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Using ab initio band structure methods and DFT+dynamical mean-field theory approach we explore the pos-
sible formation of spin and charge stripes in the Ni–O plane of hole-doped infinite-layer nickelates, RNiO2. Our
results reveal a remarkable instability of the C-type (110) spin state with undistorted lattice towards the formation
of the spin density, charge and bond disproportionation stripe phases accompanied by in-plane“breathinglike”
distortions of the crystal structure. Our work gives a comprehensive picture of competing charge and spin stripe
states, with possible frustration of different stripe patterns upon doping. It suggests that the spin and charge stripe
state likely arises from strong magnetic correlations (with concomitant lattice distortions), which play a key
role for understanding the anomalous properties of hole-doped layered nickelates.
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I. INTRODUCTION

The recent discovery of unconventional superconductiv-
ity in hole-doped infinite-layer nickelates (RNiO2 with R =
rare-earth element), which depending upon composition, dop-
ing, and pressure show superconductivity below Tc ∼ 31 K,
has garnered significant research interest around the world
[1–14]. RNiO2 crystallizes in an infinite-layer planar crystal
structure similar to that of the parent hole-doped supercon-
ductor CaCuO2 with a critical temperature up to ∼110 K.
In RNiO2, Ni ions adopt a nominal Ni+ 3d9 configuration
(with the planar Ni x2-y2 orbital states dominated near the
Fermi level), being isoelectronic to Cu2+ in CaCuO2 [15–17].
Despite this apparent similarity the low-energy physics of
hole-doped RNiO2 exhibits notable differences, e.g., the Ni
x2-y2 states are found to experience strong hybridization
with the rare-earth 5d orbitals, yielding a noncupratelike
(multi orbital) Fermi surface [18–21]. In addition, experi-
mental and theoretical estimates suggest a relatively large
charge-transfer energy in RNiO2 [2,5]. This implies that the
electronic structure of RNiO2 is close to a Mott-Hubbard
regime, distinct from a charge-transfer state in supercon-
ducting cuprates. The former also highlights the crucial
importance of strong electronic correlations [22–24] to ex-
plain the properties of RNiO2, consistent with the results
of previous many-body DFT+dynamical mean-field theory
(DFT+DMFT) [25,26] and GW+DMFT [27,28] electronic
structure calculations [29–47]. The DFT/GW+DMFT cal-
culations show a remarkable orbital-dependent localization
of the Ni 3d states, complicated by large hybridization with
the rare-earth 5d states (while the rare-earth 4 f states locate
far away from the Fermi level due to the large Hubbard U
coupling). Moreover, it was shown that RNiO2 undergoes a
Lifshitz transition of the Fermi surface accompanied by a
drastic change of magnetic correlations upon doping [38,39],

implying a complex low-energy physics of infinite-layer
nickelates.

While the magnetism of hole-doped RNiO2 still remains
debated [48–50], recent resonant inelastic x-ray scattering
(RIXS) experiments on hole-doped RNiO2 grown on and
capped with SrTiO3 reveal the existence of sizable anti-
ferromagnetic (AFM) correlations with dispersive magnetic
excitations with a bandwidth ∼200 meV [6] consistent with
a Mott system being in the strong coupling regime [22–24].
Most interestingly, a translational symmetry broken state with
a propagating wave vector (0.33, 0) rlu (along the Ni–O bond)
has been recently reported independently by different exper-
imental groups, based on the RIXS near Ni L3 absorption
edge experiments for the uncapped hole-doped RNiO2 grown
on SrTiO3 [51–53]. This suggests the formation of a super-
structure of the lattice which has been naturally ascribed to
the emergence of a charge-density wave instability (charge
stripes), which seems to be a key ingredient for supercon-
ducting cuprates [54–59], as well as a characteristic feature of
the hole-doped nickelates [60–67]. In fact, the charge-density
wave formation was discussed in the case of (La,Sr)2NiO4

(with Sr x = 1/3, Ni2.33+) [60,61], as well as for the square-
planar systems La4Ni3O8 (Ni1.33+) and La3Ni2O6 (Ni1.5+)
[62–67]. This raises the question about the mechanism of
superconductivity and the role of spin and charge stripe fluc-
tuations in the infinite-layer RNiO2.

