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A charge order (CO) with a wavevector q ~ (1,0, 0) is observed in infinite-
layer nickelates. Here we use first-principles calculations to demonstrate a
charge-transfer-driven CO mechanism in infinite-layer nickelates, which leads
to a characteristic Ni**-Ni**-Ni** stripe state. For every three Ni atoms, due to the
presence of near-Fermi-level conduction bands, Hubbard interaction on Ni-d
orbitals transfers electrons on one Ni atom to conduction bands and leaves
electrons on the other two Ni atoms to become more localized. We further
derive alow-energy effective model to elucidate that the CO state arises from a
delicate competition between Hubbard interaction on Ni-d orbitals and charge
transfer energy between Ni-d orbitals and conduction bands. With physically
reasonable parameters, g = (3,0, 0) CO state is more stable than uniform
paramagnetic state and usual checkerboard antiferromagnetic state. Our work

highlights the multi-band nature of infinite-layer nickelates, which leads to
some distinctive correlated properties that are not found in cuprates.

Motivated by cuprates, superconductivity was proposed* and has
been recently discovered in hole-doped infinite-layer nickelates that
contain Ni** ions of the similar &® electronic configuration®°. While
this seems to confirm the initial expectation and support the Mott
scenario for high-temperature superconductivity'®, the nickelates
show very different properties even in their undoped parent com-
pounds. Instead of an antiferromagnetic Mott insulator, the resis-
tivity of the parent compounds exhibits metallic behavior at high
temperatures and an upturn below around 70 K>#"'2, So far, no static
long-range magnetic order has been observed down to the lowest
measured temperature™", although spin fluctuations have been
reported in experiment”. These are all different from cuprates and
have stimulated heated debate concerning the nature of the nick-
elate parent state, from which superconductivity is born upon hole
doping. Although several theoretical scenarios'®?° have been pro-
posed to emphasize the key role of single-band Hubbard interaction,
a growing consensus is that multi-band physics is indispensable in
nickelates” . What has not been sufficiently explored is whether this

multi-band feature combined with a strong correlation on Ni-d
orbitals may lead to some unique experimental consequences in
infinite-layer nickelates.

Recently, a charge order (CO) with broken translational sym-
metry has been reported independently by three experimental
groups in the parent compounds of nickelate superconductors®,
This raises a question concerning the CO origin and its competition
with other phases. CO in cuprates is well known and has been
intensively studied**”. Despite the seeming similarity, the CO in
nickelates has a few important differences® . First, it already exists
and has the highest onset temperature in undoped compounds.
Second, unlike cuprates where doped holes reside on oxygen atoms,
holes are mainly introduced into Ni-d orbitals, as supported by the
experiments®***. Finally and most importantly, it has an ordering
wavevector q =~ (}, 0, 0), compatible with a commensurate modula-
tion with period 3ao (ao is the lattice constant). This stripe pattern
has not been observed in cuprates*’. Hence, these differences may
imply a new mechanism for the CO in the nickelates, which is most
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probably associated with the multi-band nature of the parent
compounds® %,

In this work, we first use density functional theory plus dynamical
mean field theory (DFT+DMFT) calculations*™** to reveal a special
charge-transfer-driven CO mechanism in a prototypical infinite-layer
nickelate NdNiO,. We find that for every three Ni atoms, due to the
presence of Nd-d/interstitial-s derived conduction bands near the
Fermi level, electrons on one Ni atom are transferred to the conduc-
tion bands under a reasonably large Hubbard interaction Uy; on Ni-d
orbitals, while electrons on the other two Ni atoms become more
localized. This leads to a characteristic Ni*"-Ni?*-Ni"* CO stripe state.
Then, we derive a low-energy effective model based on the realistic
band structure of NdNiO,. Using the effective model, we further elu-
cidate that the q=(},0,0) CO stripe state arises from a delicate
competition between Hubbard interaction on Ni-d orbitals and charge
transfer energy between Ni-d orbitals and conduction bands. Tuning
the charge transfer energy controls not only the stability of the CO
state but also its stripe pattern. With Hubbard interaction strength and
charge transfer energy in a physically reasonable range, we find that
the experimentally observed q = (% ,0,0) stripe CO state is more stable
than both the uniform paramagnetic (PM) state and the usual check-
erboard antiferromagnetic state.

