fig. 3, the curvatures of the PESs in Fig. 6(b) become more
negative, and the rotation amplitude with the lowest energy
notably increases for the same compounds, suggesting the
enhancement of rotation instability by tensile lattice strain.
Therefore, the bond valence effect outweighs the opposing
effect of the decrease of lattice constants going through the
RNiO; series, and provides a vivid crystal chemistry explana-
tion for the origin of the AFD motion and the evolution trends.
This finding suggests that AFD instability might be a general
feature of all the ABX, compounds. It is worth noting that
all previous experimental works report the high-symmetry
P4 /mmm phase in RNiO, compounds [49,75,79], while sev-
eral recent works have suggested the appearance of rotation
motion [69-73]. The clear crystal chemistry explanation for
the driving mechanisms of the structural transitions as found
in perovskites might help resolve this apparent disagreement
between experiments and theoretical calculations. Therefore,
our results would provide a strong motivation for experimen-
talists to reexamine the structural instability.
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FIG. 7. Finite-temperature properties of HoNiO,. (a) Tempera-
ture dependence of rotation motion related displacement of oxygen
atoms relative to their high-symmetry positions. (b) The probability
distribution of the real-space oxygen displacement in the high-
symmetry P4/mmm phase below (400 K) and above (1200 K) the
transition temperature. The distribution of oxygen rotation motion at
(c) 0 K, (d) 400 K, (e) 800 K, and (f) 1200 K. The shades of color
represent the relative amplitude of rotation motion.

C. Displacive nature of structural phase transition

Having demonstrated the appearance and origin of rota-
tion motion in RNiO; infinite layer compounds, it is natural
to wonder about the displacive [85] or order-disorder [116]
nature of rotation and behaviors at finite temperature. To
answer these questions, we take HoNiO, as a model sys-
tem and develop a second-principles model [117] by taking
the displacements of oxygen atoms as the order parameter.
The second-principles model is based on the fitted parameter
from first-principles calculations, and it has recently been suc-
cessfully used to capture the phase transitions in perovskites
[118-120]. Moreover, a similar model is capable of disen-
tangling the displacive or order-disorder characteristic of the
phase transition [121,122].

Figure 7(a) shows the displacements of oxygen atoms
relative to the high-symmetry position as a function of tem-
perature. The P4/mmm-I4/mcm transition occurs around
1000 K. To assess the mechanism of the phase transition, we

have explored the probability distribution of oxygen displace-
ments in HoNiO, below and above the transition temperature.
For a displacive transition, the distribution of distortion above
the transition temperature is characterized by a unimodal with
the maximum corresponding to the high-symmetry structure.
In contrast, for compounds that undergo an order-disorder
transition, the distribution of distortion is multimodal in the
high-temperature phase with two symmetrically equivalent
low-symmetry phases. The high-symmetry structure results
from the dynamical average of the low-symmetry phases.

As displayed in Fig. 7(b), the distribution evolves from
double peaks below Ty to a single peak centered at zero
above Tg, which is indicative of a displacive characteristic.
Figures 7(c)-7(f) display the distribution of oxygen rota-
tion motion at different temperatures. Spatially homogeneous
distributions are clearly visible, confirming that the phases
are relatively ordered at each temperature. The amplitude
of the distortion is progressively reduced as the temperature
increases and disappears above Tx. Therefore, the rotation
motion controlled structural transition in infinite-layer nick-
elates should be classified as a displacive transition, similar
to the results of rotation in SrTiO5 [85]. In an order-disorder
transition, the temperature dependence of the order param-
eter is determined by the changes in the site occupations,
not changes in the distortion amplitude. The demonstration
of a displacive nature provides the theoretical basis for the
continuous tuning of rotation motion and related advanced
functions by external strategies. Additionally, the displacive
nature of rotation motion combined with the temperature-
dependent mode amplitude provides strong support to the
phase transition triggered resistivity anomaly [49,73]. The
order-disorder or displacive nature of the structural phase
transition in perovskite has been extensively investigated;
however, controversial conclusions can be obtained by dif-
ferent experimental measurements. Our demonstration of the
displacive mechanism of the transition would provide im-
portant guidance for experimentalists to measure the rotation
motion using appropriate equipment.

