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Diluted magnetic semiconductor (DMS) systems have been extensively studied in recent decades. DMSs
provides a platform where charge transport and magnetic ordering phenomena exhibit unique interplays, together
with possible applications to spin-dependent electronics (spintronics) devices. Initial development of ferromag-
netic (FM) DMS systems centered around III-V semiconductors doped with dilute transition metals, such as
(Ga,Mn)As, obtained by co-doping of spin and charge. More recently, independent spin and charge doping was
first achieved in Li(Zn,Mn)As, a DMS system based on I-II-V semiconductor, with charge doping via variable Li
concentrations and spin doping via iso-valent (Zn,Mn) substitutions. Although more than 30 new DMS systems
with independent spin and charge doping have been synthesized since then, the main research emphasis has been
put on development and characterization of systems with higher FM Curie temperature (TC) and different crystal
structures suitable for possible formation of heterostructure devices. This article focuses on a new DMS material
Na(Zn,Mn)Sb, which exhibits a spin glass (SG) ordering, together with metal-insulator transition (MIT) and
colossal negative magnetoresistance (CMR) as a function of independent spin and charge doping and application
of external magnetic fields. MIT and CMR phenomena are elucidated by magneto transport, magnetization, angle
resolved photoemission spectroscopy (ARPES), and scanning tunneling microscopy (STM) measurements, and
by band calculations which demonstrate development and disappearance of energy gap. Magnetic order and
dynamic spin fluctuations are probed with muon spin relaxation (µSR) and magnetization, and the results for
Na(Zn,Mn)Sb are compared to those from FM DMS systems Li(Zn,Mn)As, Li(Zn,Mn)P, and Li(Zn,Mn,Cu)As.
First-principles calculations are performed for Na(Zn,Mn)Sb, (Ga,Mn)As and Li(Zn,Mn)P to highlight the roles
of charge and spin doping on exchange interactions mediated by nearest neighbor super-exchange coupling and
oscillatory Ruderman-Kittel-Kasuya-Yosida (RKKY) coupling via conduction electrons. These studies reveal
(1) MIT and CMR of Na(Zn,Mn)Sb manifest as a response to spin configurations as spin-driven transport
phenomena; (2) a dynamic critical behavior is observed in SG transition of Na(Zn,Mn)Sb, in contrast to more
first-order-like magnetic evolutions in other FM DMS systems; (3) charge doping supports FM coupling additive
to direct AFM exchange interaction between nearest-neighbor Mn pairs; and (4) a widely different coercive
fields seen in different families of FM and SG DMS systems can be explained by geometrical frustration of
AFM interaction in underlying lattice for Mn spin network.
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I. INTRODUCTION

Diluted magnetic semiconductor (DMS) systems represent
a vibrant field that examines the complex interactions be-
tween magnetism and transport properties of various systems
and dimensions [1–15] with a broad spectrum of phenomena
[16–24]. DMS systems can be classified into two princi-
pal categories based on their magnetic ordering properties:
spin glasses (SGs) and diluted ferromagnetic semiconductors
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(DFSs). Various DMS systems demonstrate notable character-
istics, including the metal-insulator transition (MIT), colossal
negative magnetoresistance (CMR), and carrier-mediated
ferromagnetism [11,25].

Among them, (Ga,Mn)As and related material systems
[7,11,26–28] have functioned as a testbed for investigating
novel concepts and properties of DMSs system over the
past several decades since their initial discovery [29] and
the subsequent efforts to achieve elevated Curie tempera-
tures (TC) [30]. The manganese (Mn) atoms in (Ga,Mn)As
exhibit 4–5 Bohr magnetons of spin each, with the ef-
fective ferromagnetic (FM) interaction being facilitated by
a Ruderman-Kittel-Kasuya-Yosida (RKKY)-like interaction
between the Mn atoms and hole carriers. This phenomenon
can be attributed to the low carrier density and the fact that
the RKKY-like oscillation length scale significantly exceeds
the interatomic distance between neighboring Mn atoms. The
theoretical framework has been further advanced into the
“p-d Zener model” [31,32], while an alternative perspective,
referred to as the “Mn impurity-band model” [33], has also
been proposed to explain the mechanisms underlying FM cou-
pling. Debates among these models still continue [7,25,34].
However, the overall behavior of spin and charge interplay
in (Ga,Mn)As is rather simple: the semiconductor to metal
transition and the paramagnet to ferromagnet transition occur
at nearly the same concentration of ∼4% Mn, and the FM
TC increases with increasing (Ga,Mn) substitutions, until the
direct antiferromagnetic (AFM) exchange interaction between
nearest neighbor (n.n.) Mn atoms start to suppress the FM
tendency in the region of modest to high Mn concentrations.

In (Ga,Mn)As, trivalent Ga3+ is substituted by divalent
Mn2+. This implies simultaneous doping of spins and holes,
which leads to the following difficulties. (1) Theoretically, it
is difficult to distinguish the role played by spin doping with
that by charge doping, even with the use of high-resolution
analytical tools [35]. (2) This “hetero-valent” doping severely
limits solubility and necessitate the use of low-temperature
molecular beam epitaxy techniques to obtain metastable films.
Bulk specimens cannot be generated, and thin film specimens
often face problems arising from homogeneity and/or air sen-
sitivity, such as different properties and conflicting results
between pristine and annealed specimens [36,37]. Due to the
unavailability of bulk specimens, detailed neutron scattering
studies for detection of magnetic structure [7,25,26], and
spin dynamics cannot be performed, although useful planar-
averaged depth profiles of magnetic and nuclear scattering can
be extracted from specular neutron reflection [38]. We shall
call these systems the first-generation DMS systems.

In 2007, Masek, Jungwirth, and co-workers proposed [39]
that one could overcome such difficulties of the Mn-doped
III-V semiconductors by starting from a I-II-V semiconductor,
such as LiZnAs, and making isovalent (Zn,Mn) substitutions
for spin doping, while using excess Li for charge doping.
Subsequently, Li(Zn,Mn)As was synthesized as a bulk ma-
terial [2], and shown to exhibit FM properties similar to
(Ga,Mn)As. This discovery of a new FM DMS system led
to the development of series of Mn-based FM DMS systems
with independent spin and charge doping, as reported in both
experimental [3,4,40–96] and theoretical [97–111] studies.
All these systems exhibit a FM phase for optimized spin and

charge doping. Compared with (Ga,Mn)As and other DMS
systems based on III-V semiconductors, these new DMS sys-
tems have the following advantages (i)–(iv). (i) A higher TC

ranging from 180 K [47] to 230 K [53] and up to 260 K
[95] achieved in systems based on BaZn2As2 (BZA). There
remains a possibility for further enhancement of TC, as pre-
dicted by theoretical calculations [100,105,109]. (ii) They
have potential for multilayer heterojunctions in spintronic de-
vices [47,112–114], due primarily to the fact that the p-type
(Ba, K)(Zn, Mn)2As2 [47,70] has a common crystal structure
with the n-type DMSs Ba(Zn, Co)2As2 [77], antiferromagnet
BaMn2As2 [115,116] and prototypical iron-based high-Tc su-
perconductor (Ba, K)Fe2As2 [117]. (iii) Bulk and air-stable
materials in single crystal are available [70,73], allowing
access to various experimental techniques, such as angle-
resolved photoemission spectroscopy (ARPES) [56], Andreev
reflection [70], electronical transport [73], application of high
pressure [75], and angle-dependent x-ray magnetic circular
dichroism (XMCD) [86]. (iv) The distinct roles and effects of
carriers and spins can possibly be separated through the inde-
pendent manipulation of spin and charge doping [113,114].
We shall call these systems the second-generation DMS
systems.