Results

DFT+DMFT calculations

Unlike cuprate superconductors, a consensus has not been reached
regarding what is the minimal model to study infinite-layer nickelates.
Therefore, we first downfold the DFT-calculated band structure of
NdNiO, to a large 17-orbital tight-binding model by using the maxi-
mally localized Wannier functions (MLWFs)*. The model includes five
Ni-d orbitals, five Nd-d orbitals, six O-p orbitals and one interstitial-s
orbital per primitive cell. Our previous studies®*® show that this 17-
orbital model is sufficiently large that it can almost exactly reproduce
the non-interacting band structure of NdNiO, in an energy window of
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Fig. 1| Spectral functions of NdNiO,. The spectral functions are calculated by DFT
+DMFT method using the 17-orbital model with Uy;=10 eV and /y;=1eV. a, b The
charge-ordered state (CO). a The green, red and purple curves are Nil-d, Ni2-d and
0O-p projected spectral functions, respectively. The inset shows the site-resolved Ni-
d occupancy. The d occupancy of Ni2 site is substantially smaller than that of Nil
and Ni3 sites. b The blue and orange curves are Nd-d and interstitial-s projected

about 15eV around the Fermi level (see Supplementary Fig. 1).
A Slater-Kanamori interaction is added on Ni-d orbitals. We use DMFT
to solve the interacting model. To test a possible q = (3, 0, 0) CO state,
we use a 3 x 1 x 1 supercell. Since in the 17-orbital model, the MLWF for
the Ni-d orbitals are very localized and atomic-like (see Supplementary
Table 1), we use a Hubbard Uy; =10 eV and a Hund’s exchange /y; = 1€V,
which has proved to be reasonable for this large energy window
treatment of transition metal oxides’**”"*°, More computational details
are found in the Methods.

We first add perturbations on the three Ni atoms in the simulation
cell. After the self-consistency loop is converged, we do find a CO state
whose spectral function is shown in the Fig. 1a, b. For comparison, we
also enforce symmetry on the three Ni atoms and thus obtain a uni-
form PM state whose spectral function is shown in Fig. 1c, d. Figure 1a, ¢
shows the Ni-d and O-p projected spectral functions. In the CO state,
we find two different types of Ni atoms. The spectral functions for Nil-d
and Ni3-d orbitals are identical (collectively referred to as Nil-d). Ni2-d
orbital is of the other type. In the PM state, all three Ni atoms are
equivalent due to the imposed symmetry. The inset shows the Ni-d
occupancy. We find that compared to Ni-d occupancy in the uniform
PM state, in the CO state, the Nil-d occupancy is larger and approaches
9e, but the Ni2-d occupancy is substantially smaller and is close to 8e.
This leads to a characteristic Ni**-Ni?*-Ni'* stripe pattern. More impor-
tantly, the average Ni-d occupancy in the CO state is smaller than that
in the PM state, indicating that the CO is not a simple charge mod-
ulation between the three Ni atoms, but rather there is a net charge
transfer from the Ni2 atom to other atoms. Figure 1b, d shows the Nd-d
and interstitial-s projected spectral functions, which are almost iden-
tical between the CO and the PM states. However, close to the Fermi
level, we find appreciable differences that Nd-d and interstitial-s states
are more occupied in the CO state than in the PM state. Therefore, the
emergence of CO state in NdNiO, is accompanied by a charge transfer
from Ni2 atom to Nd-d/interstitial-s orbitals that form conduction
bands close to the Fermi level. We will show below that it is precisely
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spectral functions, respectively. The inset shows the energy range near the Fermi
level. ¢, d The uniform paramagnetic state (PM). ¢ The green and purple curves are
Ni-d and O-p projected spectral functions, respectively. The inset shows the site-
resolved Ni-d occupancy. d identical to (b) but for the PM state. In all panels, the
dashed line is the Fermi level, which is shifted to zero point. Source data are pro-
vided as a Source Data file.
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Fig. 2| Dependence of Ni-d occupancy N, on Uy; and Jy;. The dependence of N;on
Ui and J; is calculated by using the 17-orbital model. a Ni-d occupancy N, as a
function of Uy; with /y;=1eV. b Ni-d occupancy N, as a function of Jy; with
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Uni=10eV. In both panels, the red solid symbols and blue open symbols corre-
spond to the Ni-d occupancy in the charge-ordered (CO) and uniform paramagnetic
(PM) states, respectively. Source data are provided as a Source Data file.

this charge transfer that can yield an energy gain and stabilize the
CO state.

Next, we study how the charge disproportionation of the CO state
depends on Uy; and J;. Figure 2a shows the Ni-d occupancy of both CO
and PM states as a function of Uy; with Jy; being fixed at 1eV. As Uy;
exceeds 6eV, the charge disproportionation of Ni-d occupancy
develops in the CO state and becomes more pronounced with Uy;. On
the other hand, changing /y; in a reasonable range (from 0.7 to 1.0 eV)
with Uy; being fixed at 10 eV does not strongly affect the charge dis-
proportionation in the CO state. Furthermore, we also test the corre-
lation effects from Nd-d orbitals. By considering Hubbard interaction
on Nd-d orbitals, we do not find qualitative changes in the main results
(see Supplementary Note 3).

