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J. Zheng JLFE L. Carstens®,! L. Singer M. A. A. Mohamed ®,%3 L. Bischof®,! A. Alfonsov®,?
J. Ameth®,' S. Hampel ®,2 N. GriBler ®,? and R. Klingeler®!-*
! Kirchhoff Institute for Physics, Heidelberg University, INF 227, D-69120 Heidelberg, Germany
2] eibniz Institute for Solid State and Materials Research Dresden, 01069 Dresden, Germany
3Department of Physics, Faculty of Science, Sohag University, 82524 Sohag, Egypt

® (Received 1 June 2026; revised 24 July 2026; accepted 18 August 2026; published 11 September 2026)

We report the magnetic properties of a series of lithium-rich antiperovskites (Li,M)ChO (M = Fe, Co, Mn
and Ch = Se, S), where transition metal and lithium ions are randomly distributed on the X sites of the X;BA
structure, thereby forming a strongly diluted magnetic sublattice. Our study hence enables us to investigate
the evolution of magnetic order at fixed 1/3 filling—which is in the vicinity but slightly above the percolation
threshold—upon variation of the spin size, the magnetic anisotropy, and the orbital configuration. The data
imply the absence of a distinct Curie-Weiss behavior up to 350 K but show rather large and weakly temperature-
dependent magnetic susceptibility. We observe clear signatures of long-range antiferromagnetic order evolving in
the 1/3-filled and strongly diluted magnetic X-site lattice with increasing Néel temperatures from 7y =~ 30 K in
(Li;Mn)ChO to ~ 50 K in (Li,Fe)ChO and 70 — 90 K in (Li,Co)ChO. Except for M = Co, the chalcogenide has
no sizable effect on 7y. We conclude significant magnetic coupling and short-range magnetic correlations at well
above Ty, which is in line with the observation of a broad electron spin resonance signal at room temperature.
The actual ordering temperatures are strongly diminished by magnetic dilution. While structural parameters such
as the tolerance factor and bonding angles do not strongly affect 7y, a key parameter is the magnetic anisotropy

of the transition metals.

DOI: 10.1103/nc1£-83sm

I. INTRODUCTION

In diluted magnetic systems, a fraction of the magnetic ions
occupying the crystallographic lattice sites is substituted by
nonmagnetic species. The random distribution of magnetic
and nonmagnetic ions reduces the number of exchange in-
teraction pathways and introduces significant disorder. This
leads to the suppression of long-range magnetic order and the
emergence of unexpected magnetic phases and phenomena
[1-4]. Examples include glasslike magnetism and Griffiths
phases, which originate from inhomogeneous magnetic ex-
change interactions in rare regions and give rise to power-law
critical behavior [5—-10]. This is particularly evident at dilution
levels near the percolation threshold of the magnetic sublattice
or in the presence of local geometric frustration [2,11]. A vari-
ety of unconventional magnetic properties may be associated
with the (partial) fragmentation of the percolating magnetic
network and the formation of finite-sized magnetic clusters.
When the concentration of magnetic ions is sufficiently low
and falls below the percolation limit, the systems do not
exhibit long-range magnetic order. Above the threshold, the
magnetic ordering temperature can be strongly suppressed
compared to nondiluted systems and the associated anomalies
in the thermodynamic response functions are often weak and
broad [3,4,12].
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The recently discovered family material of Li-rich antiper-
ovskites (Li,M)ChO (M = Fe, Co, Mn and Ch = Se, S) adds
another branch to this field [13,14]. The material resembles
a cubic structure with space group Pm3m, where diamag-
netic Li™ ions and paramagnetic M>* ions are statistically
distributed at the same crystallographic site (3c¢), i.e., X in the
antiperovskite X3BA structure. The arrangement of metal ions
may be considered as a sublattice of the face-centered cubic
(fcc) lattice, which occupy the face-centered sites while omit-
ting the corner sites. The magnetic 3c site in the antiperovskite
structure is filled with 1/3 magnetic ions and hence presents
access to study the evolution of magnetic order in a material
with fixed dilution fraction where the spin size, magnetic
anisotropy, and orbital configuration are changed. In addition,
due to the higher energy and larger spatial extent of the Se 4p
orbitals compared to the S 3p orbitals, the substitution of S by
Se modifies the M—Ch bond length and is supposed to reduce
the charge transfer energy [15], both of which being further
parameters potentially controlling magnetism in (Li;M )ChO.

The overwhelming majority of studies on Li-rich antiper-
ovskites have focused on their potential for applications:
They are discussed as solid electrolyte and solid state battery
materials due to their superionic conductivity and poten-
tial multielectron transfer [14,16,17]. In addition, a variety
of studies was performed to investigate the feasibility of
several members of the (LipM)ChO family as cathode ma-
terials in lithium-ion batteries [13,18-23]. Recently, we con-
firmed long-range antiferromagnetic (AFM) order as well as

©2026 American Physical Society
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preceding short range order in (Li,Fe)SO and (Li,Fe)SeO
by means of magnetic susceptibility, NMR, and Mossbauer
studies [24].

In this work, we investigate the magnetic properties of
(LipM)ChO compounds (M = Fe, Co, Mn; Ch = Se, S) by
means of magnetic susceptibility, isothermal magnetization,
and X-band electron spin resonance (ESR) measurements.
The intrinsic magnetic susceptibilities are deduced from the
high-field magnetization M, obtained both isothermally, i.e.,
from M vs B curves, and in static magnetic field when
sweeping the temperature. Our data exclude a Curie- or Curie-
Weiss-like response typically observed in materials featuring
localized magnetic moments. We find an only very weak tem-
perature dependence of the intrinsic magnetic susceptibility
Xo in all materials. The observed values of y, are high when
compared to typical Pauli magnets. We suggest that the mag-
netic response originates from a diluted localized magnetic
sublattice but also discuss itinerant scenarios and the possibil-
ity of an associated electronic instability. All materials under
study show long-range AFM order. The transition tempera-
tures increase following the sequence of Mn, Fe, Co, while
except for M = Co, the chalcogenide has no sizable effect
on Ty. We conclude a significant magnetic coupling energy
(>300 K). The reduction of 7y due to dilution of the magnetic
subsystem is strongly affected by the magnetic anisotropy of
the transition metals in (Li,M)ChO.

