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We report the magnetic and magnetotransport properties of the layered CaAl,Si,-type diluted magnetic
semiconductor (Bal_XKX)(Cd]_yMny)zAs2 over a broad Mn (spin) substitution range of 0.05 < y < 0.5. K
substitution introduces hole carriers, whereas Mn provides local moments, resulting in bulk ferromagnetic
ordering with magnetic-anomaly onset temperatures up to ~14-15 K. Intrinsic magnetic ordering is further
supported by an anomalous Hall contribution and a specific-heat anomaly near T.. A key performance feature
is a giant negative magnetoresistance: for heavily Mn-doped compositions (y > 0.3), MR= [p(H) — p(0)]/p(0)

reaches approximately —100% at 2 K and nearly saturates at a relatively low magnetic field of ~0.35 T.
The combination of soft ferromagnetism, strong spin—charge coupling, and low-field MR saturation highlights
(Ba,K)(Cd,Mn),As, as a promising bulk platform for low-temperature magnetoresistive functionalities.

1. Introduction

Magnetoresistive materials underpin semiconductor spintronics by
enabling electrical readout and manipulation of magnetic states, which
are essential for memory, sensing, and spin-based information process-
ing [1,2]. Within this space, diluted magnetic semiconductors (DMSs)
are particularly attractive because they combine semiconducting trans-
port with tunable magnetism, providing a chemically flexible route to
integrate magnetic and electronic functionalities in a single materials
platform [3]. From a materials perspective, a central objective is to re-
alize large magnetoresistance (MR) at low magnetic fields while main-
taining robust magnetic order and controllable carrier density, since
these metrics directly impact switching efficiency and device-readout
margins.

Early DMS research was driven by Mn-doped III-V semiconductors,
especially (Ga,Mn)As, which established the concept of ferromagnetism
emerging in a semiconductor host [4-7]. Subsequent materials and
nanostructure engineering pushed the Curie temperature of (Ga,Mn)As
toward ~200 K, underscoring both the promise and the practical chal-
lenges of this platform [8,9]. At the same time, these systems illustrate a
key limitation: the magnetic dopant can simultaneously introduce both
local moments and carriers, constraining solubility and complicating in-
dependent control of spin and charge [3,10,11]. This motivates the de-
coupled spin and charge doping strategy in bulk materials, where one sub-
stitution channel primarily tunes carrier density while another supplies
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magnetic moments, enabling clearer structure—chemistry—property rela-
tionships and more systematic materials optimization.

Bulk DMS families implementing decoupled doping have expanded
rapidly. A representative example is the I-I[-V host LiZnAs, where
Mn substitution provides local moments and carriers can be tuned
independently, establishing a robust bulk DMS framework [12,13].
In parallel, pnictide-derived bulk systems provide broader chemical
design space and higher ordering temperatures, including the “122”-
type (ThCr,Si,-structure) DMS (Ba,K)(Zn,Mn),As, [14,15]. Related
codoping strategies, such as Mn/Cu substitution at the Zn sites in
Ba(Zn,_,,Mn,Cu,),As,, further demonstrate the compositional tun-
ability of bulk DMS platforms [16]. Moreover, spectroscopic probes
have clarified carrier-moment coupling in the “122” family, providing
a basis for linking materials chemistry to electronic structure and
magnetic exchange [17,18].

Beyond maximizing T, an increasingly active direction is to engi-
neer extreme magnetotransport performance, particularly large nega-
tive MR. Layered pnictide DMS systems adopting the hexagonal CaAl,Si,-
type structure are a useful platform because they enable decoupled
doping within a layered framework and often exhibit semiconducting
or localization-influenced transport, which can amplify field-tunable
resistivity changes. Representative CaAl,Si,-type DMS materials in-
clude (Sr,Na)(Zn,Mn),As, and (Ca,Na)(Zn,Mn),As,, and extend to Cd-
based analogs such as (Sr,_,Na,)(Cd,_,Mn,),As,, establishing broad
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chemical accessibility of this structure type [19-21]. Notably, giant
negative MR has been reported in the related CaAl,Si,-type system
(Sr,K)(Zn,Mn),As,, highlighting the potential for large MR responses in
bulk DMS materials with chemically tunable disorder and magnetic ex-
change [22]. Follow-up work further discussed magnetic and transport
mechanisms in this system [23]. More recent efforts continue to expand
the magnetotransport landscape through approaches such as chemical-
pressure tuning in bulk DMS systems [24], extension to additional
CaAl,Si,-type DMS variants [25], and reports of very large negative
MR in other decoupled-doping or disorder-tuned magnetic semiconduc-
tors (e.g., Na(Zn,Mn)Sb) [26,27]. In addition, emerging layered DMS
single-crystal studies highlight the importance of separating intrinsic
transport from microstructure-driven effects when benchmarking MR
performance [28].

