nature communications

Article https://doi.org/10.1038/s41467-025-59041-5

High-temperature ferrimagnetic order
triggered metal-to-insulator transition in
CaCu3Ni2052012

Xubin Ye®"®, Yunyu Yin"??, Yingying Cao"?, Zhiyu Liao', Xiao Wang"?, Min Liu’",
Qiangian Wang'?, Zhao Pan"?, Zhiwei Hu® 3, Hong-Ji Lin®, Chien Te Chen®?,
Chih-Wen Pao ®%, Philippe Ohresser ®°, Lucie Nataf®, Francois Baudelet®,
Wenyun Yang®, Jinbo Yang ®%, Jinguang Cheng®"%7, Pu Yu®?%,

Xianggang Qiu"%’, Yi-feng Yang®"%7 |/, Tao Xiang ® "%’ & Youwen Long ® "7

Received: 14 May 2024

Accepted: 8 April 2025

Published online: 21 April 2025

M Check for updates

Ferromagnetic order-induced insulator-to-metal transitions via the double
exchange mechanism have been studied widely. In contrast, ferromagnetic
or ferrimagnetic spontaneous magnetization induced metal-to-insulator
transitions (MITs), especially occurring above room temperature, remain
extremely limited, although such magnetoelectric materials hold great
potential for low-loss multifunctional electronic and spintronic devices.
Here, a novel 3d/5d hybridized quadruple perovskite oxide, CaCu3Ni»0s,0;,,
was synthesized. It undergoes long-range Cu*(1)-Ni**(1)-0s®"(V) ferri-
magnetic order with a high Curie temperature of 393 K, maintaining a
saturated magnetization of 2.15 pg/f.u. at 300 K. Intriguingly, an MIT is found
to occur concurrently at the Curie temperature. Theoretical analyses reveal
that the ferrimagnetic spontaneous order significantly renormalizes the
electronic band structure, which can be further modified by electronic
correlation and spin-orbit coupling effects, leading to the MIT via the
Lifshitz-type mechanism. This work thus provides a paradigm material to
realize ferrimagnetic spontaneous magnetization induced MIT at a high
critical temperature toward advanced applications.

The metal-insulator transition has been an enduring central topic in
condensed matter physics'. For example, ferromagnetic (FM) order
induced electrical transitions from insulator to metal have received
much attention in manganese oxides based on the double exchange
mechanism?™. In contrast, however, the materials which show FM or
ferrimagnetic (FiM) spontaneous magnetization triggered metal-to-
insulator transitions (MITs), especially with high Curie temperatures

(above room temperature), are little known. Considering that the FM/
FiM and insulating states favor transport of spin instead of charge,
such materials provide promising applications for low-dissipation
electronic and spintronic devices, bifunctional thermal sensors, inte-
grated computing and storage systems etc®™®,

Mott first proposed that strong intra-atomic electron-electron
Coulomb repulsion (U) can open an energy gap near the Fermi level,
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facilitating an MIT as U is enhanced to a moderate value at a critical
temperature (Ty)*'°. In addition, electronic interactions across atoms
in the spin space may change the band structures of substances. In
1951", Slater elaborated that, in a half-filled d-electron system, the
alternating arrangement of spins in opposite directions can double the
atomic periodicity, split each band in half, and form an energy gap
when a spin order occurs. Thus, a collinear antiferromagnetic (AFM)
order may also drive the MIT, as observed in NaOsO5™ In principle,
however, spontaneous magnetization is not expected to occur in the
Mott and Slater mechanisms. How to realize FM or FiM spontaneous
magnetization induced MIT has been subjected to a challenge at pre-
sent. Beyond Mott and Slater’s regimes, the Lifshitz transition can open
a band gap due to changes in the Fermi surface topology, driven by
internal or external parameters such as chemical doping or pressure.
The spin-driven Lifshitz transition, which may occur in materials with
weaker electron-electron correlation, dispersed energy bands, small
local spins, and strong orbital hybridization, provides an opportunity
to realize spontaneous magnetization triggered MIT. Such materials
reside at the threshold of magnetic and electrical instability. As a
result, the variations in spin amplitude and direction may continuously
reduce the electron or hole pockets at the Fermi surface, which is a
defining characteristic of the Lifshitz-type process™™, ultimately
leading to an MIT. This mechanism is particularly pertinent in 3d-5d

hybridized systems, since a delicate balance among band
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Fig. 1| Synthesis and crystal structure of CCNOO. a Schematic crystal structure of
both A- and B-site ordered quadruple perovskite oxide AA’3B,B",01,. The corner-
sharing B/B’O¢ octahedra and A’O, planar squares are shown. b SXRD pattern and

Rietveld refinement results for CCNOO at room temperature. The black ticks
indicate the allowed Bragg reflections with space group Pn-3.

hybridization, electronic correlation, and spin-orbital coupling (SOC)
plays a crucial role for magnetic and electrical properties.

