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Recently, charge density waves (CDWs) have been observed in CaCuO2-analogous infinite-layer nickelates
RNiO2 (R = La, Nd) but exhibit very different hole doping dependent behaviors compared to that in cuprates,
raising a challenging question on its origin. In this paper, employing density functional theory, many-body
dynamic mean field theory, and determinant quantum Monte Carlo calculations, we propose a synergetic
contribution from both electronic instability (EI) and moment-dependent electron-phonon coupling (MEPC).
Unexpectedly, the EI and MEPC are mainly contributed by Ni 3dx2−y2 and R 5dz2, highlighting the unique
multiorbital feature. Interestingly, a strong Fermi surface nesting (FSN) induced by the unique feature of van
Hove singularity (VHS) across the Fermi level exists in RNiO2, which is sensitive to hole doping. The hole
doping can rapidly reduce FSN of Ni 3dx2−y2 by shifting VHS and decrease the occupation of R 5dz2, which can
largely weaken EI and MEPC in RNiO2. Remarkably, the temperature-insensitive feature of EI and MEPC could
be a hint for rather high-temperature CDWs observed in undoped RNiO2. Our theory may offer one possible
explanation to the experimentally observed CDW formation and its hole-doping dependence in nickelates, and
also establishes a unified understanding of the hole doping dependent EI and MEPC in nickelates and cuprates.
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I. INTRODUCTION

Despite over 30 years of intense effort, the understand-
ings of the physical origin accounting for the existence
of high-temperature superconductivity [1–3] and competing
symmetry-breaking orders [4,5] in cuprates remain the top
questions in condensed matter physics. A possible route to
solve the long-standing puzzles in cuprates is to find other
non-Cu-based superconductors but with cuprate-analogous
structures [6,7]. Recently, the long-awaited superconductivity
was eventually realized in hole-doped infinite-layer nickelates
[8–11], potentially bringing us to the new age of nickelates.
However, at this stage, there are still many debates on the fun-
damental physical properties of nickelates, including whether
the pairing mechanism of superconductivity in nickelates
(with multiorbital feature) is similar to that in cuprates (with
single-orbital feature) [12–16] and what is the role of electron
correlation effect in nickelates [17,18].

Besides the superconductivity, charge density waves
(CDWs), which are popular but competing or intertwining
with superconductivity in cuprates [4,5,19,20], are also ob-
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served in LaNiO2 [21] and NdNiO2 [22,23] with similar
stripe patterns. In cuprates, the CDWs are usually absent in
undoped systems but appear under certain hole doping con-
centrations (nh) with a dome shape [5,24]. Although there are
still some debates [25–29], it is commonly believed that the
strong electron/spin correlation effect plays a dominant role in
generating CDWs and spin density waves in cuprates [30], as
also indicated by some many-body approaches with numerical
evidence of fluctuating stripes [31,32]. However, in nicke-
lates, the CDWs appear in undoped LaNiO2 [21] and NdNiO2

[22,23] and are monotonously suppressed and eventually dis-
appear without a dome as Sr-doping-induced nh increases,
accompanied by the shift of qCDW vector [21]. Differing
from the quasi-two-dimensional (2D) feature in cuprates [4,5],
the CDWs in nickelates show a three-dimensional (3D) fea-
ture with non-negligible out-of-plane dependence [22]. In
addition, the soft optical modes are observed in LaNiO2 ac-
companied by the CDW evolution [21], which indicates that
the electron-phonon coupling (EPC) may play an important
role in the CDW formation. Therefore, the different CDW
features and different hole doping dependent evolutions in
nickelates and cuprates raise a fundamental question on its
origin.

In this paper, employing both the density functional theory
(DFT) and dynamical mean field theory (DMFT) calcu-
lations, we propose a joint electronic instability (EI) and
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FIG. 1. (a) Crystal structure of RNiO2 and CaCuO2. (b),
(c) DMFT-calculated (b) k-resolved spectral function of pristine
NdNiO2 and (c) Fermi surface evolution of NdNiO2 as a function
of hole doping (in units of Sr/u.c.). (d), (e) DMFT-calculated (d)
k-resolved spectral function of 0.1h-doped CaCuO2 and (e) Fermi
surface evolution of CaCuO2 as a function of hole doping (in units of
hole/u.c.). In (b) and (d), black dashed lines are DFT-calculated band
structures. Fermi level is set to zero. VHSs are labeled by arrows.
Yellow-dashed lines in (c) and (e) highlight the parallel segments of
FS evolutions along kz. (f) DMFT-calculated cross sections of Fermi
surfaces in the kz = 0 plane for NdNiO2 and LaNiO2.

moment-dependent EPC (MEPC). This might be different
from the common belief of the dominant role of electron effect
on the CDW formation in cuprates. Remarkably, different
from the low-energy single-orbital physics in CaCuO2, the Ni
3dx2−y2 and R 5dz2 play a larger role in contribution to EI and
MEPC. In particular, the van Hove singularity (VHS) near the
Fermi level can induce strong Fermi surface nesting (FSN) at
a series of kz planes in undoped RNiO2. As the nh increases,
the reduced FSN of Ni 3dx2−y2 due to the shift of VHS and
the decreased occupation of R 5dz2 can gradually weaken the

EI and MEPC in RNiO2. These nh-dependent behaviors of EI
and MEPC in RNiO2 are significantly different from those in
CaCuO2, due to the unique position of VHS and multiorbitals
around EF in RNiO2. Surprisingly, both EI and MEPC are
insensitive to the temperature, which may suggest a rather
high-temperature CDW phase in undoped RNiO2 up to 400 K.

II. HOLE DOPING DEPENDENT BAND STRUCTURES
AND FERMI SURFACES

Figure 1(a) shows the unit cell structure of RNiO2 and
CaCuO2. Since the RNiO2 thin film is grown on SrTiO3

(STO) substrate, its in-plane lattice constant is fixed to that
of STO (3.905 Å) but its out-of-plane lattice constant is fully
relaxed during the calculations. Meanwhile, because we focus
on the mechanism of translational symmetry-breaking orders
in nickelates, it is more appropriate to start from the state
preserving translational symmetry, i.e., a paramagnetic (PM)
state. The nonmagnetic (NM) state obtained from the DFT
calculations can serve as an approximation of the PM state.
In addition, the long-range antiferromagnetic (AFM) order
cannot be stabilized in RNiO2 either at the temperature of
116 K in our DMFT calculations or at a rather low temperature
of 20 K in the experiments [33–37]. Figure 1(b) shows the
comparison of DFT-calculated band structure (dashed line)
in the NM state and the DMFT-calculated k-resolved spec-
tral function in the PM state for NdNiO2. Overall, the DFT
calculations can capture the major band dispersions obtained
from the DMFT calculations, although the exact energy levels
between these two methods are slightly different. The most
noticeable difference between DFT and DMFT calculations in
NdNiO2 is the bandwidth of 3dx2−y2, which is largely reduced
due to the many-body electron correlation effect induced

