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Incommensurate Magnetic Order in Hole-Doped
Infinite-Layer Nickelate Superconductors due to Competing
Magnetic Interactions

Yajun Zhang,* Xu He, Jingtong Zhang, Jie Wang, and Philippe Ghosez

The discovery of superconductivity in hole-doped infinite-layer nickelates has
fueled intense research to identify the critical factor responsible for high-Tc

superconductivity. Magnetism and superconductivity are closely entangled,
and elucidating the magnetic interactions in hole-doped nickelates is critical
for understanding the pairing mechanism. Here, these calculations based on
the generalized Bloch theorem (GBT) and magnetic force theorem (MFT)
consistently reveal that hole doping stabilizes an incommensurate (IC) spin
state and increases the IC wave vector continuously, in a way strikingly similar
to hole-doped cuprates. Going further, a nonlinear Heisenberg model
including first-neighbor and third-neighbor in-plane magnetic interactions is
developed. The analytical solutions successfully reproduce GBT and MFT
results and reveal that the competition between the two magnetic interactions
is the decisive factor for the IC magnetic transition. Eventually, by analyzing
the doping-controlled spin splitting of dx2−y2 band and orbital-contributed
exchange interactions, direct links between hole doping, magnetization,
exchange constants, and magnetic order are established. This discovery of the
IC spin state, new understanding of its electronic origin, and establishment of
direct connection with the paring dx2−y2 electrons radically change the current
understanding of the magnetic properties in hole-doped NdNiO2 and open
new perspectives for the superconducting mechanism in nickelates
superconductors.

1. Introduction

Infinite-layer nickelates RNiO2 (R = rare-earth ion) have re-
cently generated broad interest owing to the discovery of
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superconductivity.[1–41] This new class of
hole-doped superconductors not only fuels
theoretical and experimental research seek-
ing new superconductors but also acts as
a unique and valuable system for revealing
the key ingredients responsible for the pair-
ing mechanism of superconductivity. Mag-
netic interactions are commonly believed
to play essential roles in the emergence of
superconductivity,[42–44] so rationalizing the
existence and origin of magnetism appears
as a critical step in the understanding of the
superconductivity mechanism.

Despite the importance of understanding
the magnetic order, the magnetic ground
state of infinite-layer nickelates remains
unclear. In the undoped system, it is
believed that cuprates are characterized
by strongly 2D antiferromagnetic (AFM)
interactions[45] while ferropnictides exhibit
essentially 3D magnetism.[46] In nickelates,
several works predict the magnetic ground
state as 3D G-AFM or C-AFM, with notable
interlayer magnetic coupling.[4–9] However,
these studies give diverse pictures of the
magnetic interactions. Recent resonant in-
elastic X-ray scattering (RIXS) experiment
provides the necessary data for validating

the computational approaches. It suggests instead a 2D magnetic
coupling in NdNiO2 similar to that of CaCuO2 based on the un-
noticeable dispersion along the specific (0.25, 0, 0.25)–(0.25, 0,
0.39) path,[23] which was not captured by previous calculations.
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A careful choice of the computational methods and parameters
is thus not only essential for elucidating the magnetic mecha-
nism in the undoped structure but also provides the basis for the
prediction of the magnetic property in the doped structure.

For hole-doped superconductors, incommensurate (IC) spin
order is one of the most intriguing and generic features of
cuprates and iron superconductors and plays an important role
in the superconducting phase diagram.[42–44] Interestingly, the
superconducting phase diagram of infinite-layer nickelates is
strikingly similar to that of cuprates.[12] Given the similar elec-
tronic configuration and magnetic excitations in their parent
compounds, it is natural to wonder if there is similar IC mag-
netic order in hole-doped nickelate superconductors.