Both A- and B-site ordered quadruple perovskite oxide with che-
mical formula AA’3B,B,05,, as shown in Fig. 1a, can accommodate
magnetic transition metals at three different atomic positions (A’, B,
and B’ sites). Such a peculiar structure provides a new avenue for
investigating multiband-induced MIT integrating with FM or FiM spin
configurations. In this work, a novel quadruple perovskite oxide,
CaCu3Ni0s,0;, (CCNOO), was prepared at 8 GPa and 1423 K. The
strong 3d-5d hybridized effects via Cu-O-0Os pathways cause metallic
electrical behavior at higher temperatures. However, the long-range
Cu(1)-Ni(™)-0s(V) FiM order with robust spontaneous magnetization
triggers a MIT via the Lifshitz’s regime at the onset temperature of
Twmi = Tc=393K. Thus, the current CCNOO provides a rare material
system which shows FiM spontaneous magnetization induced MIT
above room temperature with potential applications for advanced
electronic and spintronic devices.

Results

Crystal structure of CCNOO

Figure 1b illustrates the synchrotron powder X-ray diffraction (SXRD)
pattern and related Rietveld refinement results for CCNOO at 300 K. A
more detailed view for the low-angle region, with a reduced intensity
scale, is provided in Supplementary Fig. S1. All diffraction peaks,
except for a minor impurity peak from OsO, (see Fig. S1), can be
indexed to a cubic Bravais lattice. Detailed Rietveld analysis confirms
that the compound crystallizes into a both A- and B-site ordered
quadruple perovskite structure with the space group Pn-3 (no. 201)
and lattice constant a = 7.40776(1) A. The sharp diffraction peaks with
the Miller indices h+ k+[=0dd, such as (111) and (311) (highlighted in
red in Fig. 1b), strongly indicate the rock-salt-type ordering of Ni and
Os at the B-site. As seen from the crystal structure (Fig. 1a), in CCNOO,
the alternately distributed B-site NiOg and B’-site OsOe octahedra
connect by sharing corner O atoms. The A’-site CuO,4 squares are also
linked to Ni/OsOg octahedra via corner-sharing O atoms. Compared to
double perovskites A;NiOsOg (A = Ca, Sr, and Ba), significant changes
in the local coordination environment at the A’ site in CCNOO lead to
sharp tilting of the Ni/OsOg octahedra with a heavily reduced Ni-O-Os
bond angle to 138.5°'°'8, Moreover, peculiar Cu-O-Ni/Os pathways
exist with the bond angle of about 110° in CCNOO. These features
significantly enhance the orbital overlap and hybridization between 3d
Cu*/Ni*" and 5d Os®" ions via 0. Benefiting from the strong X-ray
scattering contrast between 3d-Ni and 5d-Os, the refined occupancy
factor (99.7%) reveals a nearly fully ordered distribution for these two
atoms, as observed previously in A;NiOsOg. The refined structural
parameters are listed in Supplementary Tables S1 and S2. According to
the bond lengths, bond valence sum calculations indicate that the
charge combination is CaCu?3Ni*",0s°",0y,, in good agreement with
the element-selective X-ray absorption spectroscopy (XAS) results**%,
As shown in Supplementary Fig. S2, all the Cu-, Ni-L, 5, and Os-L3 XAS
spectra exhibit very similar spectral features, such as peak energy
positions and spectral shapes, with those of standard CaCu®3Ti4Op,,
Ni*0, and Ba,NiOs®' O, references, respectively, revealing the forma-
tion of Cu*, Ni**, and Os®" in CCNOO.

