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The layered 122-type diluted ferromagnetic semiconductor (Ba,K)(Zn,Mn)2As2 has attracted much attention
both for its high Curie temperature up to ∼230 K and for the independent control of charge-carrier and spin
concentrations through doping K and Mn atoms at the Ba and Zn sites, respectively. In order to unveil the nature
of the ferromagnetism in (Ba,K)(Zn,Mn)2As2, its magnetization process has been studied by x-ray magnetic
circular dichroism (XMCD) at the Mn L2,3 edge in a wide range of temperature and magnetic field. The average
magnetization of the Mn atoms as a function of magnetic field (M–H curves) at various temperatures could
be successfully explained by a mixture of paramagnetic (PM), superparamagnetic (SPM), and ferromagnetic
(FM) components as previously reported for GaMnAs, revealing the complex nature of the ferromagnetism in
(Ba,K)(Zn,Mn)2As2. The average magnetization of the SPM clusters of different sizes and the FM regions were
found to be small compared to those in GaMnAs, which we attribute to the antiferromagnetic interaction between
nearest-neighbor Mn atoms in (Ba,K)(Zn,Mn)2As2 on the basis of recent theoretical predictions.

DOI: 10.1103/69sm-fz7z

I. INTRODUCTION

Spintronics, which utilize both the spin and charge degrees
of freedom in electronic devices, is a promising field of future
technology [1,2]. Like semiconductors for electronics, mag-
netic semiconductors are key materials for spintronics [3,4].
In particular, diluted ferromagnetic semiconductors (FMSs)
are candidate materials for nonvolatile memories and logic
switches. Historically, the most extensively studied FMSs are
Mn-doped III-V semiconductors such as InMnAs [5] and
GaMnAs [6–8]. In the III-V based FMSs, Mn2+ ions act as ac-
ceptors providing the system with both holes and spins. There
are two models to explain the origin of the ferromagnetism
in the FMSs: One is the p-d Zener model, which is based on
mean-field theories and treats the charge carriers doped in the
host valence bands as itinerant ones exchange-coupled with
the Mn2+ local spins [9–13]; the other is the impurity-band
(IB) model, where the holes are weakly bound by the mag-
netic impurities through exchange interaction, form magnetic
polarons, and hop between the impurity sites via double-
exchange mechanism [14–18].

*Contact author: fujimori@phys.s.u-tokyo.ac.jp

The Mn-doped III-V FMSs have the following disadvan-
tages. The substitution of divalent Mn ions at the trivalent
Ga sites, i.e., the heterovalent substitution, severely limits
chemical solubility and, therefore, a sufficient amount of Mn
can be introduced only in thin films grown by molecular-beam
epitaxy [19]. Furthermore, since the doped Mn ions provide
both the hole carriers and the spins, the transport and mag-
netic properties cannot be controlled independently. The Mn
doping also entails uncontrollable As antisite defects as well
as interstitial Mn, leading to the difficulty in controlling the
carrier density of the system [20,21]. Due to those limita-
tions of the Mn-doped III-V FMSs, another platform has been
anticipated from both practical device applications and basic
science points of view.

Recently, Zhao et al. [22] successfully synthesized a new
kind of FMS: 122-type (Ba,K)(Zn,Mn)2As2 in the bulk
form, which exhibits p-type electrical conductivity. It has the
tetragonal ThCr2Si2-type structure and is isostructural to the
122-type iron-based superconductors such as carrier-doped
BaFe2As2 [23], as shown in Fig. 1(a). The 122 FMSs have
a high Curie temperature (TC) exceeding ∼230 K, which is
higher than the TC of other Mn-doped FMSs [22,24]. The host
compound BaZn2As2 has two substituted sites: Ba and Zn.
The carrier and spin densities can be controlled independently
by the doping levels of K and Mn, respectively, unlike the
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FIG. 1. (a) Crystal structure of (Ba,K)(Zn,Mn)2As2. (b) X-ray
absorption (XAS) and x-ray magnetic circular dichroism (XMCD)
spectra at the Mn L2,3 edge of (Ba0.904K0.096)(Zn0.805Mn0.195)2As2

measured at μ0H = 7 T. The small positive feature near 645 eV is a
characteristic signature of Mn2+ XMCD spectra [8].

