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Softening of dd excitation in the resonant inelastic x-ray scattering
spectra as a signature of Hund’s coupling in nickelates
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We investigate the effects of Hund’s coupling on the resonant x-ray absorption spectra of the recently
discovered family of layered nickelate superconductors. We contrast two scenarios depending on the relative
strength of the ratio of the effective Hund’s coupling (Jy) to the crystal fields (A) in these systems. We carry
out the cluster and DFT + DMFT simulations of the RIXS signal at the Ni L edge for different values of
Hund’s coupling. We find the latter dominates for the parent compound while the former becomes important
for sufficiently large doping. Our results are consistent with the observations of a softening of a RIXS peak as a
function of doping by Rossi et al. [Phys. Rev. B 104, 1.220505 (2021)], only when the Hund coupling is sizable.
To interpret the results, we separate the theoretical RIXS signal into spin conserving and nonspin conserving
channels and conclude that the infinite layer nickelates are in a regime where A and J compete effectively and

suggest further experimental tests of the theory.
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Introduction. A long-standing goal in condensed matter
physics has been to discover a superconducting infinite-
layer (IL) nickelate, as these compounds are analogous to
the high-temperature two-dimensional (2D) superconducting
cuprates [1], in which superconductivity was discovered in
1986 [2]. After a long search, superconductivity was discov-
ered in the doped infinite layer nickelate, Ndy St ,NiO, [3],
with the differences in superconducting domes with the 2D
cuprates [4,5]. Recently, superconductivity was also reported
in La3Ni,O7, suggesting it as a generic feature of nickelates
[6]. This is a major breakthrough, as the electronic structure
of the nickelates is notably different from the cuprates. Most
notably, the nickel in a nickelate is understood to exist in
electron configurations from d’ to d°, unlike the copper in
a cuprate superconductor, which is understood to exist only
in the d° configuration [7,8]. Nickelates are also known to
host metal-insulator transitions where the oxidation state of
Ni plays a central role [8].

Superconductivity in doped 2D cuprates is understood to
be driven by resonating valence bond states [9] and has
d-wave pairing [10,11]. This is usually explored using the
Emery model [12], which allows for Zhang-Rice singlets
formed with d,>_> orbitals [13] and the oxygens. The parent
compound for IL nickelate is weakly insulating in contrast
to the Mott insulator realized in cuprates. The possibility
of mixed oxidation states in nickelates makes the problem
challenging, as multiple d orbitals can play a significant role
in the origin of the superconductivity. In particular, 3z> have
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been hypothesized to play a role in the ground state [14,15].
The model for nickelates ranges from single band to the mul-
tiorbitals of the Ni atom, and even the role of the rare-earth
metal has been considered [15-26].

The Fermi surfaces of the rare earth metal have also been
postulated to play a role in the IL nickelate NdNiO, [27-29],
which complicates the understanding of the active degrees
of freedom for superconductivity. The relevance of Hund’s
coupling has also been explored [29-32]. More recently, it
has been proposed that since these compounds are created by
reduction, the hydrogen atoms in these materials can play a
significant role, further complicating the description [33]. In-
deed, the origin of superconductivity is a controversial topic,
and the proposals are at a very nascent stage.

Recently, resonant inelastic x-ray scattering (RIXS)
[34—40] has also been extensively used to explore the relevant
degrees of freedom in nickelates. It offers an advantage as
it can amplify the response for smaller cross sections, such
as small crystals and thin films, due to large light-matter
interaction and inherent resonance conditions in the tech-
nique. The spectroscopic response allows one to constrain
the possible theory for superconductivity in nickelates. For
example, in a recent study [39] on low valence nickelates,
LasNizOg and La,_,Sr,CuO, revealed that the nickelates are
of mixed charge-transfer—Mott-Hubbard character with the
Coulomb repulsion U, in contrast to the charge-transfer nature
of the cuprates in Zaanen-Sawatzky-Allen scheme. Recently,
a softening of dd excitations in IL nickelate on doping was
reported in Ni L-edge RIXS spectra [34]. We revisit the ob-
servation to investigate the relevance of Hund’s coupling to
the observation.

In this Letter, we explore the dd excitations in undoped
and doped nickelates. In the undoped case, dd excitation is
independent of Jy. In the doped case, both the crystal-field
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FIG. 1. Schematics of the cluster and the ground state occupan-
cies in the cluster. (a) shows the Ni, O; cluster and (b) shows its Ni 3d
energy levels. (c)—(e) shows excitations for single ion configurations.
(c) shows schematics for the ground and dd transition for the un-
doped model. (d) and (e) show the schematics for ground and the dd
transitions for the doped model with two ground state configurations;
(i) doubly occupied d,2_,» orbital for large A, and (ii) one hole each
indga_,» and d; orbitals for large Jy, respectively. In the spin-flip
(AS = 1) channel, (d) and (e) will soften and harden dd excitations,
respectively.

splitting of d orbitals (A) and Jy become important and Jy
plays a central role in softening of dd excitations. Studying
RIXS spectra using a small cluster and DFT 4+ DMFT, we
show that Jy plays a central role in softening dd excitations
despite A dominating the ground state and report results con-
sistent with the experimental softening of dd excitations on
doping [34].