Within this context, (Ba,K)(Cd,Mn),As, is a compelling CaAl,Si,-
type platform in which K substitution introduces hole carriers and
Mn substitution provides local moments, enabling systematic tuning
of spin—charge coupling in a layered arsenide host. Earlier work es-
tablished this compound family as a bulk DMS with sizable negative
MR [29]. Here we extend the compositional window to a broad Mn sub-
stitution range (0.05 < y < 0.5) and emphasize the high-y regime where
MR performance is maximized. Compared with the earlier report on this
system (Ref. [29]), which covered y < 0.2 and reported MR up to ap-
proximately —70%, the present work reveals a regime of giant negative
MR approaching —100% with low-field saturation at ~ 0.35T, and pro-
vides additional thermodynamic and Hall-effect evidence supporting
magnetic ordering not reported previously. By combining magnetiza-
tion, Hall, and heat-capacity measurements, we strengthen the case for
intrinsic magnetic ordering (including an anomalous Hall contribution
and a specific-heat anomaly near 7;), and we highlight magnetotrans-
port performance in heavily Mn-doped compositions, which exhibit
giant negative MR approaching —100% at low temperature with near-
saturation at relatively low magnetic fields. Together, these results
position (Ba,K)(Cd,Mn),As, as a chemically tunable bulk DMS plat-
form for low-temperature magnetoresistive functionalities and provide
materials-level guidance for optimizing MR through composition and
magnetic disorder.

2. Experimental methods
2.1. Sample synthesis and structural characterization

Polycrystalline (Ba,_,K,)(Cd,_,Mn,),As, samples were prepared by
a solid-state reaction method. We note that all compositions reported
here are nominal values based on the precursor ratios. The intended
substitution is supported by the phase-pure XRD patterns and the
systematic evolution of lattice parameters with K and Mn doping (Fig.
1(c). Two composition series were synthesized: (i) a K-doping series
(Ba,_,K,)(Cdy oMng 1),As, with x = 0.01, 0.03, 0.04, 0.05, 0.07, and
0.10, and (ii) a Mn-doping series (BaggKp 04)(Cd;_,Mn,),As, with
0.05 < y < 0.5. Starting materials (nominal compositions), including
potassium arsenide, barium arsenide, arsenic pieces, cadmium powder,
and manganese powder, were thoroughly mixed, loaded into tantalum
tubes, sealed under Ar, and heated at 700 °C for 24 h, followed
by furnace cooling to room temperature. The reacted products were
reground, pelletized, sealed in evacuated tantalum tubes, and annealed
at 500 °C for 24 h (following a procedure similar to that used for
BaFZnAs) [30].

Room-temperature powder X-ray diffraction (XRD) was performed
using a Philips X’Pert diffractometer with Cu Ka radiation. Rietveld
refinements were carried out using the GSAS software package [31].
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2.2. Magnetic, transport, and thermodynamic measurements

DC magnetization measurements were performed using a Quan-
tum Design SQUID-VSM in the temperature range 2-300 K. Electrical
transport measurements were carried out using a Quantum Design
PPMS in the temperature range 2-300 K with a standard four-probe
configuration; electrical contacts were made using silver paste. Magne-
toresistance and Hall measurements were performed in the same PPMS
system under applied magnetic fields. Specific heat was measured
using the heat-capacity option of the Quantum Design PPMS in the
temperature range 2-300 K.