III-V-based FMSs. Hole carriers are introduced by K dop-
ing at the Ba sites, and magnetic moments are introduced
by Mn doping at the Zn sites. Due to the same valences of
Zn and Mn, the Mn concentration can be made as high as
0.195 in bulk crystal [24]. In addition, interstitial Mn ions
are energetically precluded [25]. Further progress has been
made by Peng et al. [26], who successfully increased the
TC of (Ba,K)(Zn,Mn)2As2 to 260 K by enhancing the Mn
concentration in combination with parallel K doping. Their
study revealed that a sufficient carrier concentration sup-
presses the short-range antiferromagnetic interaction between
the nearest-neighbor Mn-Mn pairs, thereby strengthening
the ferromagnetism. These findings highlight a promising
strategy for achieving room-temperature ferromagnetism in
diluted magnetic semiconductors. Suzuki et al. performed
resonant photoemission spectroscopy (RPES) measurements
on (Ba,K)(Zn,Mn)2As2, and proved that the Mn 3d electrons
are basically localized and that the Mn ions are in the 2+ va-
lence state [27]. Angle-resolved photoemission spectroscopy
(ARPES) and resonant inelastic x-ray scattering (RIXS) mea-
surements were also performed by Suzuki et al. [28,29]. The
ARPES study revealed Fermi surfaces of the host BaZn2As2

bands doped with hole carriers, in addition to the formation
of the impurity bands, resulting from strong hybridization
between the Mn 3d and As 4p orbitals [28]. Sakamoto et al.
studied the magnetic anisotropy with angle-resolved x-ray
magnetic circular dichroism (XMCD) experiments [30].

On the other hand, the magnetism of (Ba,K)(Zn,Mn)2As2

is complex and far from trivial to understand. In particular,
the saturation magnetization is too small (0.5–1.0 μB/Mn)
[24,29,30] compared to the full moment of the Mn2+

ion (5μB/Mn). The temperature and magnetic-field depen-
dences of the magnetization of (Ba,K)(Zn,Mn)2As2 are
expected to provide important information about the origin
of the complex magnetism of this material. X-ray absorp-
tion spectroscopy (XAS) and XMCD measurements of the

TABLE I. Spin and orbital magnetic moments, mspin and morb, de-
duced by applying the XMCD sum rules to the experimental results.
mspin and morb have experimental uncertainties of ±20% and ±10%,
respectively, and the ratio morb/mspin has an uncertainty of ∼ ± 25%.
The uncertainties are estimated systematic uncertainties reflecting
variations in background subtraction, edge-step normalization, and
integration limits, rather than statistical standard deviations.

Temperature (K) morb/mspin morb(μB/Mn) mspin(μB/Mn)

25 0.106 0.122 1.12
65 0.087 0.063 0.72
105 0.071 0.028 0.40

magnetization process are useful techniques to reveal the na-
ture of ferromagnetism in FMSs [31,32]. A theoretical study
beyond mean-field theory attempted to explain the complex
magnetic properties in (Ba,K)(Zn,Mn)2As2 [25]. Studies on
the magnetization process are expected to reveal the theoreti-
cally predicted complex nature of the ferromagnetism.

In the present paper, we use XMCD to study the magneti-
zation process of Mn 3d electrons in (Ba,K)(Zn,Mn)2As2 in a
wide temperature and magnetic field range. By analyzing the
magnetization curves (M–H curves) at various temperatures
both above and below TC, we successfully fit the experimental
results using a model consisting of the ferromagnetic, super-
paramagnetic, and paramagnetic components, and unveil the
complex nature of ferromagnetism in (Ba,K)(Zn,Mn)2As2.

II. EXPERIMENT

Single crystals of (Ba0.904K0.096)(Zn0.805Mn0.195)2As2

were synthesized by the flux method as described in Ref. [24].
Crystal structure is shown in Fig. 1(a). The Curie temperatures
of the samples were ∼60 K. The XMCD measurements were
carried out at beamline BL23SU of SPring-8 [33]. The range
of photon energy was 620–680 eV with the energy resolution
of E/�E > 10 000. The beam size was less than 0.2 mm
in diameter. The samples were cleaved at T = 10 K in an
ultrahigh vacuum of 10−9 Torr. The measurement temperature
ranged from 20 to 200 K, and the magnetic field which ranged
from −7 to 7 T was applied along the c axis, which is the
easy axis of (Ba,K)(Zn,Mn)2As2. The total-electron-yield
(TEY) mode was used to detect XAS and XMCD signals
with high S/N ratio. Although the TEY mode is considered
to be relatively surface sensitive, the probing depth is on the
order of nm, which is sufficiently large to study the bulk
magnetic properties. The directions of the incident x-rays and
magnetic field were perpendicular to the sample surfaces (the
ab plane). For the M–H loops we employed the normalized
Mn L3-edge XMCD integrated intensity as a proxy of the Mn-
specific magnetization at each (T, H ) point, which preserves
the relative field/temperature dependences with a stable S/N
under limited beam time. Full L3 + L2 integrations were used
for the sum-rule evaluation in Table I.