Model. We consider the Ni,O; cluster shown in Fig. 1(a)
with all the Ni 3d and O 2p orbitals, unless otherwise stated.
The full Hamiltonian is given by H = Ho + HZ& + HP + Hpa
[39]. Hy is the noninteracting part. H,qs = Vpg ) _; ; nf’nf Vap
is nearest neighbor coulomb interaction. The Coulomb inter-
action on O atoms is given by HZ = U, 3, , nj 4y, He is
the Coulomb repulsion on the 3d of Ni which are accounted
for by the multiorbital Hubbard-Kanamori model [41-43]
given by

HE = Ua Dyt +Ug D Maahier

i i,o,0,
a<f
T T ¥ T
+Ju Z digoigodiy iy + P Z diodigs g5 i,
i,0,0, i,o,
a<f a<f

Here, U is the intraband Hubbard repulsion, U’, Jg, and Jp are
interband Hubbard repulsion, Hund’s exchange interaction,
and pair hopping amplitude, respectively.

The parameters for this model for modeling nickelate and
cuprates have been extensively reported in the literature and
notably varied [see Table I in the SM] [14,27,44-46]. The
literature has a notably varied set of parameters, albeit all
these studies agree that nickelates have large TM-ligand spit-
ting and larger hopping overlap (f,;) compared to cuprates.
The relevant noninteracting parameters for this work are also
shown in Table I of the SM [44]. For the interacting part,
weuse Uy =6.5,U, =4.1,V,g = 1.0, and Jy = 0.8 (unless
otherwise stated) for the nickelate model.

For evaluating the RIXS spectra, we consider the core-
hole Hamiltonian given by Hon = H + Ueh Y, nén? for the L
edge [47,48]. The RIXS cross section is evaluated using the
Kramers-Heisenberg formula [35,49,50] given by

2

_ (fID"|n)(n|Dg) _ 1
o Xf: ZEH — E; — hoy + Ty 8By —E— 0. ()

i,n,o

Here, |g), |n), and |f) are the ground, intermediate, and final
states with energies Eg, E,, and Ef, respectively and Q (=
hwin — hwgyt ) 1s the energy loss of the incoming photon. I is
the inverse core-hole lifetime. D is the dipole operator given
byD=Y,,,,¢%®pl d ,  forthe NiL edge and involve
core 2p (with spin-orbit coupling) and valence 3d shells of the
nickel site. We evaluate spin-resolved Ni L-edge RIXS, where
the angular dependence is integrated out, and the spectra are
resolved into nonspin conserving (NSC, AS = 1) and spin
conserving (SC, AS = 0) channels, depending on odd or even
numbers of spin-flips in the excitations [37,48,51-53].

Results. We now present results for the nickelates using a
combination of techniques.

Figure 1 shows the cluster considered in our work and
schematics for the dd excitations. Panel (a) shows the Ni, O
cluster considered later in our work, and panel (b) shows the
energy Ni 3d onsite levels considered in our cluster. The Ni
cluster with ligand can be mapped to energy levels for the
single Ni site, integrating out the ligand (see Sec. S2 of the
SM [44]). We start by considering the different scenarios of
dd excitation for a single Ni ion (undoped d°, and doped d®)
case. We consider that the lowest energy orbital is d,>_», and
other d orbitals are roughly separated by a A energy gap in
the hole language.

Panel (c) presents the schematics for dd excitations real-
ized in undoped single-site nickelates, where dd excitations
can be understood as simple excitations between d,>_y» to
other d orbitals (A) as elucidated in the panel. In the doped
case, there are two possible ground state configurations de-
pending on the strength of Jy and A: (i) A > Jy, doubly
occupied dy>_; or (ii) large Jy > A, one hole each in d,>_
and d,» (the preferential occupancy on this orbital is discussed
later) as shown in panels (d) and (e), respectively. The NSC
channel in (d) leads to the softening of dd excitations. This
configuration is also consistent with the ground state occu-
pancy estimates. On the other hand, (e) ground state will lead
to hardening of the dd excitations. We use these schematic
pictures as a guiding tool to understand RIXS spectra in the
models below.

RIXS spectra. We present the simulated RIXS spectra for
a set of models to decipher the effect of Jy. We use Ni,Oy
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FIG. 2. Spin-resolved Ni L-edge RIXS spectra. (a) and (b) show
results for Ni,O7 clusters in the NSC (AS = 1) and SC (AS =0)
channels. The dashed magenta line shows spectra for the undoped
({n) = 1) model. Solid lines show spectra for the doped ({n) = 1.5)
model for the values of J; mentioned in the legend. Similarly, (c) and
(d) show results for NigOg clusters in the NSC and SC channels,
respectively, for undoped and doped ({(n) = 1.25) models.

clusters to explore the undoped and hole-doped (50%) models.
We additionally present results for a smaller doping (25%)
model using NiyOg clusters and an Anderson impurity model.