3. Results and discussion
3.1. Crystal structure and composition evolution

Fig. 1b shows the powder X-ray diffraction (XRD) patterns of
(Ba,_,K,)(Cdy 9Mny ;),As, for x = 0.01, 0.03, 0.04, 0.05, 0.07, and
0.10. No structural transition is observed across this composition range.
All reflections can be indexed using the hexagonal CaAl,Si,-type struc-
ture with space group P3ml (Fig. 1(a), consistent with the parent
compound BaCd,As, [32,33]. In BaCd,As,, Ba occupies the one-fold
Wyckoff position la (0,0,0), while Cd and As occupy the two-fold
Wyckoff position 2d (1/3, 2/3, z). The structure is layered along the
crystallographic c-axis, consisting of Cd,As, layers separated by Ba/K
layers. The Cd-centered [CdAs,] tetrahedra form the Cd,As, layers,
while the Ba/K atoms occupy [BaAsg] octahedral sites between adjacent
Cd,As, layers. Viewed along the c-axis, the Cd,As, layers exhibit a
corrugated honeycomb-like network (Fig. 1(a). This layered hexagonal
framework is distinct from the tetragonal “122”-type ferromagnetic
DMS family (Ba,K)(Zn,Mn),As, [14,15].

Lattice parameters refined using the GSAS software package [31]
are summarized in Fig. lc. Compared with the parent BaCd,As,
(a = 4.4919 A and ¢ = 7.6886 A), both a and ¢ expand with K doping,
whereas they contract with Mn doping (inset of Fig. 1(c), consistent
with the intended chemical substitution. Such systematic lattice evolu-
tion is consistent with trends reported for related CaAl,Si,-type bulk
DMS families [19,20].

3.2. K-doping dependence of ferromagnetism

To separate the effects of charge and spin doping, we vary one
dopant concentration while fixing the other. Fig. 2a shows the tem-
perature dependence of magnetization M(T) measured under 500 Oe
for (Ba,_,K,)(CdyoMny ),As, with x = 0.01, 0.03, 0.04, 0.05, 0.07,
and 0.10, revealing clear signatures of ferromagnetic ordering. No
discernible difference is observed between the zero-field-cooled (ZFC)
and field-cooled (FC) magnetization curves (see Fig. S3 in the Sup-
porting Information), indicating the absence of pronounced magnetic
irreversibility or canonical spin-glass-like freezing behavior in this
system. Above T, the samples are paramagnetic. In the paramagnetic
regime, the susceptibility can be described by the Curie-Weiss form
(inset of Fig. 2(a):
T-6
¢
where y, is a temperature-independent term [34], C is the Curie
constant, and 6 is the Weiss temperature. The fitting yields 6 = 9.8 K
at x = 0.04. Field-dependent magnetization M (H) for these samples
is provided in Fig. S1 (Supplementary Material). The saturation mo-
ment M, follows the same trend as T, reaching a maximum of
~0.93 ug/Mn at x = 0.04 (inset Fig. 2(a). The Curie temperature T
discussed below was determined independently from the onset of the
magnetization anomaly, as indicated in Fig. 2a. Further increasing K
suppresses both T and M,.

This “optimal carrier density” behavior is consistent with the
broader view that ferromagnetism in many DMS systems is mediated

-x'= eh)



B.J. Chen et al.

(@)

Solid State Sciences 178 (2026) 108369

/b Ba/K
© S S

(b) c P
oy Ba, ,K,(Cdlg sMn ) Asy| ( )4_5120 | Ba K (Cd, Mn )As, .- . l7702
— i A Ll P VU S TN = ~u - z
- - .
3 | x=0.07 T 024.5105 — ol N {7.700
~ o = .
- x=0.05 E e .- =
% B VRS T S $4.5090 - 2 Tas20 7704 17.698 2°
g x=0.04 1 ll Y Y T / 4515:-.\' 7.700°
= . = ovoi. i~
Elx=003 [l u i L P s ST {7.696
" =0. N3
x=0.01 , l [ 4.5060 | 0% o 0.26%2
1 1 1 1 1 1 1 1 694
20 40 60 80 0.00 0.02 0.04 0.06 0.08 0.10

20 (degree)

Fig. 1.