II. EXPERIMENTAL METHODS

The materials (Li,M)ChO with M = Fe, Co, Mn and
Ch = S, Se were synthesized as reported previously for M =
Fe and heat treated in different ways to alter various impurity
phases. Tiny amounts' of impurity inevitably show up in
this class of materials, which is likely associated with their
metastable nature and the presence of stable competing phases
[18-28]. The yet unreported synthesis of (Li,M)ChO with
M = Mn, Co by means of a high-energy ball milling pro-
cess is described in the Appendixes. The prepared materials
were analyzed by powder x-ray diffraction (pXRD) (STOE
STADI P diffractometer) using the Debye—Scherrer method
with Mo K, radiation source (A = 0.70926 A) for the Mn-
based samples or Co K, radiation source (A = 1.7902 A) for
the Co-based samples and a Mythen 1K detector (Dectris).
The samples were filled into glass capillaries inside the glove-
box and melt-sealed to prevent any air exposure during XRD
investigations. The corresponding pXRD patterns are shown
in Fig. 1. Elemental analysis by inductively coupled plasma-
optical emission spectroscopy (ICP-OES) (iCAP 6500 Duo
View, Thermo Fisher Scientific GmbH) was used to estimate
the stoichiometry of the produced compositions in terms of
molar ratios of the elements.1 Scanning electron microscopy
(Nova-NanoSEM 200) coupled with energy dispersive spec-
troscopy (EDS Genesis with 15 kV accelerating voltage) was
used to evaluate the morphology and composition of the stud-
ied compounds.

The successful synthesis of the stoichiometric materials
is demonstrated by the pXRD patterns (Fig. 1) and by the

'For a detailed quantitative discussion, see the Appendixes.
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FIG. 1. Powder x-ray diffraction patterns of the materials un-
der study. Dark cyan lines in each plot mark the Bragg positions
of the expected main phases [ICSD files for all materials un-
der study: (Li,Fe)SO: 253936; (Li,Fe)SeO: 253937; (Li,Mn)SO:
434436; (Li,Mn)SeO: 434437; (Li,Co)SO: 434438; (Li,Co)SeO:
434439] [13,18]. The scattering vector Q is used as the abscissa to
compare data obtained using different radiation sources (see the text).
Crystalline impurity phases are detected in (Li,Mn)SeO as shown by
the markers. The data of (Li,Fe)SO and (Li,Fe)SeO are reprinted
from Refs. [21,22].

ICP-OES results (Table III) of the as-ball-milled samples.
The diffraction patterns exhibit broad but well-defined Bragg
peaks that match the reported ICSD/CSD reference patterns
for the corresponding compounds [13,18]. Minor crystalline
secondary phases were only detected for (Li,Mn)SeO. The
detailed discussion of tiny impurity phases below the pXRD
detection limit can be found in the Appendixes. The ICP-OES
data show that the compositions are in good agreement with
the nominal stoichiometries.

Magnetic measurements were performed on powder sam-
ples using a MPMS3 SQUID (Superconducting Quantum
Interference Device) magnetometer (Quantum Design). Prior
to the measurements, the samples have been stored and
mounted to sealed sample containers in an argon-filled glove-
box. The static magnetic susceptibility x = M/B has been
obtained upon increasing the temperature at 1 T by using field-
cooled (FC) and zero-field-cooled (ZFC) protocols where the
sample was cooled either in the external measurement field or
the field was applied after cooling to the lowest temperature.
Measurements have been restricted to <330 K; the upper tem-
perature limits for the materials were chosen to avoid thermal
hysteresis effects which we attribute to thermal degradation
of the metastable materials. Isothermal magnetization M (B)
has been measured at 7 = 1.8 K in the field range -7 T
< B < +7 T. In addition, continuous-wave electron spin reso-
nance (ESR) measurements at a fixed microwave frequency of
9.56 GHz and in magnetic fields up to 0.9 T were performed,
at room temperature, using a commercial X-band spectrom-
eter (EMX from Bruker). The obtained ESR spectrum was
fitted using Lorentzian and Dysonian line shapes including
the contribution from the resonance at negative magnetic
field [29].
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FIG. 2. Static magnetic susceptibility (x = M/B) of (Li,M)ChO
with M = Mn (a), (b), Fe (c), (d), Co (e), (f), and Ch = S, Se. Both
FC (filled orange markers) and ZFC (open black markers) protocols
have been applied. In (e), (f), FC data have been shifted to com-
pensate for a hysteresis effect of a tiny FM impurity phase. Insets:
Corresponding isothermal magnetization at 2 K and 300 K.

III. RESULTS

A. Static magnetic susceptibility and Fisher’s specific heat

The static magnetic susceptibility x(7') = M(T)/B ob-
tained both in ZFC (xzrc) and FC (xgc) protocols as well
as the isothermal magnetization M(B) of (Li,M)ChO with
M = Mn, Fe, Co and Ch =S, Se are shown in Fig. 2 and
represent the magnetic response of Li-rich antiperovskites
upon the variation of the M and Ch ions. The main features
are as follows: (1) In the whole temperature regime under
study, xpc decreases upon heating but displays only a rather
small or even constant temperature dependence, except for a
step- or kinklike behavior at low temperatures. In particular,
we do not observe a general Curie-Weiss-like behavior in
the accessible temperature range, which would clearly indi-
cate the presence of localized magnetic moments. Notably,
the seemingly small Curie-like contribution in (LiFe)SeO
at lowest temperatures is not present in the ZFC data, which
excludes attributing it to a simple Curie- or Curie-Weiss-like
response. The absence of a mean-field-like response is further
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FIG. 3. Fisher’s specific heat d(x7)/dT (blue open markers)
as derived from the FC static magnetic susceptibility (black filled
markers) in Fig. 2. The center of the step marked by 7y signals
the evolution of long-range magnetic order while 7;, and 7 are the
temperatures where the steps begin and end.

illustrated by the double-logarithmic plot of the temperature
dependence of x ' (see Fig. 10 in the Appendixes). We also
note that our data do not show any activated behavior in
the magnetic susceptibility, which excludes the scenario of a
narrow-band-gap semiconductor. (2) For all materials, we find
that ZFC/FC splitting extends either to room temperature or
to about 100 K ((Li,Fe)SO). In the vicinity of the anomalies
in xpc, the FC/ZFC splitting considerably increases which
yields a clear maximum in xzpc in (Li,Fe)ChO, at around
50 K, while this feature is replaced with a kink and a sub-
sequent smooth increasing, giving rise to an arclike hump in
(Liz;Mn)ChO and (Li,Co)ChO. (3) Isothermal magnetization
confirms small FM impurities (see the insets of Fig. 2). The
nature and content of potential impurities are discussed in
detail in the Appendixes and range between nearly vanishing
impurity fractions < 0.1 w% up to fractions of ~5 w% (see
Table IV).

Calculating Fisher’s specific heat d(xpcT)/0T allows us to
estimate the temperature dependence of the magnetic entropy
changes (see Fig. 3) [30]. The results show a steplike feature
in the magnetic specific heat of all studied materials, which
is indicative of the onset of long-range magnetic order. For
Li,FeChO, local probe studies, i.e., NMR and Mdssbauer
spectroscopy, recently confirmed the assignment of the ob-
served step in d(xpcT)/0T to the onset of long-range AFM
order [24]. For completeness, we characterize the steplike
features by their onset temperatures, 7;, a tiny maximum at
the low-temperature edge of the step, 7, and the step center,
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TABLE I. Characteristic temperatures of the magnetic specific
heat anomalies and high-field paramagnetic susceptibilities o =
oM /9B at 6 T. In addition to the long-range ordering temperature 7y,
which is determined as the center of the steplike increase in Fisher’s
specific heat, we also list 7, and 7; where the step begins and ends
(see Fig. 3).