Low-energy effective model

To gain a deeper understanding of the origin and generality of the
CO state that is found in the DFT+DMFT calculations of NdNiO,, we
build a low-energy effective model. We want to make the model
simple, which aims to qualitatively reproduce the key features of
the CO state. The advantage of such a simple effective model is that
we can obtain an accurate self-energy so as to resolve the total
energy difference between different competing phases. In addition,
it also helps us identify the control parameters for the CO state. The
effective model, equipped with proper energy dispersions, may also
be applied to the study of the charge ordering phenomenon in other
strongly correlated materials. From the preceding DFT+DMFT cal-
culations, we find that there are two key ingredients in the forma-
tion of the CO state in NdNiO,. One is the Hubbard interaction on Ni-
d orbitals and the other is the charge transfer from Ni-d orbitals to
the conduction bands that consist of Nd-d/interstitial-s orbitals. In
order to describe the interplay between these two factors, we
include a correlated orbital and an auxiliary orbital in the effective
model. To make a connection to infinite-layer nickelates, we choose
Ni-d,._y» orbital as the correlated orbital and add local Hubbard
interaction on it. We also choose an effective-s orbital as the aux-
iliary orbital that provides a free conduction band. We note that in
real NdNiO,, there are multiple conduction bands that are com-
posed of Nd-d and interstitial-s orbitals. Here the effective-s orbital
(not to be confused with the interstitial-s orbital) is employed to
simplify the description of conduction bands. Similar models of
correlated Ni-d,._, orbital plus free conduction bands have been
used to study the low-energy physics of infinite-layer
nickelates”-***°°3, The full Hamiltonian of our effective model

takes the form:

; ot o o
=" eaMidiottio * €K)Sig810 + (VasWidioSio + i )|
ko

~d ~d ~dc (1)
+Ug > g =V
i

where fi:«, (8},) is the creation operator on Ni-d,._y. (effective-s orbi-
tal) with momentum k and spin o. izg, :dzad,-o is the occupancy
operator of Ni-d,._,, orbital at site i with spin o. V' is the double
counting potential’*. The details of Eq. (1) are found in the Methods. In
order to study the CO found in NdNiO,, we fit all the hopping para-
meters in the energy dispersion and hybridization to the DFT band
structure. The non-interacting part of Eq. (1) reproduces the near-
Fermi-level DFT band structure of NdNiO,, in which there are two
bands crossing the Fermi level (see Supplementary Fig. 1). We mention
one important parameter in the energy dispersion: the bare onsite
energy difference between Ni-d. ;. and effective-s orbitals
E4=0.70 eV (see the Methods), which we will show is another key
control parameter for the CO state besides the Hubbard interaction on
Ni-d orbitals.

Next, we consider three competing states in the low-energy
effective model (see Fig. 3a for a schematic): the uniform PM state with
dynamically fluctuating spins (top), the checkerboard AFM (middle)
and the CO state with an ordering wavevector q= (1,0, 0) (bottom).
Due to the simplicity of the model Eq. (1), we can obtain a highly
accurate self-energy of Ni d,._. orbital, which enables us to calculate
the total energy of each state as a function of U, and resolve the total
energy difference between various competing phases (the details of
the total energy calculations are found in the Methods). The results are
shown in Fig. 3b. We find that when U, exceeds a critical value, the AFM
and CO states can both be stabilized. More importantly, the CO state
has lower energy than the AFM state and the PM state. To find a proper
Uq for our model, we calculate the effective mass of the Ni-d,._,
orbital (see Supplementary Note 4 for details). We find that U;=3.7 eV
leads to an effective mass of 5.5, which exactly reproduces the result
from the full ab initio GW+EDMFT calculations®. At this U, value, the
CO state has lower energy than the PM state by about 50 meV/f.u., a
magnitude reasonably consistent with the CO onset of infinite-layer
nickelates in experiment®*, Furthermore, the CO state is also more
stable than the AFM state by about 30 meV/f.u. which may provide an
explanation for the lacking of long-range AFM ordering in infinite-layer
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Fig. 3 | Low-energy effective model. a Schematics of the three competing states
studied in the effective model: the uniform PM state (top), the checkerboard AFM
state (middle) and the q= (}, 0, 0) CO state (bottom). b The total energy £ calcu-
lated using the low-energy effective model Eq. (1) (up to a constant) in the PM (red),
the AFM (blue) and the CO (green) states as a function of U,. The purple dashed line
highlights U, =3.7 eV, which reproduces the Ni-d,._,. orbital effective mass from
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the ab initio GW+EDMFT calculation®. The error bar is smaller than the symbol size
(see Methods). c-h Orbital-resolved spectral functions calculated by using the low-
energy effective model with U;=3.7 eV. ¢ In the PM state. e In the AFM state. g In
the CO state. d, fand h are the enlarged plots showing the corresponding near-
Fermi-level features of the spectral function. Source data are provided as a Source
Data file.