As the most recent family of DMSs with independent spin
and charge doping, Na(Zn,Mn)Sb was synthesized in 2023
[1]. This system has several distinct properties as compared
with FM DMS systems discussed above. The undoped com-
pound NaZnSb is a metal, in contrast to semiconductors in
the earlier FM DMS systems. In the optimally doped region,
Na(Zn,Mn)Sb exhibits a spin glass (SG) phase rather than FM
order. With spin and charge doping, this system exhibits semi-
conducting behavior in zero field, unlike the metallic behavior
of the earlier FM DMSs. The semiconducting transport can
be altered by the application of a high external field, which
results in colossal negative magneto resistance (CMR). These
features indicate that Na(Zn,Mn)Sb exhibits a new and unique
interplay of transport (charge) and magnetism (spin) which is
significantly different from those in the FM DMS systems. We
shall call these systems the third-generation DMS systems.

In this paper, we elucidate the charge-spin interplay of
Na(Zn,Mn)Sb systems by performing experimental measure-
ments with several different probes including resistivity,
magnetic susceptibility, magnetization, ARPES, scanning tun-
neling microscopy (STM), and muon spin relaxation (µSR),
and by combining the results with band calculations and first-
principle simulations of exchange interactions. The evolution
with charge and spin doping will be compared with the behav-
ior in FM DMS systems to highlight novel features of MIT
and CMR and magnetic critical behaviors in Na(Zn,Mn)Sb.
Finally, we will compare all the above-mentioned FM and
SG DMS systems and show that the widely different values
of the coercive field may be related to geometrical frustration
of the AFM interactions in the underlying lattice of Mn net-
works. Following this introductory section, we will present a
description of experimental and simulation methods in Sec. II,
MIT and CMR results in Sec. III, µSR results in Sec. IV, and
simulation of exchange interactions in Sec. V. Section VI,
with a discussion and conclusions, will present three main
conclusions and a notable observation from the results of the
present study.
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II. METHODS

Samples of Li(Zn,Mn)As [2], Na(Zn,Mn)Sb [1],
Li(Zn,Cu,Mn)As [4], and Li(Zn,Mn)P [3,40,42] were
synthesized utilizing both the conventional solid-state reaction
method and the self-flux method [70]. The electronic transport
properties were characterized by using a conventional
four-probe method within a Physical Property Measurement
System (PPMS, Quantum Design), with silver paint applied as
an electrical contact on the sample. High-resolution ARPES
measurements were conducted using a laboratory-based
system at the Institute of Physics, Chinese Academy of
Sciences (IoPCAS), which was equipped with a Scienta
Omicron DA30 electron energy analyzer. The light source
employed was a Scienta Omicron helium discharge lamp,
providing a photon energy of 21.2 eV [118]. The energy
resolution was established at 10–20 meV for Fermi surface
mapping and band structure measurements, accompanied
by an angular resolution of approximately 0.3 degrees. All
measurements were performed under ultrahigh vacuum
conditions, maintaining a base pressure of less than 5×10−11

Torr throughout the experiments, conducted at a temperature
of 20 K, where SG ordering formation occurs for cleaved
single crystal specimen Na1.09(Zn0.88Mn0.12)Sb. The samples
utilized in the experiments were cleaved in situ at a temper-
ature of 80 K and subsequently transferred to a STM head.
The experiments were conducted within an ultrahigh vacuum
environment (1×10–10 mbar) and at ultra-low temperatures
(40 mK), utilizing a system capable of generating a magnetic
field of 9-2-2 T. All scanning parameters, including setpoint
voltage and current, for the STM topographic images are
detailed in the figure captions. Unless otherwise specified,
the differential conductance (dI/dV) spectra were obtained
using a standard lock-in amplifier operating at a modulation
frequency of 973.1 Hz. A nonmagnetic tungsten tip was
produced through electrochemical etching and was calibrated
on a clean Au (111) surface, which was prepared by subjecting
it to multiple cycles of argon ion sputtering followed by
annealing at 500 °C.

The µSR spectra of the Li1.15(Zn0.9Mn0.1)P sample were
measured under zero-field (ZF) and transverse-field (TF)
conditions using the General Purpose Surface-Muon In-
strument (GPS) at the Paul Scherrer Institute (PSI) in
Villigen, Switzerland. The remaining µSR spectra for the sam-
ples Li1.04(Zn0.9Mn0.1)P, Li(Zn,Mn)As, Li(Zn,Cu,Mn)As,
and Na(Zn,Mn)Sb, which exhibit varying doping levels, were
obtained at TRIUMF in Vancouver, Canada. These measure-
ments were conducted using the LAMPF spectrometer and
dilution refrigerator (DR) under ZF, longitudinal field (LF),
and TF conditions. The µSR analysis was conducted in the
time domain using the MUSR-FIT software package [119],
which is based on the ROOT framework developed at CERN
for analyzing data in particle physics.

First-principles simulations were conducted utilizing the
projector augmented wave (PAW) method [120] in conjunc-
tion with the Vienna Ab Initio Simulation Package (VASP)
[121]. The electron exchange-correlation function selected for
this study was the generalized gradient approximation (GGA),
specifically utilizing the Perdew-Burke-Ernzerhof (PBE) for-
mulation [122]. The GGA plus on-site Coulomb repulsion U

FIG. 1. Metal-insulator transition (MIT) in Na1+x (Zn1−yMny )Sb.
The normalized resistivity ratio ρ/ρ300 K is plotted as a function
of temperature. The MIT is observed as the Mn doping levels x
increase while keeping the Na doping levels constant. The results are
for polycrystalline samples, except for those on two single-crystal
samples [1] with x = 0.12 and y = 0.64, and x = 0.09 and y = 0.12
donated as #S in the label.

(GGA+U) approach by Dudarev et al. was used to describe
strongly localized Mn 3d orbitals [123]. The effective on-site
Coulomb interaction parameter (U = 4 eV) was applied to
Mn 3d orbitals. Lattice constants and atomic positions were
fully relaxed until the maximum force acting on all atoms was
less than 1×10−4 eV and the total energy was converged to
1×10−8 eV with the Gaussian smearing method. The kinetic
energy cutoff of 500 eV was employed. The Brillouin zone
was sampled with an 8×8×8 Monkhorst-Pack grid [124] for
pristine NaZnSb and LiZnP, while 4×4×4 Monkhorst–Pack
grid for 2×2×2 supercells of doped NaZnSb and LiZnP,
and 6×6×6 Monkhorst-Pack grid for 2×2×2 supercells of
(Ga,Mn)As and 4×4×2 Monkhorst-Pack grid for 2×2×3
supercells of (Ga,Mn)As. All doping configurations are gener-
ated by disorder code [125,126]. An 8×8×8 Monkhorst-Pack
grid was utilized for the structural optimization of the unit
cells of pristine NaMnSb and LiMnP. In contrast, a 4×8×4
Monkhorst-Pack grid was employed for the 2×1×2 supercells
of NaMnSb, while a 4×4×4 Monkhorst-Pack grid was used
for the 2×2×2 supercells of LiMnP. For the energy calcu-
lations of the elemental substances sodium (Na), zinc (Zn),
manganese (Mn), and antimony (Sb), an 8×8×8 Monkhorst-
Pack grid was also adopted.

