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Supplementary Table S1 | Structural parameters obtained from the Rietveld

refinement of synchrotron XRD pattern for CCNOO at 300 K“.

Atom WP x % z G’ Uiso (100 x A?)
Ca 24 0 0 0 I 0.66(7)
Cu  6d 0 0.5 0.5 1 0.49(2)
Nil  4b 0.75 0.75 0.75  0.997(1) 0.38(1)
Osl  4b 0.75 0.75 0.75  0.003(1) 0.38(1)
Ni2 4c 0.25 0.25 0.25 0.003(1) 0.35(1)
052 4e 0.25 0.25 025  0.997(1) 0.35(1)
O 24k 03262(3) 0.4932(1) 0.8061(3) 1.045(5) 0.71(4)

“Space group Pn-3 (Cubic; No. 201); lattice constant ¢ = 7.40776(1) A. WP: Wyckoff
position. G: the site occupation factor. Usi, represents isotropic thermal parameters. The

occupancy factors of Ca, Cu, and O are fixed to be unity to refine the B/B’-site order degree

for Ni/Os. Reliability factors: Rwp = 4.78%, R, = 3.73%.



Supplementary Table S2 | Selected bond lengths, angles, and the BVS calculations for
CCNOQO obtained from the Rietveld refinement of XRD data at 300 K.

Parameter Value
Cu-0 (A) (x4) 1.929(3)
(x4) 2.811(3)
(x4) 3.315(3)
Nil-0 (&) (x6) 2.029(2)
0s2-0 (A) (x6) 1.932(2)
Cu-O-Nil (°) 108.2(1)
Cu-0-0s2 (°) 112.4(1)
Nil-0-0s2 (°) 138.5(1)
BVS (Cu) +2.09
BVS (Nil) +2.17
BVS (0s2) +5.60

“The BVS values (V;) were calculated using the formula V; =) ;S;;, and S;;= exp[(ro - r)/b].
In CCNOO, rp=1.649 and b = 0.37 for Cu>" !, 7= 1.654 and b = 0.37 for Ni*" ? and rp =
1.904 and b = 0.375 for Os®" 3. For the A’-site Cu, 12-coordinated oxygen atoms were used,
and for the B-site Ni and B’-site Os, 6-coordinated oxygen atoms were used in the BVS

calculations.



Supplementary Table S3 | The spin (ms), orbital (m;), and total moments (#tt) of the
Cu 34, Ni 3d, and Os 5d derived from the XMCD sum rules for CCNOO*.

ms(us)  mi(uB) Mot (1B) mi/ms
Cu 0.25 0.06 0.31 22%
Ni 1.12 0.31 1.43 28%
Os -0.27 0.06 -0.21 -22%

&The spin and orbital moments are separately treated as follows:

41 . (W —p)dw
_ _ L3z+L,
Morb_LZ__gf (++ _)dw(lo_Nd)
Ly+Ll, W TH

Mgy = 25z +7(Tz)
2f, W—p)do—4f (" —p)dw
Jiysr, (W +u7)dw

Here, Ng is the electron occupation number (9, 8, and 2 for Cu?*, Ni?*, and Os®*,

(10 — N,).

respectively), and <Tz> is the intra-atomic magnetic-dipole moment, which is negligible

compared to Mgpin in an octahedral (On) symmetry coordination®.



Supplementary Table S4 | The calculated magnetic ground states and magnetic

moments under GGA+U+SOC condition for CCNOO*“.

Calculated magnetic moment
Spin g AE® Tota_l
theoretical
structure . (meV/f.u.) c
Cu/us Ni/us Os/us O/us moment® ()

