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One of the central issues concerning unconventional superconductivity is the nature of the charge-density-
wave (CDW) order and its implication for the pairing mechanism. Recently, a CDW order has been discovered
in undoped infinite-layer NdNiO2 nickelates, which cannot be explained by popular Fermi-surface-based mech-
anisms (such as Fermi surface nesting or strong electron-phonon coupling) due to the observed insulating
behavior. In this paper, we investigate the CDW order in undoped NdNiO2 using first-principles calculations.
We find that the CDW order formation is independent of the Fermi surface but is strongly correlated with
the intrinsic antiferromagnetic (AFM) order. We propose a CDW mechanism based on enhancement of AFM
coupling induced by symmetry reduction. We demonstrate that with the loss of fourfold rotational symmetry,
the Ni-3dx2−y2 and Nd-5dz2 bonding establishes a Ni-Nd-Ni AFM superexchange channel. The AFM coupling
between two adjacent Ni atoms in the same Ni-O plane is enhanced in the lower-symmetry CDW structure,
making the CDW order energetically favorable and stabilized when the in-plane checkerboard AFM order is
presented. Our findings suggest that AFM and lattice are strongly coupled in NdNiO2 nickelates, which provides
inspiration for the origin of CDW order in other strongly correlated systems and for the elucidation of the
mysterious pairing mechanism.
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Unconventional superconductors have received consider-
able attention for their elusive superconducting mechanism
and the potential to achieve room-temperature superconduc-
tivity [1,2]. Their phase diagrams often exhibit complex
and intriguing symmetry-breaking phases, such as nematic
(q = 0), spin-density-wave (SDW), and charge-density-wave
(CDW; q �= 0) orders [3–5]. It is commonly argued that the
CDW and superconducting phases share the same origin, al-
though they often compete [5–7]. Unraveling the mechanism
of CDW order may shed light on the interpretation of the
origin of unconventional superconductivity.

Other than the renowned copper- and iron-based super-
conductors, recently discovered nickel-based superconductors
provide a platform for the exploration of unconventional su-
perconductivity [8–10]. Plenty of experiments have shown
that the exotic CDW phase also presents in infinite-layer
NdNiO2 nickelates, while its origin is still puzzling [11–13].
Generally, among conventional superconductors exhibiting
CDW order, the general origins of the CDW phase mainly
include Fermi surface nesting [14,15], strong electron-phonon
coupling [16,17], and van Hove singularity [18], all of which
can be attributed to the energy lowering of electrons near
the Fermi surface. However, none of these mechanisms can
account for the formation of the CDW phase in undoped
NdNiO2. From the experimental point of view, the CDW order
of NdNiO2 is found to be strongest when undoped [11–13],
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when the resistivity shows insulating behaviors [19,20]; thus,
the existence of a Fermi surface in NdNiO2 is now highly
questionable. Additionally, resonant inelastic x-ray scatter-
ing (RIXS) measurements suggest the strong involvement of
empty Nd-5dz2 orbitals during CDW phase formation [11–13],
likewise posing a great challenge to the Fermi-surface-based
CDW mechanism. Theoretically, density functional theory
(DFT) calculations with the Fermi-surface-based mechanism
also failed to predict the electronic and structural instability
of the high-symmetry structure [21]. Therefore, it is of great
interest to propose a fundamental understanding of the origin
of the CDW phase in NdNiO2.

In this paper, we use first-principles calculations to in-
vestigate the formation and origin of the CDW phase in
undoped NdNiO2. We find that the CDW order in undoped
NdNiO2 is indeed irrelevant to the Fermi surface but is instead
heavily dependent on the intrinsic antiferromagnetic (AFM)
order. The strong dependence between the CDW and AFM
orders has inspired us to propose a CDW mechanism based
on symmetry-reduction-induced enhancement of AFM cou-
pling. In the CDW phase, with the loss of fourfold rotational
symmetry, a Ni-Nd-Ni AFM superexchange channel between
the adjacent Ni atoms in the same Ni-O plane is established
through the coupling between the Ni-3dx2−y2 and Nd-5dz2 or-
bitals. The AFM coupling between two in-plane neighboring
Ni atoms is thus enhanced, leading to a significant energy
gain when the in-plane checkerboard AFM order is presented.
In summary, our findings suggest a strong coupling between
AFM and lattice relaxation in NdNiO2. This implies that both
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FIG. 1. The atomic structure of (a) the D4h pristine phase and (b) the D2h charge-density wave (CDW) phase. The green, gray, and yellow
balls represent Nd, Ni, and O atoms, respectively. In (a) and (b), d is the interatomic vector pointing from Ni to Nd, and θ0 and θ1 are the
corresponding azimuthal angles. The blue arrows in (b) indicate possible Ni-Nd-Ni superexchange channels. (c) The band structure of the D4h