Herein, we provide compelling evidence of the appearance of
IC spin state in hole-doped NdNiO2 by employing the general-
ized Bloch theorem (GBT) and magnetic force theorem (MFT).
We found that hole doping has profound impacts on the first-
neighbor (J1) and third-neighbor (J3) in-plane exchange interac-
tions and the two exchange interactions notably affect the incom-
mensurability. Our Heisenberg model reveals that the amplitude
of incommensurability is determined by J1/J3 ratio. The analy-
sis of hole doping determined electronic structure and orbitals-
contributed exchange constants highlight that the main roles of
hole doping are to control the sign and J1/J3 ratio, which eventu-
ally determines the magnetic ground state and the incommen-
surability. Therefore, our work outlines a simple and unified
mechanism for the commensurate-IC transition, with the first-
neighbor and third-neighbor in-plane exchange interactions serv-
ing as the link between the hole doping and magnetic state.

2. Results and Discussion

2.1. Magnetic Ground State and Reliable Hubbard U

Various theoretical works based on first-principles calculations
have already investigated the electronic and magnetic properties
of NdNiO2. However, different density functionals and Hubbard
U values employed give quantitatively different predictions of
the magnetic order, Fermi surface, and strength of magnetic in-
teractions. This motivates a careful selection of functional and
Hubbard U that can correctly match the experimental obser-
vations. Based on the selected functional, we will extend our
understanding of the magnetic properties and their electronic
origin. Moreover, this will provide the basis for reliable predic-
tions of the electronic and magnetic properties in hole-doped
systems.

A recent experiment has pointed out strong in-plane disper-
sion of magnetic excitations and unnoticeable dispersion along
a q-path in the out-of-plane direction in NdNiO2.[23] The compar-
ison of measured magnetic dispersions with theoretical predic-
tions offers a reliable basis to clarify the appropriate functional.

We first focus on the weak out-of-plane dispersion, which re-
veals negligible out-of-plane magnetic coupling and is in line
with the fact that G-AFM and C-AFM states are close in energy.
The schematic pictures of the different magnetic orders are plot-
ted in Figure S1, Supporting Information. Figure S2a, Support-
ing Information displays the total energy difference between C-
AFM and G-AFM states from the PBE + U method in their fully
relaxed ground state I4/mcm phase with the existence of oxygen-

square rotation (see Figures S3 and S4a,b, and the discussion,
Supporting Information). It is found that there is a transition
from the G-AFM to C-AFM state for PBE + U with U = 0.84 eV,
indicating weak out-of-plane magnetic interactions. We further
analyze the in-plane (J1) and out-of-plane (J5) first-neighbor ex-
change constants as a function of U values with their magnetic
ground state phases. Figure S2b, Supporting Information, high-
lighting the out-of-plane exchange constant, shows a discontinu-
ity for increasing U values, corresponding to a transition between
two magnetic states consisting of i) a quasi-2D AFM state with
mainly in-plane magnetic coupling, and ii) a weakly 3D C-AFM
magnetic order with small while non-negligible out-of-plane fer-
romagnetic (FM) coupling. The intriguing discontinuity of the
J value is due to the difference in the orbital occupation in the
two states, which will be discussed later. Due to the negligible
out-of-plane exchange constant in the G-AFM state of our sim-
ulations, it is reasonable to refer to that state as quasi-2D AFM
in the following. An explicit comparison of exchange constants
obtained from our PBE + U and strongly constrained and appro-
priately normed (SCAN) functional[48] calculations with previous
computations and the experimental data is listed in Table S1, Sup-
porting Information: it appears that our results are comparable,
and even in closer agreement with experimental data[23] than pre-
vious predictions.[5,9,27,28]

To further confirm the reliable Hubbard U value and possi-
ble magnetic ground state, we have compared the experimental
measurements and the predicted magnetic excitation spectrum
obtained from a 2D-AFM state (Figure 1a) with U equal to 0.83 eV
and from a 3D C-AFM state with a small out-of-plane FM cou-
pling (Figure 1b) with U equal to 0.84 eV. Obviously, the mag-
netic dispersion curves obtained from both the 2D (Figure 1c)
and weaky 3D (Figure 1d) models accurately reproduce the RIXS
results,[23] including the absence of noticeable dispersion along
the (0.25, 0, 25)–(0.25, 0, 0.39) path. However, our 3D model high-
lights pronounced dispersion along the Γ-Z direction not cap-
tured by the 2D model. The improved dispersion of M-Γ line in
Figure 1d compared with experiments should be attributed to the
smaller J3 in the 3D C-AFM state (see Table S1, Supporting In-
formation) since relative larger J3 in the 2D-AFM state slightly
overestimates the dispersion (see Figure S5, Supporting Infor-
mation).