nickelates despite the substantial AFM superexchange found in
experiment'*,

Figure 3c-h compares the spectral functions of the low-energy
effective model Eq. (1) for the PM, AFM and CO states (calculated with
U,=3.7 eV). Figure 3c displays the orbital-resolved spectral functions
of the PM state. The red (blue) curve is the Ni-d,. . (effective-s)
projected spectral function. Ni-d,._,. orbital exhibits a characteristic
three-peak feature: lower Hubbard band (LHB), upper Hubbard band
(UHB) and a quasi-particle peak around the Fermi level. The effective-
s orbital has an occupancy of about 0.1¢/f.u., due to the self-doping
effect. This result is consistent with the previous studies using similar
effective models'®**. Figure 3d zooms-in the Ni-d,. , projected
spectral function close to the Fermi level, which highlights the quasi-
particle peak and the partially occupied conduction band. Figure 3e, f
shows the spectral function of the AFM state. Compared to the PM
state, the quasi-particle peak is more pronounced but shifts away
from the Fermi level. The self-doping effect is weaker in the AFM
state. Figure 3g shows the orbital-resolved spectral functions of the
CO state, where the red and green curves are for the two different
types of Ni-d,._j. orbital, and the blue curve is for the effective-s
orbital. Similar to the PM state, the Nil-d,._. orbital in the CO state
(red curve) exhibits a three-peak feature, but the Ni LHB moves
toward lower energy. This indicates that the Nil-d,._j, orbital
becomes more localized (i.e. closer to half-filling) in the CO state. In
contrast, the Ni2-d,._y. orbital in the CO state is almost empty.
Compared to the PM state, the effective-s orbital is more occupied.
The spectral functions in Fig. 3g qualitatively reproduce the Ni**-Ni**-
Ni'* stripe pattern and the charge transfer from Ni2 site to the con-
duction bands, which are found from the preceding DFT+DMFT
calculations. Figure 3h shows an enlarged plot of the Ni-d,._, pro-
jected spectral functions near the Fermi level in the CO state. The Ni-
d,._y» quasi-particle peak in the CO state has a smaller peak value
than in the PM state (calculated at the same Uy), indicating that in
addition to local Hubbard interaction, the formation of long-range

CO further suppresses the quasi-particle peak (the effect is more
pronounced at larger Uy, see Supplementary Note 6).

Energetics

Next, we analyze the energetics of the low-energy effective model in
more detail. In particular, we study why the CO state may have a lower
energy than the AFM state. Figure 4a shows a schematic electronic
structure of the effective model Eq. (1). The brown arrow indicates the
charge transfer from a Ni site to neighboring effective-s orbitals. The
upper panel is the one before the charge transfer, while the lower panel
is after the charge transfer (when U, exceeds the critical value). The CO
can emerge if there is an overall energy gain from the charge transfer.
However, the energy of Ni LHB is lower than the effective-s orbitals.
Thus, the electron transfer from the Ni2 site to the effective-s orbitals
seems to result in an energy cost. To solve this paradox, we compare
the total energy of the CO and AFM states and decompose the energy
difference into three contributions: E = F" + FP°t — F*, where £ is the
kinetic energy, F°* is the potential energy and £ is the double-
counting energy (see the Methods).

We first analyze the case of U;=3.7eV, as highlighted by the
purple dashed line in Fig. 4b. We find that compared to the AFM state,
which does not have a charge transfer, the charge transfer indeed
results in an energy cost in £ for the CO state. This is consistent with
the schematics shown in Fig. 4a. However, the charge transfer also
leads to an energy gain in E°*. That is because, in the AFM state, every
Ni site has almost one electron on the d,._,. orbital. Due to the
repulsive Hubbard interaction, £°°" = 1 Tr (2,,G.,,) > O for each Ni. In
the CO state, the Nil and Ni3 sites have one electron on the d,._,
orbital. But the charge transfer depletes the electron on the Ni2-d,._,.
orbital, so that its self-energy X.,, essentially becomes zero. This
decreases the potential energy and always leads to an energy gain
AEP** < O when Uz exceeds the critical value. As for the double-counting
energy, £9=1U,N,(N, — 1. The AFM state is close to a half-filled
configuration for every Ni site, while the CO state has a configuration in
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states decomposed into kinetic energy (kin, red circles), potential energy (pot, blue
squares) and double-counting energy (dc, green pentagons) as a function of Uy,
calculated by using the low-energy effective model Eq. (1). The purple dashed line
highlights Uz =3.7 eV. The error bar is smaller than the symbol size (see Methods).
Source data are provided as a Source Data file.

which Ni2 site has almost zero occupancy and Nil/Ni3 site is half-filled.
Therefore, in both states, the double counting energy F* is small and
so is their difference (compared to AEP*). In short, there is a delicate
competition between charge transfer energy and local Hubbard
interaction. When the potential energy gain outweighs the kinetic
energy cost during the charge transfer, the CO state becomes more
stable than the AFM state.

Then, we analyze the case of a general U, (see Fig. 4b). We find that
the trend does not change in AF”* and AE*. However, when Uy is
sufficiently large, AE" itself becomes negative (i.e., a net energy gain
after the charge transfer). That is because as U, increases, the Nil/Ni3
LHB moves toward the lower energy after the charge transfer (i.e.
|Az] > |Aq]). This effect decreases the kinetic energy and eventually
counteracts the kinetic energy cost from the charge transfer (brown
arrow in Fig. 4a).