pristine structure with the G-antiferromagnetic (AFM) order. Since the Kramers’ degeneracy still holds, only the spin-up part is presented.
The inset in (c) shows the spin arrangement of the G-AFM order. (d) The total energy of different structures in different magnetic orders. All
energies are referenced to the total energy of the D2h CDW structure with the G-AFM order. Details about the different cell sizes used for
calculating total energy refer to Fig. S3 in the SM [27]. And the unfolded phonon spectrum of (e) the pristine structure with nonmagnetic (NM)
order, (f) the pristine structure with ferromagnetic (FM) order, (g) the pristine structure with the G-AFM order, and (h) the CDW structure with
the G-AFM order.

lattice dynamics and AFM should be vital for the mechanism
of high-temperature superconductivity.

Our calculations employ DFT as implemented in VASP

[22,23], and the Perdew-Burke-Ernzerhof approximation [24]
is utilized for the exchange-correlation functional. For Nd
atoms, the 4 f 3 electrons are assigned to a nonmagnetic
(NM) core to ensure the correct occupancy of the f or-
bitals. The cutoff energy of the plane-wave basis is set
to 400 eV, the energy convergence threshold is set to
10−6 eV, and a �-centered k-point mesh with 2π×0.03 Å−1

spacing is used for Brillouin zone sampling. All original
static structures were relaxed to their optimum configura-
tions so that Hellmann-Feynman forces on each atom reach
<0.01 eV/Å. All phonon spectra were determined using the
finite-displacement method as implemented in the PHONOPY

package [25], and 2
√

2×2
√

2×4 supercells with 128 atoms
included are constructed for phonon calculations. To test
the robustness of the CDW order under different correlation
strengths, based on the previous work [26], we applied an
on-site Coulomb repulsion U with values of 4, 6, and 8 eV
on 3d orbitals of Ni atoms and found that our conclusion
is not affected by the U parameter (see Figs. S1 and S2 in
the Supplemental Material (SM) [27]). Therefore, we present
only the results for UNi−3d = 8 eV. With NdNiO2 being a
structural and electronic analog to the CaCuO2 cuprates, its
pristine structure adopts a D4h crystallographic point group,
and there is a fourfold rotational axis through the Nd atoms

perpendicular to the Ni-O plane [Fig. 1(a)]. The stable Ni1+ is
in the 3d9 configuration, and the highest-lying dx2−y2 orbital
is half-filled [28,29], leaving each Ni atom with a calculated
magnetic moment of about 1 µB, in agreement with the previ-
ous DFT results [26].

In addition, we use the cluster expansion method [30] to
explore the changes in magnetic exchange interactions before
and after the formation of the CDW order. The total energies
of different magnetic configurations are expanded by E (σ ) =
N

∑
f J f D f π̄ f (σ ), where E (σ ) is the total energy of the con-

figuration σ with N sites. For a specific cluster figure f , D f is
its degeneracy, and π̄ f (σ ) is the correlation function defined
as the lattice-averaged product of spins. For convenience, we
assign different spin orientations as ±1. The multispin effec-
tive cluster interaction parameters Jf are derived by fitting
the total energies of n + 1 configurations (where n is the
number of considered clusters) with the smallest cell size.
We gradually increase the number of clusters used for fitting
based on the effective cluster interaction selection rule until
the predicted ground state and the ground state from DFT
calculations converge, while the cross-validation score is kept
<2 meV/site [30].

The CDW order reduces the total energy of the system
by reconstructing the lattice and associated electrons and is
usually evidenced by the imaginary frequency at q �= 0 in
the phonon spectrum of the high-symmetry structure [31].
Therefore, to investigate the potential CDW order in undoped
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NdNiO2, we calculated the phonon spectrum of different
structures with different magnetic orders in Figs. 1(e)–1(h).
When the magnetic order is set to be NM [Fig. 1(e)] or
ferromagnetic [FM, Fig. 1(f)], no imaginary frequency is
presented, and the D4h pristine structure is kinetically stable,
consistent with previous DFT results [21].