FIG. 2. (a) Static-QP Reχ (q) of NdNiO2 under three different nh (in units of Sr/u.c.) along two high-symmetry lines in the qz = 0 plane.
(b) Same as (a) but in the qz = 0.5c∗ plane. A(A′), B(B′), and C(C′) indicate the corresponding peak positions in Reχ (q) at different q. (c)
Evolution of k-resolved static-QP Reχq(k) at qA along different (small) kz in undoped NdNiO2, where Reχq(k) is projected to the Ni 3dx2−y2

orbital. Black-dashed lines represent the FS of the Ni 3dx2−y2 band and red arrows of qA connect the electronic states on FS to form a nesting
(in view of almost unchanged FS along kz). (d) Static-QP Reχ (q) along the �-M line for the 3dx2−y2 band in different kz planes in undoped
NdNiO2. Peak positions of Reχ (q) in different kz planes are labeled by black squares and the qA position is highlighted by dashed lines, which
indicate that the Reχ (q) in a small kz (from 0 to 0.15c∗) can contributed to peak A. (e) Contributions of Ni 3dx2−y2 and Nd 5dz2 to Reχqpeak as
a function of nh. A schematic drawing of the contribution of Cu 3dx2−y2 to Reχqpeak of CaCuO2 is also plotted here for comparison.
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FIG. 3. (a) DFT-calculated q-resolved γ (q) under three different
nh (in units of Sr/u.c.) in the qz = 0 plane from all phonon modes
for electronic states in the entire BZ. (b) Same as (a) but in the qz =
0.5c∗ plane. A(A′), B(B′), and C(C′) indicate the corresponding peak
positions in γ (q) at different q, which are consistent with those in
Reχ (q).

band renormalization. Our DMFT spectral function results are
consistent with previous DMFT studies on RNiO2 [38–42].
Interestingly, the VHSs at X and R points around the Fermi
level in the band structures, which are mainly caused by the
Lieb-type lattice of the NiO2 plane, are robust and insensitive
to the many-body electron correlations. In addition, the basic
band structure of NdNiO2 as well as the position of VHS are
insensitive to the choice of lattice parameter (Fig. 6) and the
Hubbard U (Fig. 7).

As shown in Fig. 1(d), a parallel study is also done for the
case of CaCuO2. The ground state of parental CaCuO2 is an
AFM insulator (Fig. 8). To better compare to the band struc-
ture of pristine NdNiO2, we present the 0.1h-doped CaCuO2,
where h denotes “hole,” in which the magnetism is fully
suppressed. It is known that the effect of electron correla-
tion will be reduced in the Hubbard lattice if the electron
occupation deviates from half filling [43–45]. But even under
0.1h doping, compared to the undoped NdNiO2, the band
renormalization is still more noticeable in CaCuO2 after the
inclusion of many-body electron correlations, not only for the
3dx2−y2 orbital across the Fermi level, but also for these states
in the energy range of [–2, 0] eV. The calculated effective
mass (m∗/m0) of 3dx2−y2 is 3.52 (2.58) and 3.71 (2.43) for
0.1h-doped and 0.2h-doped CaCuO2 (NdNiO2), respectively.
The VHS at the R point around Fermi level is insensitive to
the many-body electron correlations in CaCuO2.

Another significant difference between NdNiO2 and
CaCuO2 is the presence of the partially occupied low-lying
R 5dz2 state across Fermi level in the kz = 0 plane, which
slightly hybridizes with the Ni 3dz2 orbital [13,46–50]. Im-
portantly, in the undoped NdNiO2, the VHS is below Fermi
level in the kz = 0 plane but very close to Fermi level in
the kz = 0.5c∗ plane. However, differing from RNiO2, all the
VHSs in 0.1h-doped CaCuO2 are located below Fermi level,
partially due to the absence of the Ca 5dz2 state around Fermi
level induced over occupation of 3dx2−y2 in CaCuO2. As illus-

trated below, the different locations of VHSs in NdNiO2 and
CaCuO2 will lead to a delicate difference in their FSs of the
3dx2−y2 band and corresponding EI.

The band structures of NdNiO2 and CaCuO2 as a function
of Sr or hole doping are also calculated by DMFT method.
For the case of NdNiO2 (Fig. 9), interestingly, we observe that
the Sr doping gives rise to nonrigid shift of different orbitals,
i.e., the electron pocket at the � point (induced by the Nd
5d orbital) is quickly suppressed while the electron pocket at
the A point (induced by the interstitial s-like orbital) upshifts
moderately, in agreement with the DFT results (Fig. 9) and
previous DFT+DMFT calculations [41,51]. The Ni 3dx2−y2,
the most correlated orbital, shifts upwards slightly upon Sr
doping. For the case of CaCuO2 (Fig. 10), there is only one
single Cu 3dx2−y2 band across the Fermi level, which shifts
upwards slightly upon hole doping.

The calculated FS evolutions of NdNiO2 and CaCuO2 as
a function of hole doping are shown in Figs. 1(c) and 1(e).
In both systems, the 3dx2−y2 orbital shows a cylinderlike hole
pocket, exhibiting a quasi-2D-like dispersion. Interestingly,
we discover that the existence of VHS and its hole-doping
dependence play a key role in determining the FS evolutions
in both NdNiO2 and CaCuO2. For the undoped NdNiO2 [left
panel, Fig. 1(c)], when kz changes gradually from 0.5c∗ to
zero, near VHS [labeled by the arrow in Fig. 1(c)], there is
a significant momentum variation of FS in the kx-ky plane;
after passing through VHS, the energy band has a very large
dispersion, and the shape of FS is almost unchanged in the
kx-ky plane for small kz, exhibiting a nearly parallel segment
of FS [highlighted by parallel lines in Fig. 1(c)]. Importantly,
as the nh increases [from left to right, Fig. 1(c)], the VHS
across Fermi level in NdNiO2 shifts to smaller kz values,
which reduces the kz range for the parallel segment of FS
of the Ni 3dx2−y2 band [i.e., the length of parallel lines in
Fig. 1(c)]. Remarkably, the case is opposite for CaCuO2, due
to the opposite nh-dependent VHS evolution. As shown in
Fig. 1(e), as hole doping increases, the VHS shifts closer to
the Fermi level and eventually touches Fermi level around
nh = 0.2h/u.c., where “u.c.” denotes “unit cell.” As a result,
the parallel segment of FS of Cu 3dx2−y2 increases as the nh

increases. As we discussed in Sec. III, the evolution of parallel
segments of FS of 3dx2−y2 plays a key role in determining
the FSN strength in RNiO2 and CaCuO2. Another striking
difference between NdNiO2 and CaCuO2 is the appearance
of the Nd 5dz2 state in the vicinity of the � point [Fig. 1(b)],
which forms a spherelike electron pocket in NdNiO2 [left
panel, Fig. 1(c)], exhibiting an isotropic 3D dispersion.

In general, the hole-dependent band structure of LaNiO2

is similar to that of NdNiO2. The major difference between
LaNiO2 and NdNiO2 is the size of the electron pocket at the
� point. Since the orbital energy of La 5d is higher than that
of Nd 5d , fewer 5dz2 orbitals are occupied in LaNiO2 than
in NdNiO2, resulting in a smaller electron pocket in LaNiO2

[Fig. 1(f)]. As discussed in Sec. VI, this difference will result
in weaker EI and MEPC in LaNiO2 than in NdNiO2.

III. HOLE DOPING DEPENDENT EI

Differing from the AFM Mott insulating ground state of
CaCuO2 [52–54], only local AFM fluctuations (magnon) are
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FIG. 4. (a) DFT-calculated MEPC matrix g(k) for 3dx2−y2 (left panel) and 5dz2 (right panel) from all the phonon modes at qA in the kz = 0
plane. (b) DFT-calculated phonon spectrum of undoped NdNiO2 with the magnitudes of phonon linewidth indicated by the line thickness. (c)
Two typical strong orbital-phonon coupling modes at qA (left) and q′′

B (right). (d) Contributions of Ni 3dx2−y2 and Nd 5dz2 to γqpeak as functions
of nh. The contribution of Cu 3dx2−y2 to γqpeak of CaCuO2 is also plotted.

observed in nickelates at rather low temperature [34–36],
which cannot coexist with the CDW phases in NdNiO2

[21,22], due to the competing for energy gain between these
different symmetry-breaking orders [4]. Meanwhile, although
moderate hole doping can introduce superconductivity in both
CaCuO2 and RNiO2, it could stabilize the CDW phases in
CaCuO2 [4,5] but weakens or even destroys the CDW phases
in RNiO2 [21,22]. It is expected that the different low-energy
orbital feature and different hole doping dependent FS evo-
lution might play some roles in accounting for the different
CDW evolutions in RNiO2 and CaCuO2.