We start by examining the Ni L-edge RIXS spectra using
NiyO7 clusters with (1 1,1 |) and three (2 1, 1 |) hole fill-
ings to simulate the undoped and doped (50%) models in both
the non-spin-conserving (NSC, AS = 1) and spin-conserving
(SC, AS = 0) channels using KH formalism.

Panels (a) and (b) in Fig. 2 show NSC and SC channels
of the Ni L edge for the NiyO; cluster. The dashed magenta
line shows the RIXS spectra for the undoped model and is
independent of Jy. The doped (50%) model results are also
shown in both panels using solid lines for a set of the Jy.
The prominent peaks for the doped model Ji; = 0 occur at the
same energies as in the undoped case. Additionally, we have
new peaks extending up to 2 eV in the doped case. We notice a
softening of the major peaks of dd excitation in both channels
with the increase in Jy in both the NSC and SC channels. The
new peaks in the doped case also soften with the increase in
Jy for Jy < 0.8. We will further revisit these results from this
cluster later to examine the nature of the various peaks in both
the channels.

To examine results for the lower doping (25%), we con-
sider a NigOg cluster with (3 1, 2 ) filling and evaluate the

0.35 Undoped, J=1
B Undoped, J=0
L 1) 1 Doped, J=1
S | S S Doped, J=0
025 P
2

Energy loss (eV)

FIG. 3. RIXS spectra from the AIM for both the undoped and
doped (0.25 hole doping) model. The results with and without Jy are
shown in blue and red, respectively.

Ni L-edge RIXS spectra. Panels (c) and (d) case show results
for both the undoped and doped models for this cluster. The
dashed magenta line shows the RIXS spectra for the undoped
model and is independent of Jy. In the SC channel, an addi-
tional bimagnon peak at around 0.3 eV [50,54,55] is observed
for the undoped case. The large value of bigmagnon can be
attributed to the finite size of the cluster. The doped (25%)
model results are shown using solid lines. The Jy = 0 case
has the same characteristics as the undoped case. We observe
softening of dd excitation in both cases with an increase in Jy.
We, therefore, observed softening here for realistic doping.

These cluster results reveal the softening of dd excitations
on doping consistent with reported RIXS experiments on
NdNiO; [34] and more recently in trilayer nickelates where
the dd excitations were reported at even lower energies [40].
This shows that Hund’s coupling is important for understand-
ing the softening of dd excitations observed in nickelates.

We now present the RIXS spectra using the Anderson
impurity model (AIM) obtained from a charge self consis-
tent LDA 4+ DMFT calculation following Ref. [56]. We use
tools from COMSUITE [57]: EDRIXS [36] for the RIXS
calculations, LQSGW [58,59], and Portobello [60] for the
LDA + DMFT calculations (also see S7 in the SM [44]).
The DFT + DMFT calculations are conducted with U = 5eV
and Jy = 1 and O eV using the GGA functional [61] and a
fully localized limit double counting with a nominal Ni-d®
valence. Figure 3 shows the Ni L-edge RIXS spectra for the
AIM. The undoped results are shown in solid lines using
red and blue colors for Jy = 0 and Jg = 1, respectively. The
dd excitations exist at 1-2.5 eV and are minimally affected
by Jy for the undoped case. We also notice a feature at
0.5 eV, also reported in Ref. [27], but absent in the cluster
calculation. The RIXS spectra for the doped model are shown
in the dashed line in the respective colors. We find a significant
softening of dd excitations for the Jy = 1 case compared to
the undoped case and the Jy = 0 of the doped case. We overall
find these results consistent with our small cluster calculations
and, therefore, further confirms the crucial role of Hunds
coupling in the softening of dd excitations observed in the
experiment [34].
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FIG. 4. S(w) and N(w) for the Ni,O; cluster are shown in (a) and
(b). Solid magenta shows the response for the undoped model.
Dashed lines show the orbital-resolved excitations in the spectra.
Solid red and black lines show the response for the doped model
with Jy = 0 and 1, respectively.

The RIXS response given by Eq. (1) is complex; we,
therefore, examine the model in the I', — oo limit, which
eliminates the core-hole effects. We evaluate the dynamical
spin [S(w), AS = 1] and charge [N(w), AS = 0] response on
the Ni,O7 cluster. Figure 4 shows the S(w) and N (w) response
in panels (a) and (b), respectively. The undoped model results
are shown in magenta solid lines for J; = 1.2 and the doped
model in red and black lines for Jy = 0 and 1, respectively.
We also plot the orbital resolved spectra where the outgoing
dipole operator in Eq. (1) is restricted to a single orbital,
which allows us to identify the different dd excitations. In
both spectra, the ordering of orbital excitations with energy
loss is as follows for the undoped model: d,y, ds,2, and then
dy;).x. This hierarchy of dd excitations differs from Ref. [34]
which reports that 3z% is the highest excitation in NdNiO,
using the polarization dependence of the excitations. We re-
examine the data (see S6 in SM [44]) and assign d5,> as lower
energy compared to d, /., orbitals due to their similar angular
dependence.