However, when the magnetic order on the Ni atoms is set to
more stable G-AFM [26] [with spins in antiparallel alignment
both in-plane and out-of-plane, inset in Fig. 1(c)], an imagi-
nary frequency appears at the N (π , π , π ) point in its phonon
spectrum [Fig. 1(g)], and the corresponding vibrational mode
corresponds to the B3g rotational (Ni-O bond bending) mode
of the Ni-O plaquette. After O atoms are displaced according
to the relevant phonon mode and a full relaxation is per-
formed, we have obtained a lower-symmetry CDW structure
with lower energy [∼11 meV/f.u., Figs. 1(b) and 1(d)]. In the
relaxed CDW structure, each Ni-O plaquette rotates roughly
θ0 − θ1 = 4.47◦ around the rotation axis perpendicular to the
Ni-O plane. Now the original fourfold rotational axis through
the Nd atoms disappears, and the symmetry of the system
is reduced to D2h. The phonon spectrum calculated from the
CDW structure no longer shows the presence of imaginary
frequencies [Fig. 1(h)], indicating the kinetic stability of the
D2h CDW structure. In contrast to the G-AFM case, for the
NM or FM spin order, the D2h CDW structure has a higher
total energy than the D4h pristine structure [Fig. 1(d)], thus is
energetically disfavored, suggesting that this D2h CDW order
formation could not be related to the NM or FM but to the
G-AFM spin order.

It is worth noting that the undoped NdNiO2 with the G-
AFM order is calculated to be an insulator with a band gap of
0.47 eV [Fig. 1(c)]. Despite the absence of the Fermi surface
in the G-AFM state, the D2h CDW structure remains energet-
ically more stable than the D4h pristine structure [Fig. 1(d)],
indicating that the CDW order formation does not depend on
the presence of the Fermi surface. Thus, the Fermi-surface-
based CDW mechanism (such as Fermi surface nesting or
strong electron-phonon coupling) should no longer hold for
undoped NdNiO2. We note that the in-plane ordering wave
vector of our proposed CDW order at the N point (π , π )
[Fig. 1(g)] differs from the experimentally observed ( 1

3 , 0).
This deviation could be attributed to the absence of AFM
long-range order in the experimental samples [32]. However,
since both CDW orders share the same characteristic of break-
ing fourfold rotational symmetry, they could arise from the
same mechanism.

To further understand the role of the G-AFM order in the
CDW order formation, we have performed cluster expansions
to determine the magnetic interaction parameters in the D4h

pristine and D2h CDW structures, respectively. In the absence
of an external magnetic field, the total energy remains un-
changed after all spins flip; thus, the three-spin interaction
terms should be zero, and only the two- and four-spin inter-
action terms remain, consistent with the t/U expansion of the
Hubbard model [33,34]. Clusters containing pairs up to the
fifth nearest neighbors and quadruplets up to the fourth nearest
neighbors are included when performing cluster expansion.
The corresponding effective pair interaction parameters (Jp)
obtained by fitting the total energies are displayed in Fig. 2.
It can be observed from Fig. 2 that the key figure for the

FIG. 2. The fitted effective pair interaction parameters (Jp) under
D4h pristine and D2h charge-density-wave (CDW) structures. The
inset shows the definition of pair figures up to the fifth nearest
neighbors.

CDW order formation should be p2, as it is the only pair
whose interaction parameter undergoes a significant change
after the formation of the CDW order. The figure p2 features
the exchange interaction between the two adjacent Ni atoms
in the same Ni-O plane (inset in Fig. 2). In the D4h pristine
structure, due to the established Ni-O-Ni AFM superexchange
channel, the magnetic moments on the two in-plane adjacent
Ni atoms favor an antiparallel alignment Jp2 > 0, which is
consistent with the previous DFT calculations [26]. After the
CDW order is formed, Jp2 increases significantly, and the
AFM coupling between two in-plane neighboring Ni atoms is
enhanced (Fig. 2), thus causing the D2h CDW structure to be
energetically more stable than the D4h pristine structure when
the in-plane checkerboard AFM order [inset in Fig. 1(c)] is
presented.