III. RESULTS AND ANALYSIS

XAS and XMCD spectra of (Ba0.904K0.096)(Zn0.805

Mn0.195)2As2 are shown in Fig. 1(b). At all temperatures,
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FIG. 2. M–H curves at various temperatures of
(Ba0.904K0.096)(Zn0.805Mn0.195)2As2 obtained from the H dependence
of the XMCD intensity at the Mn L3 edge.

the XAS spectra exhibit the same line shapes and intensities.
The XMCD spectra also show temperature-independent line
shapes but their intensity increases with decreasing temper-
ature. The XAS and XMCD spectra have been normalized
to the intensities of the XAS L3 peaks averaged for the two
circular polarizations. The broad but obvious multiplet struc-
tures of the Mn L2,3 edge show that the Mn 3d electrons are
in the localized d5 configuration, as shown by the RPES and
RIXS measurements [27,29]. Table I shows the temperature
dependence of the spin and orbital magnetic moments (mspin

and morb) deduced using the XMCD sum rules. Here, the hole
number of 5 and the correction factor of 1.47 for the spin sum
rules are assumed [34]. The table indicates that both the spin
and orbital magnetic moments decrease as the temperature in-
creases, while the ratio morb/mspin remains largely unchanged
within experimental uncertainties.

The M–H curves of the (Ba,K)(Zn,Mn)2As2 samples
derived from the Mn L3-edge XMCD intensities using the
XMCD sum rules at varied temperatures are shown in Fig. 2.
The field/temperature dependences observed by XMCD are
consistent with trends reported for bulk magnetization in re-
lated 122 compounds above ∼10–20 K (linear high-field tails
with weak hysteresis). XMCD isolates the Mn 3d contribu-
tion and avoids global offsets (e.g., diamagnetic backgrounds)
present in SQUID/VSM. At temperatures far above TC, the
M–H curves are almost linear, indicating paramagnetism. As
the temperature decreases, the curves show a nonlinear H
dependence: the curves are convex at low magnetic fields,
and recover the linear behavior at high magnetic fields. The
convex H dependence at low magnetic fields is a characteristic
of superparamagnetism, and the linear increase at high H
suggests the existence of paramagnetic Mn spins co-existing
with the superparamagnetic clusters. Within our measurement

window (25 K to 150 K), we observed no noticeable hysteresis
in the XMCD M–H loops. This implies that the block-
ing/stabilization temperature of the SPM clusters lies below
our window, consistent with reports that clear hysteresis ap-
pears only at ∼2 K and quickly vanishes upon warming [22].
Below TC, the magnetization shows a nonzero value down
to H ∼ 0, which indicates the existence of ferromagnetism.
The hysteresic behavior is negligible in Fig. 2, however, be-
cause the hysterisis was observed only at 2 K when H ‖ c
axis [22]. In the following, we analyze the M–H curves at
various temperatures using a model in which different types
of magnetic components coexist and contribute to the over-
all magnetization. Although the magnetization processes in
other FMSs have been studied by similar methods [31,32], the
analysis of M–H curves below TC has been still difficult and
controversial. Here, we improve the method by considering
large clusters containing a high concentration of Mn ions to
be either superparamagnetic (SPM) or ferromagnetic (FM),
while isolated Mn ions are considered to be paramagnetic
(PM). Additionally, we take into account the possibility that
there are antiferromagnetically coupled nearest-neighbor Mn
pairs or nonmagnetic (NM) Mn ions which have negligible
contributions to the M–H curve. To quantify this situation,
the M–H curves are fitted using the following equations [32]:

M[μB/Mn] = aL(bμ0H ) + cμ0H + d, (1)

L(x) = coth(x) − 1/x, (2)

a = MFMPSPM, (3)

b = μ/kBT, (4)

d = MFMPFM. (5)