In T; Ty Xo

(K) (K) (K) 1072 5
(Li,Mn)SO 28(2) 23(2) 32(2) 4.5(1)
(Li,Mn)SeO 29(2) 25(2) 32(2) 4.7(2)
(Li,Fe)SO 46(2) 38(2) 64(2) 3.6(1)
(Li,Fe)SeO 50(2) 43(3) 56(2) 3.2(1)
(Li,C0)SO 67(3) 55(4) 77(2) 2.37(5)
(Li»C0)SeO 92(2) 83(3) 101(2) 5.2(1)

which we attribute to the actual ordering temperature, 7y. The
obtained values are summarized in Table I and are displayed
in Fig. 4.

B. Paramagnetic susceptibility

All (LioM)ChO compounds presented in the literature fea-
ture magnetic impurity phases [18-28]. This is most likely
due to the metastability of the materials as suggested by
their partial decomposition into binary phases at intermediate
temperatures and supported by DFT studies [13,14,31]. Both
binary oxides and chalcogenides are stable competing phases
[32]. While this complicates, or even entirely prevents, the
quantitative determination of the comparatively small param-
agnetic response from low-field magnetization measurements,
the vanishing magnetic susceptibility of ferromagnets at suf-
ficiently high magnetic fields enables us to determine the
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FIG. 4. (a) Magnetic ordering temperature 7y and (b) mag-
netic susceptibility x of (Li;M)ChO (M = Mn, Fe, or Co; Ch =
Se or S). 7 and T, indicate the low- and high-temperature bounds
of the jumps in Fisher’s specific heat as illustrated in Fig. 3. x has
been determined as oM (B)/dB at B~ 6T, T = 300K and [only for
(Li,Fe)SO as described in the text] from M(T)/B (at B = 1T). Lines
are guides to the eye.

(Li,Fe)SO

\\

x = M/B (105 erg G2g™)
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FIG. 5. Experimental magnetic susceptibility of (Li,Fe)SO (data
points) from Fig. 2(c) and calculated magnetic response for a system
of localized moments S =2 on the Fe positions according to the
Curie-Weiss law [y = C(T + ®)] with the Curie constant C and
varying Weiss temperatures © (lines). ® = 0 reflects noninteracting
moments while ® > 0 accounts for effective antiferromagnetic cou-
pling. Note that, for T < ©, Curie-Weiss behavior is not expected
in the mean-field model, which is not reflected by the shown Curie-
Weiss curves.

intrinsic paramagnetism of the main (Li,M )ChO phases.> We
hence have determined the high-field magnetic susceptibilities
Xo = 0M(B~6T)/dB from the isothermal magnetization
data obtained at room temperature. The resulting suscepti-
bilities are displayed in Table 1.> The particular low amount
of FM impurities in (Li,Fe)SO additionally enables us to
compare the static and differential magnetic susceptibilities
for this material. To be specific, we find a tiny FM response
at 300 K of My, =3 x 1072 erg/(Gg) and subtract it from
the measured data.* After correcting for the small FM signal
(Mimp/Mexp == 0.1), the static magnetic susceptibility (M —
Minp)/B, at T = 200 K, perfectly agrees to xo = IM(B ~
6T)/0B (see the red marker in Fig. 4). Furthermore, this
agreement confirms that the high field susceptibilities for all
six samples are reliably extracted from the isothermal magne-
tization (see Table I).

IV. DISCUSSION
A. Magnetic response well above Ty

The absence of a Curie- or Curie-Weiss-like response
(see also Fig. 5) in the magnetic susceptibility, that would

2A quantitative estimate showing that the magnetic susceptibility
of the impurity phases is negligible in comparison at sufficiently high
magnetic fields is given in the Appendixes.

SError bars in xo mainly reflect the uncertainty in the mass
determination and due to the sample holder signal. Additional uncer-
tainties of )y from impurity phases are small in comparison [< 10~
erg/(G*mol); see the Appendixes].

“We attribute the FM response to a Fe, S impurity phase with x < 1
with phase fraction of a few (1-3) per mille which is invisible in
conventional characterization techniques.
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TABLE II. Distances dx_x between the crystallographic X positions in the X3BA structure (X = M, Li) and between M and O sites (dy—o)

as well as associated bond angles and the Goldschmidt tolerance factors 7. ¢ is defined as t = 7

rehtrLiom . . .
T2 ysing the average radius of Li,M
ro+rLiym)

[13,18]. S is the expected spin state of M>* and Ty is the Néel temperature from Table 1. The last column is proportional to the mean-field
estimate of the effective magnetic coupling (zJer) using kgIn ~ z|Jere|S(S + 1)/3, with kg being the Boltzmann constant, z the number of

nearest neighbors, and S the spin quantum number in the high-spin state.

dx—x (A) dy—o (A) Z(M-O-M)(°)  Z(M-Ch-M) () t S WK s K
(Li,Mn)SO 2.80700(11) 1.98485(8) 90° 60° 0.8496 5/2 29 ~10
(Li,Mn)SeO 2.87143(8) 2.03041(6) 90° 60° 0.895 5/2 30 ~10
(Li,Fe)SO 2.76758(0) 1.95697(0) 90° 60° 0.8507 2 46 ~23
(Li;Fe)SeO 2.8302(3) 2.00125(16) 90° 60° 0.8964 2 47 ~24
(Li,Co)SO 2.74990(10) 1.94447(8) 90° 60° 0.8515 3/2 69 ~55
(Li,Co)SeO 2.80806(6) 1.98559(5) 90° 60° 0.8974 3/2 92 ~T74

clearly signal the presence of localized magnetic moments,
challenges the prevalent model of (Li,M)ChO as an insu-
lator with a band gap of =2 eV as based on previously
reported numerical studies [14,33-35]. Specifically, large lo-
calized moments of 4 ug/Fe and a band gap E, of ~2.7 eV
are predicted for (Li,Fe)SO [14]. This has been confirmed
by various numerical studies where band gaps =2 eV are
found [14,34]. E, of 1.5 to 2 eV is also predicted for all
(LioM)SeO studied at hand [35]. We note that Ref. [36], in
contrast, suggests metallic behavior in (LiFe)SO. The rather
Pauli-like magnetic susceptibility found for all materials in
our study, hence, might suggest the presence of conduction
electrons in all (LipM)ChO under study, i.e., a finite density
of states (DOS) at the Fermi energy, but—as will be explained
below—is also consistent with the notion of localized spins.
In the following, we will discuss the scenarios of diluted
localized magnetic moments residing on the X positions of
the antiperovskite X3BA structure as well as itinerant electron
scenarios. The possible two main exchange paths between
neighboring localized magnetic moments in (Li,M)ChO are
a M-Ch-M path with 60° bond angles (which suggests its
AFM nature) and a (presumingly weak FM) 90 ° exchange
path via an oxygen ion (see Table II). The observed long-
range AFM order suggests the dominance of the former
exchange path. The scenario of localized moments and semi-
conducting behavior is not excluded by our observation of the
only weakly temperature-dependent magnetic susceptibility
and clear non-Curie-Weiss behavior: One possible explana-
tion for such behavior is the presence of differently sized,
finite magnetic clusters. When the magnetic interaction is
sufficiently large, such clusters exhibit size-dependent exci-
tation gaps and reduced magnetization. The size-dependent
distribution of excitation gaps can, in principle, account
for unexpected and weakly temperature-dependent magnetic
susceptibility (see examples in Refs. [37—41]). We also
note that antiferromagnetic interaction of localized spins has
also been found in itinerant systems, as, e.g., observed in
CaCu3Ru40,0, where immersion of Cu?* ions in an itinerant
band and associated Kondo physics are suggested to yield
strongly reduced and weakly temperature-dependent spin
susceptibility [42].