In the doped model, the results are sensitive to Jy. For
Ju = 0, the orbital resolved dd excitations has primarily two
peaks, with the bright lower energy peaks coinciding with the
undoped case. For Jy = 1, we find that the prominent exci-
tations soften in the S(w) channel, consistent with the RIXS
results. This contrasts with the N (w), where mild hardening is
observed, and the softening in the SC channel of RIXS can be
described as a consequence of finite core-hole lifetime.

Finally, we compare our findings for Ni4Og clusters with
the RIXS experimental data from Ref. [34] in Fig. 5. Panel
(a) shows the experimental RIXS data for Nd; 4 SrxNiO, for
updoped (x = 0) and with the Sr doped (x = 0.225) crystals,
which is equivalent to hole doping in the material. The hole
doping leads to a striking softening in the dd excitations.
Panel (b) shows the results evaluated using ED for undoped
(n = 1.0) and doped (n = 1.25) models using NisOg clusters.
In the case of undoped, the RIXS spectra is unaffected by
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FIG. 5. Comparison of cluster calculation with the experiment
data. (a) shows the experimental data extracted from the Ref. [34]
for Nd, (SryNiO, with doping (x) indicated in the panel. (b) shows
the spectra evaluated using NisOg cluster for the undoped (n = 1.00)
and doped (n = 1.25) cases for Jy = {0.8, 0.0}.

Jy as we have only one hole per nickel site. In the case of
the doped model, we see an interesting behavior, where the
spectra hardens on doping for Jy = 0. In contrast, the spectra
softens for Jy = 0.8 which is consistent with what is observed
in the experiment, showcasing the crucial role of Hunds cou-
pling in the system. There are some discrepancies though,
such as the doped case having some additional peak above
1.5 eV but are significantly weaker than the other peak. The
peak at zero energy loss is an elastic peak in the case of the
doped model. Considering the simplicity of our model due to
the limitation of computational limitation, the differences are
nevertheless not unexpected. Nevertheless, the overall soften-
ing of dd excitations is quite clear. This is further supported by
the schematic picture given in Fig. 1 and the softening in the
AIM model in Fig. 3, pointing to a qualitative signatureA of
Hund’s coupling in softening the dd excitations, explaining
the origin of their softening in the experiment on doping.
Figure 6 shows results for the orbital-resolved ground state
occupancies dependence on Jy for NiO7 clusters. Panel (a)
shows results for the undoped model. Here, the occupancies in
Ni 3d orbitals (n,) given by n, = (gl Y, ni.«,c 1) dependence
on Jy is presented. We find that the holes are restricted to
d,>_,» orbitals and the oxygen p orbitals. Panels (b)—(d) show
results for the doped model. Panel (b) shows n, dependence
on Jy. For small Jy, the holes are restricted to the do_yp
orbital and O 2p orbitals, the occupancy on d3,2 increases with
Jy till 1.25 eV, where it reaches around 20% of d,>_y». This is
despite d,, having a lower onsite energy. The dominant weight
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FIG. 6. Ground state analysis of the Ni,O; cluster. (a) and
(b) show the orbital resolved n, dependence on Jy for undoped
({n) = 1) and doped ({n) = 1.5), respectively. (c) and (d) show the
spin-resolved orbital double occupancies (714, [ndxzivzgr]) on the Ni
site in the doped case for ¢’ = 4 and |, respectively.

on ds,2 can be attributed to the large hopping and the oxygen
p orbitals shared between the two d orbitals (see Fig. S1 in the
SM [44]). To investigate where the extra hole resides, we plot
the constrained occupancies, ng” = (8lng,, [na, , 11g). The

occupancy on d,>_,» with spin 0’ =% and | is constrained

and are shown in panels (c) and (d), respectively. For small
Ju, the d,>_» has double occupancy, which is expected due to
the penalty of the CF splitting. We notice an increase in oc-
cupancy on dz for 0 = o’ mediated by Hund’s coupling till
Jy = 1.25eV. This makes the scenario discussed in Fig. 1(d)
relevant for the nickelates, which leads to the softening of dd
excitations.

Conclusions. In this work, we have explored the effects
of Hund’s coupling in undoped and doped nickelates using
small cluster models and DMFT. Using these models, we find
that Hund’s coupling plays a central role in softening the dd
excitations and softening is enhanced for larger doping. This
softening of dd excitations with the increase in doping is
consistent with the recent reported experimental study of IL
nickelates [34]. Our small cluster analysis shows that doubly
occupied dy>_y» is the preferred state for the doped nicke-
lates, but the dd excitations are softened due to lowering of
the dd excitations in the RIXS spectra. This contrasts with
the cuprate, where the extra hole typically resides on the
ligands [13].

Future experiments using photon polarization dependent
RIXS allow for spin resolution [62], which can test the relative
contributions of spin and charge fluctuations to the RIXS
signal. Also, a comparative study of dd excitations of IL
nickelates and cuprates can be a useful tool to highlight the
difference between the two.