Interestingly, although the two possible states are very close in
energy, they have strikingly different electronic structures. In the
quasi-2D AFM state, the Fermi level is dominated by the Ni dx2−y2

electrons (Figure 1e). In the weakly 3D C-AFM state, the itiner-
ant Ni d3z2−r2 orbitals intersect the Fermi level, while the Ni dx2−y2

electrons are strongly localized below the Fermi level (Figure 1e).
The orbital contributions of the exchange constants are listed in
Table 1. We see clearly that the first-neighbor in-plane magnetic
coupling (J1) in both the quasi-2D AFM and weakly 3D C-AFM
states mainly originates from the contribution of the localized Ni
dx2−y2 orbitals. Nevertheless, the presence of first-neighbor out-
of-plane FM coupling (J5) in the weakly 3D C-AFM state emerges
from the interactions between the itinerant Ni d3z2−r2 electrons.
Consequently, a direct relationship between the Fermi surface
and magnetic order is established: i) the localized dx2−y2 electrons
alone are responsible for the 2D magnetic dimensionality; ii) the
itinerant Ni d3z2−r2 and localized dx2−y2 electrons account together
for the 3D magnetic state in C-AFM NdNiO2.
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Figure 1. Magnetic dimensionality of NdNiO2 and the electronic ori-
gin. Schematic representation of a) 2D-AFM and b) 3D C-AFM states
with different neighboring exchange interactions. The simulated adiabatic
spin-wave dispersions based on c) 2D-AFM model with Perdew–Burke–
Ernzerhof (PBE)[47] + U[62] (U = 0.83 eV) and d) 3D C-AFM model with
PBE + U (U = 0.84 eV) along different paths of the Brillouin zone of the
tetragonal phase. The experimental results[23] in red circles are also shown
for comparison. Here, M = (0.5, 0.5, 0), Γ = (0, 0, 0), X = (0.5, 0, 0), q0.25

∥
= (0.5, 0.25, 0), q0

⊥
= (0.25, 0, 0), q0.25

⊥
= (0.25, 0, 0.25), q0.39

⊥
= (0.25, 0,

0.39), q0.5
⊥

= (0.25, 0, 0.5), and Z = (0, 0, 0.5). A segment of the path q0.25
⊥

-
q0.39
⊥

with a background in blue is taken in Ref. [23] to show the flatness
of the dispersion along the out-of-plane direction. e) Projected density of
states (PDOS) of Ni atoms for quasi-2D-AFM and 3D C-AFM NdNiO2.
The Fermi level denoted by the dash line is set to zero energy.

Overall, our results establish the ability of the PBE+U method
to correctly capture the experimentally measured magnetic dis-
persion and fitted exchange constants of NdNiO2. Doing so, they
unveil the existence of two competing magnetic states, which
both show good consistency with current experiments, so that the
determination of the exact magnetic dimensionality and ground
state calls for further experimental measurements of magnetic
dispersion along other out-of-plane directions. Despite this re-
maining ambiguity for the undoped system, we will demon-
strate in the following that our central finding of IC magnetic

order in a hole-doped system is an intrinsic feature, which is
mainly determined by the competing in-plane exchange interac-
tions. Whether the undoped system has a 2D or 3D magnetic
ground state does not affect this result, which appears therefore
extremely robust.