In this work, using the DFT+U [68–72] and DFT+DMFT
[25,26] electronic structure methods we explore the possible
formation of spin and charge stripes in the Ni–O plane of
hole-doped infinite-layer nickelates, RNiO2. Our results re-
veal an emergent instability of the C-type checkerboard AFM
spin state (with a magnetic vector qm = (110) at the Bril-
louin zone M point) of hole-doped RNiO2 with undistorted
lattice towards the formation of the spin and charge stripe
phases accompanied by in-plane“breathinglike” distortions of
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FIG. 1. Left panel: proposed spin and charge ordering pattern
inside the Ni–O plane in the charge-ordered (top) and bond-ordered
phases (bottom) of hole-doped RNiO2, with charge deficient “Ni2+”
ions (NiA) shown in grey and nominal Ni+ ions (NiB) in blue. Arrows
correspond to up/down spins for the Ni ions, with ∼0.68 μB spin
moment for the NiB ions in the CO (NiA spin moment is zero) and
∼0.56 μB and 0.66 μB for the NiA and NiB ions in the BO phase (for
U = 3 eV and hole doping x = 0.2). Right panel: in-plane Ni–O–Ni
bond lengths after structural relaxation.

the crystal structure, with a possible frustration of different
spin and charge stripe patterns at large doping. Our results
provide a microscopic evidence of competing charge and spin
stripe states, which seem to play a key role for understanding
the anomalous properties of hole-doped nickelates.

II. RESULTS AND DISCUSSION

We start by performing structural optimization of the in-
ternal atomic positions of RNiO2 at different hole dopings
using the spin-polarized DFT+U method [68–72], as im-
plemented in the Quantum ESPRESSO electronic structure
package [71,72]. In order to model a long-range stripe state
we adopt the spin and charge stripe patterns as shown in
Fig. 1. In these calculations the lattice shape and the lattice
parameters a and c were fixed [73] to the experimental val-
ues (space group P4/mmm, lattice parameters a = 3.91 Å
and c = 3.37 Å) [1] and the computations were performed
within the 3

√
2a × √

2a × c supercell structure, similar to the
procedure of Ref. [62]. We use different effective Hubbard U
values, starting from the noninteracting DFT case (U = 0 eV),
up to Ueff = 5 eV, which is typical for the electronic struc-
ture studies of nickelates [29–43]. Following the literature, to
avoid the numerical instabilities arising from the rare-earth 4 f
electrons, we focus on La3+ ion as the R ion, exploring the
effects of hole doping on the electronic structure of RNiO2

within a rigid-band approximation within DFT [74].
Upon structural optimization of hole-doped RNiO2 with

the spin and charge stripe pattern depicted in Fig. 1 (top)
we obtain a remarkable distortion of the Ni–O distances in
the Ni–O plane of RNiO2, with a significant deviation of
the Ni–O bond length from that in the parent undistorted
compound (with the Ni–O bond length of ∼1.955 Å). In fact,
the difference in the Ni–O bond length of ∼0.054-0.075 Å
(for different bonds) at x = 0.2 [see the right panel of Fig. 1
(top)] is compatible with the average bond length difference
in other charge-disproportionated systems, such as perovskite
nickelates [75,76] and iron-based oxides [77–84]. We note
that even in the undoped case RNiO2 with x = 0, a bond
length difference is robust, about 0.04 Å, increasing to 0.07 Å
upon hole doping x = 0.4. Moreover, no sizable buckling
of the Ni–O plane is found and the Ni–O plane remains
(nearly) flat.

Our calculations suggest the formations of the charge
disproportionation state with a robust Ni–O bond length dif-
ference: contracted around the nonmagnetic Ni2+ ions, NiA

in Fig. 1 (with a square planar coordination with oxygen ions
and Ni–O bond length of ∼1.912 Å) and expanded around
the Ni+ S = 1/2 ions, NiB with ∼1.966-1.987 Å (all the
numbers are given for U = 3 eV and hole doping x = 0.2).
The Ni+ ions are seen to be shifted from the center of the
planar NiO4 placket to the neighboring Ni+ ions row. In ad-
dition, we find a remarkable deviation of the Ni–Ni distances
(along the Ni–O–Ni path) from that in the undistorted RNiO2

(3.91 Å). The Ni–Ni distances are 3.899 Å between the Ni2+

and Ni+ ions and 3.933 Å between the Ni+ ions, resulting
in a superstructure modulation with a periodicity of 3 × a
along the Ni–O bonds (the same behavior is also seen on
the R-ion sublattice, with the alternating nearest-neighbour
R-R ion distances of ∼3.917 and 3.895 Å). This behavior
seems agree with the recent Ni L3 RIXS experiments that
reveal the formation of a broken translational symmetry state
in RNiO2 with a wave vector near to (0.33, 0) rlu, along the
Ni–O bond direction [51–53]. We note that the microscopic
origin of this behavior still remains controversial, and one
of the possible microscopic explanations is the formation
of a charge-density-wave order with a wave vector near to
(0.33, 0) rlu [51–53,85].