Acknowledgments. We acknowledge useful discussion with
Mark Dean. This work was supported by the US Department
of Energy, Office of Basic Energy Sciences, as part of the
Computation Material Science Program.

[1] V. I. Anisimov, D. Bukhvalov, and T. M. Rice, Electronic struc-
ture of possible nickelate analogs to the cuprates, Phys. Rev. B
59, 7901 (1999).

[2] J. G. Bednorz and K. A. Miiller, Possible high-7, superconduc-
tivity in the Ba-La-Cu-O system, Z. Phys. B 64, 189 (1986).

[3] D. Li, K. Lee, B. Y. Wang, M. Osada, S. Crossley, H. R. Lee,
Y. Cui, Y. Hikita, and H. Y. Hwang, Superconductivity in an
infinite-layer nickelate, Nature (London) 572, 624 (2019).

[4] D. Li, B. Y. Wang, K. Lee, S. P. Harvey, M. Osada, B. H.
Goodge, L. F. Kourkoutis, and H. Y. Hwang, Superconducting
dome in Nd,_,Sr,NiO, infinite layer films, Phys. Rev. Lett. 125,
027001 (2020).

[5] L. Taillefer, Scattering and pairing in cuprate superconductors,
Annu. Rev. Condens. Matter Phys. 1, 51 (2010).

[6] H. Sun, M. Huo, X. Hu, J. Li, Z. Liu, Y. Han, L. Tang, Z. Mao,
P. Yang, B. Wang, J. Cheng, D.-X. Yao, G.-M. Zhang, and M.
Wang, Signatures of superconductivity near 80 K in a nickelate
under high pressure, Nature (London) 621, 493 (2023).

[7] M. Hepting, M. P. M. Dean, and W.-S. Lee, Soft x-ray spec-
troscopy of low-valence nickelates, Front. Phys. 9, 808683
(2021).

[8] S. Johnston, A. Mukherjee, 1. Elfimov, M. Berciu, and G. A.
Sawatzky, Charge disproportionation without charge transfer
in the rare-earth-element nickelates as a possible mechanism
for the metal-insulator transition, Phys. Rev. Lett. 112, 106404
(2014).

[91 P. W. Anderson, The resonating valence bond state
in LaCuO, and superconductivity, Science 235, 1196
(1987).

[10] G. Kotliar, Resonating valence bonds and d-wave superconduc-
tivity, Phys. Rev. B 37, 3664 (1988).

[11] G. Kotliar and J. Liu, Superexchange mechanism and d-wave
superconductivity, Phys. Rev. B 38, 5142 (1988).

[12] V. J. Emery, Theory of high-T. superconductivity in oxides,
Phys. Rev. Lett. 58, 2794 (1987).

[13] F. C. Zhang and T. M. Rice, Effective hamiltonian for
the superconducting cu oxides, Phys. Rev. B 37, 3759
(1988).

[14] C.-J. Kang and G. Kotliar, Optical properties of the infinite-
layer La;_,Sr,NiO, and hidden Hund’s physics, Phys. Rev.
Lett. 126, 127401 (2021).

[15] F. Lechermann, Multiorbital processes rule the Nd;_,Sr,NiO,
normal state, Phys. Rev. X 10, 041002 (2020).

[16] L.-H. Hu and C. Wu, Two-band model for magnetism and
superconductivity in nickelates, Phys. Rev. Res. 1, 032046(R)
(2019).

[17] P. Werner and S. Hoshino, Nickelate superconductors: Multi-
orbital nature and spin freezing, Phys. Rev. B 101, 041104(R)
(2020).

[18] M. Hirayama, T. Tadano, Y. Nomura, and R. Arita, Materials
design of dynamically stable d° layered nickelates, Phys. Rev.
B 101, 075107 (2020).

L012066-5


https://doi.org/10.1103/PhysRevB.59.7901
https://doi.org/10.1007/BF01303701
https://doi.org/10.1038/s41586-019-1496-5
https://doi.org/10.1103/PhysRevLett.125.027001
https://doi.org/10.1146/annurev-conmatphys-070909-104117
https://doi.org/10.1038/s41586-023-06408-7
https://doi.org/10.3389/fphy.2021.808683
https://doi.org/10.1103/PhysRevLett.112.106404
https://doi.org/10.1126/science.235.4793.1196
https://doi.org/10.1103/PhysRevB.37.3664
https://doi.org/10.1103/PhysRevB.38.5142
https://doi.org/10.1103/PhysRevLett.58.2794
https://doi.org/10.1103/PhysRevB.37.3759
https://doi.org/10.1103/PhysRevLett.126.127401
https://doi.org/10.1103/PhysRevX.10.041002
https://doi.org/10.1103/PhysRevResearch.1.032046
https://doi.org/10.1103/PhysRevB.101.041104
https://doi.org/10.1103/PhysRevB.101.075107

KUMAR, MELNICK, AND KOTLIAR

PHYSICAL REVIEW RESEARCH 7, L012066 (2025)

[19] Y.-H. Zhang and A. Vishwanath, Type-ii #-j model in super-
conducting nickelate Nd,;_,Sr,NiO,, Phys. Rev. Res. 2, 023112
(2020).