2.2. IC Magnetic Order in Hole-Doped NdNiO2

Having obtained an appropriate description of the magnetic in-
teractions in the undoped NdNiO2, we now explore further the
possible occurrence of an IC spin state in hole-doped NdNiO2 by
comparing the total energies E(q) of the spin spiral states with
different wave vector q using the GBT.[49] As the accurate spin
spiral calculations need very condensed k-points and the calcu-
lations in the I4/mcm phase is very costly, we use the unit-cell
of high-symmetry P4/mmm phase (all the atoms occupying the
high-symmetry positions as shown in Figure S4c,d, Supporting
Information) to predict a spin spiral state for simplicity. Never-
theless, we have clearly demonstrated in Figure S6, Supporting
Information that the amplitude of incommensurability 𝛿 would
not be strongly affected by the structure used and the initial spin
state (2D-AFM or 3D C-AFM) in the parent NdNiO2. Figure 2a
presents the energy difference ΔE between the spin spiral states
and 2D-AFM state at 0.18 hole doping, in the middle of the su-
perconducting regime (0.125 ≤ x ≤ 0.25).[12] It is obvious from
Figure 2a that the state with qx = qy = 0.26 is the most energet-
ically favorable phase, which is a definitive signature of IC mag-
netic order. Using the same method, the incommensurability 𝛿

(𝛿 = 0.5−q) from lightly doped to overdoped states is summa-
rized in Figure 2b. Interestingly, the features are analogous to
La2−xSrxCuO4

[44] which 𝛿 varies with Sr doping: i) the IC state oc-
curs before the transition to the superconducting phase; ii) the in-
commensurability 𝛿 increases almost linearly with doping when
it starts to across the superconducting phase boundary. Overall,
the similarity of the IC magnetic state in NdNiO2 and cuprate
superconductors over a wide range of doping indicates that the
IC spin state is robust and a general feature of hole-doped super-
conductors, which could be naturally extended to infinite-layer
nickelates.

While the IC spin order in nickelate superconductors
is directly confirmed by the GBT, this approach alone is
inadequate to identify the microscopic origin of magnetic

Table 1. First-neighbor exchange constants of NdNiO2 in the unit of meV.
The in-plane (J1) and out-of-plane (J5) first-neighbor exchange constants
and their orbital contributions in the 2D-AFM states (PBE + U (U =
0.83 eV)) and 3D C-AFM states (PBE + U (U = 0.84 eV)).

J values J1 (U = 0.83 eV) J1 (U = 0.84 eV) J5 (U = 0.84 eV)

Total 76.99 78.84 −3.34

dx2−y2 -dx2−y2 65.45 71.92 −0.21

dx2−y2 -dxy 10.76 6.16 −0.15

d3z2−r2 -d3z2−r2 0.19 0.20 −3.43

dx2−y2 -d3z2−r2 −0.02 0.30 0.00

dxy-dxy 0.69 0.28 0.05

dxz-dxz 0.08 0.06 0.20

dyz-dyz −0.16 −0.08 0.20
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Figure 2. Verification of IC magnetic ground state in hole-doped NdNiO2.
a) The energy difference ΔE between different spin spiral states and 2D-
AFM state for Sr0.18Nd0.82NiO2. b) Doping concentration dependent in-
commensurability 𝛿.

incommensurability. Here, an alternative and easier method
based on the calculated exchange constants with MFT[50] from
the FM state is employed to determine the incommensurabil-
ity 𝛿. This method is exact when the spin state is in the first-
principles reference state, and becomes an approximation oth-
erwise. A good approximation requires the electronic structure
to be similar to the reference state. As 𝛿 is larger than 0.25 for
the range of doping 0.16 ≤ x ≤ 0.3, the in-plane first-neighbor
exchange interaction should be close to the FM alignment, there-
fore, the A-AFM state can be a good approximation of the IC state.
Indeed, the IC spin state for 0.05 ≤ x < 0.16 cannot be predicted
by the MFT from the J values computed with the G-AFM elec-
tronic structure in which the dx2−y2 bandwidth is smaller than
the A-AFM state. Thus, we use this method to analyze the case of
0.16 ≤ x ≤ 0.3. In Figure 3a, we display 𝛿 in terms of the doping
concentration. Clearly, the monotonic increase and 𝛿 values agree
reasonably well with the results from spin spiral calculations us-
ing GBT, attesting that the MFT gives a good approximation. The
consistent results from two entirely different approaches not only
provide convincing evidence for the IC nature of magnetic order
but also demonstrate that our predictions are not the artifact of a
specific method.