In the following, we further discuss this scenario of dif-
ferently sized, finite magnetic clusters. A particular property
of the Li-rich antiperovskites studied here is their strongly

disordered nature arising from the shared position of the Li
and M ions in the X3BA structure [i.e., (LioM)ChO]. Recent
x-ray pair distribution function and Mossbauer studies suggest
a nearly random occupation of the X position [24,43,44] by
both metal species. For 1/3 occupation with magnetic centers,
the probability to find isolated clusters (magnetic multimers)
is hence directly related to the probability of finding n nearest
magnetic M sites on the nearest-neighbor (NN) X positions,
which is given by f, = (8}—‘),, x (3)" x (3)%" [24]. This
allows us to calculate the probabilities to find isolated clusters
of paramagnetic M ions of size m.® We find that 3.9% of
all M sites form magnetic monomers (i.e., >~ 1.3 % of all
X -sites). For magnetic dimers, exactly one of the NN sites
of M is magnetic, too, which is realized in about 2% of the
magnetic sites.” For trimers, four configurations are possible
[equilateral triangles (eqT) where all three magnetic ions are
NN; L-shaped triangles (LT) where the center M ion has
two nearest M neighbors which are second NN; linear trimer
chains (1inT); other triangles (othT)®]. The probability for
trimers is hence ~1.1 %.° Larger clusters become increasingly
improbable.

The valence of the metal ions has been spectroscopi-
cally confirmed to be +2 [27,45]. While, in principle, for
Co*" (8 =3/2,1/2) and Fe** (S = 2, 1), several spin states
may be possible,'® recent XPS data suggest high-spin con-
figurations [22,45]. The superposition of the responses of
differently sized small finite spin ensembles, i.e., the superpo-
sition of responses characterized by different excitation gaps
can yield a weakly temperature-dependent magnetic suscep-
tibility [38,40,41]. The small probability of finding isolated
small clusters with n > 2, however, strongly suppresses the
experimental signature of the superimposed spin gaps (for
illustration, see Fig. 9 in the Appendixes, where the suscep-

%Here, cluster size means the number of magnetic sites in the
cluster.

T faim = fi =8 x (%) X (%)12-

8The other triangles refer to those where the angle opposite of the
longest side is neither 60 ° nor 90 °.

St =8x (3)x (12 x (3)5~02 %; fir =8 x (¥) x ($)? x
eq 2 3 3 2 3
)04 % fir =8 x (2) x (17 x (2)'® ~0.12" %; four =

8x (3)x (3 %x (3" ~04 %.
10The low-spin state of Fe’! has been experimentally excluded
[24].
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tibilities of finite spin chains have been added up according
to their occurrence as calculated above). Depending on the
local arrangement of the M sites, and as illustrated by the
considerations on the various trimer configurations exemplar-
ily discussed above, geometric magnetic frustration may be
relevant, too. In addition, the fact that no distinct Curie tail
is observed in the experimental data presented in Fig. 2,
however, implies that the expected monomers (and, more
generally, odd-numbered spin ensembles, such as trimers)
do not respond as isolated systems, thereby suggesting that
next-nearest neighbor (NNN) interactions must be taken into
account, too. In conclusion, the presence of finite sized en-
sembles which are weakly coupled via NNN interaction,
frustration, and a disordered percolating network of isolated
spins may hence qualitatively explain the observed tempera-
ture dependence of the magnetic susceptibility. This, however,
requires comparably (to 7y) large magnetic coupling since
localized moments obey the Curie-Weiss behavior in the high-
temperature limit. For (Li;Fe)SO, our data would, thus, imply
a strong effective magnetic NN coupling of J > 300 K.

B. Discussion of Ty

Long-range magnetic order is a common feature of (nondi-
luted) antiperovskite materials. A few FM and collinear
AFM antiperovskites have been reported, while more than a
dozen antiperovskites show noncollinear antiferromagnetism
[46—48]. For example, Mn3ZnN exhibits long-range AFM
order below 183 K and an AFM-AFM transition at 140 K
[47]. In contrast to these materials where the X sites are
fully occupied by paramagnetic ions, the observation of a
long-range magnetically ordered ground state may be less
expected in the Li-rich materials where only 1/3 of the X
sites are paramagnetic. The shared X position by the Li and M
ions yields significant dilution of the magnetic sublattice and
strong disorder. Still, all (Li,M)ChO discussed here display
clear signatures of long-range AFM order at low temperatures.
While the existence of long-range AFM order has been further
confirmed by NMR and Mdossbauer studies for (Li;Fe)SO and
(LipFe)SeO [24], Fisher’s specific heat allows us to follow
the ordering temperature for the different compositions. Our
data show that Ty is lowest for (Li,Mn)ChO, increases for
(LipFe)ChO, and is highest in (Li;Co)ChO (cf. Fig. 4). We
also find that, except for M = Co, the choice of the chalco-
genide has no sizable effect on Ty.

We first discuss the very presence of long-range magnetic
order which implies that the fraction of magnetic sites in all
investigated materials overcomes the percolation limit. In the
X3BA antiperovskite structure, magnetic ions occupy 1/3 of
the face-centered X sites in X3BA. They form a lattice whose
magnetic percolation threshold to the best of our knowledge
has not been established in the literature yet. It, however,
features the same coordination number of nearest neighbors
Znn = 8 and next-nearest neighbors Zynny = 6 as the bec
lattice. As a first approximation, we hence infer that the per-
colation threshold is close to that of the bcc lattice, which is
>~ 0.246 [49]. For an arbitrary cubic lattice, the percolation
threshold can be estimated by [50]

1
T 1+ om0 (Zy — 1)]

Pe ey

T T T T T T T T T

O ESR spectrum — 81

(a) background (b) — 82

—fit

g =2.021(14)
AB =48 mT

»

Intensity (a.u.)