FIG. 5. Comparison of (a) static-QP ReχqA and (b) DFT-
calculated γqA for NdNiO2 and LaNiO2 as functions of nh. (c)
Static-QP calculated ReχqA and DFT-calculated γqA as functions of
temperature. (d) Experimentally measured electrical resistivity of
NdNiO2 (with CDW) and Nd0.8Sr0.2NiO2 (without CDW) as func-
tions of temperature.

The real (Reχ ) and imaginary (Imχ ) parts of electron
susceptibility (χ ) reflect the EI and FSN of a system. Note that
in the original picture of ideal Peierls transition, the diverging
Reχ (q) at a wave vector q can trigger a q-modulated CDW
[55]. But in real materials, Reχ (q) can never diverge but peaks
at observed qCDW. In the following, we focus on the discussion
of NdNiO2 and briefly mention the results of LaNiO2 in the
main text.

Figures 2(a) and 2(b) show the q-dependent Reχ (q)
calculated using the static part of the DMFT low-energy
Hamiltonian [referred to as static-QP Reχ (q) hereafter] in
NdNiO2 along two high-symmetry lines in qz = 0 and 0.5c∗
planes as a function of nh. The static-QP approximation is
suitable because the EI is mainly driven by states near the
Fermi level, where the quasiparticle states are sharp and Fermi
surfaces are well defined in nickelates [44]. Overall, when
nh = 0, there are some similarities in these two planes, i.e.,
there are multiple high-intensity peaks along �-M (�-X) and
Z-A (Z-R) lines appearing at similar q, reflecting a quasi-2D
character of band structures. Importantly, these corresponding
peaks in Reχ (q) are also observed in Imχ (q) (Fig. 11), indi-
cating that FSN plays important roles in forming the peaks
in Reχ (q). Surprisingly, with the increase of nh, the peak
intensities gradually decrease. These nh-dependent behaviors
are also observed in LaNiO2 (Fig. 12). Interestingly, the nh-
dependent Reχ (q) shows the opposite trend in NdNiO2 and
CaCuO2, i.e., the peaks in Reχ (q) become more noticeable
under a larger nh in CaCuO2, along with the increased values
of Reχ (q) (Fig. 13).

To further investigate the contribution of electronic states
to Reχ (q) in undoped NdNiO2, taking peak A as an example
(other peaks are similar), the k-resolved ReχqA(k) for the Ni
3dx2−y2 band (a majority contributor) is shown in Fig. 2(c),
and the results for Nd 5dz2 (a minority contributor) are given
in Fig. 14. Basically, for a fixed q, the contributions to Reχ
can be divided into two parts: (i) states on FS connected by
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FIG. 6. DFT calculated band structures for (a) undoped and (b) Sr-doped NdNiO2 under different lattice parameters. Left and right panels
are for lattice parameters of a = b = 3.905 and 3.800 Å, respectively. (The c lattice is full relaxed.)

q [dark-blue spots in Fig. 2(c)] and (ii) occupied and unoc-
cupied states (not on FS) connected by q [light-blue regions
in Fig. 2(c)] (see Fig. 14 for more details and explanations).
Importantly, while (i) strongly depends on the shape of FS and
determines the peak formation to Reχ , (ii) is weak and mostly
contributes a uniform value to Reχ . As shown in Fig. 2(c),
the unique FS shape of NdNiO2, induced by the VHS across
Fermi level, makes the states on FS near the Brillouin zone
(BZ) boundary well connected by qA [red arrows in Fig. 2(c)],
contributing a large value to ReχqA. Importantly, the FS in
the kx-ky plane is almost unchanged with variable kz between
0 � kz � 0.2c∗ [e.g., parallel lines marked in Fig. 1(c)], and
the connection vector qA in different kz planes keeps constant
in this FS segment. The Reχ (q) in different kz planes are given
in Fig. 2(d), where we can clearly see that Reχ (q) all peaked
at the same qA for small kz. Therefore, the unique parallel
FS segment in undoped NiNiO2 can induce a strong FSN,
contributing a large peak to Reχ (q).

Under hole doping, the VHS across EF shifts to a smaller
kz value, which reduces the kz range for parallel FS segments
of the 3dx2−y2 band [i.e., the length of parallel lines marked
in Fig. 1(c)], thus decreasing the strength of FSN. In addition,
hole doping reduces the occupation of Nd 5dz2 states at FS,
decreasing their spherelike electron pocket. Figure 2(e) shows
the change of contribution from Ni 3dx2−y2 and Nd 5dz2 states
to ReχqA (and other peaks) as a function of nh. As nh increases,
the contribution of both Ni 3dx2−y2 and Nd 5dz2 decreases,
explaining the observation in Fig. 2(a). Meanwhile, as the nh

increases, the evolved FS gradually shifts qA to smaller values.

On the other hand, the opposite trend of Reχq in CaCuO2

under hole doping, as shown in Fig. 13, can be understood
as (1) the gradual approach of VHS to Fermi level, which
could increase the parallel segment of FS [Fig. 1(e)] along
kz, and (2) the lack of the 5d orbital. Therefore, as shown
in Fig. 2(e), a nh-dependent dome region may exist in the
Reχqpeak of CaCuO2 but not of NdNiO2.

IV. ELECTRON CORRELATION EFFECT ON EI

It is interesting to compare the static-QP Reχ (q) with
DFT-calculated Reχ (q) for both NdNiO2 and CaCuO2, in
order to capture the partial role of electron correlation effect
on Reχ (q). For the case of NdNiO2 (Fig. 15), the curvature
shapes of Reχ (q) under DMFT and DFT calculations are
consistent, except for the exact peak intensities (partially due
to the different sizes of the Nd 5d electron pocket under DFT
and DMFT calculations). For the case of CaCuO2 (Fig. 13),
compared to NdNiO2, there is stronger renormalization of
Reχ (q) spectra, e.g., the peaks become more noticeable under
DMFT calculations than under DFT calculations under the
same nh. We speculate that the dome structure in the Reχqpeak

of CaCuO2 (obtained using DFT calculations) [Fig. 2(e)]
might play some roles in the experimentally observed CDW
dome structure in CaCuO2-like cuprates [5,24].

In addition to our DMFT calculations for CDW-free sys-
tems, here, we also perform determinant quantum Monte
Carlo (DQMC) calculations at finite temperature (below the
experimentally observed CDW transition temperature) with

FIG. 7. DFT+U calculated band structures for (a) undoped and (b) Sr-doped NdNiO2 under two largely different Hubbard U. Left and
right panels are for Hubbard U = 0 and 6 eV, respectively.
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FIG. 8. DFT+U calculated band structures of CaCuO2. (a) and
(b) are under U = 0 eV (NM state) and U = 6 eV (G type AFM
state), respectively. Red dots highlight the contributions of dx2−y2

orbitals in CaCuO2. The ground state of parental CaCuO2 is a Mott
insulator.

periodic boundary conditions [56–59]. We consider a sim-
plified two-band Hubbard model that is constructed with
the major Ni 3dx2−y2 and Nd 5dz2 orbitals. Our model con-
tains the intralayer hopping, the interlayer hopping, and
the strongly correlation on the Ni layer. Importantly, the
nearest-neighboring intersite Coulomb interactions are fully
considered in our DQMC calculations (see Method). As
shown in Figs. 19 and 20, our unbiased numerical analysis
cannot develop a stripe CDW order based on the two-band
Hubbard model in a 2D square lattice with periodic boundary
conditions.