D. Tunable phase transitions by rotation engineering

The displacive nature of rotation distortion in RNiO,; offers
a unique opportunity to control desired properties by rotation
engineering [27]. In the following, we highlight that the in-
teresting electronic and magnetic transitions can be realized
by continuously tuning the rotation amplitude. Taking widely
investigated PrNiO, and NdNiO; nickelates as prototypical
examples, we explain the concept of rotation engineering by
establishing a direct rotation-electron-spin relationship.

Figure 8(a) presents the projected density of states (PDOS)
of PrNiO, and NdNiO,. The Fermi energy of PrNiO,
is mainly occupied by the Ni d,»_,» bands, while the
states of NdNiO, at the Fermi level mainly comprise Ni
d;2_,2 bands. According to our previous work, the in-plane
magnetic interactions are determined by the coupling between
Ni d>_,» bands, and the out-of-plane magnetic interactions
are associated with the spin-polarized Ni d3,2_,» bands [73].
As a result, PrNiO, and NdNiO, exhibit quasi-2D and -3D
magnetic dimensionality, respectively. As the relative energy
level of Ni d2_,» and d32_,» orbitals is the key for the
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FIG. 8. Triggering electronic and magnetic transitions by rota-
tion engineering. (a) The PDOS of Ni in PrNiO, and NdNiO,.
Rotation amplitude-dependent energy difference between the C-
AFM and G-AFM reference phases in (b) PrNiO, and (c) NdNiO,;
here, 100% rotation corresponds to the rotation in the ground-state
structure of NdNiO,. (d) The PDOS of Ni for initially 2D-AFM
PrNiO, with 120% of the rotation of NdNiO,, and for initially 3D
C-AFM NdNiO, with 60% of its rotation in the ground state. First-
neighbor in-plane and out-of-plane exchange constants of (e) PrNiO,
and (f) NdNiO, as a function of rotation motion.

magnetic dimensionality, it seems plausible that pushing
down the band edge of the d3,2_,2 orbital below the Fermi level
would make 3D C-AFM NdNiO; more analogous to CaCuQ5,
which has a 2D-AFM state. Under such a scenario, the ds2_,2

orbitals would be nearly fully occupied and the states around
the Fermi level would be mainly dominated by the single Ni
d,>_,»> bands. On the contrary, for quasi-2D AFM PrNiO; with
d,>_y» electrons at the Fermi level, pushing up the band edge
of d3,2_,2 orbital to cross the Fermi level is expected to trigger
a transition from the quasi-2D AFM state to the 3D C-AFM
state.

In perovskites, the increase (decrease) of in-plane rota-
tion typically decreases (increases) the energy level of the
in-plane d,»_,» orbital (out-of-plane d3,>_,> orbital) due to the
weakening (enhancement) of the hybridization between Ni d
orbitals and oxygen p orbitals. Here, we demonstrate that the
mechanism still holds for infinite-layer compounds.

Figures 8(b) and 8(c) show the energy difference between
3D C-AFM and G-AFM states in PrNiO, and NdNiO, as a
function of rotation. As can be found in Fig. 8(b), increasing
the rotation amplitude in PrNiO, could trigger a magnetic
transition from the G-AFM to the C-AFM state. On the con-
trary, the magnetic order of initial 3D C-AFM NdNiO, has
changed to the G-AFM state with the decrease of rotation [see
Fig. 8(c)].