III. METAL INSULATER TRANSITONS AND COLOSSAL
MAGNETORESISTANCE: TRANSPORT,
MAGNETIZATION, ARPES, AND STM

MEASUREMENTS AND BAND CALCULATIONS

The MIT exhibit fluctuations and orderings in spin, charge,
and orbital degrees of freedom near the transition point [127],
and serves as a prominent and distinctive characteristic of
strongly correlated electron systems, such as the Mott in-
sulator [128] perovskite manganite [129], and DMSs [26],
etc. Figure 1 demonstrates the MIT in Na1+x(Zn1−yMny)Sb
material system. The parent compound NaZnSb has exper-
imentally been confirmed to exhibit metallic properties [1],
following the prediction made through first-principles tight-
binding linear muffin-tin orbital calculations within the local
density approximation (LDA) [refer to Fig. 5(a) below]. With
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FIG. 2. Magnetization and MR in a single crystal specimen of Na1.09(Zn0.88Mn0.12)Sb. (a) The temperature dependence of the susceptibility
with the external field H = 0.05 tesla (T) applied parallel to the c axis and the ab plane, respectively. (b) Magnetic hysteresis with H parallel
to the c axis and the ab plane, respectively, and compared with the MR for H along the c axis at 2K. (c) Zoom in results of (b) with H parallel
to the c axis.

an increase in magnetic manganese (Mn) concentration, an
intriguing phenomenon arises: the normalized resistivity ratio
(ρ/ρ300 K ) exhibits a significant and rapid increase at low tem-
peratures, especially below the spin freezing temperatures Tf ,
with values smaller than 20 K in all Na1+x(Zn1−yMny)Sb sam-
ples. The higher the Mn concentration, the more pronounced
this upward trend becomes, accompanying a transition from
Fermi liquid behavior to thermal activation. The Mn = 0.25
sample exhibits a resistivity approximately five orders of mag-
nitude higher than that at room temperature, and nearly six
orders of magnitude larger than that of the Mn = 0 and 0.05
samples at the lowest measured temperature. The alteration of
the band structure and the magnetic structure can significantly
influence resistivity.

ARPES, as a direct technique for observing the band
structure, was employed to investigate single crystal
Na1.09(Zn0.88Mn0.12)Sb following preliminary magnetization
and magnetoresistance (MR) characterization (Fig. 2). In con-
junction with its resistivity under external fields [refer to
Fig. 5(a) in Ref. [1]], we observed the following: (1) The Tf is
approximately 12 K, with a notable increase in susceptibility
commencing at around 20 K [Fig. 2(a)]. (2) The spin tends
to freeze along the c axis of the crystal structure [Fig. 2(b)].
(3) Upon a gradual application of external fields, the
alignment of spins can converge in a uniform direction,
as demonstrated by the magnetic hysteresis loop at 2 K
[Fig. 2(b)]. The alteration in spin structure referenced in point
(3) shows a strong correlation with colossal magnetoresis-
tance (CMR). The phenomenon of CMR will be elaborated
upon in the subsequent section.

Initially, we will examine the band structure. The com-
pound NaZnSb adopts a Cu2Sb-type crystal structure (space
group P4/nmm), which could be cleaved between the an-
timony (Sb) and sodium (Na) atomic layers [Fig. 3(a)].
Figure 3(b) exhibits the high-symmetry points in the Brillouin
zones. Compared to NaZnSb, Na1.09(Zn0.88Mn0.12)Sb exhibits
a clear band gap smaller than 0.1 eV, as confirmed by di-
rect measurements using the ARPES technique and shown
in Figs. 3(c)–3(f). The constant-energy contours of NaZnSb
at the binding energies (EB) of 0 eV (Fermi level) (i) and
0.1 eV (ii) reveal a gapless feature, while the detailed band
structure is depicted with cut #1 (i) and cut #2 (ii). The band
structure calculations unequivocally rule out the possibility of

a MIT caused by lattice distortion resulting from doping in the
Na(Zn,Mn)Sb system (see Fig. 5 below).

The colossal negative magnetoresistance (CMR � [ρ(H)−
ρ(0)]/ρ(0)) [130], which refers to a much larger mag-
nitude of negative magnetoresistance (MR) compared to
conventional ferromagnetic metals, is an important topic in
spintronics applications [9,26,112]. However, it is a complex
subject due to material-specific complications and many-
body interactions [25,121]. In the past decade, there has
been a significant increase in research efforts on various
types of CMR-related materials spinel [131,132], pyrochlore
[133,134], cobaltite [135], SG [1], ferromagnetic semiconduc-
tor [136,137], half-Heusler compounds [138], and topological
magnets [139,140]. Among these materials, perovskite man-
ganite serves as a prototype example where concepts like
magnetic polarons and magnetic phase separation have been
developed [129,130,141,142]. However, the physics involved
becomes highly intricate due to the interplay of numerous
degrees of freedom, including spin, charge, orbital, and lattice
dynamics, in addition to factors such as disorder and strong
electron correlation. It is then desirable to study a relatively
simple material to gain further insight into CMR. Just recently,
a novel DMS Na(Zn,Mn)Sb [1] shows CMR in SG state,
providing an excellent platform for studying its mechanism.

The doping evolution of CMR with respect to external
fields in Na1+x(Zn1−yMny)Sb at the base temperature of 2 K is
shown in Fig. 4(a). With an increasing doping concentration of
Mn, the CMR initially increases and then decreases, with the
highest value of 99.7% observed in the Na1.1(Zn0.75Mn0.25)Sb
sample. This value is comparable to that found in other mag-
netic materials such as europium monoxide [143], manganite
[144,145], and chromium chalcogenides [132]. Moreover, the
intrinsic nature is convincingly demonstrated by examining
two doped single crystals, namely, Na1.08(Zn0.88Mn0.12)Sb
and Na1.12(Zn0.36Mn0.64)Sb, which effectively rule out any
grain boundary effects observed in polycrystalline samples.

As early as 1934, de Haas and Van den Berg experimen-
tally observed a minimum resistance in noble metals [146],
which Kondo later explained using higher-order perturbation
theory to determine the scattering rate between conduction
electrons and magnetic impurities [147]. The “Kondo ef-
fect” is clearly demonstrated in the Na1.1(Zn0.95Mn0.05)Sb
sample without SG ordering, as shown by the logarithmic
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FIG. 3. ARPES results on single crystals of NaZnSb and Na1.09(Zn0.88Mn0.12)Sb. (a), (b) Crystal structure and momentum space configu-
ration of Na1+x (Zn1−yMny )Sb, with high-symmetry points indicated. The arrow in (a) indicates that the cleavage occurs between the Sb and
Na atomic layers, producing two kinds of (001) surfaces with either As- or Na-terminated atomic layers. (c) Constant-energy contours of
NaZnSb at the binding energies (EB) of 0 eV (Fermi level) (i) and 0.1 eV (ii). (d) The corresponding ARPES spectra of NaZnSb along two
high-symmetry directions, cut no. 1 (i) and cut no. 2 (ii), as indicated by the red line in c(i). (e), (f) Same data as in (c) and (d), respectively,
from Na1.09(Zn0.88Mn0.12)Sb. The red arrow in (f) highlights the insulating gap in the Mn-doped sample.

temperature-dependent increase in resistivity due to spin-flip
scattering of magnetic impurities [Fig. 4(c)]. The same phe-
nomena were also seen in SG CuMnBi alloys [148,149].
The resistivity of Na1.1(Zn1−yMny)Sb (y = 0.15 and 0.25)
samples with SG ordering is significantly reduced by several
orders of magnitude under external magnetic fields, lead-
ing to a remarkable increase in the magnetoresistance ratio
ρ(0)/ρ(H) [Fig. 4(b)]. This increase exceeds three orders of
magnitude at the lowest measured temperature in the Mn =
0.25 SG sample. Extrapolating this trend to 2 K suggests an
even more astounding magnetoresistance ratio approaching
five orders of magnitude [Fig. 4(b)].