V. HOLE DOPING DEPENDENT MEPC

Besides the understanding of pure electron effect on CDW
formation, another important issue is understanding the role
of MEPC in CDW formation [60]. The MEPC can be eval-
uated by calculating phonon linewidth γ . Because the DFT
calculations can capture basic electronic structure of NdNiO2

and also because it is extremely expensive to perform MEPC
under DMFT method [Fig. 1(b)], in the following we perform
the MEPC calculations based on standard DFT calculations.

Figures 3(a) and 3(b) show the calculated q-dependent
γ (q) in qz = 0 and 0.5c∗. Importantly, when nh = 0, the q
for generating high-intensity peaks in γ (q) are generally con-
sistent with that in Reχ (q) (Fig. 15), although the relative
intensities for different peaks are slightly different in these
two spectra. This is an important signal that a synergetic effect
exists in EI and MEPC. Remarkably, when nh increases, the
intensities of these peaks dramatically decrease, and some of
them (e.g., A′ and B′) can even disappear at a high nh. When nh

increases, both Reχ (q) and γ (q) are strongly weakened. The
features of nh-dependent γ (q) are similar in LaNiO2 (Fig. 21)
and NdNiO2. In addition, the basic features of nh-dependent
γ (q) exist at different choices of U (Figs. 22 and 23) during
the DFT calculations.

Importantly, the MEPC features in CaCuO2 (Fig. 24) are
quite different from that in NdNiO2.

(1) In contrast to the NdNiO2, the peak positions in γ (q)
are not the same as that in Reχ (q) (Fig. 13), which indicate
that the synergistic effect between EI and MEPC may not
happen in CaCuO2.

(2) The γ (q) of CaCuO2 are very insensitive to nh, which
conflicts with the experimentally observed nh-dependent
CDW formation in cuprates.

Therefore, we might conclude that, while electron effect
indeed plays a dominant role in CDW formation in CaCuO2-
like cuprates, a joint contribution of EI and MEPC may be
important for CDW formation in NdNiO2.

It is important to further understand the different orbital
contributions to γ (q). Surprisingly, in contrast to Reχq(k),
Nd 5d plays a larger role than Ni 3d in γ (q). As shown
in Fig. 4(a), the MEPC matrix g(k) at qA obtained from all
the phonon modes highlights the major contribution of in-
traband scattering of Nd 5dz2. The magnitude of interband
scattering between Ni 3dx2−y2 and Nd 5dz2 is similar to the
intraband scattering of the Ni 3dx2−y2 orbital (Figs. 25 and 26).
The DFT-calculated phonon spectrum of undoped NdNiO2 is
shown in Fig. 4(b). Comparing the phonon dispersion between
kz = 0 and 0.5c∗ planes, it is clearly identified that there are
two strongly soft optical modes around A, as indicated by the
arrows. The projected γ (q) shows that the main contribution
comes from optical modes. Importantly, one soft mode par-
tially contributes to the large γqB′ . The phonon spectrum of
LaNiO2 (Fig. 27) is similar to that of NdNiO2. Consistently,
the appearance of soft optical modes is also observed in
CDW-phase LaNiO2 in experiments [21]. Figure 4(c) shows
the two typical strong orbital-phonon coupling modes at qA
and qB′ , as marked in Fig. 4(b). Similar to that in cuprates
[61], due to the large mass differences between Nd/Ni and O
atoms, the atomic vibrations are much strong for O atoms.
While the orbital components in both modes come from the
Nd 5dz2 and Ni 3dx2−y2, the phonon modes can be either
in-plane B1 mode or out-of-plane A’ mode. The B1 mode con-
tributes large EPC, and the A’ mode relates to the soft phonon.
We note that the complete softening of the phonon mode,
which usually happens, may not be a necessary condition to
form CDW, such as in cuprates (pure electron reconstruc-
tion without noticeable structure modulation) [61–64] and in
CuGeO3 (spin-Peierls transition in the central-peak regime)
[65–67].

When nh increases, the phonon spectrum of NdNiO2 only
has small changes (Fig. 27), but the occupation of Nd 5dz2

around Fermi level dramatically decreases. Consequently, as
shown in Fig. 4(d), the γqA decreases rapidly, explaining the
observation in Fig. 3. On the other hand, the lack of Ca 5dz2

around Fermi level can explain the large insensitivity of γq

under different nh in CaCuO2 (Fig. 24).

VI. COMPARISON BETWEEN NdNiO2 AND LaNiO2

After understanding the EI and MEPC in NdNiO2, it is
interesting to compare the calculated Reχ (q) and γ (q) be-
tween NdNiO2 and LaNiO2. Following a similar method, we
have systemically calculated the DFT and DMFT calculated
Reχ (q) (Fig. 12) and γ (q) (Fig. 21). Overall, the Reχ (q)
and γ (q) are similar for both systems, except for the specific
values. As shown in Figs. 5(a) and 5(b), the values of ReχqA

and γqA in LaNiO2 are smaller than that of NdNiO2, mostly
because the occupation of La 5dz2 is smaller than that of
Nd 5dz2 [Fig. 1(f)]. Under hole doping, obeying the same
mechanism discussed above, the values of ReχqA and γqA
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FIG. 9. (a) DMFT-calculated k-resolved spectral functions and (b) DFT-calculated band structures for pristine and Sr-doped NdNiO2 (in
units of Sr/u.c.). Fermi level is set to zero. VHSs are labeled by arrows.

will gradually decrease in both systems, accompanied by the
decreases of qA. Generally, the trends of other peaks in Reχq

and γq and their nh-dependent behaviors (Fig. 28) are similar
to that of ReχqA.

Unexpectedly, as shown in Fig. 5(c), the values of ReχqA

and γqA are estimated to be insensitive to the electron temper-
ature even up to 400 K for the undoped RNiO2 (similar for
other q values, Fig. 29), indicating the strong EI and MEPC
may maintain well above room temperature. Therefore, if
the CDWs observed in RNiO2 may originate from the joint
EI and MEPC, it may also survive at high temperature. In
experiments, the undoped NdNiO2 grown on SrTiO3 substrate

FIG. 10. (a) DMFT-calculated k-resolved spectral functions and
(b) DFT-calculated band structures for 0.1h- and 0.2h-doped
CaCuO2. Fermi level is set to zero. VHSs are labeled by arrows.

(without STO capping layers) may exhibit a CDW phase [22].
To confirm our theory, we perform the transport measure-
ments using a similar CDW-phase NdNiO2 sample adopted
in Ref. [22]. As shown in Fig. 5(d), no signal of a sharp phase
transition is observed up to 400 K in the electrical resistivity,
indicating that the CDW phase in NdNiO2 might survive at
such a high temperature. For our Nd0.8Sr0.2NiO2 sample with
a superconducting temperature of ≈ 10 K, the CDW phase
is not observed to coexist with the superconductivity using
resonant inelastic x-ray-scattering measurement [22], possibly
due to their competitive relationship and/or largely reduced EI
and MEPC in heavy-hole-doped RNiO2.

FIG. 11. DMFT static-QP calculated Reχ (q) (upper panels) and
Imχ (q) (bottom panels) along high-symmetry lines of (a) �-M and
(b) �-X in the qz = 0 plane for undoped NdNiO2.
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FIG. 12. (a) DMFT static-QP Reχ (q) of LaNiO2 under three different nh (in units of Sr/u.c.) along two high-symmetry lines in the qz = 0
plane. (b) Same as (a) but in the qz = 0.5c∗ plane. (c) and (d) are for DFT results. A(A′), B(B′), and C(C′) indicate the corresponding peak
positions in Reχ (q) at different q.