T=300K

0 I 200 400 600
B (mT)

800 O 200 400 600 800
B (mT)

FIG. 6. (a) ESR spectrum of (Li,Mn)SO at 300 K. The central
signal has been fitted [see (b)] by a pure Lorentzian line shape (signal
S1), while a Dysonian line shape (signal S2) accounts for the broad
variation of the signal background.

where Q is the connectivity index related to the dimension d
of the system by Q = d — 1, Zy, = 8 is the mean coordination
number, and ¢ = 1/1In5 [50]. For X3BA studied at hand,
this yields an estimated percolation threshold of p. =~ 0.26.
Both the comparison with the bce lattice as well as the nu-
merical estimate using Eq. (1), hence place (Li,M)ChO in
the vicinity but slightly above the magnetic percolation limit
which straightforwardly explains the observed evolution of
long-range magnetic order.

As shown in Table II, the variation of Ty neither corre-
sponds to the changes in the distance or bond angles of the
magnetic ions nor to the tolerance factor ¢. In particular, there
are clear changes in the structure parameters when replacing
S by Se which do not involve corresponding changes of Ty
for M = Mn and Fe. Considering the electronic structure,
replacing S with Se is supposed to elevate the M>* energy
levels due to the weak interaction between the high energetic
4p and 5p chalcogenide states and the 3d metal states [34].
From a geometrical point of view, the larger Se** ions yield
a Goldschmidt tolerance factor closer to the ideal perovskite
structure, which might yield stronger AFM superexchange in
(LipM)SeO than in (LipM)SO. Our data, however, suggest
that a variation of the magnetic exchange coupling due to
the structural changes in the series of materials under study
is not key for the observed changes in Ty. Instead, a relevant
property may be magnetic anisotropy, which is particularly
small in Mn”* ions but typically strongly increases for Fe*
and Co’" due to the deviation from half filling of the fre
orbitals. Accordingly, while (Li,Mn)ChO may be described as
a (diluted) 3D Heisenberg magnet, the Ising character of the
magnetic system progressively increases in (LiFe)ChO and
(Li,Co)ChO, with the latter exhibiting the most pronounced
orbital contribution to the magnetic moment and, hence, the
strongest Ising character.

The presence of rather isotropic magnetic localized mo-
ments in (Li;Mn)SO is confirmed by the ESR signal in
Fig. 6. To be specific, the ESR signal is dominated by a
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Lorentzian-shaped line characterized by the g factor g =
2.021(14). This is in the upper regime expected for Mn**
ions with S =5/2 and vanishing orbital momentum [51].
The observed linewidth of AB = 48 mT is in the regime of
what is observed in MnO (AB = 60 mT (extrapolated from
200 K) [52]), MnTiOs (AB =~ 24 mT [53]), and LiMnPO4
(AB ~ 30 mT [54]), all of which at room temperature be-
ing in their paramagnetic regime. In addition to the clearly
Lorentzian-shaped line, the spectrum exhibits an additional
rather dispersive component which is described by an Dyso-
nian line shape [see Fig. 6(b)]. One may speculate that it
is associated with >~ 1 % mesoscopic (but not superpara-
magnetic) metallic iron inclusions in the material resulting
from the synthesis process (see Table IV in the Appendixes).
Note, that we did not see X-band ESR resonance features in
(Li,Fe)ChO (data not shown). The absence of both signals
in the Fe-containing materials can be attributed to the strong
single-ion anisotropy of Fe?*, rapid spin-lattice relaxation,
and the absence of metallic iron inclusions. The presence of
the clear ESR signal in (Li,Mn)SO implies the presence of
localized spin and suggests its nonmetallic character.

The dilution of the magnetic lattice prevents Ty to be
taken as a direct measure of magnetic coupling between the
magnetic moments. For example, (site-)diluting the 3D-Ising
AFM Fe,F and MnF, with diamagnetic Zn yields strong
suppression of long-range magnetic order as well as soft-
ening and broadening of the associated anomalies in the
magnetic susceptibility and the specific heat [3,55,56]. In the
example of Fe,_,Zn,F, with x >~ 2/3, which is above the
percolation threshold of this system, long-range AFM order
evolves at only ~ 0.2 x Ty(x = 0) [3]. In addition, even in
less diluted systems (x = 0.31), Ty is significantly reduced
and spin-glass-like behavior has been found at temperatures
well below Ty(x = 0.31) as evidenced by bifurcation in the
FC/ZFC magnetic susceptibility [10]. A similar trend of re-
duction of Ty is seen in the fcc AFM system Co;_,Mg O
where Ty (x = 1/3)/Tx < 0.1 [4]. In the example of Fe,Al;_,,
the long-range ordering temperature is reduced by an order of
magnitude at about 60% filling (dilution y ~ 0.6) as compared
to nondiluted materials [57,58]. Typically, dilution of the mag-
netic subsystems initially leads a quasilinear suppression of
the magnetic ordering temperatures while suppression beyond
linearity is found in the vicinity of the percolation threshold
pe [3,4,58]. We must, therefore, conclude that Ty of the hy-
pothetical undiluted versions of the materials, i.e., Fe;ChO,
Mn;ChO, and Co3ChO, would be much higher than observed
for the 2/3-diluted materials studied at hand. None of them,
however, forms a stable structure, so we indirectly infer from
the literature data on the above-mentioned diluted systems that
T#’ﬁee > 300 K, i.e., more than an order of magnitude larger
than Ty (x = 0.33) found at hand. The expected high ordering
temperatures of the nondiluted materials are consistent with
recent findings on cation-deficient 5-Fe,SeO [48]. Despite
clear structural discrepancies [59], it is meaningful to compare
the onset of long-range AFM order at Ty = 104 K in 2/3-
filled B-Fe,SeO with significantly smaller 7,{">"%*° ~ 47 K
where, e.g., the distances between the magnetic Fe>* species
(dpe_re >~ 2.93 —2.97 A) may suggest smaller magnetic cou-

pling.

While 7y does not directly reflect the NN magnetic cou-
pling, it still may be useful to exploit the relation 3kgTN ~
Z|Jee|S(S + 1) obtained from the mean-field approximation
of the Heisenberg model.!' Here, kg is the Boltzmann con-
stant, z the number of NNs, and S the spin quantum number.
The ratio 37N/(S(S + 1)) given in Table II hence reflects
both the effective magnetic coupling provided by potentially
competing exchange paths and the effective number of NN
(i.e., z X |Jeff]). As mentioned above, the typical reduction
in Mn-based diluted magnetic systems [55,56] suggests that
the hypothetical ordering temperature in Mn3ChO is >300 K.
This would imply |zJe| > 100 K. Such a strong magnetic
coupling is consistent with our data which do not show CW
behavior even at 300 K. The presence of strong magnetic
coupling is further corroborated by the width of the room-
temperature ESR signal presented above. The large linewidth
of AB =48 mT indicates the presence of comparably fast
relaxation processes in (Li,Mn)SO which is straightforwardly
explained by residual short-range magnetic correlations at
300 K. We conclude that, at 300 K, (Li,Mn)SO is not yet in
the purely paramagnetic regime but exhibits sizable magnetic
correlations.