Our calculations (for U = 3 eV and hole doping x = 0.2)
yield a striped pattern of two Ni+ S = 1/2 (NiB sites with a
Ni 3d spin moment of 0.68 μB) rows followed by one non-
magnetic Ni2+ S = 0 (NiA) row, with orientation at 45◦ to the
planar Ni–O bonds [see Fig. 1 (top)]. While the calculated to-
tal Ni 3d occupancies at the Ni A and B sites are nearly same,
∼9.07, we observe a robust charge disproportionation char-
acterized by a ∼0.13 charge density difference evaluated at
the Ni A and B sites (a difference of the site-projected
charges). We note that the same stripe order characterized
by the formation of AFM with an antiphase domain bound-
ary of hole stripes (centered at the Ni2+ S = 0 ions), with
orientation at 45◦ to the Ni–O bond, was previously consid-
ered as the ground state of the related hole-doped nickelates
(La,Sr)2NiO4 (with Sr x = 1/3, Ni2.33+ ions) [60,61] and
square planar La4Ni3O8 with Ni1.33+ and La3Ni2O6 with
Ni1.5+ ions [62–67].

Next, we perform the DFT+U total energy calculations
for the optimized lattice of hole-doped RNiO2. Our results
obtained for different Hubbard U values are summarized in
Fig. 2. While the spin and charge striped phase is found to be
thermodynamically unstable at small hole dopings, with the
stable C-type AFM spin structure, the former becomes stable
above a critical doping value of ∼0.22 (in the noninteracting
DFT case) [38,39]. It is notable that the critical doping de-
pends sensitively on the Hubbard U , shifting to about 0.18
for U = 5 eV. Most interestingly, our calculations suggest the
formation of the bond-disproportionated striped phase as de-
picted in Fig. 1 (bottom), which is found to strongly compete
with the C-type AFM spin state and charge-order (CO) stripe
phase. This novel striped phase is characterized by a suffi-
ciently smaller (but still robust) Ni–O bond length difference
between the NiA (“Ni2+” ions) and NiB (“Ni+” ions) which
is 1.937 Å for NiA (with a regular planar coordination with
oxygen ions) and is 1.958–1.97 Å for NiB, respectively (all
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FIG. 2. Total energy difference of the charge-ordered and bond-
ordered phases of AFM RNiO2 evaluated with respect to the C-type
(110) AFM state (taken as zero energy) using DFT+U as a function
of hole doping for different Hubbard interaction values Ueff .

for U = 3 eV and hole doping x = 0.2). As a result, the total
Ni 3d occupations of the Ni A and B ions are nearly the same,
of ∼9.05. Moreover, in contrast to the CO stripe state, the Ni
A and B site projected charges are the same. Therefore, we
term this novel phase as the bond-ordered (BO) stripe phase.
In close similarity to the CO phase, the Ni+ ions are seen
to be shifted from the center of the planar NiO4 placket to
the Ni+ ions row, as well, there is a remarkable modulation
of the Ni-Ni distances along the Ni–O–Ni path, with a Ni–
Ni distance of 3.907 Å between the NiA and NiB ions and
3.916 Å between the NiB ions, which gives a superstructure
with the 3 × a modulation [with a wavevector q = (0.33, 0)]
of the lattice along the Ni–O bonds.