VII. COMPARISON BETWEEN THEORY
AND EXPERIMENTAL OBSERVATIONS

It is important to compare our theory with the existing
experimental observations. First, it is observed in experiments
that the R 5dz2 and Ni 3dx2−y2 orbitals are resonant during
the formation of CDWs in RNiO2 [22], consistent with our
theoretical calculations. More importantly, beyond the exper-
imental observations, our theory further reveals that the Ni
3dx2−y2 and R 5dz2 play the major role in forming strong EI
and MEPC in undoped RNiO2, respectively, which may in
turn result in a very high-temperature CDW phase (at least)
up to 400 K. In comparison, the CDWs observed in many
cuprates are typically below ≈ 250 K [4,5]. Meanwhile, the
superconducting Tc of nickelates (10–20 K) [8,9] are substan-
tially one order of magnitude lower than those of cuprates
(100–200 K) [1,2]. If we assume the CDW origins in nick-
elates and cuprates are similar, it is natural to expect that the
CDW temperatures in both systems are similar, or at least are
of similar order to superconducting Tc if both are originating

from electronic interactions. Therefore, these facts indicate
the CDW origin in nickelates and cuprates may be different.
We suggest that a joint EI and MEPC is required to induce
the CDW in nickelates, while EI driven by strong correlation
may be the major reason for CDW formation in cuprates. In
a recent work, it is revealed that the MEPC can be further
enhanced by electron correlation effect [68].

Second, it is observed in experiments that hole doping
gradually destabilizes or even suppresses the CDW phase in
RNiO2 [21,22], which is strongly different from (even op-
posite to) that in cuprates [4]. It may also be explained by
our theory. Especially, our theory demonstrates that as nh

increases, the shift of VHS and the rapid decrease of the R
5dz2 orbital at FS largely weaken EI and MEPC in RNiO2.

Finally, it is important but still challenging to identify the
exact qCDW, because not only the 3D structure of CDW but
also the out-of-plane vector of qCDW cannot be accurately
clarified in the experiments. And we cannot decide which
peak dominates the response in the real experiment, as there
may be many possible factors, and further studies are needed.

FIG. 13. (a) DMFT static-QP Reχ (q) of CaCuO2 under different nh (in units of hole/u.c.) along two high-symmetry lines in the qz = 0
plane. (b) DFT results. A(A′), B(B′), and C(C′) indicate the corresponding peak positions in Reχ (q) at different q.
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FIG. 14. (a) k-resolved Reχq(k) in the kz = 0 plane with q = qA

for undoped NdNiO2, which is projected to the Ni 3dx2−y2 orbital
(left panel) and the Nd 5dz2 orbital (right panel). Black-dashed lines
represent the FS of these two bands and red arrows of qA connect
the electronic states on the FS (dark-blue spots) to form a nesting
(in view of almost unchanged FS along kz). (b) Illustration of the
contribution to ReχqA(k) from occupied and unoccupied states con-
nected by qA for the Ni 3dx2−y2 band (left panel) and the Nd 5dz2 band
(right panel). Only the occupied states in the red-shaded region and
unoccupied states in the green-shaded region, that can be connected
to each other by qA (black arrow), contribute to ReχqA(k) [light-blue
regions in (a)].

However, by assuming a specific qz, we can clearly identify
the peaks at (0.333, 0) in NdNiO2 and at (0.344, 0) in LaNiO2

in both Reχ (q) and γ (q) spectra, which may trigger the exper-
imentally observed CDW with qCDW at (0.333, 0) in NdNiO2

and at (0.344, 0) in LaNiO2 (Fig. 30), respectively. Again, our
calculations not only indicate that a joint EI and MEPC is
important for CDW formation in nickelates, but also predict
that the qCDW in LaNdO2 and NdNiO2 could be very similar
due to their nearly identical peaks in Reχ (q) and γ (q), con-
sistent with the experimental observations [21,22]. In practice,
the exact qCDW may also highly depend on the local environ-
ments, point and external defects [69], and structural disorders
[21,70], which deserves to be clarified in the future. Since the
understanding of CDW in nickelates is at the very beginning,
further studies are needed to confirm its origin.

VIII. METHODS

A. DFT calculations

The crystal structure optimizations are performed using
DFT calculations as implemented in Quantum ESPRESSO (QE)
[71], and the scalar relativistic ultrasoft pseudopotentials are
used [72]. The kinetic energy cutoff for plane waves is set
to 80 Ry. Some calculations are also tested using the Vi-
enna ab initio simulation package [73] within the projector
augmented wave method [74] and Perdew-Burke-Ernzerhof
[75] exchange correlation functional, which give the same

results as QE. The lattice constants in the xy plane are fixed
at a = b = 3.905 Å to match the SrTiO3 substrate, while the
lattice in the z direction is fully relaxed, which gives c = 3.34
and 3.45 Å for NdNiO2 and LaNiO2. The van der Waals cor-
rection is adopted [76]. The EPC calculations are performed
by Wannier interpolation [77,78], as implemented in the EPW
code [79], which allows us to achieve sufficiently accurate
k-point sampling in the BZ. The on-site Hubbard U [80,81] is
also considered, which is added on the 3d orbitals of Ni. The
temperature effect is considered as implemented in the Fermi-
Dirac distribution. To simulate the real Sr-induced hole doping
effect, the virtual crystal approximation [82] is achieved by
replacing a fraction of R with Sr. Note that electron correlation
effects are not taken into account in phonon calculations.

B. DMFT calculations

The many-body calculations are done by DFT+DMFT
method using EDMFT embedded in the WIEN2K package
[83]. Because the valence of Nd atoms is very close to 3+,
whose f electrons are localized and do not hybridize with
the conduction electron, we treat Nd f electrons as the core
level. The on-site Coulomb interaction for Ni 3d is cho-
sen to be U = 6.0 eV and J = 0.9 eV, as a very recent
experimental measurement indicates that U ≈ 5 eV is very
suitable for RNiO2 [84,85]. The local impurity problem is
solved using continuous-time quantum Monte Carlo (QMC)
method [86] at 116 K (β = 100 eV−1), with 2 × 109 QMC
steps for each DMFT iteration. For the nickelates, the nominal
double-counting scheme with nf = 9.0 was employed, while
for the cuprate, the double counting energy was fixed at EDC =
71.3 eV to ensure d9 occupation for the pristine compound.

The low-energy Hamiltonian in DMFT calculation was
obtained by projecting the states within [–10.0, 10.0] eV with
respect to the Fermi level, which contains 25 states, including
Ni 3d , O 2p, Nd 5d , and some other higher-energy states (for
CaCuO2, it contains 16 states, including Cu-3d , O-2p, and
Ca-3d). The model Hamiltonian reads

H = HLDA − Hdc + Hint (1)

where

HLDA =
∑

im, jm′,σ

(εimδim, jm′ + tim, jm′ )c†
imσ c jm′σ (2)

is the DFT Hamiltonian, where i and j are atomic site indices,
m and m’ are orbital indices, and σ labels spins. Hint con-
tains the full Coulomb interactions within the Ni-3d (Cu-3d )
orbitals’ subspace. HDC is the double-counting term. Vertex
correction, which may be important for understanding the ori-
gin of CDW formation in nickelate systems, is not considered
in our current paper

C. Electron susceptibility χ(q) and phonon linewidth γ (q)

The real Reχ (q) and imaginary Imχ (q) parts of electron
susceptibility [87] are calculated by

Reχ (q) =
∑

k

f (εk) − f (εk+q)

εk − εk+q
,

(3)
Imχ (q) =

∑
k

δ(εk − εF )δ(εk+q − εF ),
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FIG. 15. DMFT static-QP Reχ (q) for NdNiO2 under three different nh (in units of Sr/u.c.) along two high-symmetry lines in (a) the qz = 0
plane and (b) the qz = 0.5c∗ plane using DMFT method. (c) and (d) are the same as (a) and (b) but for DFT calculations. A(A′), B(B′), C(C′),
and D indicate the major corresponding peak positions in Reχ (q) at different q.