Considering that z is independent on the transition metals
in (Li,M)ChO, the drastic increase of 37y/(S(S + 1)) sug-
gests a strong increase of |Je| under the exchange Mn —
Fe — Co at the M site (see Table II). Alternatively, one
may speculate that, due to the vicinity to the percolation
threshold, the variation in the magnetic anisotropy from the
almost isotropic spin systems (LiMn)ChO to the strongly
anisotropic ones in (Li;Co)ChO affects the value of Ty. The
transition metal ions under study are paradigmatic examples
of vanishing (Mn** : 3d>;J = § = 5/2), intermediate (Fe** :
3d®), and strong (Co*" : 3d”) magnetic anisotropy in their
high-spin states realized at hand [60,61]. For (Li;Mn)ChO, we
have confirmed the expected vanishing anisotropy by means
of ESR which shows g & 2. As expected for ions with pro-
nounced magnetic anisotropy, we did not find X-band ESR
signals in the Fe-based materials which are usually ESR-silent
at X-band frequencies. Future studies for the quantitative de-
termination of the expected increase of magnetic anisotropy
when replacing Fe by Co, e.g., by inelastic neutron scatter-
ing, X-ray magnetic circular dichroism, or magnetostriction
measurements in combination with numerical studies will be
needed to further disentangle the magnetic and structural pa-
rameters governing magnetism in Li-rich antiperovskites.

A key effect of magnetic anisotropy on the actual ordering
temperatures is suggested by the reported different critical be-
havior of relevant properties such as the magnetic correlation
length in materials with different magnetic anistropies [2,62].
Furthermore, different dilution dependencies of the actual
ordering temperatures have been observed when approaching
the transition temperature. The fact that 7y is clearly larger in
(LiCo0)SeO than in (Li;Co)SO then suggests that exchanging
S by Se affects either |Jo| or the magnetic anisotropy in
(Li,Co)CHhO. In contrast, this effect is not observed in the Fe-
and Mn-based materials (see Fig. 4).

"Note that this estimate is based on the Heisenberg model, which
might be valid only to a limited extent for M = Fe, Co.
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In addition to long-range magnetic order, reported NMR
data reveal short-range magnetic order persisting up to about
100 K in (Li;Fe)ChO [24]. Notably, this coincides with the
onset temperature of ZFC/FC bifurcation in (LiyFe)ChO,
which is referred to as T;;. We infer the presence of uncom-
pensated magnetic moments in the short-range ordered phase
which is reflected by a weak canted moment appearing below
Tx. Qualitatively, ZFC/FC bifurcation is a typical feature in
strongly diluted AFM systems in the vicinity but above the
percolation threshold [9,11,12,63]. This also holds for the
presence of a small canted moment and the appearance of
weak ferromagnetism since quenched disorder leads to spa-
tially inhomogeneous magnetic exchange interactions. In such
diluted systems, rare regions with strong magnetic coupling,
embedded in a paramagnetic background, can maintain finite
localized magnetic moments even above the ordering tem-
perature [64]. Finally, we note that unusual magnetic phases,
including the Griffiths phase found by means of power law
analysis of the magnetic susceptibility in several diluted mag-
nets [65,66], are not indicated in the materials studied at hand
(see Fig. 10 in the Appendixes).

C. Itinerant electron scenarios

The observation of an only weakly temperature-dependent
magnetic susceptibility motivates us to discuss the scenario
of weakly itinerant electrons. Indeed, metallic systems with
rather poor conductivity can show intriguing electronic insta-
bilities. The fragile nature and strong air sensitivity of Li-rich
antiperovskites challenges electronic conductivity measure-
ments and, to the best of our knowledge, its temperature
dependence has not been studied yet. At room temperature, di-
rect current polarization studies of the electronic conductivity
of (Li,Fe)SO on pressed pellets using ion-blocking electrodes
showed ~5 — 8 x 10~* S/cm, which is in the regime of semi-
conducting behavior [67]. Possible lithium deficiency and
associated oxidation of Fe?* can, however, shift the Fermi
level deeper into the Fe 3d manifold, so partially filled d states
yield greatly improving electronic conductivity [33].

Typical Pauli susceptibilities of metals are in the order
10~* — 1073 erg/(G®mol), which is much smaller than the
susceptibilities observed at hand. This agrees to the follow-
ing estimate where the DOS of D(Egr) ~ 12 Ry ™! per unit
cell numerically obtained in [36] is used. For noncorrelated
metals, this yields xpun = Napg x D(Ep)/Z = 1.4 x 1073
erg/(G®mol). Here, N is Avogadro’s number and Z = 2 is
the number of formula units in the crystallographic unit cell.
This value of xp,y; is in the regime expected for typical non-
correlated metals but is 2 orders of magnitude smaller than
the experimentally derived high-field susceptibilities shown
in Table I. When attributing this discrepancy to a Stoner-like
enhancement of the magnetic susceptibility as described by
Xenh = xp/(1 — ID(Eg)) with I being the exchange integral
describing the magnetic exchange interaction, our experimen-
tal data would indicate ID(Er) =~ 0.99. Such a large Stoner
factor would place the antiperovskites under study at the verge
of long-range FM order and is rather unlikely.

While our data exclude noncorrelated models, a variety
of correlated metals are reported in the literature featuring
enhanced Pauli-like susceptibility. In CoS; 4Seq ¢, Goto et al.

reported x ~ 2 x 1073 erg/(G’mol), which is of similar or-
der found at hand [68] and has been attributed to zero-point
spin fluctuations. Strong Pauli enhancement with a Stoner
enhancement factor of ~20 is reported for the cubic Cry3Bg-
type compounds Lu,_,Niy;Bg and Zr,Niy;Bg, which show
x = 1.7 x 1073 erg/(G*mol). Rather large magnetic suscep-
tibility has also been found in pnictide-based superconductors
at temperatures above the spin-density-wave transition [69].
Different from our findings at hand, it features an increase
of x upon heating. Among a variety of possible scenarios,
it has been argued that the magnetic susceptibility in Fe-
based pnictides is linked with a sharp peak in the spectral
function located slightly below the Fermi level [70]. Finally,
we also note that the disordered nature of (Li,M)ChO may
introduce a series of impurity levels which also might strongly
modify the electronic response as discussed, e.g., for WigOy9
[71]. We therefore conclude that, although we consider an
itinerant electron scenario rather unlikely, possible electronic
itinerancy induced by lithium deficiency cannot be completely
ruled out based on our magnetic measurements, but would
necessarily imply the presence of strong correlation effects.