2.3. Origin of IC Magnetic Order

To reveal the microscopic origin of the IC spin state, we first
compare the change of exchange constants as a function of dop-
ing. From Figure S7, Supporting Information, we notice that
the in-plane magnetic interactions are mostly dominated by
the first-neighbor, second-neighbor, third-neighbor, and fourth-

neighbor exchange interactions, which are schematically shown
in Figure 1b. Figure 3b displays the variation of four exchange
constants as a function of hole doping. It is clear that J1 evolves
much faster than the other interactions and the strength shows
an almost linear decrease (increase) in the AFM (FM) region.
Moreover, the first-neighbor magnetic coupling undergoes an
AFM-FM transition at the hole concentration of x= 0.15, which is
accompanied by the FM-AFM transition of the second-neighbor
and third-neighbor magnetic couplings. Strikingly, the strength
of J3 becomes comparable to that of J1 at a relatively high doping
concentration. The J values are approximated by perturbing the
two different collinear spin states with the lowest energy, which
are G-AFM and A-AFM below and above x = 0.15, respectively.
This leads to a sign change of the J values at x = 0.15. The band-
width of the dx2−y2 orbital is much larger in the A-AFM structure
than in the G-AFM structure as shown in the next section, which

Figure 3. The microscopic origin of the IC magnetic state. a) The compar-
ison of incommensurability 𝛿 from the MFT and GBT. b) The variation of
dominant exchange constants as a function of doping level x. The J values
are computed from the lowest-energy collinear spin calculations, specifi-
cally, the G-AFM (x ≤ 0.15) and the A-AFM states (x ≥ 0.16). Positive val-
ues correspond to AFM coupling. c) The evolution of incommensurability
𝛿 when changing one specific J value in Sr0.25Nd0.75NiO2. In the calcula-
tions, we vary one of the four dominant J values while fixing the other three
to the values of Sr0.25Nd0.75NiO2. Here, green, red, blue, and magenta
curves represent the change of 𝛿 when varying J1, J2, J3, and J4, respec-
tively. 0% denotes the specific J value in NdNiO2, and 100% represents
the corresponding J value in Sr0.25Nd0.75NiO2.
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 16163028, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202304187 by U
niversity of L

iege L
ibrary L

éon G
raulich, W

iley O
nline L

ibrary on [01/10/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com www.afm-journal.de

Figure 4. Schematic representation of the alignments of magnetic mo-
ments of Ni ions controlled by different magnetic interactions. The align-
ments of magnetic moments induced by a) third-neighbor AFM coupling,
b) first-neighbor FM coupling, c) first-neighbor AFM coupling, and d)
third-neighbor FM coupling. e) The analytical solution of 𝛿* from the J1-
J3 model. The MFT (blue ball) and GBT (red ball) results from Figure 3a
with the J1/J3 ratio from MFT are also plotted together for comparison.
The sketches of spin waves (q = 1/6 and 1/3) highlight the region of FM
(resp. AFM) in-plane first-neighbor magnetic interaction.

enhances the hole-doping in the dx2−y2 band, and in turn, stabi-
lizes the first-neighbor FM interaction.

Next, we elucidate how the IC spin state and 𝛿 connect to the
variation of these magnetic interactions. Taking Sr0.25Nd0.75NiO2
as an example, Figure 3c shows the evolution of incommensu-
rability 𝛿 when we gradually change one of the four dominant
exchange interactions in Sr0.25Nd0.75NiO2. One can see that 𝛿 de-
pends crucially on the first-neighbor and third-neighbor mag-
netic interactions while is only slightly affected by the second-
neighbor and fourth-neighbor magnetic interactions. In detail,
we found that 𝛿 increases almost linearly when the first-neighbor
magnetic interaction gradually changes from strong AFM inter-
action to strong FM interaction. Intriguingly, 𝛿 is strongly re-
duced with the weakening of third-neighbor AFM magnetic inter-
action, and the IC state is completely suppressed when the third-
neighbor magnetic interaction becomes FM, indicating the deci-
sive role of the third-neighbor AFM magnetic interaction for the
emergence of IC state.