The first term on the right-hand side of Eq. (1) represents
the contribution of SPM clusters, described by the Langevin
function L(x) defined in Eq. (2). This term reflects the average
magnetization properties of SPM clusters, rather than employ-
ing multiple Langevin functions for clusters of different sizes,
which would complicate the determination of the macroscopic
magnetic properties of the material. The second term accounts
for the paramagnetic contribution, which varies linearly with
the applied magnetic field H . The third term represents the
contribution of ferromagnetism. Above TC, the long-range
FM contribution vanishes in our model framework. Below
TC, the FM component is treated as an effectively saturated
contribution within the experimental magnetic-field window,
since the magnetic field required to saturate the FM mag-
netization is much smaller than the field range used in the
present measurements. Therefore, the FM contribution can be
approximated as a field-independent offset in the present anal-
ysis. In the vicinity of TC, deviations from simple linear field
dependence are effectively captured by the Langevin term,
which represents the nonlinear magnetization associated with
correlated Mn moments or magnetic clusters. The parameter a
in Eq. (3) represents the product of the average magnetization
per Mn ion MFM in the FM and SPM regions and the fraction
PSPM of Mn ions in the SPM state; b is related to the average
total magnetic moment of the SPM Mn clusters μ and the
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temperature T via b = μ/kBT ; and d is the product of MFM

and the fraction PFM of Mn ions in the FM state.
Now we discuss parameter c which characterizes the PM

contribution. The PM component below the Curie temperature
TC is attributed to isolated Mn ions [31]. We assume the Curie
law to describe the PM contribution, as follows:

c = χPM = CionPiso/T, (6)

where χPM is the susceptibility of the PM state, Cion is the
ionic value of the Curie constant, and Piso is the fraction of
isolated Mn ions that contribute to the PM state. The theoreti-
cal value of the Curie constant is given by

Cion = μ0μ
2
B

3kB
Ng2

JJ (J + 1) = 7.83, (7)

where μ0 denotes the vacuum permeability, μB the Bohr mag-
neton, kB the Boltzmann constant, N the number of magnetic
atoms, and gJ the Landé g factor. For the Mn2+ ion, J = 5/2
and gJ = 2 because the orbital magnetic moment is almost
quenched. It should be noted that the Mn L2,3-edge XMCD
signals do not contain contributions from the band g factor.

Above TC, the PM contribution arises from both the iso-
lated Mn ions and those newly formed by the fragmentation
of the FM and SPM regions, and can be described by the
Curie-Weiss law:

c = χPM = CionP55K
iso /T + CionPCW/(T − TC), (8)

where P55K
iso is the fraction of the isolated Mn ions at 55 K just

below TC, and PCW is the fraction of the newly formed PM
Mn2+ ions. Thus, the fraction of PM Mn ions is given by

PPM = P55K
iso + PCW. (9)

Now we estimate an appropriate value of the ferromag-
netic moment MFM from the present data. Previous studies
on (Ba,K)(Zn,Mn)2As2 indicate that most of the Mn ions
are in the Mn2+ state, which means that the ferromagnetic
moment would be 5μB per Mn if all the Mn spins were aligned
in the same direction [27]. However, a theoretical study
beyond mean-field theory [25] suggests that the average fer-
romagnetic moment MFM may be reduced by the short-range
antiferromagnetic (AFM) coupling between nearest-neighbor
Mn ions. In order to estimate an appropriate MFM value, the
minimum value of MFM can be given using the relation

PFM + PPM + PSPM < 1. (10)

At a temperature of 25 K, the minimum value of MFM is
calculated to be approximately 1.7μB. Considering this con-
straint, along with previous magnetization measurements [22]
and the present XMCD results (Table I), we adopt a strongly
reduced value of MFM ∼ 2μB in the present fitting procedure
for the M–H curves. It should be noted that MFM may be
temperature dependent. Fitting results for other values of MFM

are presented in the Appendix. These results demonstrate that,
while the absolute values of the extracted model parameters
are influenced by MFM, the overall trends remain unchanged.
Specifically, the evolution of magnetic clusters—from fer-
romagnetic to superparamagnetic to paramagnetic—remains
consistent across the range of MFM. This confirms that the
exact choice of MFM within this range is not critical for the
primary conclusions of our study.