The observed CMR effects strongly correlate with
the magnetic hysteresis loop observed at 2 K in both
single crystal Na1.09(Zn0.88Mn0.12)Sb [Fig. 2(b)] and
Na1.12(Zn0.36Mn0.64)Sb [refer to Figs. 2(c) and 5(d) in
Ref. [1]]. The magnetization DC susceptibility measurements
in Na1.1(Zn0.75Mn0.25)Sb with a polycrystalline state under
several selected external fields also demonstrate consistency
with the CMR. The modification of spin structure caused

by external fields can contribute to the occurrence of CMR
phenomena. Specifically, as the temperature decreases, all
spins tend to align themselves into specific orientations to
minimize energy and form a metastable phase upon crossing
the critical temperature point Tf . This metastable state can
be perturbed by external fields that gradually realign the
spin orientation as the field strength incrementally increases
from 0 to 7 T. The scattering effects reach their minimum
when all spins align in a single direction resembling a
quasi-FM state, provided the external field is sufficiently
strong, leading to the manifestation of CMR. The electronic
structures of Na(Zn1−yMny)Sb (Fig. 5) were calculated by
using first-principles methods. This analysis serves to further
validate that the alteration of the spin structure, resulting
from Mn doping in an AFM configuration, also induces
the colossal CMR phenomenon. The energy with a FM
ground state magnetic structure [Figs. 5(f)–5(h)] is observed
to be greater than that with an antiferromagnetic (AFM)
magnetic structure [Figs. 5(b)–5(d)], under the same doping
levels.
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FIG. 4. The colossal negative magnetoresistance effects. (a) Magnetic-field dependence of the colossal negative magnetoresistance CMR
� [ρ(H) − ρ(0)]/ρ(0) in Na1+x (Zn1−yMny )Sb in various doping levels at T = 2 K. The specimens of Mn = 0.12 and 0.64 are single
crystals [1], while other specimens are polycrystals. (b), (c) The resistivity ρ(T) versus temperature at several selected external fields in
Na1.1(Zn0.75Mn0.25)Sb and Na1.1(Zn0.95Mn0.05)Sb. (d) Temperature dependence of the dc susceptibility in this specimen in selected external
fields ranging from 0.01 T, 0.05 T, 0.1 T, 0.2 T, 1 T, up to 7 T.

The scanning tunneling microscopy/spectroscopy (STM)
technique was used independently to investigate the atomic
and electronic structure of Na1.12(Zn0.36Mn0.64)Sb single
crystal (Fig. 6). The weak bonding between neighbor-
ing Na layers leads to the formation of Na terminated
surfaces after cleaving of the sample [Fig. 6(a)]. An atomi-
cally resolved STM image of the Na terminated surface of
Na1.12(Zn0.36Mn0.64)Sb, reveals a distorted square lattice with
dimensions a = 4.3 Å and b = 4.0 Å [Fig. 6(b)], compared to
the calculated lattice with dimensions a = b = 4.44 Å. This
distortion may be attributed to surface relaxation during the
cleaving process. The dI/dV spectrum obtained at the Na
terminated surface shows three peaks at the occupied states
of about 250 mV, 360 mV, and 510 mV [Fig. 6(c)]. We apply
external magnetic fields perpendicular to the surface Bz to
study the magnetic response of the density of state. When
Bz increases to 7 T, there is no significance for the density
of states. This result provides clear elucidation that the CMR
effect cannot be attributed to the band-structure change in the
surface under external field [Fig. 6(d)]. Together with the band
structure calculated above, we could claim that the increase of
the density of states in the Fermi level is a bulk and intrinsic
effect. The findings collectively indicate the contributions of
the modification of the spin structure under external fields and
its role in the CMR.

It is noteworthy that CMR effects have also been observed
in (Ga,Mn)As systems. The substitution of Ga3+ with Mn2+

results in simultaneous charge and spin doping; however,
researchers are actively pursuing modifications to the hole
concentration through defect engineering via ion irradiation,
all while maintaining a stable Mn concentration. Published
studies [150,151] indicate that samples with a relatively high
Mn concentration of 5%–6% can become insulating after hole
compensation by defects. Furthermore, at sufficiently elevated
Mn concentrations, if the samples are insulating, the colossal
magnetoresistance can approach 100% [137], as demonstrated
in Na(Zn, Mn)Sb.

IV. MAGNETIC PHASE TRANSITIONS IN Na(Zn,Mn)Sb
AND RELATED FM DMS SYSTEMS

A. Spin glass phenomena and the previous µSR studies

In the previous sections, we have studied transport
properties of Na(Zn,Mn)Sb to elucidate how the charge
conduction properties are altered in response to the dop-
ing of charges and spins, and to the application of
external magnetic fields. The conventional method for
inducing ferromagnetism in nonmagnetic semiconductors
involves doping with magnetic atoms, resulting in a tran-
sition from PM to FM, as seen in the (Ga,Mn)As sys-
tem [152]. AFM and FM states can be achieved by
attaining specific levels of magnetic atom doping, such
as the Li(Zn,Mn)As [2,39,153] and (Ba, K)(Zn, Mn)2As2

[47,53,56,57,63,66,68,70,86,91,115,116,154–156], systems.
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FIG. 5. First-principles calculation for the electronic structures
of Na(Zn1−yMny )Sb. (a) NaZnSb. (b)–(d) Na(Zn1−yMny )Sb (y =
0.25, 0.5, and 0.75) with the AFM ground state magnetic structure.
(e) NaMnSb. (f)–(h) Na(Zn1−yMny )Sb (y = 0.25, 0.5, and 0.75) with
the FM ground state magnetic structure. Note that the energy with
FM magnetic structure is higher than that with the AFM magnetic
structure.

Note that LiMnAs [153] and (Ba, K)Mn2As2 [115,116,154–
156] are AFM systems with the antiferromagnetic coupling
between nearest neighbor Mn pairs. As shown in the mag-
netic susceptibility and its field dependence (refer to Fig. 3 in
Ref. [1]), Na(Zn,Mn)Sb exhibits properties characteristic of
spin glasses (SGes). In this section, we shall study magnetic
phases and spin fluctuations in Na(Zn,Mn)Sb and compare
them with the results obtained in ferromagnetic DMS systems
such as Li(Zn,Mn)As and Li(Zn,Mn)P, in order to understand
how the SG state is obtained in a family of DMS systems.

In SG systems, which have been studied since the 1970s
[157,158], spins are arranged with random directions in space
without any periodicity and become “frozen” as a function of
time, thereby violating the ergodicity principle. This stands
in contrast to conventional FM and AFM where neighboring
spins align parallel or antiparallel, as well as paramagnets
which exhibit a spatially random spin pattern that fluctuates
over time while maintaining ergodicity [159]. Consequently,

numerous energy configurations arise from competing inter-
actions between the spins. This situation leads to numerous
energy configurations arising from competing interactions be-
tween the spins. The initial introduction within the framework
of localization theory was provided by Anderson [160], moti-
vated by the discovery of puzzling effects in AuFe and CuMn
alloys by Cannella and Mydosh [161]. In these dilute alloy
SGes, the competing and frustrating interactions originate
from the spatially oscillating RKKY interaction among dilute
magnetic moments of Mn or Fe due to Friedel oscillation of
conduction electrons of the host material, Cu or Au. One of
the most surprising features is the sharpness of the cusp of
the ac-magnetic susceptibility observed in these dilute-alloy
SG systems, despite the built-in randomness of spin locations
and the resulting random directions of frozen spins below the
cusp temperature. More recently, SG behaviors have also been
observed in geometrically frustrated spin systems (GFSS)
[162,163], which involve (at most) only a minimal degree of
built-in randomness or broken translational symmetry in the
locations of magnetic moments. Despite the accumulation of
experimental and theoretical results, the fundamental nature
of the ground state, energy landscapes, and spin dynamics of
SG systems are still subject to extensive studies in various
different systems [164]. The present work will explore the SG
phenomena in a new platform of DMSs systems.