The impact of first- and third-neighbor exchange constants on
the magnetic order can be qualitatively explained as follows: i)
For AFM J3 as shown in Figure 4a, we see that it favors an AFM
alignment of the in-plane third-neighbor magnetic moments. In
contrast, eitherFM J1 that favors the commensurate FM state (see
Figure 4b) or AFM J1 that favors the commensurate AFM state
(see Figure 4c) would lead to an FM alignment of the in-plane
third-neighbor magnetic moments. Therefore, the actual align-
ment of the in-plane third-neighbor magnetic moments is de-

termined by the competing effects of J1 and J3, thus, the bal-
ance of the competition is decisive for the incommensurability;
ii) For FM J3 (see Figure 4d), J1 and J3 cooperate and both fa-
vor FM alignment of the in-plane third-neighbor magnetic mo-
ments, as a result, the magnetic ground state becomes commen-
surate when J3 turns FM.

To further clarify the role of the first-neighbor and third-
neighbor magnetic interactions in the origin of the IC state, we
analyze a simplified J1-J3 Heisenberg model by eliminating the
other exchange interactions:

E = −
∑

R∈1N

J1S (0) S (R) −
∑

R∈3N

J3S (0) S (R) (1)

Where R ∈ 1N and R ∈ 3N mean the first-neighbor and third-
neighbor, respectively. For a spin spiral state, the wave vector

q⃗∗ can be written as Sq⃗∗
(R) = Seiq⃗∗⋅

⇀
R , we can evaluate the energy

as a function of q⃗∗ and find its minimum.
With a FM J3 (J3 < 0), the magnetic structure is commensurate

and the order depends on J1. The wave vector is q∗ = 0 when J1
is FM, and is q∗ = 1∕2 when J1 is AFM. With an AFM J3 (J3 > 0),
the wave vector q∗ depends on the ratio of J1/J3:

q∗ =
⎧⎪⎨⎪⎩

0, if − J1

4J3
> 1

1
2
, if − J1

4J3
< −1

1
2𝜋

arccos
(
− J1

4J3

)
, if − 1 < − J1

4J3
< 1

(2)

here, q∗ has the unit of 2𝜋/a. The dependence of 𝛿* on the J1/J3 ra-
tio is shown in Figure 4e, the results from GBT and MFT shown
in Figure 3a are also plotted for comparison. The numerical so-
lutions agree well with the results obtained from both the GBT
and MFT (with all the exchange constants) methods, indicating
the effectiveness of the J1-J3 model and critical role of J1/J3 ratio
for incommensurability 𝛿.

2.4. Doping-Spin Splitting-Exchange Interactions-Magnetic
Order Relationship

Nowadays, it is proposed that the IC spiral state coexists and
couples with superconductivity. However, the microscopic ori-
gin of this specific phase remains controversial. Fermi sur-
face topology,[51] dipolar distortion,[52] next-nearest neighbor
hopping,[53] stripe-domain,[54] and interaction between holes[55]

have been proposed to be responsible for the IC spiral state. In
the above discussions, we propose a different perspective by es-
tablishing a direct relationship between the electronic structure,
the exchange constant, and the IC state. Then, the key question
is how this mechanism is connected to the dx2−y2 band which is
the origin of the pairing interaction.[56]

To answer this question and gain further insight into the re-
lationship between the magnetic interaction and the electronic
states, we first focus on the effect of doping on the electronic
structure. The hole-doping dependence of PDOS of Ni dx2−y2

band in lightly doped states and moderately doped states are
shown in Figure 5a,b. Consistently with recent experiments,[2]

we found that Sr doping has a strong effect on the Ni d orbitals.
From small to large doping concentrations (i.e., increasing x),