We have thus fitted the M–H curves with MFM = 2μB

as shown in Fig. 3(a). In Fig. 3(b), we have plotted PFM,
PPM, PSPM, and PNM as functions of temperature. Here,
PNM is the fraction of NM Mn ions, satisfying the relation
PFM + PPM + PSPM + PNM = 1. Above TC, the FM correlation
length, namely, the size of SPM clusters represented by μ,
is suppressed by thermal effects at high temperatures. As
the temperature decreases, the fraction of PM and NM Mn
ions gradually diminishes, while the fraction of SPM Mn
ions increases. The large error bars in the high-temperature
region suggest the presence of complex interactions and ther-
mal effects that are not fully captured by the present model.
Below TC, as the temperature decreases further, PPM and PNM

continue to decline, while PSPM ceases to decrease, and a
finite PFM emerges and increases rapidly. At 35 K, a sudden
change is observed in PFM and PSPM. This indicates that at
this temperature, a sufficient number of ferromagnetic clusters
break into smaller superparamagnetic clusters, resulting in
a corresponding decrease in PFM and an increase in PSPM.
Below 35 K, about 35% of Mn ions are distributed in the FM
region, suggesting that (Ba,K)(Zn,Mn)2As2 has a potential
to possess a FM fraction comparable to GaMnAs although the
average FM moment per Mn ion is smaller than GaMnAs. In
Fig. 3(c), we have plotted the average total magnetic moment
of the SPM cluster μ against T . μ has a relatively temperature-
independent large value of ∼200μB below ∼100 K. From this
plot, we find that the average size of the SPM cluster is almost
temperature independent at least below ∼100 K.

We note that the M–H slope at 35 K differs from neigh-
boring temperatures, which corresponds to irregularities in
the fitted fractions in Figs. 3(b) and 3(c). Increasing error
bars alone cannot reproduce this slope change, suggesting a
nonstatistical origin. Elucidating its microscopic cause will
require denser temperature sampling and is left for future
work.

IV. DISCUSSION

We summarize the magnetization process of
(Ba,K)(Zn,Mn)2As2 in the schematic picture of Fig. 4.
The doped Mn ions are not uniformly distributed but some of
the Mn ions are close to each other to form FM regions, SPM
clusters, or nonmagnetic spin pairs. At high temperatures,
FM exchange interaction between Mn ions is not able to
align the spins of all the Mn ions and form SPM clusters.
As the temperature decreases, the FM correlation between
Mn ions becomes relatively long ranged, and simultaneously
the number of nanoscale clusters increases, which leads to
superparamagnetism [35].

In GaMnAs, Mn2+ simultaneously supplies local spins and
holes, leading to hole-mediated long-range ferromagnetism in
which AFM coupling does not occur for any Mn–Mn dis-
tance [36]. In contrast, for the 122-type (Ba,K)(Zn,Mn)2As2,
first-principles calculations indicate that the nearest-neighbor
Mn–Mn interaction is antiferromagnetic due to distinct
Mn–As–Mn bonding geometry and exchange pathways [25].
This key difference rationalizes the reduced effective mo-
ments of SPM clusters in our analysis and the necessity to
include an AFM-related nonmagnetic (PNM) fraction in the
fitting.
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FIG. 3. Fitting results for M–H curves of (Ba0.904K0.096)(Zn0.805Mn0.195)2As2 at various temperatures and fitting parameters. (a) M–H
curves deduced from the Mn L3-edge XMCD. The circles are experimental data and the solid lines are fitting results. (b) Fractions of
superparamagnetic (SPM), paramagnetic (PM), ferromagnetic (FM), and nonmagnetic (NM) ions, denoted by PSPM, PPM, PFM, and PNM,
respectively. (c) Total magnetic moment per FM/SPM cluster μ. Here μ = χSPMkBT . The vertical dashed line indicates the Curie temperature
TC ∼ 60 K of the sample.

It should be noted that at high temperatures, this model
may not fully account for the complex interactions and ther-
mal effects, and because variation of MFM with temperature
is neglected. The model could be improved by incorporat-
ing a reliable estimation of the temperature dependence of
MFM. Another potential improvement could involve applying
weighting to the Mn ion distribution across different field
regions, which may improve the fit quality.

Along with the RPES and ARPES results of Suzuki et al.
[27,28], the magnetization process observed in the present
work proves that the FM properties of (Ba,K)(Zn,Mn)2As2

are governed by the competing FM and AFM interaction

between the spins of localized Mn 3d electrons. Because
in (Ba,K)(Zn,Mn)2As2, the carrier and spin densities
can be controlled independently by doping at different
sites, the chemical potential can be controlled more freely
than in GaMnAs. The ARPES study suggests that, in
(Ba,K)(Zn,Mn)2As2, the As 4p band, which is hybridized
with Mn 3d , forms Fermi surfaces and that the impurity
band is formed below the Fermi level and hence below
the valence-band maximum [28]. This is contrasted with
GaMnAs, where the impurity band is located above
the As 4p-derived valence band maximum and pins the
Fermi level [18]. Thus, in (Ba,K)(Zn,Mn)2As2, the Fermi