Here we will use the method of muon spin relaxation (µSR)
to probe magnetic properties of Na(Zn,Mn)Sb and related sys-
tems. In the 1980s and early 1990s, µSR was applied to studies
of CuMn [165–173], AuFe [174,175], AuMn [172,173], and
AgMn [176–181], and the results revealed (1) development
of static frozen component (order parameter) of Mn or Fe
moments below the susceptibility-cusp temperature Tf ; (2) a
clear signature of critical slowing down of spin fluctuations
with temperatures approaching Tf from above and below; and
(3) the disappearance of dynamic spin relaxation at T → 0. In
a kagome lattice [182,183], pyrochlore [184–186] and many
other GFSS systems, in contrast to the feature (3) in dilute
alloy SGes, the muon spin relaxation rate 1/T1 often remains
finite even at T → 0, indicating some quantum spin dynam-
ics persisting well below Tf . µSR was also applied to many
DMS systems, such as (Ga.Mn)As [36], Li(Zn,Mn)As [2],
and (Ba, K)(Zn, Mn)2As2 [47], elucidating static magnetic
order together with the evolution of the volume fraction with
static magnetism. These observations have been made possi-
ble by a superb sensitivity of µSR to magnetic order of spin
systems even with random and/or dilute magnetic moments,
and the unique ability of µSR to independently determine
the size of the frozen local ordered moment and the volume
fraction involving the static magnetic order [187]. Details of
µSR methods can be found in books [188–190] and in reviews
of time spectra expected in SGs [175] and various different
magnetic systems [191].

B. µSR results in Na1.1(Zn0.75Mn0.25)Sb
and relevant DFSs systems

µSR measurements on Na1.1(Zn0.75Mn0.25)Sb were per-
formed at TRIUMF using sintered ceramic specimens. The
irreversibility of DC magnetization shown in Fig. 4(d) and
the frequency shifts in temperature in the ac susceptibility
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FIG. 6. STM results from single crystal Na1.12(Zn0.36Mn0.64)Sb. (a) Top view (ab plane) of a schematic model of Na1.12(Zn0.36Mn0.64)Sb,
showing the atomic structure of top Na layer and underlying Zn/Mn, Sb and bottom Na layer with a unit cell of a = b = 4.44 Å. (b) Atomically
resolved STM image of Na-terminated surface of Na(ZnMn)Sb, showing a lattice of a = 4.3 Å, b = 4.0 Å, taken with scanning parameters:
Sample bias Vs = 200 mV, tunneling current: It = 50 pA. Waterfall (c) and intensity (d) plot of dI/dV spectra under the magnetic field
perpendicular to the surface, showing no significant changes in the density of states with increasing magnetic field from 0 T to 7 T. STS
parameters: Sample bias Vs = −100 mV, tunneling current: It = 2 nA.

measurements (refer to Fig. 3 in Ref. [1]) indicate the SG
behavior of this system with the spin freezing temperature,
Tf =(12 ± 1) K in zero external magnetic field. We took µSR
data in zero field (ZF), weak-transverse field (wTF) of 24 G
applied perpendicular to the direction of initial muon polar-
ization, and several longitudinal fields (LFs) parallel to the
initial polarization, with the positron counters located in for-
ward/backward configuration in the non-spin-rotated mode,
[refer to Fig. 1 in Ref. [175]). Typical time spectra of muon
spin polarization for selected temperatures are shown in Fig. 7
with Fig. 7(a) for ZF, Fig. 7(b) for wTF, and Figs. 7(c) and 7(d)
for LF µSR measurements.

Spin freezing below Tf would generate a significant ran-
dom and static local field at the muon site, resulting in a
fast depolarization of the “transverse component” (2/3 of
total asymmetry in the case of powder/ceramic samples) in
ZF-µSR, as shown in Fig. 7(a). The volume fraction of the
region with strong static magnetism can be estimated via
the amplitude of this transverse relaxation and precession
component in ZF, as well as via the volume of the para-
and nonmagnetic environment derived from the amplitude of
oscillation component with applied field in the wTF measure-
ments, shown in Fig. 7(b). In principle, µSR relaxation in ZF
can be caused both by static random local field and the 1/T1

relaxation due to fluctuating dynamic local fields. These can
be distinguished by the application of LF. The asymmetry lost
by the static effect can be restored and decoupled by LF as
shown in Fig. 7(c) for T = 2 K. The field required to cause
this decoupling phenomenon scales with the magnitude of
the static random local field which can also be determined
by the initial fast decay rate of the asymmetry of transverse
component in ZF. The dynamic 1/T1 relaxation, in contrast,
does not exhibit significant change of relaxing asymmetry
in LF, as shown in most of the data in Fig. 7(d) for LF =
500 G above Tf , although some field dependence can be seen

in the relaxation rate which is partly due to the decoupling
of the nuclear dipolar field above Tf . Application of LF 500
G also decouples the random static field from the frozen
moments below Tf . With these principles, µSR time spectra
can be analyzed using relaxation functions A(t), where fitting
allows one to derive three essential parameters: (i) the mag-
nitude of the static random local field, denoted as as, (ii) the
volume fraction fM of the region with static magnetism due to
frozen ordered moments, and (iii) the dynamic spin relaxation
rate 1/T1. The fitting functions used in the present study are
given in the µSR analytical model and spectrum section of
the Supplemental Material [192], with further explanations
[192]. Although the nuclear dipolar field also causes static
relaxation, its effect can be easily separated from those of
static magnetic order and freezing, since the magnitude of
nuclear dipolar field is smaller than those of frozen spins by
more than two orders of magnitude in the systems studied in
the present paper.

In Fig. 8(a) we present the results for the static random
local field as and the volume fraction fM with the static
magnetism in Na1.1(Zn0.75Mn0.25)Sb derived from the time
spectra in ZF and wTF. We see a rather sharp change of
these parameters at T ∼ Tf , which indicates a sharp onset
of the SG freezing. In ideal second-order (continuous) phase
transitions, one would expect an increase of as scaling with
the order parameter below Tf associated with a change of fM

as a step function at Tf . In first-order transitions involving
phase s.eparation at Tf , the volume fM often exhibits gradual
changes while as often develops from finite values discontin-
uously [187,193,194]. The results in Fig. 8(a) suggest that the
spin freezing in Na1.1(Zn0.75Mn0.25)Sb exhibits features close
to the second-order transition.