Adv. Funct. Mater. 2023, 2304187 © 2023 Wiley-VCH GmbH2304187 (5 of 8)
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Figure 5. The hole doping-magnetization-magnetic interactions relation-
ship. The PDOS for dx2−y2 band of Ni atom in SrxNd1−xNiO2 with a) G-
AFM state for undoped and lightly doped states and b) A-AFM state for
moderately doped states. The effect of the shift of Fermi energy (Ef) on
the J1 and J3 for c) Sr0.04Nd0.96NiO2 and d) Sr0.2Nd0.8NiO2. In (c) and
(d), the dash lines are the values without Fermi energy shifting.

one can observe that the spin polarization gradually decreases,
and the Fermi level shifts down continuously, in line with previ-
ous works.[13,35]

In order to elucidate how the magnetic interactions are influ-
enced by the reduction of spin polarization, we employed a rigid
band approximation to decouple the effect due to the rigid Fermi
shift from the variation of the band structure, which helps to un-
derstand how doping affects the exchange constants. In detail,
we artificially shift the Fermi level of Sr0.04Nd0.96NiO2 (Figure 5c)
and Sr0.2Nd0.8NiO2 (Figure 5d) and calculate the exchange con-
stants at each state. Strikingly, both J1 and J3 are dominated by
the magnetic interactions from the dx2−y2 bands, as evidenced in
Table S2, Supporting Information. The evolutions of J1 and J3
are presented in Figure 5c,d. As the Fermi level shifts down, for
Sr0.04Nd0.96NiO2 with first-neighbor AFM interactions, J1 is more
sensitive to the reduction of spin polarization and decreases more
quickly than the increase of FM J3. According to the phase dia-
gram in Figure 4e, the decrease of the J1/J3 ratio directly trig-
gers the commensurate-IC transition and causes the increase
of incommensurability 𝛿. In terms of Sr0.2Nd0.8NiO2 with first-
neighbor FM interactions, J1 increases much faster than the
weakening of AFM J3 as the Fermi level shifts down. This re-
sults in the increase of the J1/J3 ratio and consequently increases
the incommensurability 𝛿 based on the phase diagram shown

in Figure 4e. Obviously, we can see that the results from rigid
band shift (see Figure 5c,d) well reproduce the main trend of the
change of the exchange parameters as a function of hole doping
shown in Figure 3b. The rigid band approximation unambigu-
ously confirms that the weakening of the magnetization of the
dx2−y2 band contributes to the large variations of J1, J3, and J1/J3
ratio. The change of J1/J3 ratio then controls the IC spin state
and variation of incommensurability 𝛿. Therefore, we provide a
clear electronic origin of the change of J1 and J3 and establish
a clear connection between the hole doping, magnetization of
dx2−y2 band, the variation of exchange constant, and the IC spin
state.

It should be noticed that in our calculations with GBT and
MFT, a homogeneous spin/charge density on the Ni sites is as-
sumed. In high-Tc superconductors, other states like spin/charge
density wave[36–38,54,57] and nematic states[58] have been proposed,
and are often considered to be related to the superconductivity.
Our simulations with reasonable Hubbard U and static correc-
tion cannot show such evidence. Quite a large U value (U =
5 eV) is possible to stabilize the charge density state,[33] while
such a high U value significantly overestimates the Ni-O-Ni rota-
tion angle, strongly underestimates the first-neighbor exchange
constant (see Figure S8, Supporting Information) and provides
inconsistent excitation spectra compared with experiments (see
Figure S9, Supporting Information). In contrast, despite two
competing and possible magnetic ground states having been re-
vealed in the undoped state, the breaking of the commensurate
magnetic order from our prediction seems to be intrinsic and
robust and is not affected by the selected Hubbard U, the mag-
netic ground state in undoped NdNiO2 (C-AFM or 2D-AFM),
mismatch strain (NdNiO2 thin film grown on SrTiO3 substrate),
and the rotation distortion (see Figure S6, Supporting Informa-
tion).