In contrast to the charge-ordered phase, for the BO phase
our DFT+U calculations give a finite Ni 3d spin magnetic
moment of 0.56 μB at the NiA sites, the NiB 3d spin moment
is of 0.66 μB, all for Ueff = 3 eV and hole doping x = 0.2.
It results in the formation of a concomitant spin-density-
wave formed at the NiA sites which holds as an in-phase
domain boundary for the AFM state of the NiB S=1/2 ions.
As a result, the NiA sites together with the neighboring Ni
B S = 1/2 ions form zigzag ferromagnetic chains in the
ab plane, which resembles the unique electronic state
of the charge-ordered manganites [86–91]. This picture sug-
gests the possible importance of double exchange mechanism
to stabilize the bond-ordered striped phase. In fact, the
DFT+U total energy calculations suggest the BO phase to be
thermodynamically stable in a broad range of hole dopings,
strongly competing with the C-type AFM at low doping val-
ues and with the charge-ordered striped phase at high doping
values. Our analysis shows that spin and charge degrees of
freedom play a key role in stabilizing the stripe phases, while
concomitant lattice displacements, according to our calcula-
tions, give a weak contribution in the total energy (see our
results for the BO phase with the undistorted lattice in Fig. 2).
This questions strong electron-lattice interactions in hole-
doped RNiO2. Moreover, the phase stability of the BO phase
is found to depend very sensitively on the choice of the Hub-
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FIG. 3. Top: k-resolved spectral function of PM RNiO2 calcu-
lated by DFT+DMFT for the bond-ordered phase at hole doping
x = 0.2. Bottom: Orbitally resolved spectral functions obtained by
DFT+DMFT for the BO PM RNiO2 with x = 0.2.

bard U value, being thermodynamically stable at doping level
0.22–0.3 in the noninteracting DFT (U = 0 eV) and 0.06–0.35
for U = 3 eV.

To proceed further we study the electronic structure and
quasiparticle band renormalizations of hole-doped RNiO2 in
the paramagnetic (PM) phase using a fully self-consistent in
charge density DFT+DMFT method [92–96] implemented
with plane-wave pseudopotentials [71,72,97]. To this end,
we adopt the (distorted) crystal structure of the CO and
BO phases obtained by performing structural optimization of
RNiO2 within DFT+U with the Hubbard U value of 5 eV.
In particular, we focus on the hole-doped case with x = 0.15
and 0.2 (near to the optimal doping value) and compute the
DFT+DMFT total energies and the electronic structure of all
these phases. In the DFT+DMFT calculations we employ the
same procedure as it was discussed previously in the context
of RNiO2 (see Refs. [38,39]): In DFT+DMFT for the Ni 3d ,
La 5d , and O 2p valence states we construct a basis set of
atomic-centered Wannier functions within the energy window
spanned by these bands [98,99]. In order to treat the strong
onsite Coulomb correlations of the Ni 3d electrons within
DMFT, we use the average Hubbard parameter U = 6 eV
and Hund’s exchange coupling J = 0.95 eV (i.e., Ueff = U −
J ∼ 5 eV), with the continuous-time hybridization expansion
(segment) quantum Monte Carlo algorithm to solve the real-
istic many-body problem [100]. We use a two-impurity-site
DFT+DMFT method in order to treat correlations in the
3d bands of the structurally distinct Ni sites in the CO and
BO phases.

Our results for the spectral properties (see Fig. 3 for the
BO RNiO2 at x = 0.2) agree qualitatively with those of the
undistorted hole-doped RNiO2. We found that the Ni x2-y2

orbitals are nearly half filled (∼0.55 electrons per spin-orbit
for the Ni A and B sites) show a characteristic three-peak
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structure with a noticeable lower and upper Hubbard subbands
and a quasiparticle peak at the Fermi level. The Ni 3z2-r2

orbitals, which are nearly fully occupied (with a spin-orbit
occupancy of ∼0.839), exhibit a sharp peak in the spectral
function at about −0.5 eV below the Fermi level. The latter
is associated with the nondispersive electronic states at about
−0.5 eV (due to their quasi-2D nature), and is accompanied
by a broad subband structure at -1.4 eV. The Ni A and B 3d
Wannier orbital occupancy difference is small, only of ∼0.01,
seen as a small occupancy difference of the x2-y2 orbitals be-
tween the Ni A and B sites. Note that the same value in the CO
phase is sufficiently larger, of ∼0.024. The instantaneous local
moment of Ni ions

√
m̂2

z ∼ 1.1 μB is nearly the same for the
Ni A and B sites. In agreement with previous DFT+DMFT
calculations of infinite-layer RNiO2 we found a remarkable
orbital-selective renormalization of the partially occupied Ni
x2-y2 and 3z2-r2 orbitals [29–43]. The Ni x2-y2 states show
a large quasiparticle mass renormalization of m∗/m ∼ 2.7
for the Ni A and B sites, while correlation effects in the
3z2-r2 band are significantly weaker, ∼1.4 (m∗/m is derived
from the electronic self-energy at the Matsubara frequencies
ωn as m∗/m = [1 − ∂Im(�(iωn))/∂iωn]iωn→0). Note that at
x = 0.15 a mass renormalization of the Ni x2-y2 states in BO
RNiO2 is somewhat higher, m∗/m ∼ 2.82, consistent with a
previously suggested reduction of the Ni x2 -y2 band renor-
malizations upon hole doping [38,39].