For the purpose of comparison, we also present µSR
results on ferromagnetic DFS systems Li(Zn,Mn)As,
Li(Zn,Mn)P, and Li(Zn,Cu,Mn)As in Figs. 8(b)–8(d)
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FIG. 7. µSR time spectra of Na1.1(Zn0.75Mn0.25)Sb polycrystalline sample. (a) ZF. (b) wTF at 24 G. (c) LF at T = 2 K. (d) Temperature
dependence at LF 500 G.

obtained with analyses using the same principles and
fitting procedures applied to Na(Zn,Mn)Sb in Fig. 8(a).
Magnetization and transport results on these systems

have been published in [2–4,40]. A part of µSR results
on these systems have also been published for x = 0.1,
y = 0.05 of Li1+x(Zn1−y, Mny)As [2], x = 0.15, y = 0.1

FIG. 8. Static ordered volume fraction fM, and the amplitude of static random fields as versus temperature for SG and FM systems.
(a) Na1.1(Zn0.75Mn0.25)Sb. (b) Li1+x (Zn1−yMny )As. (c) Li1+x (Zn0.9Mn0.1)P. (d) Li(Zn1−xCuxMny )As. Note that part of the results in (b)–(d)
for Li1.1(Zn0.95Mn0.05)As [2], Li1.15(Zn0.9Mn0.1)P [3], and Li(Zn0.75Cu0.125Mn0.125)As [4] have ever been reported. The positions of the arrows
indicate the transition temperatures, and their corresponding values are illustrated, with each color representing a specific sample.
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FIG. 9. 1/T1 versus normalized critical temperatures, retracted from longitudinal-field (LF)–µSR time spectra. Dynamic critical behavior
appears around Tf for SG systems (a), but no dynamic critical behaviors for all the FM systems (b)–(c).

for Li1+x(Zn1−y, Mny)P [3] and x = 0.125, y = 0.125 for
Li(Zn1−x−y, Cux, Mny)As [4], while the results in other
specimens of Figs. 8(b)–8(d) have been newly obtained and
analyzed for the present paper. The new data were obtained
at PSI for the wTF- and ZF-µSR of the Li1.15(Zn0.9Mn0.1)P
sample, and TRIUMF for the LF-µSR of Li1.15(Zn0.9Mn0.1)P
sample, all the configurations of Na1.1(Zn0.75Mn0.25)Sb,
Li1+x(Zn1−y, Mny)As (x = 0, y = 0; x = 0.1, y = 0.03;
x = 0.1, y = 0.05; x = 0.05, y = 0.1), Li1.04(Zn0.9Mn0.1)P,
and Li(Zn1−x−y, Cux, Mny)As (x = 0.125, y = 0.125;
x = 0.150, y = 0.150). These ferromagnetic DMS systems
exhibit results closer to the first-order transitions with gradual
change of fM around TC and a gradual increase of fM at
low temperatures without saturation. Detailed analysis of
the spectra was attached to Figs. S1–S3 in the Supplemental
Material [192].

The differences between second- and first-order transi-
tions also show up in the critical behavior of dynamic spin
relaxation rate 1/T1. In Fig. 9 we compare the results of
1/T1 for these four different systems. In our reports [2–4]
of µSR results for a part of the ferromagnetic DFS system
in Figs. 8(b)–8(d), the previous analyses were performed
without including the effect of the dynamic 1/T1 relaxation.
For the present paper, we reanalyzed the µSR data in all
the ferromagnetic DMS systems and present the results in
Figs. 9(b) and 9(c). Detailed analysis of the spectra is attached
to Figs. S4 and S5 [192]. A clear peaking of 1/T1 at Tf was
observed in Na1.1(Zn0.75Mn0.25)Sb, as shown in Fig. 9(a),
indicating critical slowing down of spin fluctuations at the
spin freezing, similar to those observed in AuFe and CuMn
[175]. In contrast, no peaking of 1/T1 was found in any of

the DFS systems around their TC’s [Fig. 9(c)]. Both results
of static order in Fig. 8(a) and dynamic critical behavior in
Fig. 9(a) are consistent with a second-order phase transition
in Na1.1(Zn0.75Mn0.25)Sb at the SG spin freezing. Another
notable feature is the tendency towards disappearance of 1/T1

and absence of persistent (quantum) spin dynamics at T → 0
in Na1.1(Zn0.75Mn0.25)Sb. Thus the spin freezing in the DMS
SG system Na1.1(Zn0.75Mn0.25)Sb occurs in the manner quite
similar to the case of dilute alloy SG systems [175].

C. Nearly linear scaling of the random static field amplitude as

and the transition temperatures

In some of our previous reports on ferromagnetic DMS
systems [2–4,36,41], we plotted the internal field parameter as

against the transition temperature TC, and demonstrated nearly
linear correlations as shown in Fig. 10. This feature is similar
to the relationship in dilute alloy spin glasses, where the ex-
change interaction is due to the RKKY interaction and internal
field is due to dipolar field from the frozen moments. In the
dilute limit, both interactions and fields decay with a 1/r3

dependence with the distance r from a magnetic moment. This
leads to as and TC both scaling linearly with the concentration
c of Mn or Fe moments, and thus to the linear relationship
between as and TC with c as an implicit parameter. When plot-
ted in Fig. 10, the results on Na1.1(Zn0.75Mn0.25)Sb closely
follow the trend of other DMS systems. This implies that the
magnitude and spatial variation of the exchange interaction in
the SG system are comparable to those in the ferromagnetic
DMS systems. This feature will be discussed further in the
next section, based on first-principle theoretical simulations.
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FIG. 10. Correlations between the µSR static internal
field as (T = 2 K) and the transition Curie temperature
TC and spin freezing temperature Tf observed in various
DMS systems, including (Ga1−xMnx )As (x = 0.012, 0.030,
0.034, and 0.070) [36], (Ba0.8K0.2)(Zn0.9Mn0.1)2As2 [47],
(La0.9Ca0.1)(Zn0.9Mn0.1)AsO [62], (La0.95Ba0.05)(Zn0.95Mn0.05)AsO
[41], (Ba0.85K0.15)F(Zn0.9Mn0.1)As [59], Li1.1(Zn0.95Mn0.05)As [2],
Li(Zn0.75Cu0.125Mn0.125)As [4], and Li1.15(Zn0.9Mn0.1)P [3].

V. FIRST-PRINCIPLES CALCULATIONS
OF EXCHANGE INTERACTIONS

To obtain further understandings of the origin of the con-
trasting SG and FM behaviors, we conducted first-principles
simulations of exchange interactions in Na(Zn,Mn)Sb and
Li(Zn,Mn)P as examples of systems showing, respectively,
the SG and FM properties. As illustrated in Fig. 11(a),
Li(Zn,Mn)P, (Ga,Mn)As, Li(Zn,Mn)As, and Li(Zn,Cu,Mn)As
exhibit ferromagnetic properties while sharing the same cubic
crystal structure (space group, F-43m), in contrast to layered
tetragonal structures of NaMnSb and LiMnAs which display

antiferromagnetic properties [195,196]. Without Mn, NaZnSb
and LiZnP exhibit nonmagnetic behavior, but the crystal struc-
ture of NaZnSb is layered tetragonal, remaining to be the
same as that of NaMnSb while LiZnP has a cubic structure.
The excess Na or Li atoms in the antiferromagnetic material
Na(Zn,Mn)Sb and Li(Zn,Mn)P are believed to substitute Zn
sites, according to the formation energy calculations, thereby
contributing to hole carrier doping. Our primary focus is on
the Na(Zn,Mn)Sb system. A Heisenberg Hamiltonian is used
to describe the magnetic system

H = E0 + �〈i, j〉J1Si · S j + �〈〈i, j〉〉J2Si · S j

+ �〈〈〈i, j〉〉〉J3SiS j + �〈i,i′〉J⊥SiSi′ , (1)

where J1, J2, and J3 represent intralayer couplings of the near-
est, next-nearest, and third-nearest neighbors, respectively.
Meanwhile, J⊥ represents interlayer coupling. In Fig. 11(a),
we show these couplings by choosing Mn atom “0” as the ori-
gin, while Mn atoms “1”, “2”, “3”, and “�” pairing with “0”,
respectively with J1, J2, J3, and J⊥. In addition, E0 denotes
the energy independent of magnetism. The ferromagnetic cou-
pling between two Mn impurities occurs when J < 0, while
the antiferromagnetic coupling occurs when J > 0. The cal-
culated results are presented in Table I.