Where f (εk) is the function of the Fermi-Dirac distri-
bution. The real part reflects the stability of the electronic
system, and the imaginary part reflects the Fermi surface
topology of a system. The phonon linewidth γ (q) which
directly reflects the electron-phonon coupling strength is de-
fined as

γ (q, ν ) = 2πωqν

∑
mn

∫
dk
�BZ

|gmn,qν (k)|2

× δ(εm,k − εF )δ(εn,k+q − εF ), (4)

where m and n are the band indices, and v represents the
phonon mode. The coupling matrix is

gmn,qv (k) = 1√
2ωqv

〈ϕm,k|∂qvV |ϕn,k+q〉, (5)

where ϕm,k is the electronic wave function, with eigenvalue
εm,k.

The static part of the DMFT low-energy Hamiltonian is
used to calculate the bare-electron susceptibility, and the tem-
perature dependence contains only the smearing of the Fermi
surface.

D. QMC calculations

The DQMC calculations are performed at finite temper-
ature (below the experimentally observed CDW transition
temperature) with periodic boundary conditions [57–60].
The partition function in DQMC is expressed as a high-
dimensional integral on a set of random auxiliary fields which
can be done by the Monte Carlo simulations. We use 30 000
sweeps to reach equilibrium and 80 000 sweeps further to take
the measurements. Two square sublattices are used with a
scale of L = 14 (the total number of lattice sites is Ns = 2 ×
L2 = 392). Here, a two-band effective model is constructed

containing Ni 3dx2−y2 and Nd 5dz2 orbitals [14,47]. The
two-band Hubbard model employed contains the intralayer
hopping, the interlayer hopping, and the strongly correlated
Ni layer [88–91].

E. Experimental methods

The NdNiO2 films with infinite-layer structure are pre-
pared by topochemical reduction of perovskite NdNiO3

without capping layer. NdNiO3 films (thickness about 10 nm)
are deposited on TiO2-terminated STO (001) substrates by a
248-nm KrF laser. During the deposition, the substrate tem-
perature is controlled at 620 ◦C with the oxygen pressure of
200 mTorr. A laser fluence of 1.2 J/cm2 is used to ablate the
target and the size of the laser spot is about 3 mm2. After
deposition, the samples are cooled down in the same oxygen
pressure at the rate of 10 ◦C/ min. In order to acquire the
infinite-layer nickelate phase, the as-grown samples are sealed
in the quartz tube together with 0.1 g CaH2. The pressure
of the tube is about 0.3 mTorr. Then, the tube is heated up
to 290 ◦C in the tube furnace and held for 2 h and cooled
down naturally with the ramp rate of 10 ◦C/ min. The su-
perconducting Nd0.8Sr0.2NiO2 films are prepared in the same
way as the parent NdNiO2. The crystal structures of films
are characterized using a Bruker D8 Discover diffractometer.
The temperature-dependent resistivity is measured using four-
probe method in a physical properties measurement system
(Quantum Design).
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FIG. 16. Band structures of undoped (a) NdNiO2 and (b) LaNiO2
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tronic bands for U values of 0, 2, 4, and 6 eV, respectively.

support from the National Natural Science Foundation of
China (Grants No. 11874138, No. 12004030, and No.
12088101) and the NSAF (Grant No. U2230402). The
calculations were performed at Tianhe2-JK at Beijing Com-
putational Science Research Center (CSRC).

X.S. and J.W. contributed equally to this paper.

APPENDIX

1. Hole doping dependent band structures and Fermi surfaces
for NdNiO2 and CaCuO2

As shown in Figs. 6 and 7, the different structure param-
eters and Coulomb repulsion U have limited impact on the
position of VHS for either parent or doping NdNiO2. In the
main text, the in-plane lattice constant of RNiO2 is fixed to
3.905 Å, which is the lattice constant of the STO substrate.
Figure 8 gives the band structures of CaCuO2 with projected
dx2−y2 orbitals.

For the case of NdNiO2 [Fig. 9(a)], interestingly, we ob-
serve that the Sr doping gives rise to nonrigid shift of different
orbitals, i.e., the electron pocket at the � point (induced by the
Nd 5d orbital) is quickly suppressed while the electron pocket
at the A point (induced by an interstitial s-like orbital) upshifts
moderately, in agreement with the DFT results [Fig. 9(b)]. The
Ni 3dx2−y2, the most correlated orbital, shifts upwards slightly
upon Sr doping. For the case of CaCuO2 (Fig. 10), there is
only one single Cu 3dx2−y2 band across the Fermi level, which
shifts upwards slightly upon hole doping.

2. Calculated Reχ(q) and Imχ(q) of NdNiO2, LaNiO2,
and CaCuO2

In the current paper, we calculate electron susceptibility
χ (q) using the static part of the DMFT low-energy Hamil-
tonian, i.e., H0 + �(ω = 0). We believe that it is a good
approximation to the DMFT susceptibility without vertex
correction:χq(υ ) = ∑

k G(k, iω) G(k + q, υ + iω) in the cur-
rent studied systems. This is because the electron instabilities
are mainly driven by states near the Fermi level, and that
the quasiparticle states are sharp and Fermi surfaces are well
defined in the current studied systems.

As shown in Fig. 11, for two high-symmetry lines, the
corresponding peaks in Reχ (q) are also observed in Imχ (q),
indicating that FSN plays important roles in forming the peaks
in the Reχ (q).

FIG. 17. (a) DFT-calculated Reχ (q) of NdNiO2 under three dif-
ferent nh (in units of hole/u.c.) along two high-symmetry lines in the
qz = 0 plane with U = 6 eV. (b) Same as (a) but in the qz = 0.5c∗

plane.

Figure 12 gives the Reχ (q) for the high-symmetry
lines in qz = 0 (upper panel) and qz = 0.5c∗ (bottom
panel) planes of LaNiO2. Apparently, both values of
Reχ (q) are slightly smaller than those of NdNiO2. Upon
doping, the peak intensities reduce sharply with the
shift of peak positions, similar to the situation observed
in NdNiO2. More strikingly, the wave vectors q at the
maximum are also very identical to that of NdNiO2, not
only in the parent phase but even in the hole doping case
[qA = (0.29a∗, 0.29b∗, 0) and qB = (0.43a∗, 0.43b∗, 0)
along �-M, qC = (0.27a∗, 0, 0) along �-X, qA′ =
(0.27a∗, 0.27b∗, 0.50c∗) and qB′ = (0.42a∗, 0.42b∗, 0.50c∗)

FIG. 18. Same as Fig. 17 but for LaNiO2.
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FIG. 19. (a) Lattice diagram used in the two-band Hubbard model. Red and blue circles represent sublattices A and B, corresponding to
Nd 5d and Ni 3d orbitals. (b) Density-density correlations C(R) of the Ni 3d orbital as a function of distance R (horizontal or vertical direction
of the lattice) for different V at half filling 〈n〉 = 1.0 and temperature T = t/6. Inset: The enlarged C(R) for R � 4.0. (c) The density-density
correlations C(q) at 〈n〉 = 1.0, U/t = 3.0, and T = t/6 on a 2 × L2 lattice.

along Z-A, and qC′ = (0.26a∗, 0, 0.50c∗) along Z-R for
parent phases]. Interestingly, the nh-dependent Reχ (q) shows
opposite trend in CaCuO2, i.e., the peaks in Reχ (q) become
more noticeable under a larger nh in CaCuO2, along with the
increased values of Reχ (q) (Fig. 13).