3. Conclusion

We have presented a systematic theoretical investigation of
the magnetic properties in infinite-layer nickelates. The ex-
perimentally measured magnetic excitation spectrum in un-
doped NdNiO2 has been first reproduced by first-principles and
spin-wave theory calculations. This has validated the exchange-
correlation functional and the Hubbard U while also revealing
the existence of two competitive magnetic ground states. Based
on the method, we have then revealed that hole hoping strongly
affects the spin splitting of the Ni dx2−y2 bands, magnetic cou-
pling strength, and magnetic order, which naturally triggers a
transition to the IC spin order. This provides a natural way to
connect superconducting nickelates with hole-doped iron-and
copper-based superconductors and helps narrow down the key
factors in determining the superconductivity of high-Tc super-
conductors. The results are robust and independent of the origi-
nal ground state of the undoped system. A consistent model con-
necting the magnetization, exchange interaction, and magnetic
order has been established. The hole-doping tuned nature of first-
neighbor and third-neighbor magnetic interactions (AFM or FM)
and their ratio are revealed to be decisive factors for the magnetic
ground state. Our results provide a new intriguing insight into
the microscopic origin of the IC spin state and might be instru-
mental for rationalizing the mechanism of superconductivity.
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4. Experimental Section
First-Principles Calculations: The first-principles calculations were per-

formed using the projector augmented wave (PAW) method implemented
in the VASP code.[59,60] SCAN functional[48] was known to overestimate
the magnetization and magnetic energies of metals,[61] for a better de-
scription of the magnetic property, PBE[47] + U[62] method was employed.
Hubbard U of 0.83 eV was employed in most of the calculations if it is
not mentioned. Here, 4f electrons were not considered since they are far
away from the Fermi energy.[63] An energy cutoff of 700 eV was used, and
the energy and force convergence criterions were set to be 10−7 eV and
10−3 eV Å−1 for the structural relaxation. The k-point meshes[64] were set
to be 9 × 9 × 7 and 15 × 15 × 18 for the I4/mcm phase and P4/mmm
unit cell. The doping of Sr was simulated by virtual crystal approximation
(VCA). The energies of the spin spiral states were computed with the GBT.
The phonon dispersion curves were calculated by the finite displacement
method as implemented in the PHONOPY code.[65]

Exchange Constant and Magnetic Excitations Calculations: The ex-
change constants and the orbital contributions were obtained by the
MFT[50] as implemented in the TB2J code[66] using maximally localized
Wannier functions.[67,68] Here, Nd dxy and d3z2−r2 orbitals, Ni dxy, dyz, dzx,
dx2−y2 , and d3z2−r2 orbitals and O px, py, and pz orbitals were used for the
construction of the Wannier functions. In the simulations, G-AFM state
was used for the undoped and lightly doped states, and the A-AFM state
was used for the moderately doped states, which are the collinear spin
ground states.

The Heisenberg Hamiltonian can be expressed as follows:

H =
∑
⟨i,j⟩

Jij SiSj (3)

Here, Jij is the exchange constant at any order and S = 1/2 spin.
The expression for the exchange parameter from the MFT can be written

as:[50,66,69]

Jij =
2
𝜋 ∫

EF

−∞
ImTrΔiG

↑
ijΔjG

↓
ji d𝜀 (4)

in which, H is the tight-binding Hamiltonian, G is the Green’s function
from the Hamiltonian, G(𝜖) = (𝜖I − H)−1, Δi = H↑

i − H↓
i which is the

difference between the spin-up and spin-down part of the sub-matrix of
H on one atom i. (Note that there is a prefactor difference of -8 in the
formulations in Ref. [50] and Ref. [66] due to the different conventions of
the Heisenberg model adopted.

The exchange parameter can be decomposed as the sum of the contri-
butions from orbital pairs in two atoms:[50]

Jim,jm′ = 2
𝜋

Im

EF

∫
−∞

ΔimG↑
im,jm′Δjm′G↓

jm′ ,im
d𝜀 (5)

m and m′ are the orbital indices.
As the exchange parameters are computed by integrating over energy

up to the Fermi energy (∫ EF
−∞ |⋅ as in Equation (4) and Equation (5)), the

contribution from the states at the Fermi energy can easily be found by
varying the EF. This provides an easy way to study the effect of electron
occupation on the exchange interactions. The spin-wave spectra are cal-
culated by the SpinW program[70] based on the obtained exchange con-
stants.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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