The magnetic critical temperature is calculated by using
the mean-field formula

T MFA
N/C = 2

3kB
S(S + 1)

∣∣∣∣∣
∑

i

∑

α

Zα
i PαJi

∣∣∣∣∣, (2)

where Zα
i represents the coordination number of Mn impuri-

ties in one specific doping configuration, α for the given con-
centration, Pα denotes the probability of this particular doping
configuration, and Ji with i = 1, 2, 3, ⊥ respectively. It should
be noted that S = 5/2 corresponds to the spin of the Mn im-
purity arising from five local d orbits. The mean-field formula
is expected to consistently overestimate the critical tempera-
ture [197,198], thus necessitating the adoption of a rescaling
method for a more reliable estimation. For example, the

FIG. 11. Crystal structure and magnetic exchange couplings of Mn cations in Na1+x (Zn1−x−yMny )Sb and Li1+x (Zn1−x−yMny )P. J1, J2, and
J3 stand for intralayer couplings of the nearest, the next-nearest, and the third-nearest neighbors, J⊥ stands for interlayer coupling, which are
marked by different colors in schematic (a) and calculated results from Table I are depicted in (b) where a is the lattice constant of NaMnSb or
LiMnP.
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TABLE I. First-principles exchange couplings of Mn impurities, mean-field critical temperatures (Néel temperature T MFA
N and Curie

temperature T MFA
C ), and rescaled critical temperatures (Néel temperature TN, Curie temperature TC and spin glass freezing temperature Tf )

for (Ga,Mn)As, Na(Zn,Mn)Sb and Li(Zn,Mn)P systems. J1, J2, J3, and J⊥ are intralayer couplings of the nearest, next-nearest, third-nearest
neighbors, and interlayer couplings respectively. Two Mn impurities are coupled ferromagnetically for conditions of J < 0 while antiferro-
magnetically for conditions of J > 0.

First-principles calculations Experiments

J1 J2 J3 J⊥ T MFA
N or Rescaled TN or

Samples (meV) (meV) (meV) (meV) T MFA
C (K) TN or TC (K) Samples TN, TC, or Tf (K)

(Ga0.94Mn0.06)As −10.38 0.07 −1.14 – 379.9 TC = 104.8 (Ga0.948Mn0.052)As TC = 132.0a

(Ga0.91Mn0.09)As −10.04 0.65 −1.20 – 652.6 TC = 180.0 (Ga0.91Mn0.09)As TC = 180.0a

NaMnSb 6.62 1.45 −0.01 −0.03 2178.9 TN = 601.0 NaMnSb TN > 400b

Na(Zn0.75Mn0.25)Sb 6.60 1.97 −0.06 −0.21 422.3 TN = 116.5 – –
Na1.125(Zn0.625Mn0.25)Sb 2.98 −0.12 −1.29 −0.17 73.9 TN = 20.4 Na1.1(Zn0.75Mn0.25)Sb Tf = 11.5c

LiMnP 2.02 0.03 −0.01 – 1633.6 TN = 450.6 – –
Li(Zn0.91Mn0.09)P 2.96 −0.01 0.16 – 175.7 TN = 48.5 – –
Li1.16(Zn0.75Mn0.09)P −2.18 −0.56 −1.15 – 255.2 TC = 70.4 Li1.15(Zn0.90Mn0.10)P TC = 22d

Li1.10(Zn0.96Mn0.04)P TC = 34e

aReference [199]; bReference [196]; cReference [1]; dReference [3]; eReference [40].

mean-field Curie temperature of (Ga, Mn)As with a 9% Mn
concentration is calculated to be 652.6 K, which corresponds
to the experimental value of 180 K for (Ga, Mn)As [199,200].
Based on this ratio of 3.63, we estimated the rescaled transi-
tion temperatures of other systems by dividing the mean-field
calculation values by a factor 3.63. In Table I we show both of
the unscaled and rescaled theoretical transition temperatures
and compare them with the experimental values.

In Table I we first notice that the nearest neighbor
(n.n.) AF coupling J1 is very large for NaMnSb and
Na(Zn0.75Mn0.25)Sb. This large AF J1 plays a crucial role in
determining the antiferromagnetism of these materials.

NaMnSb shows strong AF behavior with both intralayer
AF couplings including J1 and J2, resulting in Neel tem-
perature above the room temperature. The magnetic ground
state of NaMnSb is intralayer Neel-type antiferromagnetism
with ultra weak interlayer ferromagnetic coupling, which in-
dicates the intralayer coupling is essential for determining the
magnetism of this layered material. Na(Zn0.75Mn0.25)Sb with
Neel temperature of 116.5 K can be seen as the material with
Mn cations substituted by Zn cations compared to pristine
NaMnSb; i.e., with Mn spins diluted by nonmagnetic Zn
leading to spin dilution without charge doping. J1 and J2 still
remain antiferromagnetic, J3 and J⊥ remain ferromagnetic.
With additional charge doping, in Na1.125(Zn0.625Mn0.25)Sb,
J1 becomes much lower, compared with charge-undoped
Na(Zn0.75Mn0.25)Sb and NaMnSb, J2 changes from antifer-
romagnetic to ferromagnetic, and the ferromagnetic coupling
of J3 is enhanced. This leads to competition between AF J1

and FM J2, J3 and J⊥ in Na1.125(Zn0.625Mn0.25)Sb, provid-
ing the theoretical estimate of AFM ground state with the
rescaled Neel temperature of 20.4 K. In existing real material,
this competition of AF and FM couplings results in the SG
freezing with the freezing temperature Tf = 11.5 K [1]. This
evolution highlights the role of charge doping to promote
tendency towards ferromagnetism in Na(Zn,Mn)Sb, while the
strong n.n. AF coupling in this system prevents FM ground
state, leading to a unique SG state in existing materials as seen
by experimental results of the present paper.

Following the same rationale, the p-type magnetic semi-
conductor Li1+x(Zn1−x−yMny)P is also investigated for
comparative analysis. The Li1+x(Zn1−x−yMny)P compound
exhibits paramagnetic behavior in the absence of excess Li
atoms, and the interaction between two adjacent Mn impuri-
ties is antiferromagnetic [3,40,42]. The calculated exchange
couplings reveal that J1 and J3 exhibit AF behavior, while J2

displays weak ferromagnetism, as indicated in Table I, which
is consistent with experimental observations. The rescaled
Neel temperature of Li(Zn0.91Mn0.09)P is 48.5 K, and first-
principles calculations reveal distinct magnetic behavior upon
excess Li doping compared to Na1+x(Zn1−x−yMny)Sb. Specif-
ically, for Li1.16(Zn0.75Mn0.09)P with in situ Li doping on
the Zn site, all exchange couplings are mediated towards fer-
romagnetism without competition from antiferromagnetism,
indicating an unlikely spin-glass behavior. The compound
Li1.16(Zn0.75Mn0.09)P exhibits ferromagnetic properties with
a rescaled Curie temperature of 70.4 K, as shown in Table I,
which is consistent with the relatively low experimental Curie
temperature of 22 K observed for Li1.15(Zn0.9Mn0.1)P [3].
The slight difference may be caused by the phase separation
(only ∼80% static ordered volume fraction exits as shown
in Fig. 9(b)). Together with Table I, Fig. 11(b) demonstrates
the contrasting behaviors in exchange couplings between
Na(Zn,Mn)Sb and Li(Zn,Mn)P systems.

VI. DISCUSSION AND CONCLUSIONS

In Table II we summarized the present results on
Na(Zn,Mn)Sb with the evolution of charge and spin doping.
For the purpose of comparison, we also listed the known
results for Li(Zn,Mn)As in Table III, Li(Zn,Mn)P in Table IV,
and (Ga,Mn)As in Table V. In this section, we discuss three
main conclusions and observations from the present work.