[20] Z. Wang, G.-M. Zhang, Y.-F. Yang, and F.-C. Zhang, Distinct
pairing symmetries of superconductivity in infinite-layer nicke-
lates, Phys. Rev. B 102, 220501(R) (2020).

[21] F. Petocchi, V. Christiansson, F. Nilsson, F. Aryasetiawan, and
P. Werner, Normal state of Nd;_,Sr,NiO, from self-consistent
GW + EDMFT, Phys. Rev. X 10, 041047 (2020).

[22] X. Wu, D. Di Sante, T. Schwemmer, W. Hanke, H. Y. Hwang,
S. Raghu, and R. Thomale, Robust d,2_,»-wave superconduc-
tivity of infinite-layer nickelates, Phys. Rev. B 101, 060504(R)
(2020).

[23] Y. Gu, S. Zhu, X. Wang, J. Hu, and H. Chen, A substantial
hybridization between correlated Ni-d orbital and itinerant elec-
trons in infinite-layer nickelates, Commun. Phys. 3, 84 (2020).

[24] E. Been, W.-S. Lee, H. Y. Hwang, Y. Cui, J. Zaanen, T.
Devereaux, B. Moritz, and C. Jia, Electronic structure trends
across the rare-earth series in superconducting infinite-layer
nickelates, Phys. Rev. X 11, 011050 (2021).

[25] M. Jiang, M. Berciu, and G. A. Sawatzky, Critical nature of the
ni spin state in doped NdNiO,, Phys. Rev. Lett. 124, 207004
(2020).

[26] M. Kitatani, L. Si, O. Janson, R. Arita, Z. Zhong, and K.
Held, Nickelate superconductors—a renaissance of the one-
band Hubbard model, npj Quantum Mater. 5, 59 (2020).

[27] M. Hepting, D. Li, C. J. Jia, H. Lu, E. Paris, Y. Tseng, X. Feng,
M. Osada, E. Been, Y. Hikita, Y.-D. Chuang, Z. Hussain, K. J.
Zhou, A. Nag, M. Garcia-Fernandez, M. Rossi, H. Y. Huang,
D. J. Huang, Z. X. Shen, T. Schmitt et al., Electronic structure
of the parent compound of superconducting infinite-layer nick-
elates, Nat. Mater. 19, 381 (2020).

[28] K. Higashi, M. Winder, J. Kunes, and A. Hariki, Core-level
x-ray spectroscopy of infinite-layer nickelate: LDA + DMFT
study, Phys. Rev. X 11, 041009 (2021).

[29] Y. Wang, C.-J. Kang, H. Miao, and G. Kotliar, Hund’s metal
physics: From SrNiO; to LaNio,, Phys. Rev. B 102, 161118(R)
(2020).

[30] H.-S. Jin, W. E. Pickett, and K.-W. Lee, A d8 anti-Hund’s sin-
glet insulator in an infinite-layer nickelate, Journal of Physics:
Materials 5, 024008 (2022).

[31] J. Chang, J. Zhao, and Y. Ding, Hund-Heisenberg model in
superconducting infinite-layer nickelates, Eur. Phys. J. B 93,
220 (2020).

[32] B. Kang, C. Melnick, P. Semon, S. Ryee, M. J. Han, G. Kotliar,
and S. Choi, Infinite-layer nickelates as Ni-e, Hund’s metals,
npj Quantum Mater. 8, 35 (2023).

[33] X. Ding, C. C. Tam, X. Sui, Y. Zhao, M. Xu, J. Choi, H. Leng,
J. Zhang, M. Wu, H. Xiao, X. Zu, M. Garcia-Fernandez, S.
Agrestini, X. Wu, Q. Wang, P. Gao, S. Li, B. Huang, K.-J. Zhou,
and L. Qiao, Critical role of hydrogen for superconductivity in
nickelates, Nature (London) 615, 50 (2023).

[34] M. Rossi, H. Lu, A. Nag, D. Li, M. Osada, K. Lee, B. Y.
Wang, S. Agrestini, M. Garcia-Fernandez, J. J. Kas, Y.-D.
Chuang, Z. X. Shen, H. Y. Hwang, B. Moritz, Ke-Jin Zhou, T. P.
Devereaux, and W. S. Lee, Orbital and spin character of doped
carriers in infinite-layer nickelates, Phys. Rev. B 104, L220505
(2021).

[35] L. J. P. Ament, M. van Veenendaal, T. P. Devereaux, J. P.
Hill, and J. van den Brink, Resonant inelastic x-ray scattering

studies of elementary excitations, Rev. Mod. Phys. 83, 705
(2011).

[36] Y. L. Wang, G. Fabbris, M. P. M. Dean, and G. Kotliar,
EDRIXS: An open source toolkit for simulating spectra of res-
onant inelastic x-ray scattering, Comput. Phys. Commun. 243,
151 (2019).