Magnetic properties and spin structure of CCNOO

Figure 2a depicts the temperature dependence of the magnetic sus-
ceptibility (y) of CCNOO. As the temperature decreases to a critical
value of Tc=393K, x experiences a sharp increase, suggesting the
occurrence of an FM-like phase transition. Above T¢ (400-500 K), the
paramagnetic (PM) x'(7T) data deviate from the linear Curie-Weiss
(CW) law, whereas it can be well fitted by the Néel FiM theory with the
function y* = (T - 6)/C - J/(T - 6)*, where the first term symbolizes the
CW behavior in the high-temperature limit, and the second represents
hyperbolic behavior near the FiM order. The fitted FiM Curie
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Fig. 2 | Magnetic properties of CCNOO. Temperature dependence of (a) magnetic
susceptibility y and its inverse measured at 0.1 T, b the isothermal magnetization
loops measured at different temperatures. The black curve in (a) shows the Néel

FiM model fitting for y* above 400 K.

temperature is 389 K, agreeing well with Tc. In the high-temperature
limit, the effective magnetic moment is fitted to be 5.20 pg/f.u. This
value is comparable to the theoretical one (5.51 pg/f.u.) obtained by
considering the spin-only contribution of Cu?* and Ni*, as well as the
SOC effect of Os®". Therefore, the long-range FiM transition can be
assigned to CCNOO at T¢c=393 K. Figure 2b shows the isothermal
magnetization curves. Below T¢, canonical magnetic hysteresis loops
with coercive fields of about 0.24T are observed. The saturated
moment observed at 300K and 5T is 2.15pg/f.u., which further
increases to 3.36 pg/f.u. at 2K, in coherence with X-ray magnetic cir-
cular dichroism (XMCD) results shown below.

Because there are three different kinds of magnetic ions (Cu*,
Ni?*, and Os®") in CCNOO, element-selective XMCD is a desirable
method not only for determining the magnetic configuration but also
for obtaining the spin moment (ms) and orbital moment (m,) of each
element®*, Figure 3a-c presents the spectra at the Cu-, Ni-, and Os-
L,5 edges, respectively. The Cu- and Ni-L3; XMCD results exhibit
negative signals, while the Cu- and Ni-L, signals are positive; inverse
signs are observed at the Os-L, ; edges. These features indicate that the
spins of Cu*" and Ni** align parallel to each other but antiparallel to that
of Os®*, demonstrating the formation of a Cu**(1)-Ni**(1)-O0s®*(V) FiM
order (refer to Fig. 3f), as expected from the Néel FiM theory. By uti-
lizing the sum rules??%, one can further acquire the ms and m; of Cu*,
Ni%*, and Os®*. As summarized in Supplementary Table S3, the derived
Mo values for Cu®, Ni**, and Os®* are 0.31, 143, and -0.21 g,
respectively, yielding mo. = 3.37 pg/f.u. for CCNOO. This value agrees

well with the magnetization measured at 2K. The reduced spin
moments, below single-ion theoretical values, for these magnetic
cations most probably arise from strong orbital hybridization within
the Cu?*-Ni**-0s®" covalent framework via oxygen, as indicated by
theoretical calculations (shown later). Moreover, the m,/m; ratios of
Cu*, Ni**, and Os®" were calculated to be 0.22, 0.28, and 0.22,
respectively. Thus, significant orbital moments are present for 3d
Cu*" and Ni** in CCNOO, in addition to 5d Os®". The large m;/m; ratio
for Ni** may be primarily attributed to the t,,’e,’ state, as reported for
NiO?’ and NiFe,04°, whereas the considerable orbital moment of
Cu* is a result of the strong hybridization effect between 3d Cu** and
5d Os®, as will be discussed later. The FiM order of CCNOO was
further supported by neutron powder diffraction (NPD) experiments
from 3.5K to 400K, as shown in Fig. 3d and Supplementary Fig. S3.
The magnetic diffraction can be interpreted based on a collinear
Cu*(1)-Ni**(1)-0s**(¥) FiM order with the wave vector k= (0, 0, 0),
in accordance with the XMCD results. Due to the intrinsic resolution
limitation of the NPD technique, particularly the weak magnetic
scattering contribution, direct determination of the magnitudes and
orientations of Cu®* and Os®* magnetic moments is not accurately
achievable. Consequently, we are only able to refine the Ni** mag-
netic moment as a function of temperature as depicted in Fig. 3e.
One finds that the relationship conforms to the Brillouin function,
with the magnetic moment nearly reaching saturation at 200 K. Note
that, within the current NPD resolution, one cannot determine
whether there is a small amount of non-collinear spin component
potentially arising from the SOC effect.