V. CONCLUSIONS

The lithium-rich antiperovskites (Li,M)ChO (M =
Fe,Co,Mn and Ch = Se,S) enable us to investigate a
series of diluted magnetic systems with identical dilution
levels just above the percolation threshold but variation
of spin size, magnetic anisotropy, and magnetic coupling.
In the antiperovskite X3BA structure, transition metal and
lithium ions are randomly distributed on the X sites of
the X3BA structure, thereby forming a 2/3-diluted (i.e.,
1/3-filled) magnetic lattice. While all materials under study
show long-range magnetic order, the ordering temperatures
strongly increase from ~ 30 K in (Li,Mn)ChO to >~ 50 K
in (Li,Fe)ChO and 70 — 90 K in (Li,Co)ChO. We conclude
significant magnetic coupling (|z/esr| > 100 K) and attribute
the transition-metal dependence of Ty to an increasing
magnetic anisotropy of the magnetic subsystems. At high
temperatures, the data imply the absence of a distinct
Curie-Weiss behavior below 350 K but show a large Pauli-like
magnetic susceptibility in the order of x ~ 1073 erg/(G’mol)
in all materials under study. Itinerant electron scenarios
are rather unlikely. Instead, we ascribe the temperature
dependence of x to the response of diluted, strongly
interacting but only short-range ordered magnetic systems.
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TABLE III. Composition of the studied materials as determined by element analysis through ICP-OES measurements. The molar ratio was
calculated from the obtained mass-percentages of the ICP-OES analyses. Molar ratios are scaled to sum up to about 5.

ICP-OES data

Mass percent

Molar ratios

(Li,Mn)SO Liy 1 7403y Mnye 1787 Fe1.393)S26.007)
(Li,Mn)SeO Li7 866)Mn3;1 2231 Fe4.547)S€45.99(48)
(Li,Fe)SO Li1.5209)Fe6.902.20525.9¢5)
(Li,Fe)SeO Lig 36(8)Fe33.81(28)S€47.49(49)
(Li,Co)SO Li1.20026)C048.86(93)S25.48(42)
(Li,Co)SeO Li7 708)C033.522)F€2.88(2)S€45.68(67)

Liy.97¢4)Mng.08(2)F€0.03(1)S0.95(3)O1.08
Lil488(2)Mn0494(1)F304 13(1)560‘97(1)01,08
Li} 0302)Fe0.985)S0.942)O1.15
Lil‘99(2)F61‘01(1)561‘00(1)00.99

Li} 96(4)C00.96(1)S0.962)O1.08

Li} 98(2)C00.96(1)F€0.09(1)S€0.982)O1.08
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APPENDIX A: MECHANOCHEMICAL SYNTHESIS

All materials under study have been made by
mechanochemical syntheses, which provides a simple,
easily scalable, and laboratory-safe process. For M = Fe, the
synthesis method as well as the effects of postsynthesis heat
treatment to eliminate and to alter various impurity phases
have been reported in our previous works [21,22,25,26]; here,
we extend this approach to the materials (LioM)ChO with
M = Co and Mn.

The samples of (Li;M)ChO (M = Co,Mn; Ch =S, Se)
were synthesized by high-energy ball milling using stainless-
steel jars. All sample handling and loading were per-
formed inside an argon-filled glovebox (MBraun) with
controlled atmosphere (O, and H,O <1 ppm). For the
sulfur-containing compounds, (Li,M)SO (M = Co, Mn), sto-
ichiometric amounts of Li,S and the corresponding transition-
metal oxide (CoO or MnO) were used as starting materials.
For the selenium-containing compounds, (Li;M)SeO (M =
Co, Mn), stoichiometric mixtures of Li,O, elemental M (Co
or Mn), and elemental Se were employed. The total mass
of the starting mixtures ranged between 4 and 6 g. The
ball-to-powder weight ratio (BPR) was maintained at 5:1
for all compositions, except for (Li;Co)SeO, for which a
BPR of 3:1 was employed. High-energy ball milling was
carried out at room temperature using a SPEX SamplePrep
8000D mixer/mill operated at a rotation speed of 875 rpm.
The milling process was interrupted at regular intervals, and
the reaction progress was monitored by pXRD. Milling was
continued until no further changes in the diffraction pat-
terns were observed, indicating completion of the reaction.
At the end of each milling step, the jar was opened inside
the glovebox, and the powder was extracted for subsequent
characterization. In addition to the XRD data presented in
the main text, the successful synthesis was further confirmed
by inductively coupled plasma optical emission spectroscopy
(ICP-OES), as shown in Table III. The measured composi-

tions are in good agreement with the nominal stoichiometries.
Minor Fe contamination was detected in most samples, par-
ticularly in the Se-based compounds, and is attributed to
abrasion of the milling balls and vial during high-energy dry
milling. Scanning electron microscopy (SEM) images of the
ball-milled samples (Fig. 7) reveal predominantly spherical
nanoparticles with micrometer dimensions and broad size
distribution.

APPENDIX B: NATURE AND AMOUNT OF MAGNETIC
IMPURITY PHASES

Figure 8 shows isothermal magnetization curves of the ma-
terials under study. All specimens exhibit small FM impurity
signals at low magnetic field, except for (Li,Fe)SO. The sat-
uration magnetization MM of the FM impurities is extracted
from the isothermal magnetization curves and shown in Ta-
ble IV. The impurities in the heat-treated Fe-based samples
are most likely Fe;_,Se and Fe,S, respectively [21,26].

For the Mn-containing compositions, the FM signals can
neither be metallic Mn nor its oxides/chalkogenides because
they are AFM at room temperature. In contrast, the ICP-OES
data suggest a tiny Fe signal which likely originates from
the ball-milling process. The FM impurities can hence be, in
principle, attributed to metallic Fe® or Fe;04. By using the
saturation magnetization of Fe® [~222 erg/(Gg)] and Fe;04
[~80 erg/(Gg)] [72], the amount of both potential impurity
phases can be estimated by the experimentally determined
M. For (Li;Mn)SO, this analysis yields ~ 0.9 w % for

sat

FIG.7. SEM images for the studied (Li,M)ChO (M =
Fe, Co, Mn; Ch = S, Se) materials.
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TABLE IV. Summary of characterizing studies on (Li,M)ChO studied at hand. M is the size of the temperature-independent FM

sat

moment. The rows labeled pXRD and ICPEOS summarize the results of the respective measurement. No value indicates the absence of
pXRD features which implies the absence of more than 1-2% of crystalline impurities. The last row summarizes the conclusions on the

magnetic impurity phases.

M™ at 300 K pXRD ICP-OES Conclusion
(Li,Mn)SO 2 erg/(Gg) 1.39(5) w% Fe Fe’
(Li,Mn)SeO 6 erg/(Gg) MnQO,;, SeO; 4.54(7) w% Fe Fe? and Fe;04
(Li,Fe)SO 0.03 erg/(Gg) Fe, S ~ 0.2 w% Fe,S [26]
(LioFe)SeO <1 erg/(Gg) <0.1% Fe,_,Se [21]
(Li,Co)SO 3.5 erg/(Gg) a Co°
(Li,C0)SeO 3.5 erg/(Gg) b 2.88(2) w% Fe Fe®, Co?, Fe;04

2Co9Sg appears after heat treatment.
®CogSeg appears after heat treatment.