CO stability and stripe pattern

The preceding analysis shows that the charge transfer from Ni-d,._,
orbital to the near-Fermi-level conduction bands plays a crucial role in
the formation of the CO state. In our effective model, the conduction
bands are derived from the effective-s orbitals. Figure 5a is a schematic
non-interacting electronic structure of the effective model Eq. (1). We
show below that the charge transfer energy E,;, which is defined as the
energy separation between the bare onsite energy of Ni-d,._,, and
effective-s orbitals, controls not only stability but also stripe pattern of
the CO state in the effective model.

We first examine the total energy of the PM, AFM and CO states
as a function of Ey4 using the effective model Eq. (1). For each E4, we
recalculate the total energy of each state and show the results in
Fig. 5b. We use U;=3.7 eV but find a similar trend using other values
of Uy (see Supplementary Note 7). Fitting to the DFT band structure,
we obtain E4= 0.7 eV (the orange dashed line in Fig. 5b), at which the
CO state is more stable than the AFM and PM states. As E,, increases,
the total energy of the CO state first becomes higher than the AFM
state (E4>0.8eV) and then even higher than the PM state
(Eg4s> 0.9 eV). This can be understood because increasing Ey4; leads to
a larger kinetic energy cost in the charge transfer (as we demon-
strated in Fig. 4a).

Next, we study different stripe CO patterns and compare their
total energies using the effective model Eq. (1). We use a Nx1x1
supercell to study the stripe CO with the wavevector q=(4,0,0).
Before discussing the results, we first present an intuitive picture of
how the CO total energy may depend on N. As we have shown, the CO
state emerges from a charge transfer of almost one electron from one
Ni site to the conduction bands for every N Ni atoms. During the charge
transfer process, the electron needs to overcome the charge transfer
energy £ 4. This results in a kinetic energy cost = £4. On the other hand,
the charge transfer depletes the charges on that Ni site. Since the local
Hubbard interaction is repulsive in our model, this leads to a potential
energy gain = U, Thus, the total energy of the entire system (N-Ni-
atom cell) is:

EN—Ni—atom = aEds - ABUd + NEO (2)

where a and S8 are both positive and £, is the energy contribution that
does not change during the charge transfer. The tricky point is that
both a and S also depend on the wavevector or the wavelength (i.e., N).
Therefore, the total energy per-Ni-atom cell is:

‘ M:a(N)%—ﬂ(N)%+EO 3

per—Ni—atom — N N

For given Ey4and Uy, minimizing Eperni-atom With respect to Nyields the
optimal wavelength N or equivalently optimal wavevector q. However,
due to interaction, the analytical expressions of a(N) and S(N) are not
known. Therefore, we numerically calculate Ey.ni-acom as a function of N
for different E4 and U,.

Figure 5c compares the total energy of different stripe CO states
for a few representative U, at E4=0.7 eV (DFT-fitted value). We find
that at £4,=0.7 eV, the q= (1,0, 0) CO has the lowest total energy in a
range of U, values. The reason that the total energy of the stripe CO
state does not monotonically change with N is because with N
increasing, on the one hand, the kinetic energy cost decreases; on the
other hand, the potential energy gain also decreases. These two factors
are competing and the calculations find that the total energy minimum
appears at an optimal CO wavevector =}, 0, 0). While our model is
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Fig. 5 | CO stability and stripe pattern. a Schematics of the non-interacting

electronic structure of the low-energy effective model Eq. (1) where E4 is the energy
separation between the bare energy of Ni-d,._,» and effective-s orbitals. b The total
energy (up to a constant) of the PM (red), the AFM (blue) and the CO (green) states
as a function of E4, calculated by using the low-energy effective model Eq. (1) with
Uyz=3.7 eV. The orange dashed line highlights £,4= 0.7 eV, which is obtained from
fitting to the DFT band structure of NdNiO,. ¢ The total energy of different stripe

Ug=3.7¢eV

e PM
-0.23 & AFM |
o
0B 506 07 08 09 Lo
d Eds (e\/)
011 Ug=3.7¢V :

2 3 4
size N
CO states with the wavevector q = (}, 0, 0) as a function of Uy, calculated by using
the low-energy effective model Eq. (1) with E4=0.7 eV. d The total energy of dif-
ferent stripe CO with the wavevector q = (ﬁ ,0, 0) as a function of E4, calculated by
using the low-energy effective model with U;=3.7 eV. In panels (b-d), the error bar

is smaller than the symbol size (see Methods). Source data are provided as a Source
Data file.

-0.23 :

simplified, this result is consistent with the experimentally observed
CO stripe pattern of infinite-layer nickelates®*. Figure 5d compares
the total energy of different stripe CO states for a few representative
E4s at Uy=3.7 eV. We find that as E4 increases from 0.6 to 0.8 eV, the
wavevector of the lowest energy CO state evolves from (1,0,0) to
(1,0,0). This is because as Ey4 changes, the decreasing rate of the
kinetic energy with N also changes, which leads to a different optimal
wavevector for the CO state. We mention that when E; > 0.8 eV, the
AFM state has lower energy than the CO state (see Fig. 5b). This means
that based on our model calculations, the CO state with a wavevector
of q=(%,0,0) cannot be observed. Instead, it gives way to the AFM
state. To summarize, in the phase space spanned by (U, E4), our
effective model Eq. (1) has a parameter range in which the stripe CO
state is more stable than the AFM and PM states with an optimal
wavevector q =}, 0, 0), which reproduces the experimental observa-
tions of infinite-layer nickelates® .