FM 0.68333 1.74190 1.16466 0.17885 1108.14 11

FiM1 0.54904 1.64751 -0.86509 0.02608 0 3

FiM2 -0.57541 1.71620 0.98453 0.04798 341.73 5

FiM3  -0.68741 1.60150 -1.04841 0.10290  839.16 3

@The table lists the magnetic moments within the muffin-tine sphere from GGA+U+SOC
calculations with U = 5.0 eV for Cu, 4.0 eV for Ni, and 2.0 eV for Os. PAE is the energy
difference between the converged magnetic configuration and the FiM1 ground state.
‘Total theoretical moment represents the ideal spin-only saturated moments for Cu?* (3d°,
S=1/2), Ni?* (3d®, S=1), and Os®* (5d?, S=1) under initial spin structure setups.
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Supplementary Figure S1 | Expanded plot of SXRD pattern for CCNOO. The inset
shows the data at low angles with a reduced intensity scale. A very weak impurity
diffraction peak marked with asterisk, likely from OsOg, is observed in the enlarged plot,
and its intensity is about 0.3% of the strongest peak of the main phase.
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Supplementary Figure S2 | XAS spectra of CCNOO. (a) Cu-L» 3 edges, (b) Ni-L2 3 edges,
and (c) Os-Ls edge. The related standard reference spectra are also shown for comparison.
All the Cu-, Ni-L23, and Os-L3 edges respectively exhibit very similar spectral features,
such as peak energy positions and spectral shapes, to those of standard CaCu?*3TisO12,
Ni?*O, and Ba,NiOs®"Os references, revealing the formation of Cu?*, Ni?*, and Os®" in
CCNOO.
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Supplementary Figure S3 | NPD patterns of CCNOO collected at selected
temperatures. The right panel shows enlarged section of the pattern region containing
most intense magnetic contributions, as denoted by the blue rectangular box. Because the
magnetic diffraction peaks are relatively weak, only the sizable magnetic moment of Ni
can directly get accurate values. To more effectively ascertain the magnetic moments of
Os and Cu, we attempted to fix them at the values as measured by XMCD. We found that
when the magnetic moment of Cu was fixed at 0.31 ug, the values for M(Os) and M(Ni)
were determined as -0.20(17) us and 1.81(17) ue, respectively. Conversely, when the
magnetic moments of Os were fixed at -0.21 pg, the values for M(Ni) and M(Cu) were
determined as 1.84(8) us, and 1.04(18) us, respectively. In conclusion, our refinement of
the NPD data establishes the spin structure as collinear Cu?*(1)Ni?*(1)0s®*(|) FiM for
CCNOO. The obtained magnetic moment values align closely with other experimental
results. Note that the pattern at 420 K were measured using an aluminum container, which

introduces additional diffraction peaks, as marked with asterisks.
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Supplementary Figure S4 | Temperature dependence of differential scanning
calorimetry for CCNOO. The curves show anomaly around the critical temperature T

= Tc = 393 K without heat hysteresis during the heating and cooling processes.
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Supplementary Figure S5 | Thermogravimetry (TG) and differential thermal analysis
(DTA) for CCNOQO. The sample remained stable around its MIT transition and, until near
900 K, gradually decomposed into CaOsOs, Cu20, (Cu-Ni)O, and a small amount of
unknown phases. The large TG loss (~40%) is attributed to the volatilization of OsO4 and

0.
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Supplementary Figure S6 | Temperature-dependent XRD patterns of CCNOO. (a)
XRD patterns, and (b) Unit cell volumes in 300-500 K. The solid lines present linear fitting.
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Supplementary Figure S7 | Possible spin structures of CCNOO for calculations. (a)
Ferromagnetic spin structure of FM: Cu?*(1)-Ni?*(1)—0s%"(1). (b) Ferrimagnetic spin
structure of FiM1: Cu?"(1)—Ni?*(1)—0s%*(]). (c) Ferrimagnetic spin structure of FiM2
Cu?*(|)-Ni**(1)-0s®"(1). ~ (d)  Ferrimagnetic ~ spin  structure  of  FiM3
Cu (L)-Ni*(1)-0s**(1).
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Supplementary Figure S8 | Local structure features and magnetic interactions among
A', B, and B’ sites in CCNOO. The derived exchange interactions are Jcu-ni = -3 meV,
Jni-os = 13 meV and Jcu-os = 67 meV, supporting the FiM Cu?*(1)-Ni%*(1)-0s®*(|) spin

ordering.
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Supplementary Figure S9 | Electronic structures of non-magnetic metallic state in (a)

GGA+SOC, and (b) GGA+SOC+U methods for CCNOO. The inset in the left panel of
(b) shows the enlarged partial density of states near the Fermi level.
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Supplementary Figure S10 | Electronic structures of GGA calculation with long-

range FiM1 spin order for CCNOO. The spin order significantly renormalizes the

electronic band structure, resulting in a very limited density of states near the Fermi level

near the R point. The total DOS is shown by a grey line with a light grey filled area.
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Supplementary Figure S11 | Insulating electronic structures of (a) GGA+SOC, and
(b) GGA+SOC+U calculations with long-range FiM1 spin order. The total DOS is
shown by a grey line with a light grey filled area.
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Supplementary Figure S12 | Electronic structures of GGA+U calculation with long-

range FiM1 spin order. The total DOS is shown by a grey line with a light grey filled area.
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