Electrical transport properties of CCNOO

The resistivity as a function of temperature is presented in Fig. 4a for
CCNOO. Above T¢ (393-550 K), the resistivity remains nearly constant,
exhibiting minimal temperature dependence and maintaining a
low value of approximately 4x10* Q-cm. This behavior may imply
metallic electrical transport property, if one considers the grain
boundary effects and possible impurity scattering due to the poly-
crystalline nature of the sample. As the temperature decreased to
Twmi = Tc =393 K, the resistivity began to sharply increase, with a large
negative derivative (dp/dT < 0), indicating the presence of an insulat-
ing/semiconducting feature. This result suggests that an MIT-like
transition takes place at the onset temperature of the FiM phase
transition. This transition can also be confirmed by the calorimetric
measurement. As shown in Supplementary Fig. S4, both heating and
cooling differential scanning calorimetry curves display a step-like
anomaly around Ty (T¢) without any heat hysteresis, suggesting the
second-order nature of the transition. The p(T) data below 110 K can be
well described by the 3D Mott’s variable-range-hopping (VRH) model
for localized charge carriers, represented by the function
p(T)=po x exp(To/TV®', where po and Ty, are constants. To further
illustrate this behavior, the log p-T"* relationship was plotted in
Fig. 4b, showing a good linear feature below 110 K and suggesting an
insulating ground state of CCNOO. However, between 110 K and 393 K,
none of the existing insulating or semiconducting electrical models
can reproduce the resistivity data.

The chemical composition of CCNOO is thermally stable at tem-
peratures up to 950 K, as revealed by thermogravimetric measurement
(Supplementary Fig. S5). To check whether a structural phase transi-
tion occurs or not during the joint FiM and metal-to-insulator transi-
tions, temperature-dependent laboratory XRD was performed. As the
temperature varies from 300 to 500K across T¢ (Tyy), all the XRD
peaks smoothly shift towards lower angles (see Supplementary
Fig. S6), as expected from thermal expansion, and there is no trace of
structural transformation. Consequently, the cell volume displays a
linear relationship with temperature, ruling out structural variation as
the origin of the FiM order, as well as the joint MIT occurring at
Tc (Tw)-
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Fig. 3 | FiM structure in CCNOO. XMCD of CCNOO near a Cu L, 3-, b Ni L, 5-, and
¢ Os L, 3-edges measured at 10 K. d NPD pattern and corresponding Rietveld
refinement results of CCNOO at 3.5K. e Temperature dependence of Ni magnetic

moments, with the solid line showing the Brillouin function fitting result.
f Schematic Cu?*(M)Ni**(1)0s®"(¥) FiM spin structure.

Temperature-dependent infrared spectral analysis
Temperature-dependent infrared optical spectroscopy provides deep
insights into the evolution of the electrical properties of CCNOO. For a
direct absorption edge, the absorption coefficient a is proportional to
m?\/hw — 2A,, where m, and 2A, represent the effective mass of the
electron or hole at band edges and the optical direct gap, respectively.
As shown in Fig. 5a, the linear relationship between a* and photon
energy in a wide energy region illustrates the direct electronic transi-
tion in CCNOO. The spectra collected at 390-420K are nearly com-
pletely overlapped, while those below 390 K remarkably shift toward
higher energies with decreasing temperature. These features suggest
that a bandgap starts to open near Ty; (T¢) and the magnitude of the
gap gradually increases on cooling. Based on the linear fitting and
extrapolation to &* = 0, the detailed values of the optical bandgap were
obtained. As shown in Fig. 5b, above Ty;, a small temperature-
independent residual optical bandgap is observed due to the poly-
crystalline nature of the sample. Below Ty, however, the optical gap
rapidly increases with decreasing temperature, revealing the con-
tinuously enhanced band gap. Moreover, the temperature depen-
dence of optical bandgap (2A;) can be well fitted using the
Bardeen-Cooper-Schrieffer function®**, gg(((r); = tanh ng(r(z)r),r,a , yielding
Tira. =402(1) K and E,4(0)=0.193(1) eV. The fitted transition tempera-
ture (Ty,) is comparable to T¢ (Twy), and the fitted bandgap at OK
[E5(0)] is similar to that by theoretical calculations (will be shown
later). Note that although the infrared spectra start to shift below Ty,
the slopes for all spectra at different temperatures remain nearly
unchanged. This feature suggests the continuous reduction of elec-
tron or hole pockets near the Fermi surface, consistent with the
Lifshitz-type phase transition mechanism.