However, this leads to another question: Why is the Jp2

parameter of AFM interaction strengthened? It would not
arise from the conventional Ni-O-Ni channel because, ac-
cording to the Goodenough-Kanamori-Anderson rules [35],
as the bond angle between Ni-O-Ni deviates from 180 °
in the CDW structure, the AFM coupling between two
adjacent Ni atoms should be weakened rather than strength-
ened. Due to the confirmed significant role of Nd-5dz2

orbitals in the CDW formation by RIXS measurements
[11–13], it is worthwhile to analyze this orbital from a
more fundamental perspective. The coupling strength be-
tween the Ni-3dx2−y2 and Nd-5dz2 orbitals is determined by
the interatomic Slater-Koster two-center integral, which can
be written as tx2−y2,z2 =

√
3

2 (l2 − m2)[n2 − 1
2 (l2 + m2)]Vddσ +√

3n2(l2 − m2)Vddπ +
√

3
4 (1 + n2)(l2 − m2)Vddδ . Here, Vddσ ,

Vddπ , and Vddδ are the radial integrals when forming σ , π ,
and δ bonds, respectively, and l = d · x/|d|, m = d · y/|d|,
and n = d · z/|d| are the direction cosines [36], where d is
the interatomic vector pointing from Ni to Nd. Obviously, l =
cosθsinϕ and m = sinθsinϕ, where θ and ϕ are the azimuthal
and polar angles of the interatomic Ni-Nd vector, respectively
[Figs. 1(a) and 1(b)]. In the high-symmetry pristine struc-
ture with point group of D4h, θ0 = 45◦ is ensured by the
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FIG. 3. The schematic of orbital coupling in the D4h pristine
structure and in the D2h charge-density-wave (CDW) structure, re-
spectively, when in the antiferromagnetic (AFM) alignment. The
red × denotes the forbidden coupling between the Ni-3dx2−y2 and
Nd-5dz2 orbitals.

fourfold rotational axis through the Nd atom [Fig. 1(a)], then
l = m, tx2−y2,z2 = 0; thus, the coupling between Ni-3dx2−y2

and Nd-5dz2 orbitals is forbidden (Fig. 3). However, in the
lower-symmetry CDW structure with point group of D2h,
as the original fourfold rotation operation vanishes, θ1 =
40.53◦ �= 45◦ [Fig. 1(b)], l �= m, tx2−y2,z2 �= 0, Ni-3dx2−y2 and
Nd-5dz2 orbitals begin to couple, thus establishing a Ni-Nd-Ni
superexchange channel [blue arrows in Fig. 1(b)]. Because
the Ni-3dx2−y2 majority spin levels are fully occupied, this
superexchange channel still should be of AFM type based on
magnetic coupling model [37].

Furthermore, in Fig. 3, we provide a comprehensive illus-
tration of the stabilization process of the D2h CDW structure
through this Ni-Nd-Ni superexchange channel by band cou-
pling model. First, from (a) to (b) or (a′) to (b′) in both
spin channels, the electronic energy can be lowered by di-
rect coupling between the Ni-3dx2−y2 and Nd-5dz2 orbitals by
pushing down the occupied Ni-3dx2−y2 orbitals. Then from
(b) to (c) or (b′) to (c) in both spin channels, in the AFM

alignment, the electronic energy can be further lowered by the
coupling between the occupied Ni-3dx2−y2 from one Ni atom
and the unoccupied Ni-3dx2−y2 orbitals from the neighboring
Ni atoms. Thus, compared with the absence of coupling be-
tween the Ni-3dx2−y2 and Nd-5dz2 orbitals in the D4h pristine
structure, a significant energy gain is obtained through the
Ni-Nd-Ni superexchange channel, causing the Jp2 interaction
between the two neighboring Ni atoms in the same Ni-O plane
to be greatly reinforced and ultimately stabilizing the D2h

CDW structure in the G-AFM order.
In conclusion, we have investigated the CDW order in

undoped infinite-layer NdNiO2 nickelates and proposed a
Fermi-surface-independent CDW formation mechanism. We
have proposed a CDW order in NdNiO2 that is free from
the Fermi surface but strongly correlated with the intrinsic
AFM order. We suggest that, in the CDW structure, where the
fourfold rotational symmetry vanishes, the Ni-3dx2−y2 orbitals
start to couple with the Nd-5dz2 orbitals to establish a Ni-Nd-
Ni AFM superexchange channel. The AFM coupling between
two in-plane adjacent Ni atoms is strengthened, leading to a
significant energy gain when the in-plane checkerboard AFM
order is presented. This proposed CDW mechanism ought to
offer some inspiration for the origin of CDW transition in
other AFM-rooted strongly correlated systems.
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