X

Crystal structure and phase characterization of CaAl,Si,-type (Ba,K)(Cd,Mn),As,. a Crystal structure of (Ba,K)(Cd,Mn),As, (space group P3ml),

composed of CdAs, tetrahedra and BaAs, octahedra and forming a layered Cd,As, network. b Powder X-ray diffraction patterns of (Ba,_,K,)(Cd,oMn, ;),As, for
x = 0.01, 0.03, 0.04, 0.05, 0.07, and 0.10. All patterns can be indexed by the CaAl,Si,-type structure, indicating no structural transition across the measured
K-doping range. ¢ Lattice parameters refined from XRD as a function of composition. Both a and ¢ expand with K substitution, whereas Mn substitution leads to

a contraction (inset), supporting successful chemical doping.

by carriers (often discussed in RKKY/Zener-type frameworks) [35,36].
In the present material, K substitution introduces hole carriers and
thereby tunes ferromagnetic ordering and the effective Mn—-Mn inter-
actions, similar in spirit to other decoupled charge/spin-doped DMS
platforms [12-15,19,37,38].

3.3. Mn-doping dependence: soft ferromagnetism and competing interac-
tions

Fig. 2b shows magnetic hysteresis loops at 2 K for (Baggg
Ko.04)(Cd;_,Mn,),As, with y = 0.05, 0.07, 0.10, and 0.20. Small
coercive fields (H) are observed, which are favorable for low-field
magnetic switching. With increasing Mn content, M, decreases from
0.94 ug /Mn to 0.34 ug /Mn, while H. increases modestly from 10 Oe to
300e. These values are much smaller than the 5 yz/Mn expected for
fully aligned Mn?** local moments (S = 5/2), indicating that only a
fraction of the Mn moments contributes to the net ferromagnetic order.
The reduction becomes more pronounced at higher Mn content, con-
sistent with an increasing probability of antiferromagnetically coupled
Mn-Mn near-neighbor pairs, which compete with the carrier-mediated
ferromagnetic interaction. For the x = 0.04, y = 0.20 composition, the
onset of the magnetic anomaly occurs near 14-15 K based on the onset
of the decrease in d M /dT (Fig. S4). For heavier Mn substitution, the
magnetic transition shifts to lower temperature, as summarized in Fig.
2c. Similar non-monotonic 7T(y) behavior has been reported in multiple
Mn-doped DMS systems [4,12,13,15,19,39,40].

A plausible interpretation is competition between (i) carrier-regu-
lated ferromagnetic interactions among randomly distributed Mn mo-
ments and (ii) increasing antiferromagnetic superexchange associated

with Mn-Mn near-neighbor pairs at higher Mn concentrations, in line
with theoretical expectations for Mn-doped II-II-V and related DMS
chemistries [35]. The relevance of Mn-Mn antiferromagnetic coupling
is also underscored by the strong antiferromagnetism of Mn-based
parent compounds in related structural motifs (e.g., BaMn,As,-derived
systems) [41].

3.4. Hall effect: p-type carriers and anomalous Hall response

An anomalous Hall effect (AHE) is widely used as evidence that fer-
romagnetism couples to itinerant carriers in DMS systems [6,36]. Here,
Hall measurements provide both carrier information and an intrinsic
transport signature. For the nominal x = 0.04 sample, the normal Hall
response indicates a hole concentration of order 2.8 x 10'° ¢cm=3. This
value is about one order of magnitude smaller than the nominal hole
density expected from full K substitution (~ 3 x 102 cm~3, assuming
one hole per K), suggesting that the itinerant carrier density is reduced
relative to the nominal chemical doping, likely due to incomplete
activation, localization, and/or compensation. For comparison, in the
isostructural CaAl,Si,-type system (Ca, Na)(Zn,Mn),As, [20], 10% Na
doping yields n, ~ 10* cm™?; scaling by the doping ratio (4% vs. 10%),
our measured carrier density is broadly consistent with this trend.
Nevertheless, the p-type Hall response together with the systematic
reduction of resistivity with increasing K content (Fig. 4(b) supports
K as the primary charge-doping channel. Above T, the Hall resistivity
is linear in magnetic field.