Physical mechanisms of the MIT in CCNOO
The metallic electrical transport of CCNOO above T¢ (Tyy) is in sharp
contrast to the insulating behavior observed in double perovskites

A;NiOsO4"*"%, Considering the similar Ni**/Os®" charge order in these
compounds at the B-site, the introduction of A’-site Cu?* in CCNOO
should play a crucial role for the essentially different electrical prop-
erties. As mentioned in the structural analysis, Cu and Os connect via
0, forming Cu-0-0s pathways with a bond angle approaching 112.4°.
As a result, strong 3d-2p-5d hybridizations are expected to occur in
CCNOOQO, as illustrated by the large orbital moment of Cu®". Similarly, in
another 3d-5d quadruple perovskite metallic oxide CaCuslr4O;,, con-
siderable Cu-O-Ir hybridized effects were found to occur'®**, There-
fore, the itinerant 3d electrons of the A’-site Cu** and 5d electrons of
the B’-site Os®" govern the metallic electrical transport of CCNOO
above T¢. Once the long-range Cu?(1)-Ni**(1)-0s® (V) FiM order is
formed, the electronic band structures are renormalized, and the
bands of Cu?* and Os®* can be removed from the Fermi surface, causing
a significant increase in resistivity below Ty (7¢).

First-principles theoretical calculations based on the generalized
gradient approximation (GGA) were conducted to gain further
understanding of the magnetic and electrical properties of CCNOO.
Four different types of spin structures, including FiM Cu*(*)Ni?*(1)
0s*(¥), Cu**(V)Ni* (M) 0s® (1), Cu? (¥)NiZ* (1) 0s®*(Vv), and FM Cu* (1)
Ni?*(1)0s®'(1), were compared to confirm the magnetic ground state.
As shown in Supplementary Fig. S7 and Table S4, our calculations
provide a stable Cu*(")Ni?*(1)0s® (V) ground state, which has much
lower free energy than other configurations. Moreover, inside the
muffin-tin spheres, the calculated moments are 0.55 pg for Cu?*, 1.65 pg
for Ni?*, and -0.87 i for Os®, leading to a total moment of 3.21 pg/f.u.
The calculated magnetic ground state and moments agree well with
experimental results. To further understand the origin of Cu®(1)
Ni?*(1")0s® (V) spin coupling, the nearest spin exchange interactions
between Cu, Ni, and Os were calculated (refer to Supplementary
Fig. S8), yielding Jcu-ni = -3 meV, Jou-o0s = 67 meV, and Jyi-os =13 meV.
The AFM Jcu-os and /ni.os, and FM Jc,,.ni interactions are consistent with
the FiM Cu*(1)-Ni?*(1)-0s*(¥) spin structure determined in
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The solid line presents the Mott’s 3D VRH model fitting. The vertical dot line
indicates the phase transition temperature.

experiments. Note that the intensity of the Cu-Os interaction is much
larger than that of the Cu-Ni and Ni-Os interactions, revealing that the
strongly hybridized Cu**-0-0s°®" pathways'*** dominate the magnet-
ism and electrical transport properties of CCNOO.

The electronic band structure of CCNOO was also determined by
theoretical calculations. For comparison, both nonmagnetic (NM) and
FiM Cu?"(1)-Ni*(1)-0s®*(V) states were used for the calculations. As
shown in Fig. 6 and Supplementary Fig. S9, for the NM calculations, the
electronic density of states (DOS) always exhibits metallic behavior
and considerable Cu-0-0s hybridization regardless of U and SOC, in
agreement with the resistivity data above Tc. In contrast, once the
Cu*"(1)-Ni**(1)-0s"(¥) FiM ground state is considered, the band
structures near the Fermi surface change significantly (refer to Sup-
plementary Fig. S10). Specifically, a finite pseudogap™ is found to
occur for the FiM GGA calculations, where only a band-crossing point
from the Os 5d band induces a slight DOS around the R point. There-
fore, the spin order can significantly renormalize the band structure
and considerably deplete the DOS near the Fermi level. When the SOC
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Fig. 5 | Temperature-dependent infrared spectral analysis for CCNOO. a Square
of the absorption coefficient at various temperatures. b Temperature-dependent
optical direct gap (filled circles) along with the BCS fitting (solid line). The vertical
dot line indicates the phase transition temperature.