Discussion
We make a few comments before the conclusion.

First, we note that CO or charge density wave (CDW) may have
different origins. In addition to electron-electron interaction,
electron-phonon interaction may also play an important role in the
formation of CDW, which has been intensively studied in other mate-
rial systems such as transition metal dichalcogenides®. A CDW state
that arises from electron-phonon interaction is accompanied by a
structural distortion. Thus, in addition to using the ideal lattice struc-
ture of infinite-layer nickelates, we also study possible structural

distortions in the CO state’®>*°. Since the charge transfer breaks the
original translational symmetry, oxygen atoms may move away from
their ideal positions (see Supplementary Note 5). The movement of
oxygen atoms can be modeled by changing the onsite energy of Ni-
d,._y orbital in the effective model Eq. (1). Our (Ealculations find that
the oxygen atom movements are minute (-0.05 A), which is in agree-
ment with the other study®.. The resulting energy gain in CO is less than
5meV/f.u., about one order of magnitude smaller than the energy
difference shown in Fig. 3b. The energy gain may be used as a rough
estimation to quantify the relative importance of different mechan-
isms. Our results imply that the CO state found in infinite-layer nick-
elates is more likely of electronic origin, while structural distortions
driven by electron-phonon interaction may play a secondary role.

Second, the CO state from our calculations has a substantial
charge disproportionation, driven by a charge transfer from a portion
of Ni atoms to the near-Fermi-level conduction bands. A direct con-
sequence is that the average Ni occupancy in the CO state is sub-
stantially smaller than that of a uniform PM state. Such a CO state is
dissimilar to the CDW state found in the calculations of the doped
single-band Hubbard model®*®®, doped ¢/ model®* and a 2-orbital
model of ref. **, in which the charge profile shows a Friedel oscillation
with the average occupancy per site being equal to that of uniform PM
state. In those states, variation in site occupancy is due to charge
transfer between neighboring correlated sites.

Third, as we mentioned previously, the analytical expression of
CO energy dependence on wavevector E(q) is not known. Therefore,
we cannot find the optimal wavevector q by solving VqE(q)=0.
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Instead, we have to test as many known competing states as possible
(within computational capability). In addition to the q=(4,0,0) CO
state, we also test a different CO state, which can be accommodated by
the available simulation cell (see Supplementary Note 8). We use the
low-energy effective model to study all these competing states (PM
state, AFM state and five CO states with different wavevectors) and
compare their total energy. Our calculations find that using the DFT-
fitted energy dispersion for a reasonable range of Uy, the q=(3,0,0)
CO state is the most energetically favorable one among all the states
considered.

Fourth, a number of studies”*"*>**® have shown that Ni d;,._,.
orbital plays an important role in infinite-layer nickelates. Comparison
of the low-energy effective model calculations to the 17-orbital model
calculations, which include all five Ni-d orbitals, reveals that the mini-
mum physics needed to account for the CO phenomenon is a charge
transfer from a correlated Ni-d,._,» orbital to a conduction band that is
close to the Fermi level. Adding other orbitals into the effective model
may describe more physical phenomena of infinite-layer nickelates,
but as far as charge ordering is concerned, the 2-orbital effective
model is sufficient.

Finally, we briefly discuss how one may experimentally distinguish
CO states of different origins in infinite-layer nickelates. If the CO in
infinite-layer nickelates arises from the revealed charge-transfer
mechanism, it will exhibit a mixed valence state of Ni, a character-
istic Ni'"-Ni*"-Ni'* stripe pattern, as well as a unidirectional Ni** chain in
which holes are localized. In the experiment, one may probe this mixed
valence state of Ni either by x-ray absorption spectroscopy (XAS) or
cross-sectional electron energy loss spectroscopy (EELS)*. XAS can
measure the average Ni valence, whose spectrum in the CO state
should be distinct from that of pure Ni** or Ni*". A more informative
measurement is the cross-sectional EELS, which may provide a spatially
resolved spectrum of Ni** and Ni** columns in the CO state. In addition,
scanning tunneling microscopy can image the localized holes in the
unidirectional Ni** chain®. On the other hand, if the CO or CDW is
driven by phonon and electron-phonon coupling, a characteristic
phonon of the ideal crystal structure should become soft around the
CDW transition temperature and the emergence of CDW accompanies
a periodic-lattice-distortion, which lowers the total energy**"*%. The
vibrational mode of characteristic phonon should match the pattern of
periodic-lattice-distortion observed at low temperatures®”®. The
magnitude of the periodic-lattice-distortion should be such that the
resulting energy gain is comparable to the CDW transition
temperature®®. In experiment, inelastic x-ray scattering or neutron
scattering can measure temperature dependence of phonon disper-
sion and identify soft phonons, if they exist around CDW
temperature®®, The low-temperature periodic-lattice-distortion can be
probed either by x-ray diffraction (XRD) or by transmission electron
microscopy (TEM). The emergence of periodic-lattice-distortion low-
ers the crystal symmetry and thus changes the diffraction pattern in
XRD measurements®’. TEM, in particular with the recent developments
of electron ptychography’, can achieve atomic-resolution imaging,
enabling visualization of periodic-lattice-distortion in real space and
accurate measurements of structural distortions. Using the lattice
distortions found from TEM measurements, one can estimate the
energy gain from the periodic-lattice-distortion by performing first-
principles calculations and then comparing the energy gain to the
experimental CDW transition temperature. In short, the experimental
observation of “a mixed valence state of Ni/localized holes on uni-
directional Ni** chain” versus “soft phonon/periodic-lattice-distortion”
may distinguish different origins of CO in infinite-layer nickelates. We
hope that the two sets of experiments outlined above, as well as other
experimental techniques, will identify the true underlying mechanism
among various theoretical proposals.