Fig. 2d presents the Hall resistivity of (Bag 96Kg 04)(Cdg.oMng 1),As,
at 2 K. An AHE component is observed at low fields (arrow) and is
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Fig. 2. Ferromagnetism and Hall response in (Ba,K)(Cd,Mn),As, with decoupled charge and spin doping. a Temperature dependence of magnetization
M (T) measured under 500 Oe for the K-doping series (Ba,_,K,)(Cd, oMn, ;),As, with x = 0.01-0.10, showing ferromagnetic ordering; arrows indicate the onset-
defined T¢. Inset: Curie-Weiss analysis in the paramagnetic regime. b Magnetic hysteresis loops M (H) at 2 K for the Mn-doping series (Ba, 95Ky 04)(Cd;_,Mn,),As,
with y = 0.05, 0.07, 0.10, and 0.20, demonstrating soft ferromagnetism with small coercive fields; inset: evolution of the magnetic-anomaly onset temperature
with Mn content. ¢ Temperature dependence of magnetization for heavily Mn-doped compositions (representative high-y samples), illustrating the reduction of T
at higher Mn concentrations. d Hall resistivity p,,(H) of (Ba, 96K 04)(CdgoMny 1),As, at 2 K, showing an anomalous Hall contribution at low fields (top-left inset);
bottom-right inset: temperature dependence of hole concentration extracted from the normal Hall coefficient, indicating p-type carriers with n, ~ 2.8 x 10! cm=.

highlighted in the top-left inset of Fig. 2d. The extracted hole con-
centration decreases monotonically upon cooling (bottom-right inset of
Fig. 2(d), consistent with semiconducting/activated transport and likely
contributing to the strong increase of resistivity at low temperature
discussed below.

3.5. Specific heat: thermodynamic signature near T

To further probe the ferromagnetic transition, we measured the
zero-field specific heat of (Bay 96K 04)(CdgoMng1),As, (Fig. 3(a). A
clear anomaly appears near T (arrow), consistent with a
paramagnetic-ferromagnetic transition. The low-temperature specific
heat data above 7. are fitted in the range 10K < T < 16K using

3
Celcclron + Clauice = }’T + ﬂ}T + ﬁsTSa (2)

yielding y = 14.94mJmol ' K2, g; = 0.86mJmol~'K™*, and g5 =
7.94 x 10~*mJmol~! K¢ (coefficient of determination R? = 0.99991;
inset of Fig. 3(a). After subtracting lattice and electronic contribu-
tions, the magnetic contribution Cy; = Cio; — Ciaice — Celectron (Fig-
3(b) exhibits a broad feature around T, rather than a sharp A-type
anomaly expected for an ideal mean-field transition. Such broadening is
plausible in chemically substituted DMS materials where disorder and
competing interactions coexist (carrier-regulated ferromagnetism ver-
sus Mn-Mn antiferromagnetic tendencies) [35], and may also reflect a
distribution of local magnetic environments typical of substituted mag-
netic systems [42]. Field-dependent specific-heat measurements would

be valuable for further testing the nature of the magnetic transition
through possible field-induced broadening or shifts of the specific-heat
feature, although this remains an important direction for future study.

Compared with earlier reports on this compound family that primar-
ily emphasized magnetization and transport [29], the thermodynamic
signature near T provides an additional bulk indicator supporting
intrinsic ordering.

3.6. Resistivity: activation behavior and opposite roles of K and Mn doping

Fig. 4a shows the temperature dependence of resistivity p(T") for un-
doped BaCd,As,, confirming semiconducting behavior. The activation
energy E, ~0.233 eV is obtained by fitting p(T') in the range 180-300 K
(inset of Fig. 4(a) using:

(T) = Fa
()= poexp| 1 )

where p, is a constant and kg is the Boltzmann constant. This value is
smaller than a previously reported experimental estimate
(E, = 0.42 eV) [29], but close to a theoretical prediction of ~0.3 eV
[43].