effects are included, FiM GGA + SOC calculations completely open an
energy gap (Supplementary Fig. S1la), albeit with a small value of
approximately 0.5 meV. Therefore, from the perspective of electronic
band evolution, spin fluctuations and SOC effects can induce upward
(downward) shifts of electron (hole) bands. Furthermore, when U is
considered (refer to Supplementary Figs. S12 and Sl1b), the local
Coulomb repulsion pushes the occupied d orbitals to a lower energy
level and the unoccupied states to a higher one, resulting in the
opening of a larger band gap up to 0.23 eV in FiM GGA + SOC + U cal-
culations. Consequently, an electronic correlation and SOC effects-
assisted high-temperature FiM spontaneous magnetization triggered
MIT is rarely realized in the current CCNOO via Lifshitz’s scenario.

Disscussion

In summary, we successfully synthesized a novel 3d/5d hybridized A-
and B-site ordered quadruple perovskite oxide CaCuzNi,0s,0;, at
high-pressure (8 GPa) and high-temperature (1423 K) conditions. This
material exhibits robust spontaneous magnetization below Tc =393 K,
showing a saturated magnetic moment of 2.15pg/f.u. at 300K,
which increases to 3.36 pg/f.u. at 2K. Three kinds of magnetic ions
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Fig. 6 | Evolution of electronic band structures of CCNOO. The partial DOS (left) and the band structure (right) considering spin order, SOC, and U.

form a long-range FiM ground state with the spin coupling of
Cu*"(1)-Ni?*(1)-0s®"(¥). Moreover, a joint MIT occurs during the FiM
transition at T¢ (Ty). Infrared optical spectroscopy further reveals the
presence of a direct bandgap at the onset of Tc. Theoretical calcula-
tions indicate that the FiM spin order significantly renormalizes the
electronic band structure, and electronic correlation and SOC effects
can further open the energy bandgap, leading to the occurrence of the
MIT. The simultaneous high-temperature magnetic and electrical
transitions accompanied by the substantial spontaneous magnetiza-
tion make the current CCNOO quite unique among all reported MIT
materials, highlighting the promising potentials for advanced multi-
functional electronic and spintronic applications.

Methods

Material synthesis

Highly pure (>99.9%) powders of CaO, CuO, NiO, Os, and KCIO, were
used as starting materials and thoroughly mixed in an argon-filled
glove box. The mixture was then sealed into a platinum capsule and
subjected to high-pressure and high-temperature treatment at 8 GPa
and 1423 K for 60 min on a cubic-anvil-type apparatus. The resulting
polycrystalline pellet was rinsed with deionized water to eliminate the
residual KCI. Finally, the single-phase powders were sintered at 8 GPa
and 1273 K for 10 min, yielding the bulk sample that was subsequently
used for physical property measurements.

X-ray and neutron diffraction

SXRD was performed using a large Debye-Scherrer camera installed at
the BLO2B2 beamline (A = 0.42014 A) of SPring-8, Japan. Temperature-
dependent laboratory XRD measurements were conducted on a
Rigaku-SmartLab diffractometer with Cu K, radiation. The SXRD and
XRD patterns were analyzed using the Rietveld refinement method
implemented in the GSAS program®. Temperature-dependent NPD
was performed using the Peking University High Intensity Powder
Diffractometer (PKU-HIPD) at China Institute of Atomic Energy (CIAE).

The powder samples were loaded in a cylindrical vanadium sample
holder, and a Si (115) monochromator was used to produce a mono-
chromatic neutron beam (A=1.478 A). The NPD patterns were ana-
lyzed using the Rietveld package, FullProf suite®®.

XAS and XMCD measurements

The soft XAS at the Cu- and Fe-L, ; edges were measured with the total
electron yield mode at TLS BLI1A beamline of synchrotron NSRRC,
Taiwan. The hard XAS at the Os-L,; edges was measured with trans-
mission geometry at the TPS BL44A beamline of NSRRC. XMCD mea-
surements at the Cu- and Ni-L, 3 edges were collected under 6 T and
10 K at the DEIMOS beamline of SOLEIL synchrotron, France. The Os-L3
edge was collected under 1.2 T and 10 K at the ODE beamline of SOLEIL.