[37] U. Kumar, A. Nag, J. Li, H. C. Robarts, A. C. Walters,
M. Garcia-Fernandez, R. Saint-Martin, A. Revcolevschi, J.
Schlappa, T. Schmitt, S. Johnston, and K.-J. Zhou, Unravel-
ing higher-order contributions to spin excitations probed using
resonant inelastic x-ray scattering, Phys. Rev. B 106, L060406
(2022).

[38] M. Rossi, M. Osada, J. Choi, S. Agrestini, D. Jost, Y. Lee, H.
Lu, B. Y. Wang, K. Lee, A. Nag, Y.-D. Chuang, C.-T. Kuo,
S.-J. Lee, B. Moritz, T. P. Devereaux, Z.-X. Shen, J.-S. Lee,
K.-J. Zhou, H. Y. Hwang, and W.-S. Lee, A broken translational
symmetry state in an infinite-layer nickelate, Nat. Phys. 18, 869
(2022).

[39] Y. Shen, J. Sears, G. Fabbris, J. Li, J. Pelliciari, I. Jarrige, Xi He,
I. BoZovié, M. Mitrano, J. Zhang, J. F. Mitchell, A. S. Botana,
V. Bisogni, M. R. Norman, S. Johnston, and M. P. M. Dean,
Role of oxygen states in the low valence nickelate La,Niz;Og,
Phys. Rev. X 12, 011055 (2022).

[40] Y. Shen, J. Sears, G. Fabbris, J. Li, J. Pelliciari, M. Mitrano,
W. He, J. Zhang, J. F. Mitchell, V. Bisogni, M. R. Norman, S.
Johnston, and M. P. M. Dean, Electronic character of charge
order in square-planar low-valence nickelates, Phys. Rev. X 13,
011021 (2023).

[41] E. Dagotto, T. Hotta, and A. Moreo, Colossal magnetoresistant
materials: The key role of phase separation, Phys. Rep. 344, 1
(2001).

[42] A. M. Oles, G. Khaliullin, P. Horsch, and L. F. Feiner, Finger-
prints of spin-orbital physics in cubic Mott insulators: Magnetic
exchange interactions and optical spectral weights, Phys. Rev.
B 72, 214431 (2005).

[43] U. Kumar, S. Banerjee, and S.-Z. Lin, Floquet engineer-
ing of Kitaev quantum magnets, Commun. Phys. 5, 157
(2022).

[44] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevResearch.7.L.012066 for parameter tables, an-
gular dependence, etc.

[45] A. S. Botana and M. R. Norman, Similarities and differences
between LaNiO, and CaCuO, and implications for supercon-
ductivity, Phys. Rev. X 10, 011024 (2020).

[46] J. Karp, A. S. Botana, M. R. Norman, H. Park, M. Zingl,
and A. Millis, Many-body electronic structure of NdNiO, and
CaCuO,, Phys. Rev. X 10, 021061 (2020).

[47] A. Nocera, U. Kumar, N. Kaushal, G. Alvarez, E. Dagotto,
and S. Johnston, Computing resonant inelastic x-ray scattering
spectra using the density matrix renormalization group method,
Sci. Rep. 8, 11080 (2018).

[48] U. Kumar, A. Nocera, E. Dagotto, and S. Johnston, Theoretical
study of the spin and charge dynamics of two-leg ladders as
probed by resonant inelastic x-ray scattering, Phys. Rev. B 99,
205130 (2019).

[49] U. Kumar, A. Nocera, E. Dagotto, and S. Johnston,
Multi-spinon and  antiholon probed by
resonant inelastic x-ray scattering on doped one-
dimensional antiferromagnets, New J. Phys. 20, 073019
(2018).

excitations

L012066-6


https://doi.org/10.1103/PhysRevResearch.2.023112
https://doi.org/10.1103/PhysRevB.102.220501
https://doi.org/10.1103/PhysRevX.10.041047
https://doi.org/10.1103/PhysRevB.101.060504
https://doi.org/10.1038/s42005-020-0347-x
https://doi.org/10.1103/PhysRevX.11.011050
https://doi.org/10.1103/PhysRevLett.124.207004
https://doi.org/10.1038/s41535-020-00260-y
https://doi.org/10.1038/s41563-019-0585-z
https://doi.org/10.1103/PhysRevX.11.041009
https://doi.org/10.1103/PhysRevB.102.161118
https://doi.org/10.1088/2515-7639/ac6040
https://doi.org/10.1140/epjb/e2020-10343-7
https://doi.org/10.1038/s41535-023-00568-5
https://doi.org/10.1038/s41586-022-05657-2
https://doi.org/10.1103/PhysRevB.104.L220505
https://doi.org/10.1103/RevModPhys.83.705
https://doi.org/10.1016/j.cpc.2019.04.018
https://doi.org/10.1103/PhysRevB.106.L060406
https://doi.org/10.1038/s41567-022-01660-6
https://doi.org/10.1103/PhysRevX.12.011055
https://doi.org/10.1103/PhysRevX.13.011021
https://doi.org/10.1016/S0370-1573(00)00121-6
https://doi.org/10.1103/PhysRevB.72.214431
https://doi.org/10.1038/s42005-022-00931-1
http://link.aps.org/supplemental/10.1103/PhysRevResearch.7.L012066
https://doi.org/10.1103/PhysRevX.10.011024
https://doi.org/10.1103/PhysRevX.10.021061
https://doi.org/10.1038/s41598-018-29218-8
https://doi.org/10.1103/PhysRevB.99.205130
https://doi.org/10.1088/1367-2630/aad00a

SOFTENING OF dd EXCITATION IN THE RESONANT ...