Most interestingly, our DFT+DMFT total energy calcula-
tions of PM RNiO2 at T = 290 K and hole doping x = 0.15
and 0.2 predict a thermodynamic phase stability of the BO
phase, with the CO phase being thermodynamically unstable
with a total energy difference of ∼7 meV/atom. We also
note that the BO and the undistorted (C-type) phases of
PM RNiO2 are found to be energetically degenerate within
∼1 meV/atom (i.e., within an accuracy of the present calcula-
tion). We therefore propose that the BO and the C-type phases
strongly compete at finite temperatures, while a long-range
magnetic order seems to be important for the stabilization of
the CO phase. This suggests that dynamical spin fluctuations
which are robust at finite temperatures tend to destabi-
lize the CO and BO phases of hole-doped RNiO2 at high
temperatures.

In fact, our results demonstrate that the C-type spin ordered
ground state of hole-doped undistorted RNiO2 is unstable
towards the formation of the spin and charge stripe phases. We
observe two striped phases (CO and BO) with different spin
density, and charge- and bond-density-wave patterns which
are characterized by the emergence of a translational sym-
metry broken state. The latter is characterized by a sizable
variation of the lattice, e.g., of the Ni–Ni distances, with a
Ni–O–Ni superstructure with a periodicity of 3 × a along the
Ni–O bonds, affecting the electronic structure and exchange
interactions in this compound. The latter is seen, e.g., as
the formation of the spin-density wave at the NiB sites in
the BO phase. While the BO state sets in at low doping
value, between 0.06 and 0.34 (for U = 3 eV), it is found
to be energetically degenerate (or, in other words, strongly

competing) with the CO phase at high doping level (e.g., at
x > 0.3), implying possible frustration of the CO and BO
stripe states. We therefore speculate that the experimentally
detected suppression of the spin and charge stripe state upon
doping may stem from a frustration of different stripe states
(e.g., CO and BO) at high doping level. Here, we also need
to point out that in the present work we have considered
only two possible stripe configurations, while other spin and
charge stripe arrangements may appear at different or even the
same doping. In fact, in the present study we do not consider
the possible formation of the (0.33, 0) charge stripe state in
RNiO2, which has been addressed in the recent DFT+DMFT
study by Chen et al. [85] (We also note two recent works by
Y. Shen et al. [101] and R. Zhang et al. [102] in which the
authors discuss microscopic origins of the spin and charge
stripe phases in infinite-layer nickelates, RNiO2). Our results
suggest the emergence of a strong competition between dif-
ferent stripe states on a microscopic level, which affects the
electronic structure and superconductivity of this material.
Moreover, this raises a question about the possible role of
stripe fluctuations to mediate a superconducting state in hole-
doped infinite-layer nickelates.

III. CONCLUSION

In conclusion, using the DFT+U and DFT+DMFT meth-
ods, we explore the formation of spin and charge stripes in the
Ni–O plane of hole-doped infinite-layer nickelates, RNiO2.
Our results reveal that the C-type spin ordered ground state
of hole-doped undistorted RNiO2 is unstable towards the for-
mation of the spin and charge stripe phases accompanied by
in-plane “breathing” type distortions of the crystal structure.
We propose two particular candidates, the charge-ordered and
bond-disproportionated phases, with a peculiar electronic and
spin state behavior. Our results suggest that the BO phase is
thermodynamically stable in a broad range of hole dopings
(possibly due to the double-exchange mechanism), strongly
competing with the C-type AFM at low doping values, and
with the charge-ordered striped phase at high doping values.
This implies a possible frustration of the spin and charge
stripe states at high doping value, resulting in the increase
of spin and charge stripe fluctuations upon hole doping. Our
results provide a comprehensive picture of competing charge
and spin stripe states, which are key for understanding the
anomalous properties of hole-doped layered nickelates. This
topic calls for further theoretical and experimental inves-
tigations of the intriguing interplay between charge order,
AFM, and superconductivity established in the infinite-layer
nickelates.
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