K substitution substantially reduces resistivity (Fig. 4(a), consistent
with hole doping. A similar trend is observed in (Ba;_,K,)(CdyoMng 1),
As, (open symbols in Fig. 4(b), where increasing x monotonically de-
creases p(T). In contrast, increasing Mn content in (Bag 96K 04)(Cd,_,

3
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Specific-heat evidence supporting magnetic ordering. a Zero-field specific heat plotted as C/T versus T? (note: the x-axis is 72, not T) for

(Bag 96K,04)(Cdy oMng ), As,, showing an anomaly near T, (arrow, corresponding to 7> ~ 70-96 K?, i.e., T ~ 8.4-9.8 K). Inset: low-temperature fit using

el

Caectron + Craice = ¥T + B3T3 + T3, yielding y = 14.94 mImol™' K-2. b Magnetic contribution C,,(T) obtained after subtracting electronic and lattice terms,

plotted versus T, exhibiting a broad feature around 7, ~ 9.8 K; inset: susceptibility/magnetization data for the same composition, consistent with the transition

temperature.

Mn,),As, (solid symbols in Fig. 4(b) increases resistivity, plausibly re-
flecting enhanced disorder/localization and spin-dependent scattering
introduced by Mn dopants.

3.7. Magnetoresistance: evolution to giant MR at high Mn content and
performance benchmarking

Negative magnetoresistance (defined as MR= [p(H) — p(0)]/p(0))
below T, is shown in Fig. S2a. In the present work, the term “giant”
refers to negative MR approaching —100% under this convention; for
(Bay 06K 04)(Cdg 7Mn 3),As,, the MR at 2K is approximately —99.5%.
Field-dependent resistivity p(H) for (Bag 96Kg 04)(Cdgg5sMny 15),As, at
several temperatures is shown in Fig. S2b. A small positive MR appears
at low fields, which may be related to spin reorientation/rotation
processes and has also been discussed for ferromagnetic semiconductors
such as (Ga,Mn)As [7].

A large negative MR was previously reported for
(Ba,K)(Cd,Mn),As, with Mn content up to y = 0.2 [29]. Here we extend
to substantially heavier Mn substitution (0.05 < y < 0.5) and observe a
pronounced enhancement of MR in the high-y regime. As shown in Fig.
4c, the magnitude of negative MR increases strongly with Mn content,
and giant negative MR becomes evident at y = 0.3, approaching —100%
at low temperature.

Fig. 4d shows p(T') of (Bag 96Ky, 04)(Cdy 7 Mng 3),As, measured under
various magnetic fields. The MR grows rapidly upon cooling, and
the resistivity becomes very large at low temperature, consistent with
an insulating/localized transport regime in which magnetic field can
strongly modify carrier scattering and/or localization. At 2 K, the
negative MR approaches —100% and nearly saturates at a relatively low
magnetic field of ~0.35 T (inset of Fig. 4(d). This low-field saturation is
attractive from a performance perspective because it suggests that large
resistivity modulation can be achieved without requiring multi-tesla
fields.

The strong low-temperature enhancement of negative MR at high
y is consistent with field-suppressed spin disorder and/or field-assisted
delocalization scenarios that have been discussed for magnetic semicon-
ductors and related disordered magnetic conductors [44,45]. Because
the present samples are polycrystalline, microstructure (e.g., grain
boundaries) may further amplify the field response. For the y = 0.3
composition, the magnetization becomes nearly saturated within a
few hundred Oe, whereas the MR continues to evolve strongly up

to ~3500 Oe. This large mismatch in characteristic field scales sug-
gests that spin-disorder scattering alone does not fully account for
the giant negative MR. Additional mechanisms, such as field-assisted
carrier delocalization and grain-boundary effects in the polycrystalline
samples, likely contribute in the heavily Mn-doped, insulating regime.
Importantly, the largest MR is observed in compositions where the net
moment per Mn is most strongly reduced and the resistivity is highest.
This correlation is physically self-consistent: heavy Mn substitution
enhances disorder/localization and strengthens competing magnetic
interactions, both of which increase the sensitivity of transport to
an applied magnetic field. As a result, the Mn-rich regime exhibits
the strongest magnetoresistive response even though the net ordered
moment per Mn is reduced. More broadly, increasing Mn enhances
disorder/localization and strengthens the MR response, while K doping
reduces the baseline resistivity by increasing hole density.