PHYSICAL REVIEW RESEARCH 7, L012066 (2025)

[50] J. Schlappa, U. Kumar, K. J. Zhou, S. Singh, M. Mourigal,
V. N. Strocov, A. Revcolevschi, L. Patthey, H. M. Rgnnow,
S. Johnston, and T. Schmitt, Probing multi-spinon excitations
outside of the two-spinon continuum in the antiferromagnetic
spin chain cuprate Sr,CuQOs, Nat. Commun. 9, 5394 (2018).

[51] S. Kourtis, J. van den Brink, and M. Daghofer, Exact diago-
nalization results for resonant inelastic x-ray scattering spectra
of one-dimensional Mott insulators, Phys. Rev. B 85, 064423
(2012).

[52] C. Jia, K. Wohlfeld, Y. Wang, B. Moritz, and T. P. Devereaux,
Using rixs to uncover elementary charge and spin excitations,
Phys. Rev. X 6, 021020 (2016).

[53] M. Moretti Sala, V. Bisogni, C. Aruta, G. Balestrino, H. Berger,
N. B. Brookes, G. M. de Luca, D. Di Castro, M. Grioni, M.
Guarise, P. G. Medaglia, F. Miletto Granozio, M. Minola, P.
Perna, M. Radovic, M. Salluzzo, T. Schmitt, K. J. Zhou, L.
Braicovich, and G. Ghiringhelli, Energy and symmetry of dd
excitations in undoped layered cuprates measured by Cu L;
resonant inelastic x-ray scattering, New J. Phys. 13, 043026
(2011).

[54] V. Bisogni, L. Simonelli, L. J. P. Ament, F. Forte, M. Moretti
Sala, M. Minola, S. Huotari, J. van den Brink, G. Ghiringhelli,
N. B. Brookes, and L. Braicovich, Bimagnon studies in cuprates
with resonant inelastic x-ray scattering at the O K edge. 1.
assessment on La,CuQO, and comparison with the excitation at
Cu L3 and Cu K edges, Phys. Rev. B 85, 214527 (2012).

[55] S. Pal, U. Kumar, Prabhakar, and A. Mukherjee, Theoretical
analysis of multimagnon excitations in resonant inelastic x-ray
scattering spectra of two-dimensional antiferromagnets, Phys.
Rev. B 108, 214405 (2023).

[56] A. Hariki, M. Winder, T. Uozumi, and J. Kune§, LDA + DMFT
approach to resonant inelastic x-ray scattering in correlated
materials, Phys. Rev. B 101, 115130 (2020).

[57] COMSUITE, https://www.bnl.gov/comscope/software/coms
cope-software-packages.php (2016).

[58] A. L. Kutepov, V. S. Oudovenko, and G. Kotliar, Linearized
self-consistent quasiparticle GW method: Application to semi-
conductors and simple metals, Comput. Phys. Commun. 219,
407 (2017).

[59] A.Kutepov, K. Haule, S. Y. Savrasov, and G. Kotliar, Electronic
structure of Pu and Am metals by self-consistent relativistic
GW method, Phys. Rev. B 85, 155129 (2012).

[60] R. Adler, C. Melnick, and G. Kotliar, Portobello - quantum
embedding in correlated materials made accessible, Comput.
Phys. Commun. 294, 108907 (2024).

[61] J. P. Perdew, K. Burke, and M. Ernzerhof, Generalized gra-
dient approximation made simple, Phys. Rev. Lett. 77, 3865
(1996).

[62] L. Martinelli, D. Betto, K. Kummer, R. Arpaia, L. Braicovich,
D. Di Castro, N. B. Brookes, M. Moretti Sala, and G.
Ghiringhelli, Fractional spin excitations in the infinite-layer
cuprate CaCuQO,, Phys. Rev. X 12, 021041 (2022).

L012066-7


https://doi.org/10.1038/s41467-018-07838-y
https://doi.org/10.1103/PhysRevB.85.064423
https://doi.org/10.1103/PhysRevX.6.021020
https://doi.org/10.1088/1367-2630/13/4/043026
https://doi.org/10.1103/PhysRevB.85.214527
https://doi.org/10.1103/PhysRevB.108.214405
https://doi.org/10.1103/PhysRevB.101.115130
https://www.bnl.gov/comscope/software/comscope-software-packages.php
https://doi.org/10.1016/j.cpc.2017.06.012
https://doi.org/10.1103/PhysRevB.85.155129
https://doi.org/10.1016/j.cpc.2023.108907
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevX.12.021041