To conclude, our first-principles calculations show that a
q=(},0,0) CO state, which has a characteristic Ni*"-Ni*-Ni** stripe

pattern, is stabilized in infinite-layer nickelates when Hubbard
interaction on Ni-d orbitals is reasonably large. For every three Ni
atoms, the CO state is driven by a charge transfer from one Ni atom
to near-Fermi-level conduction bands, leaving electrons on the
other two Ni atoms to become more localized. We further derive a
simple low-energy effective model and elucidate that stabilization
of the CO state over PM and AFM states is the consequence of a
delicate competition between Hubbard interaction U; on a corre-
lated orbital and charge transfer energy E;; between the correlated
orbital and the conduction band. Such a competition may induce
CO states in other correlated materials besides infinite-layer
nickelates. Manipulating the CO state in infinite-layer nickelates
by tuning the charge transfer energy may also affect their
superconductivity”, which deserves further experimental study.

Methods
DFT-+DMFT calculations
We perform DFT+DMFT calculations*** with the aid of MLWFs*72,

The DFT method isimplemented in the Vienna ab initio simulation
package code” with the projector augmented wave method™. The
Perdew-Burke-Ernzerhof” functional is used as the exchange-
correlation functional in DFT calculations. The Nd-4f orbitals are
treated as core states in the pseudopotential because the 4f shell is
hidden in the core of the Nd ion, and Hubbard interaction on 4f
orbitals is very large (>10 eV). As a result, the Nd-4f electrons are far
from the Fermi level and turn into strongly localized f spins. The direct
coupling between Nd-4f electrons and itinerant electrons is minute’.
We use an energy cutoff of 600 eV and sample the Brillouin zone by
using I'-centered k-mesh of 12 x 12 x 12 per primitive cell. The crystal
structure is fully relaxed with an energy convergence criterion of
10%eV, force convergence criterion of 0.01eV/A and strain con-
vergence of 0.1 kbar. The DFT-optimized crystal structures are in good
agreement with the experimental P4/mmm structures (a®"=3.914,
a™P =392 A, " =331A, cE¥P =3.28 A). To describe the checkerboard
antiferromagnetic ordering, we expand the cell to a v2x+/2x1
supercell. To describe the q=(%,0,0) CO state (N is an integer), we
expand the cell to an N x1x 1 supercell.

We downfold the DFT-calculated band structure of NdNiO, to a17-
orbital tight-binding model by using the MLWF method®. The 17
orbitals include five Ni-d orbitals, five Nd-d orbitals, six O-p orbitals and
one interstitial s orbital. This 17-orbital model can well reproduce the
non-interacting band structure of NdNiO, in an energy window of
about 15 eV around the Fermi level (see Supplementary Fig. 1).
A Slater-Kanamori interaction is added on the Ni-d orbitals”. A fully
localized-limit (FLL) double counting correction is applied to the full
interacting model®’. We also test other double counting correction*®
and no qualitative change is found in the main results. More details of
the full Hamiltonian are found in Supplementary Note 1. We treat the
two Ni eg orbitals with DMFT method, while the filled Ni t,; shell is
treated with a static Hartree-Fock approximation®*’s,

When we use the DMFT method to solve the interacting 17-orbital
model, we employ the continuous-time quantum Monte Carlo
(CTQMC) algorithm based on hybridization expansion’*°. The
impurity solver was developed by Haule®. For each DMFT iteration, a
total of 1 billion Monte Carlo samples are collected to converge the
impurity Green function and self-energy. We set the temperature to be
116 K. We check all the main results at a lower temperature of 58 K and
no significant difference is found. For the CO state, we allow all the Ni
sites to be inequivalent and the DMFT self-consistent condition
involves the self-energies of all inequivalent Ni atoms.

To obtain the spectral functions, the imaginary axis self-energy is
continued to the real axis by using the maximum entropy method®.
Then, the real axis local Green function is calculated using the Dyson
equation. A 90 x 90 x 90 k-point mesh is used to converge the spectral
function of the 17-orbital model.