To better understand the effect of rotation on the magnetic
order, we compute the electronic structure of PrNiO, with
120% rotation of NdNiO, and NdNiO, with 60% rotation of
its amplitude. The results, displayed in Figs. 8(a) and 8(d),
indicate that increasing rotation has a strong effect on the band
edge and Fermi surface; the dominated states at the Fermi
level in PrNiO, have changed from d,»_,» bands to d3._,
bands. As expected, the change of the Fermi surface and spin
polarization of the d;,»_,» bands gives rise to a pronounced
jump of the first-neighbor out-of-plane exchange constant to
sizable values [see Fig. 8(e)]. Despite the fact that J; is still
small compared with J3, it is able to induce notable dispersion
along the out-of-plane wave-vector direction [123], which
gives direct evidence for the 2D-3D magnetic transitions.
In terms of NdNiO,, the decrease in rotation increases the
energy level of Ni d,»_,» orbitals to higher energy relative
to the d3,>_,» orbitals. Consequently, the d,>_» bands govern
the Fermi level, and the spin polarization of ds,._,» bands
is suppressed [see Fig. 8(d)]. As the spin-polarized ds._,»
bands are responsible for the out-of-plane magnetic couplings,
the first-neighbor out-of-plane exchange constant becomes
negligible for smaller rotation amplitude [see Fig. 8(f)], and
eventually results in the 3D-2D magnetic transitions. The
basic concept of the rotation-electron-spin relationship is il-
lustrated in Fig. 9. The control of rotation amplitude strongly
influences the competing on-site energy and band edge of
the d,>_,» bands and d3,>_,» bands. By varying the rotation
amplitude, one can delicately tune the electronic and magnetic
transitions.

The rotation-controlled phase transitions can be naturally
extended to practical systems. NdysLagsNiO, is chosen as
model material to demonstrate the effectiveness of rotation
engineering. NdNiQO; is expected to undergo phase transitions
to a 2D AFM state with d,>_» bands at the Fermi level upon
the half-doping of La due to the suppression of rotations. The
energy of all possible structures with different arrangements
of La and Nd is compared in Fig. S2 [103]. The comparison
of electronic structures of NdNiO, in Fig. 7(a) and the lowest-
energy structure of NdgsLagsNiO, shown in Fig. S3 [103]
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FIG. 9. Design concept for triggering electronic and magnetic
transitions by rotation engineering.

indicates that electronic transition occurs with half-doping of
La and the Fermi surface is now dominated by the d,>_
bands. The first-neighbor in-plane exchange constant is 18
times that of the out-of-plane exchange constant, confirming
our expectation of the 3D-2D magnetic transition. The single
d»_y» band, strong orbital splitting between d,>_> and d3,>_,2
bands, and 2D magnetic interactions are commonly believed
to be critical factors affecting the superconducting tempera-
ture T, [87—-89]. Establishing the connection between different
factors and T, is beyond the scope of the present work. Our
results have provided intriguing insight into how to control the
Fermi surface, orbital splitting, and magnetic interactions by
rotation engineering. We hope that if further work could shed
light on the exact connection, our work would be an important
guide for the optimization of 7; through rotation engineering.

IV. CONCLUSIONS

In conclusion, we have presented a systematic theoretical
investigation of the rotation motion in infinite-layer nickelates
using a combination of first- and second-principles calcula-
tions. We found intriguing similarities between the behaviors
of rotation motion of infinite-layer nickelates and perovskites.
We propose that the rotation motion is driven by the underco-
ordination of the R cation in the high-symmetry phase, and the
difference in bond valence sum between the high-symmetry
and the ground-state structure scales with the variance in
the radii of the R cation, indicating stronger rotation in sys-
tems with a smaller rare-earth ion analogous to perovskites.
The displacive nature of rotation is further explicitly con-
firmed by comparing the probability distribution of oxygen
displacements below and above the transition temperature.
Furthermore, we demonstrate that the Fermi surface and ex-
change interactions are highly sensitive to rotation motion.
Rotation controlled electronic and magnetic transitions are
rationalized by the establishment of a rotation-electron-spin
relationship. We hope that our results could motivate further
experiments to verify the existence and effect of AFD motions
in RNiO, compounds and other ABX, system.
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