Finally, both (BajggKg04)(CdggMng4),As, and (BagggKg o4)
(CdgsMng 5),As, exhibit similar behavior (Figs. S2c and S2d), sup-
porting the reproducibility of the giant MR trend in the heavily Mn-
doped window. Giant negative MR has also been reported in other
CaAl,Si,-type bulk DMS systems such as (Sr,K)(Zn,Mn),As, [22]. The
comparable MR magnitude, together with low-field saturation in
(Ba,K)(Cd,Mn),As,, strengthens the case that layered, decoupled-doping
bulk DMS materials can serve as chemically tunable platforms for
magnetoresistive functionalities at low temperature.

4. Conclusions

In summary, we synthesized and systematically investigated the
structural, magnetic, thermodynamic, and magnetotransport properties
of the layered CaAl,Si,-type diluted magnetic semiconductor
(Ba,_,K,)(Cd,_,Mn,),As, over a broad Mn substitution range of 0.05 <
y < 0.5. Powder XRD confirms that all compositions retain the same
hexagonal structure, and the monotonic evolution of lattice parameters
with K and Mn substitution supports successful chemical doping.

Ferromagnetic ordering is realized through decoupled charge (K)
and spin (Mn) doping. The Curie temperature and saturation moment
are optimized at intermediate carrier doping: T reaches 9.8 K at
x = 0.04 for fixed y = 0.10, while for the x = 0.04, y = 0.20 composition
the magnetic anomaly begins near 14-15 K based on the onset of
the decrease in d M /dT, followed by a gradual shift of the magnetic
transition to lower temperature at higher Mn contents. The intrinsic
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Fig. 4. Transport evolution and giant low-field negative magnetoresistance in (Ba,K)(Cd,Mn),As,. a Temperature dependence of resistivity p(T') for the
parent compound BaCd,As, and representative K-doped sample(s); inset: Arrhenius plot and thermal-activation fit used to extract the activation energy. b
Composition dependence of p(T) for (Ba,_.K,)(CdyoMn,;),As, (varying x; open symbols) and (Baj 6Kg04)(Cd,_,Mn, ),As, (varying y; solid symbols), illustrating
opposite effects of charge (K) doping and spin/disorder (Mn) doping on resistivity. ¢ Magnetoresistance at 2 K for (Bag 96Ky 04)(Cd;_,Mn,),As, with increasing
Mn content, defined as MR= [p(H) — p(0)]/p(0), highlighting the strong enhancement toward the heavily Mn-doped regime. d Field-dependent transport of the
heavily Mn-doped composition (Bag 46K 04)(Cdg,Mng 5),As,: p(T) measured under various magnetic fields; inset: MR(H) at selected temperatures showing a giant
negative MR approaching —100% at 2 K with near-saturation at a low field of ~0.35 T.

nature of magnetic ordering is further supported by an anomalous Hall
contribution at low fields and a specific-heat anomaly near T.

Most importantly from a materials-performance perspective, the
magnetoresistance is strongly enhanced in the heavily Mn-doped
regime. For y >0.3, the system exhibits giant negative magnetoresis-
tance approaching —100% at 2 K, with near-saturation at a relatively
low magnetic field of ~0.35 T. This low-field saturation, together with
soft ferromagnetism and clear intrinsic magnetic signatures, highlights
(Ba,K)(Cd,Mn),As, as a chemically tunable bulk DMS platform for low-
temperature magnetoresistive functionalities, and provides guidance
for optimizing MR through composition-controlled carrier density and
magnetic disorder. Further microscopic studies using local magnetic
probes, such as uSR [12,14,19,38] and quantum-sensing-based mag-
netic imaging [46,47], would be valuable for clarifying the spatial
homogeneity of the magnetic state and its connection to the unusual
low-field magnetoresistance in the Mn-rich regime.
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