Mn ~ 19.5 %

FM
SPM

PM

SPM

PM

TTC ~ 60 K

SPSPSSSPSPSPP

FIG. 4. Schematic illustration of the magnetization process in (Ba,K)(Zn,Mn)2As2. Paramagnetic isolated Mn ions, along with SPM and
FM Mn-rich clusters, characterize the magnetic properties of the material. However, Mn spins within each SPM cluster are not fully aligned due
to nearest-neighbor AFM interactions. As the temperature decreases, the SPM clusters interconnect to form larger SPM clusters and eventually
evolve into FM regions below TC. The sizes of the SPM clusters are not necessarily uniform.
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FIG. 5. Fractions of superparamagnetic (SPM), paramagnetic (PM), ferromagnetic (FM), and nonmagnetic (NM) ions, denoted by PSPM,
PPM, PFM, and PNM, respectively, for MFM values varying from 2 to 5μB. The trends are consistent with those shown in Fig. 3(b) of the main
manuscript, demonstrating the robustness of the observed cluster evolution regardless of the chosen MFM.

surfaces contribute to the metallic properties and mediate
the ferromagnetic interaction between the Mn spins. In
spite of these differences in their electronic structures, the
magnetization behaviors of (Ba,K)(Zn,Mn)2As2 is similar to
GaMnAs in several aspects [32].

V. CONCLUSION

We investigated the magnetization process of the FMS
(Ba,K)(Zn,Mn)2As2 at various temperatures using magnetic
field dependent XMCD measurements at the L2,3 edges of
the doped magnetic Mn2+ ions. We found that the magne-
tization process consists of the superparamagnetic (SPM),
ferromagnetic (FM), and paramagnetic (PM) components.
Nanoscale magnetic clusters contribute to the superparam-
agnetism, and the interconnected SPM clusters contribute
to the ferromagnetism. Isolated Mn ions contribute to the
PM component even below the Curie temperature. We also
conclude that short-range AFM coupling exists between
nearest-neighbor Mn ions in the FM region and SPM clus-
ters, and is responsible for the different magnetic properties
between (Ba,K)(Zn,Mn)2As2 and GaMnAs. The present
XMCD studies, along with the previous photoemission stud-
ies, explain the origin of the magnetism in this kind of high TC

FMS [37]. The improved fitting method employed here can
also be widely used in studying the magnetization processes
of other magnetic materials. (Ba,K)(Zn,Mn)2As2 is a good
platform to study dilute ferromagnetism in FMS and has high
potential for FMS materials with highly controllable physical
properties.
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TABLE II. Representative fitted fractions at 25, 65, and 105 K
with MFM = 2μB. Numbers in parentheses denote 1σ uncertainties in
the last digits. Fractions were constrained to PFM = 0 for T � 65 K
(see footnote a). Rows may not sum exactly to 1 because of rounding
and constraints.

T (K) PFM PSPM PPM PNM

25 0.300(9) 0.289(10) 0.286(10) 0.125(17)
65 0.000a 0.199(15) 0.730(41) 0.071(43)
105 0.000a 0.044(9) 0.971(30) 0.000(31)b

aParameter was fixed by the fitting model for T � 65 K (not a free fit
result).
bCentral fit value at 105 K was slightly negative [−0.014(31)]; it is
reported here as 0.000(31) to reflect physical non-negativity while
preserving the uncertainty.
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APPENDIX A: ROBUSTNESS OF FITTING RESULTS
WITH VARYING MFM

We investigated the dependence of extracted model pa-
rameters on the value of MFM. Figure 5 shows the fractions
of superparamagnetic (PSPM), paramagnetic (PPM), ferromag-
netic (PFM), and nonmagnetic (PNM) Mn2+ ions for MFM

values ranging from 2 to 5μB. These results demonstrate
that, while the absolute values of PSPM, PPM, PFM, and PNM

vary depending on MFM, the overall trends remain consistent.
Specifically, the evolution of magnetic clusters with increas-
ing temperature—from ferromagnetic to superparamagnetic
to paramagnetic—exhibits the same qualitative temperature
dependences regardless of the chosen MFM.

APPENDIX B: REPRESENTATIVE FITTED FRACTIONS
AT SELECTED TEMPERATURES

The representative fitted fractions at selected temperatures
are summarized in Table II.
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