Magnetic, electrical, and thermal measurements

The magnetic susceptibility and magnetization were measured on a
superconducting quantum interference device magnetometer
(Quantum Design, MPMS-VSM). Both zero-field-cooling (ZFC) and
field-cooling (FC) modes were used to measure the magnetic sus-
ceptibility between 2 and 300K at 0.1 T. The magnetic data above
300K were collected on a MicroSense vibrating sample magnet-
ometer. The isothermal magnetization was measured at 2K, 200K,
300K, and 400K in a magnetic field range of -5T and +5T. The
measurements of resistivity between 2K and 400 K were conducted
on a physical property measurement system (Quantum Design,
PPMS-9T). Resistivity between 400 K and 650 K was measured on a
homemade electrical measurement system. The standard four-probe
method was adopted in resistivity measurements. The thermo-
gravimetry (TG) and differential thermal analysis (DTA) were mea-
sured on a Labsys Evo STA TG/DTA system under N, atmosphere. The
sample was placed in a corundum crucible, heated up to 1300 K with
a rate of 10 K/min, held for 10 min, and then cooled to RT with the
same rate. The differential scanning calorimetry (DSC) was measured
under an Ar atmosphere. The sample was placed in an aluminum
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crucible, heated up to 500K with a rate of 5K/min, held for 5min,
and then cooled to RT with the same rate.

Infrared spectroscopy measurements

A well-polished bulk disc specimen of CCNOO with 3 mm diameter was
used to measure temperature-dependent infrared reflectivity spectra
R(w) from 200K to 420K within 0.0075-1.5€V, using a Bruker 80v
Fourier transform infrared spectrometer with a commercial ARS-
Helitran cryostat. An in-situ gold evaporation technique has been used
for obtaining the absolute reflectivity of the sample. The reflectivity
within the visible-UV range (1.25-5eV) was measured at RT with an
Avaspec 2048 x 14 optical fiber spectrometer. Then, Kramers-Kronig
analysis of R(w) was applied to obtain the optical conductivity spectra.
For low-frequency extrapolation, a constant reflectivity was used.
Above the highest-measured frequency, R(w) was assumed to be
constant up to 10 eV, above which a free-electron response (R(w) < w*)
was used.

Theoretical calculations

First-principles numerical calculations were performed using the
WIEN2K code®, which implemented the full-potential linearized aug-
mented plane-wave method. The crystal structural parameters adop-
ted for the numerical calculations were derived from the SXRD
refinement at 300 K. The muffin-tin radii were 2.48 a.u. for Ca, 1.96 a.u.
for Cu, 2.05 a.u. for Ni, 1.98 a.u. for Os, and 1.62 a.u. for O. The max-
imum modulus for the reciprocal vectors Kg.x was chosen as
Ryt * Kmax = 8.0. We took the generalized-gradient approximation
Perdew-Burke-Ernzerhof (GGA-PBE)*® exchange-correlation energy
and used 1000 k-point meshes for the whole Brillouin zone. In our
GGA + U calculations, we assigned an effective U value of 5 eV for Cu,
4 eV for Ni, and 2 eV for Os, while J was set to 0.8 eV. These parameter
values were determined through experimental spectral analysis® and
theoretical efforts aimed at obtaining physically meaningful
results'**%*., In order to calculate the magnetic ground state, we pro-
posed four different magnetic structures as shown in Fig. S6 and
Table S4 [i.e., FM Cu*(M)Ni%*(1)0s® (1); FiML: Cu®(™)Ni**(1)O0s®*(V);
FiM2: Cu*" (V)Ni*"(1)0s®*(1); FiM3: Cu?'(v)Ni**(1)0s®*(V)]. The nearest-
neighbor effective exchange couplings between magnetic ions were
calculated using the energy differences of the four magnetic struc-
tures:

E(FiMl) = EO + 12qu—NiSCuSNi - 12JNi—OssNiSOS - lszu—OSSCuSOS' (1)
E(FiM2)=Eq — 12/ ¢ _niScuSni T 12/ vi—0sSniSos — 12/ cu—0sScuSos:  (2)
E(FiIM3)=E — 12Jcy_niScuSni — 12/ni—0sShiSos T 12 cy—o0sScuSos,  (3)

E(FM)=E +12/ ¢, _niScuSni 12/ vicosSviSos T 12 cu—0sScuSos: (4)

Data availability
All raw data generated in this study are provided in the Source Data
file. Source data are provided with this paper.
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