Nature Communications | (2023)14:5477



Article

https://doi.org/10.1038/s41467-023-41236-3

Table 1| The onsite energy and hopping matrix elements in
the 2-orbital model

in eq(k) 9= _ 0.370 11°0=0.060 1200= _ 0.020
in es(k) Eqs=0.70 t=0.018 0= _ 0.049

1= _ 0191 t=0.075 1001 = _ 0,237
in Ves(k) 1% = _ 0.052

All the units are eV.

The full charge-self-consistency does not qualitatively change the
main results of charge transfer and charge disproportionation in the
calculations®. To relieve the computational burden, the results shown
in the main text are from one-shot DFT+DMFT calculations.

We also apply the above relevant parameters when using DMFT to
solve the low-energy effective model.

Low-energy effective model
The low-energy effective model to describe the CO phenomenon is a
2-orbital model, which can be compactly written as follows:

7 o F < ~d ~d ~dc
H= ;WkgHO(k)lpko+Udannu -V 4)
g L

PR S B . .
where lle(,:(dk(,,ng) are the creation operators on Ni-d,. . and
effective-s orbitals with momentum k and spin o. fz,‘.f, =d,d,, is the
occupancy operator of Ni-d,._, orbital at site i with spin 0. H(k) is a

2 x 2 matrix:

€q(k) VoK)
Ho(k)=| ’ ®)
Vis(K)  €5(K)
The energy dispersion and hybridization terms are:
€4(k)=2¢1° <cos k, + cos ky) +4t4° cos k, cos k,
(6)
+2¢2%0 <cos 2k, + cos 2ky)
€5(K) = 4 +2£10 (cos k, + cos ky) +269% cos k, +4t2° cos k, cos k,
@)
+4¢101 (cos k. + cos ky) cosk, + 8t cos k, cos k, cosk,
V g5(K) =2£120 (cos k, — cos ky> (1 + e‘ikZ) 8)

The onsite energy difference E4 and hopping parameters are obtained
by fitting to the near-Fermi-level DFT band structure of NdNiO, (see
Supplementary Fig. 1). The fitted values are shown in Table 1. We use
the FLL double counting and V¢ reads:

1
Vdc = Ud <Nd — 5) (9)

Total energy

For the low-energy effective model, we calculate the total energy
within the DFT+DMFT method. The total energy in the DFT+DMFT
calculations has the following expression****:

EDFT+ DMFT =EDF[' +EDMFT _ Edc (10)

Here £ is:

EDF]' =58FT _ El(()in (11)

where ESFT is the standard DFT total energy. £5" is the kinetic energy
of the non-interaction Hamiltonian within the model space:

Eg"=Tr (7'2000> = Nikz > ewnleg — 1) 12)
ko [

where nf is the Fermi-Dirac occupancy, [ is the band index and o is

the spin.

In the main text, we use the DFT-optimized crystal structure for all
the states. Thus, the PM, AFM and CO states all share the same non-
interacting Hamiltonian (up to a multiplication factor), we omit the £°"
in the calculation of total energy (since it is identical for all three
states). The remaining total energy is

E:EDMFT _ Edc :Ekin + Epot _ Edc (13)
Here, the DMFT kinetic energy F" is defined as follows:
) . T .
B =Tr (HoG) = D2 D23 (MoK [Goko )] (1)

ko @, mm'

where g is the spin, T is the temperature, m,m’ are the indices of orbital
basis. H, (k) is the non-interacting part of the effective model Eq. (5)
and G is the dressed lattice Green function of the interacting model.
The DMFT potential energy FP* is defined as follows:

1 c -y 1 o
= ST (ZeorCeor) = 5 T DD €70
0 w, m
[(Zeor(i@07)] [ Goor(i0y)]

where o is the spin, T is the temperature, m is the index of orbital basis.
Ycor and G, are the self-energy and the local Green function in the
correlated subspace. £ is the double counting energy. We employ the
FLL double counting and F* reads:

as)

Fde = lUde(Ndfl) (16)

2

Taking the derivative of E* with respect to N yields the double-
counting potential 1 Eq. (9). In the low-energy effective model, the
Hund’s term vanishes because there is only one correlated orbital Ni-
dy2_y2 per site.

We note that when we study the structural distortions in the CO
state, the crystal structure changes in each calculation and so does the
DFT total energy. In that case, we need to use Eq. (10) to calculate the
DFT+DMFT total energy.

Since the total energy is calculated using CTQMC, we average
the total energy of the last ten DMFT iterations. We find that due to
the highly accurate self-energy, the standard deviation of the total
energy is about 1 meV/f.u., which is smaller than the symbol size in
the figures.

Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request. Source Data are pro-
vided with this paper.

Code availability

The electronic structure calculations were performed using the pro-
prietary code VASP”, the open-source code Wannier90”? and the open-
source impurity solver implemented by Kristjan Haule at Rutgers
University (http://hauleweb.rutgers.edu/tutorials/). Both Wannier90
and Haule’s impurity solver are freely distributed on academic use
under the Massachusetts Institute of Technology (MIT) License.
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