Fe® or ~ 2.5 w% for Fe;04, and ~2.7 w % Fel or ~7.5
w % Fe; 04 for (Li,Mn)SeO. We conclude the presence of Fe’
in (Li,Mn)SO while both Fe® and Fe;0, can be present in
(Li,Mn)SeO. The fact that the Verwey-transition is not seen
in the data implies that, if Fe;Oy is present, it would have to
be nanosized [73].

In Co-based antiperovskites, metallic Co must be consid-
ered as a potential FM impurity. The origin of ferromagnetism
is hence less clear than in the Fe and Mn counterparts if only
the magnetization data are considered: It may be metallic Co®
[with a saturation moment of ~161 erg/(Gg)], metallic iron, or

iron oxide—or a combination of them. For metallic Co, MEY!

T T T T T — T T
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FIG. 8. Isothermal magnetization of (Li,M)ChO with M =
Mn, Fe, Co and Ch = S, Se as indicated.

suggests an impurity content of approximately 2.2% Co° in
both (Li,Co0)SO and (Li,Co)SeO. Note that we exclude the
presence of CoS; in (Li;Co)SO since this material is FM only
below 112 K [typically ~38 erg/(Gg)]. Both the absence of a
clear feature at 112 K (see Fig. 2) as well as the high amount
of ~20% CoS, needed to account for the observed saturation
moment excludes this scenario because such high amounts of
impurity phases would be detected in XRD.

Considering the limitations on the determination of O,
and to some extent on S and Se, by means of ICP-OES, in
combination with the magnetization data, we conclude the
following picture: First, the ICP-OES Fe signal cannot be
totally due to metallic Fe* in (LiMn)SeO. The ICP-OES
result (1.4 w % Fe? in (Li,Mn)SO, 4.5 w % in (Li,Mn)SeO,
and 2.9 w % in (Li,Co0)SeQ) agrees reasonably well with the
magnetization data only for (Li,Mn)SO. This however would
imply magnetic moments that are too large for the other two
materials. If one instead assumes that the Fe signals entirely
originate from Fe;O4, ICP-OES would suggest 2 w % of
Fe304 in (Li,Mn)SO, 6.1 w % in (Li,Mn)SeO, and 4.1 w % in
(Li,Co)SeO, which yields lower remanent magnetization than
experimentally observed. We conclude for the latter two ma-
terials that the Fe signal originates from a mixture of Fe and
Fe3;Qy4. Our data do not exclude the presence of nonmagnetic
iron oxide. In (Li,Co0)SO, ICP-OES does not report any Fe
signal and metallic Co® is considered the only FM impurity
phase at room temperature. In (Li;Co)CEO and (Li;Mn)SeO,
ICP-OES signals slight transition-metal deficiency, which in-
dicates potential metal vacancies in the main phase. Typically,
such defects can contribute to the magnetic response by a
Curie-like signal which is, however, not observed in our mag-
netic susceptibility data. The nature and quantities of the
impurities as deduced from the detailed discussion above are
summarized in Table I'V.

By tracing the nature and quantities of the impurity phases,
we can further assess their impact on the obtained high-
field differential susceptibilities presented in the main text.
Although certain impurities such as metallic Fe’, Co°, and
Fe;_,Se exhibit relatively high intrinsic magnetic suscepti-
bilities [on the order of ~10~* erg/(G’mol)] [74-77], their
contribution to the overall susceptibility of the sample is
minimal. Given their dilute concentrations within the host
phases, the estimated impurity phase contribution ximp ~
10~%erg/(G?mol) is rather small. Furthermore, Fe;0, and
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FIG. 9. Numerical results on the magnetic response of finite spin
chains S=1/2 (n < 10) and S=2 (n < 6) and S =2 triangles.
Blue lines show the summarized response of evenly distributed finite
chains; red lines estimate the response by using approximations for
the probability of finite clusters as given in the main manuscript text.

Fe,S have a negligible impact because they are magnetically
saturated under the applied field of 6 T [78-81]. Although a
recent report suggested a high-field susceptibility for 3¢ Fe,S
as large as ~1073 erg/(G*mol) [82], its exceedingly low con-
centration in the host phases ensures that its net contribution
remains Ximp ~ 107 erg/(G?mol).

In light of the data presented in Table I, we argue that the
influence of these impurities on the high-field Pauli-like sus-
ceptibility is negligible. Consequently, the o value extracted
from the high-field region (6 T) of the M(B) curves can be
reliably attributed to the intrinsic magnetic properties of the
antiperovskite host phase.

APPENDIX C: MAGNETIC RESPONSE OF FINITE
SPIN ENSEMBLES

In principle, the superimposed magnetic response of
isolated finite spin ensembles may result in a weakly
temperature-dependent magnetic susceptibility [38,40,41].
Two illustrative examples of these superimposed responses
are shown in Fig. 9. In the figure, the responses of finite spin
chains with S = 1/2 and S = 2 are shown, together with the
summarized response of evenly distributed finite chains. Rel-
evant here is the superimposed response of chain fragments
appearing with the probabilities calculated in the main text
for the diluted incomplete fcc lattice (diluted fcc’) as shown
by the red lines. The small probability of finding isolated
small clusters with n > 2 rules out the scenario of isolated
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FIG. 10. Double logarithmic plot of x ~' vs reduced temperature
(T — Tc) of LipFeSO. For the critical temperature, both the actual
magnetic ordering temperature 7y and the irreversibility temperature
T;.: have been chosen (i.e., the temperature below which there is a
thermal FC/ZFC hysteresis; see Fig. 2 in the main text). Dashed lines
shows the hypothetical power law behavior associated with different
critical exponents y. The upper temperature scale refers only to the
red data points.

small clusters. However, including next-nearest interaction
and frustration to the disordered percolating network of iso-
lated spins may qualitatively explain the observed temperature
dependence of the magnetic susceptibility as described in the
main text.

APPENDIX D: POTENTIAL POWER-LAW BEHAVIOR
OF THE MAGNETIC SUSCEPTIBILITY

Figure 10 shows a double logarithmic plot of x~! vs.

the reduced temperature (7 — T¢) of Li;FeSO to investigate
potential critical behavior y o (T — T¢)~7. For the critical
temperature, both the actual magnetic ordering temperature
Tn and the irreversibility temperature 7Ti,; have been cho-
sen. In a model of rare regions in a diluted magnet in the
paramagnetic phase, Tc is the critical temperature of random
FM clusters. In ferromagnets, this temperature can be either
the Curie temperature or the irreversibility temperature. For
antiferromagnets with Griffiths-like behavior, T¢ is usually
selected among Ty, Tirr, the Weiss temperature, or a free fitting
parameter [83,84]. Here, no Curie-Weiss behavior is observed
in the accessible temperature regime, so we choose Tc = Ty
and T¢ = T, respectively. The data in Fig. 10, however, show
the absence of critical scaling. We also note that it further
corroborates the non-mean-field behavior of the magnetic sus-
ceptibility up to 350 K.
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