To further investigate the contribution of electronic states
to Reχ (q) in NdNiO2, taking peak A in the kz = 0 plane as
an example, the k-resolved ReχqA(k) for Ni 3dx2−y2 and Nd
5dz2 are given in Fig. 14(a). Obviously, the contribution of
Ni 3dx2−y2 (left panel) is significantly larger than that of Nd
5dz2 (right panel). Basically, for a fixed q, the contributions
to Reχ can be divided into two parts: (i) states on FS con-
nected by q [dark-blue spots in Fig. 14(a)] and (ii) occupied
and unoccupied states (not on FS) connected by q [light-blue
regions in Fig. 14(a)]. Importantly, while (i) strongly depends
on the shape of FS and determines the peak formation to Reχ ,
(ii) is weak and only contributes a uniform value to Reχ . As
shown in Fig. 14(a), the unique FS shape of NdNiO2 makes
the states on FS near the BZ boundary well connected by
qA [red arrows in Fig. 14(a)], contributing a large value to
ReχqA. As discussed in the main text [Fig. 2(a)], since the
FS in the kx-ky plane is almost unchanged with varying kz

between 0 � kz � 0.2c∗, the connection vector qA in different
kz planes keeps constant in this range. In addition, electronic
states not on FS also make contributions to ReχqA(k). As
shown in Fig. 14(b), only the occupied states in the red-shaded
region and unoccupied states in the green-shaded region, that

FIG. 20. (a) The density-density correlations C(q) at 〈n〉 = 1.0
and V = 0.9t on a 2 × 122 lattice for different T. (b) Average sign
<sign> as a function of nearest-neighbor interaction V for different
temperatures at 〈n〉 = 1.0, U/t = 3.0, and kz = 0 on a 2 × 122 or
2 × 82 lattice.

can be connected to each other by qA (black arrow) around EF,
contribute to a small value of ReχqA(k) [light-blue regions in
Fig. 14(a)]. Again, the electronic states contributed from Ni
3dx2−y2 [left panel, Fig. 14(b)] are larger than that of Nd 5dz2

[right panel, Fig. 14(b)].

3. Electron correlation effect on EI

It is interesting to compare the DMFT static-QP Reχ (q)
with DFT-calculated Reχ (q) for both NdNiO2 and CaCuO2,
in order to capture the role of electron correlation effect on
Reχ (q). For the case of NdNiO2 (Fig. 15), the curvature
shapes of Reχ (q) under DMFT and DFT calculations are
consistent, except for the exact peak intensities (partially due
to the different sizes of the Nd 5d electron pocket under DFT
and DMFT calculations). For the case of CaCuO2 (Fig. 13),
compared to NdNiO2, there is stronger renormalization of
Reχ (q) spectra, e.g., the peaks become more noticeable un-
der DMFT calculations than under DFT calculations under

FIG. 21. (a) DFT-calculated q-resolved γ (q) under three differ-
ent nh (in units of Sr/u.c.) in the qz = 0 plane from all phonon modes
for electronic states in the entire BZ for LaNiO2. (b) Same as (a)
but in the qz = 0.5c∗ plane. A(A′), B(B′), and C(C′) indicate the
corresponding peak positions in γ (q) at different q, consistent with
those in Reχ (q).
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FIG. 22. (a) Calculated γ (q) of NdNiO2 from all the phonon
modes in the entire BZ in the qz = 0 plane with U = 6 eV. (b) Same
as (a) but in the qz = 0.5c∗ plane.

the same nh, which is partially due to the stronger electron
correlation induced larger band renormalization in CaCuO2

than in NdNiO2.
A comparison of DFT band structures with consideration

of on-site Hubbard U is given in Fig. 16. For both NdNiO2 and
LaNiO2 around EF, with increasing U, the band dominated by
the Nd/La 5dz2 orbital shifts downwards significantly, making
the electron pocket around the � point larger, while the band
dominated by Ni 3dx2−y2 shifts upwards slightly. Importantly,
with a fixed U, the occupation of La 5dz2 [Fig. 16(b)] is always
smaller than that of Nd 5dz2 [Fig. 16(a)].

DFT-calculated Reχ (q) with U = 6 eV for NdNiO2 and
LaNiO2 are shown in Figs. 17 and 18, respectively. All the re-
sults of electron susceptibility with U = 6 eV are very similar
to those with U = 0 eV (Figs. 12 and 15). Besides, the peak
values for both Reχ (q) are even larger than those with U = 0
eV, indicating a stronger EI. Therefore, the consideration of U
could even strengthen our major DFT conclusion in the main
text.

It is interesting to check the role of pure electron correla-
tion effect on the CDW formation in nickelates, in addition

FIG. 23. Same as Fig. 22 but for LaNiO2.

FIG. 24. Calculated γ (q) of CaCuO2 from all the phonon modes
in the entire BZ in the qz = 0 plane with U = 6 eV.

to our DMFT calculations for CDW-free systems. Here, we
perform DQMC calculations at finite temperature (below the
experimentally observed CDW transition temperature) with
periodic boundary conditions to evaluate the electronic corre-
lations in CDW. The partition function in DQMC is expressed
as a high-dimensional integral on a set of random auxiliary
field which can be done by the Monte Carlo simulations. We
used 30 000 sweeps to reach equilibrium and 80 000 sweeps
further to take the measurements. Two square sublattices are
used with scale of L = 12 [see Fig. 19(a) (the total number
of lattice sites is Ns = 2 × L2 = 288)]. Here, a two-band ef-
fective model is constructed containing Ni 3dx2−y2 and Nd
5dz2 orbitals. The reason that we choose Nd-5dz2 and not the
Nd−5dxy orbital is as follows.

(1) The two-orbital model of Ni−5dz2 and Ni−3dx2−y2

can well reproduce the first-principles band structure of
NdNiO2 which is adopted to construct the microscopic Hamil-
tonian in previous work [47].

(2) The onsite energy of Ni−5dz2 is closer to Fermi level
which is 0.50 eV lower than that of Nd−5dxy.

(3) The orbital projection of Nd-dxy at the A pocket is
actually small, much smaller than that of Ni-5dz2 at the �

pocket.
The two-band Hubbard model employed contains the in-

tralayer hopping, the interlayer hopping, and the strongly
correlated Ni layer, which can be written as

H = H1 + H2 + H3 + H4 + H5,

H1 = tNd−Ni
3

∑
iησ

[a†
iσ bi+ησ + H.c.],

FIG. 25. Interband coupling matrix g(k) between Ni 3dx2−y2 and
Nd 5dz2 orbitals in NdNiO2 for qA = (0.22a∗, 0.22b∗, 0) in the kz =
0 plane.
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FIG. 26. Band- and k-resolved g(k) for qC = (0.2a∗, 0, 0) in NdNiO2 in the kz = 0 plane. Heatmaps are given in the same scale as those
for qA = (0.22a∗, 0.22b∗, 0).

H2 = tNd
1

[∑
iτ1σ

a†
iσ ai+τ1σ
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1
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H4 = U
∑

i

nbi↑nbi↓ + μ
∑

iσ

[(1 + �/μ)naiσ + nbiσ ],

H5 = V
∑

i

nbinb(i+τ1 ). (A1)

Here, aiσ (biσ ) and a†
iσ (b†

iσ ) are annihilation and cre-
ation operators of electrons at sites Ri with spin σ (σ =↑, ↓)
on sublattice A (B). The electronic number operator at
sites Ri with spin σ on sublattice A (B) is naiσ =
aiσ a†

iσ (nbiσ = biσ b†
iσ ). The t1, t2, and t3 are hopping pa-

rameters between nearest-, next-nearest-, and third-nearest-
neighbor sites, which are extracted from the DFT calculations
(Table I). The relative positions are η = (±3x̂, ±3ŷ), τ1 =
(±2x̂, 0) and (0, ±2ŷ), τ2 = (±2x̂, ±2ŷ), and τ3 = (±4x̂, 0)
and (0, ±4ŷ). U is the on-site Coulomb interaction of the Ni
3dx2−y2 orbital, μ is the chemical potential of the Ni 3d orbit,
and � is the on-site energy difference between Nd 5d and Ni
3d orbitals. V is the nearest-neighbor repulsion of the Ni 3d

FIG. 27. (a) Calculated phonon spectra of NdNiO2 as functions
of hole doping. Black, blue, and green lines are results under
nh = 0.0, 0.1, and 0.2 Sr/u.c., respectively. (b) Phonon spectrum of
undoped LaNiO2 with line thickness indicating the magnitude of
phonon linewidth.

orbital. To simplify the calculations, the d-p type interaction
is absent in our current paper. The density-density correlation
function is used to characterize the CDW order:

C(R) = 1

NsNR

∑
i

∑
| j−i|=R

〈(ni − 〈ni〉)(n j − 〈n j〉)〉, (A2)

where NR is the distance between the site Ri and Rj . The
distance between site i and site j is R. The NR is the amount
of distance R. The Fourier transform is

C(q) = 1

Ns

∑
R

eiqRC(R). (A3)

The simulated lattice for NdNiO2 is shown in Fig. 19(a).
Figure 19(b) gives the density-density correlations C® ver-
sus the distances R for different nearest-neighbor repulsion
V at half filling 〈n〉 = 1.0 (corresponding to the undoped
case) and temperature T = t/6 (t = |t1| = –0.317 eV is the
nearest-neighbor hopping of Ni 3d). A staggered pattern can
be clearly identified with the interaction strength increasing
to V = 0.9t , supporting the development of the CDW state.
In Fig. 19(c), the density-density correlations C(q) peak at
q = (π, π ) with minor size-dependency, indicating a check-
board type CDW [charge order modulation along the (h, h)
direction]. Test calculation for different T [Fig. 20(a)] shows
identical patterns with small dropping at (π , π ) with the in-
creasing of temperature. Because of the sign problem, results
are unreliable at lower temperatures or higher interactions.
Based on the multiband Hubbard model on a two-dimensional
square lattice under periodic boundary conditions, our unbi-
ased numerical results indicate it may develop a charge order
modulation along the (h, h) direction, much different from
the charge modulation along the (h, 0) direction observed
in experiment. For the DQMC method, the notorious sign
problem prevents accurate results for higher interaction, larger
lattice, and lower temperature. To ensure the reliability of our
simulations, we complement the average sign in Fig. 20(b)

TABLE I. Hopping parameters for two orbitals (Nd 5dz2 and Ni
3dx2−y2), obtained from DFT+Wannier downfolding of NdNiO2.

tNd tNi tNd−Ni

t1 t2 t3 t1 t2 t3 t3

Hopping (eV) –0.003 –0.157 0.001 –0.317 0.050 –0.055 0.021
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FIG. 28. Comparison of (a) DMFT static-QP Reχq and (b) DFT-calculated γq for NdNiO2 and LaNiO2 as functions of nh for other peaks.

for various parameters such as interaction, temperature, and
lattice size with the Monte Carlo parameters of 10 000 runs.
Our numerical results are reliable as the average sign is mostly
larger than 0.50 even for the V = 0.9t , T = t/6, and L = 12
with 10000 runs measurements. For the presence of sign
problem, much longer measurements are necessary to keep
the same quality of data with 〈sign〉 ≈ 1. In our calculations,
some of the results are obtained with more than 40 000 runs to
compensate the fluctuations.

4. Hole doping dependent MEPC

The features of nh-dependent γ (q) are similar in LaNiO2

(Fig. 21) and NdNiO2 (Fig. 3 in main text). When nh = 0,
the q for generating high-intensity peaks in γ (q) are generally
consistent with that in Reχ (q) (Fig. 12), although the relative
intensities for different peaks are slightly different in these
two spectra. Remarkably, when nh increases, the intensities
of these peaks dramatically decrease, and some of them (e.g.,
A′ and B′) can even disappear at a high nh. In addition, the
basic features of nh-dependent γ (q) exist at different choices
of U (Figs. 22 and 23) for the DFT calculations. Again, the
wave vectors q at the maximum are very identical in NdNiO2

and LaNiO2, not only in the parent phase but even in the hole
doping case for both U = 0 and 6 eV.

The MEPC features in CaCuO2 (Fig. 24) are quite different
from that in NdNiO2.

(1) In contrast to NdNiO2, the peak positions in γ (q) are
inconsistent with that in Reχ (q) (Fig. 13).

(2) The γ (q) of CaCuO2 are very insensitive to nh, which
is inconsistent with the experimentally observed nh-dependent
CDW formation in cuprates.

Figure 4(a) in the main text shows the orbital- and
k-resolved g(k) for the sum of all phonon modes which high-
lights the important contribution of the intraband scattering
of the Nd 5dz2 orbital. The interband scattering between Ni
3dx2−y2 and Nd 5dz2 orbitals shown in Fig. 25 is in the same
magnitude as the intraband scattering of the Ni 3dx2−y2 orbital
and is ≈ 50% smaller than the intraband scattering of the Nd
5dz2 orbital. The orbital- and k- resolved g(k) for the peak of
qC along the G-X line in the kz = 0 plane (see Fig. 3 in the
main text) are given in Fig. 26. The overall values are smaller
than those for the qA point. The major contributions to g(k)
come from intraband scattering of the Nd 5dz2 orbital.

As shown in Fig. 27(a), with increasing nh, the phonon
spectrum of NdNiO2 only has small changes. Some phonon
modes slightly change upon doping, e.g., the optical mode
around 400 cm−1 is enhanced to higher frequency due to
decoupling to Nd orbitals. The phonon spectrum as well as
its linewidth of LaNiO2 given in Fig. 27(b) is similar to that
of NdNiO2 [Fig. 4(b) in the main text].

FIG. 29. DMFT static-QP Reχq and DFT-calculated γq as functions of temperature for other peaks.
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FIG. 30. (a) Experimentally measured qCDW can be peaked in the
calculated Reχ (q) (upper panel) and γ (q) (bottom panel) at different
qz in (a) NdNiO2 and (b) LaNiO2.

5. Comparison between NdNiO2 and LaNiO2

In Fig. 5 of the main text, we show that the values of ReχqA

and γqA in LaNiO2 are smaller than that of NdNiO2, and both
gradually decrease with nh, accompanied by the decreases of
qA. Figure 28 gives the values of Reχ (q) and γ (q) for other
peaks. The trend and their hole doping dependent behaviors
are similar to those for peak A. Moreover, the calculated
values of ReχqA and γqA are insensitive to the temperature at
least up to 400 K for undoped RNiO2 (Fig. 29).

6. Comparison between theory and experimental observations

As shown in Fig. 30, by assuming a specific qz (qz =
0.03c∗ and 0.05c∗ for NdNiO2 and LaNiO2), we can clearly
identify the peaks at (0.333, 0) in NdNiO2 and at (0.344, 0) in
LaNiO2 in both Reχ (q) and γ (q) spectra, which may trigger
the experimentally observed CDW with qCDW at (0.333, 0) in
NdNiO2 and at (0.344, 0) in LaNiO2, respectively. Again, our
calculations not only indicate that a joint EI and MEPC is im-
portant for CDW formation in nickelates, but also predicts that
the qCDW in LaNdO2 and NdNiO2 could be very similar due
to their nearly identical peaks in Reχ (q) and γ (q), consistent
with the experimental observations.
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