A. Conclusion 1: MIT in Na(Zn,Mn)Sb driven
by spin configurations

In Na(Zn,Mn)Sb, the spin configuration plays a decisive
role in determining charge conduction. This is shown by
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TABLE II. Summarized results for SG Na1+x (Zn1−yMny )Sb system. Note that the symbols for props, FIG, ct, semi-cond., and mag. are
abbreviations for properties, figure, current work, semiconductor, and magnetization, respectively.

NaZnSb Na1.09(Zn0.88Mn0.12 )Sb Na1.1(Zn0.75Mn0.25 )Sb Na1.12(Zn0.36Mn0.64 )Sb NaMnSb

Compound props FIG. [Ref] props FIG. [Ref] props FIG. [Ref] props FIG. [Ref] props FIG. [Ref]

Crystal Layer 3(a) [ct] Layer 3(a) [ct] Layer 3(a) [ct] Layer 3(a) [ct] Layer 4(a)b

tetragonal and 1(a)a tetragonal and 1(a)a tetragonal and 1(a)a tetragonal and 1(a)a tetragonal

Conductivity Metal 4(a)a Semi-Cond 5(a)a Semi-Cond 1 [ct] Semi-Cond 5(c)a Semi-Cond 5(e) [ct] and
2(a)b

Mag. state Non-mag. – SG from dc
mag. H//c

2(a) [ct] SG from ac
mag.

3a AFM 2(c)a AFM 3(h)b

Trans. temp – – ∼12 K 2(a) [ct] ∼11.5 K 3a ∼11 K 2(c)a TN>400 K 3(c)b

STM – – – – No field
depend.

6 [ct] – – – –

CMR – – −71.5%
(7 T, 2 K)

4(a) [ct] −99.7%
(7 T, 2 K)

4(a) [ct] −92.4%
(7 T, 2 K)

4(a) [ct] – –

No gap obtained from
ARPES in Fig. 3(d) [ct]

Gap obtained from ARPES
(<100 meV) in Fig. 3(f) [ct]

Gap obtained from
resistivity in Fig. 1 [ct] (the
value is not marked in the

paper)

Gap obtained from
resistivity in Fig. 5(a)a and
Fig. 1 [ct] (the value is not

marked in the paper)

Gap obtained from
resistivity in Fig. 1(a)b (the
value is not marked in the

paper)

Band gap

No gap obtained from GGA
calculations in Fig. 5(a) [ct]

–
No gap for AFM and FM

obtained from GGA
calculations of

Na(Zn0.75Mn0.25 )Sb in
Fig. 5(b) [ct]

and Fig. 5(f) [ct]

Gap for AFM and no gap
for FM obtained from
GGA calculations of

Na(Zn0.50Mn0.50 )Sb and
Na(Zn0.25Mn0.75 )Sb
(48.6 meV < gap <

659 meV) in Figs. 5(c) and
5(d) [ct] and Figs. 5(g)

and 5(h) [ct]

Gap obtained from
calculations (∼1250 meV,
HSE06) in Fig. 6(c)b and

(∼880 meV, GGA) in
Fig. 5(e) [ct]

aReference [1]; bReference [196].

TABLE III. Summarized results for DFSs Li1+x (Zn1−yMny )As systems. Note that the symbols for props, FIG, ct, semi-cond., and mag. are
abbreviations for properties, figure, current work, semiconductor, and magnetization, respectively.

LiZnAs Li1.1ZnAs Li1.1(Zn0.95Mn0.05)As LiMnAs

Compound props FIG. [Ref] props FIG. [Ref] props FIG. [Ref] props
FIG. or
Tab. [Ref]

Crystal Cubic 1(a)a Cubic 1(a)a Cubic 1(a)a Layer
tetragonal

1(b)a

Conductivity Semi-
Cond

2(a)a Metal 2(a)a Semi-Cond 2(b)a Semi-Cond 3(c)b

Mag. state Non-
mag.

– Non-mag. – FM from
dc mag.

1(f) and
1(g)a

AFM Table IIIc

Trans. temp 0 0 0 0 29 K 1(f)a TN=393 K Table IIIc

CMR – – – – – – 27.9%
(9 T, 2 K)

2(a)f

Band gap

Gap obtained from
photoconductivity at

300 K (∼1250 meV) in
Fig. 2(c)d and (∼1520

meV) in Fig. 4g, or
(∼1100 meV) obtained

from resistivity in
Fig. 4h

Gap obtained from
resistivity in Fig. 1(a)a (the
value is not marked in the

paper)

Gap obtained from
resistivity in Fig. 1(a)a (the
value is not marked in the

paper)

Gap obtained from STM at
300 K (∼630 meV) in

Fig. 3(c)b or resistivity in
(∼570 meV) in Fig. 12k

Gap obtained from
calculations (∼858 meV,

LSDA) in Fig. 2(a)i

or (1370 meV, GGA)
in Fig. 2j

– Gap obtained from
calculations of

Li1.1(Zn0.875Mn0.125)As
(1516 meV, LSDA) in

Fig. 4(c)i

Gap obtained from
calculations (∼800 meV,
LDA) in Figs. 5(a) and

5(b)e or (∼550 meV, GGA)
in Fig. 17(a)k

aReference [2]; bReference [153]; cReference [195]; dReference [201]; eReference [202]; fReference [203]; gReference [204]; hReference
[205]; iReference [206]; jReference [207]; kReference [208].
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TABLE IV. Summarized results for DFSs Li1+x (Zn1−yMny )P systems. Note that the symbols for props, FIG, ct, semi-cond., and mag. are
abbreviations for properties, figure, current work, semiconductor, and magnetization, respectively.

LiZnP Li1.04ZnP Li1.04(Zn0.9Mn0.1)P LiMnP

Compound props FIG.[Ref] props FIG.[Ref] props FIG.[Ref] props
FIG. or
Tab.[Ref]

Crystal Cubic 1(a)a Cubic 1(a)a Cubic 1(a)a Cubic 11(b)[cr]

Conductivity Semi-Cond 5b – – Semi-Cond 3(a)a Semi-Cond –
Mag. state Non-mag. – Non-mag. – FM from dc

mag.
2(a)a AFM Table I [cr]

Trans. temp 0 0 0 0 34 K 2(a)a TN=450.6 K Table I [cr]

CMR – – – – −32%
(7 T, 13 K)

3(c)a – –

Gap obtained from
photoconductivity at 300 K

(∼2100 meV) in Fig. 2(a)c or
(∼2040 meV) in Fig. 4b

– Gap obtained from resistivity
in 1(a)a (the value is not

marked in the paper)

–

Band gap
Gap obtained from calculations

(∼1350 meV, GGA) or (1940 meV,
mBJ) in Table I d

– – Gap obtained from calculations
(∼1290 meV, GGA)

aReference [40]; bReference [209]; cReference [201]; dReference [210].

(a) Semiconducting behavior in Na1.1Mn0.25 system below
SG Tf = 12 K (Fig. 1)

(b) Semiconducting behavior in AFM Na1.12Mn0.64 system
above/below TN = 11K (Fig. 1)

(c) Very large CMR in SG Na1.1Mn0.25, AFM Na0.12Mn0.64

systems at T = 2 K (Fig. 4)
(d) Energy gap for AFM and no gap for FM configurations

in band calculations (Fig. 5)
Static SG or AFM spin configurations lead to semicon-

ducting behaviors. Even dynamic spin fluctuations of AFM
configurations promote semiconducting behavior, as indicated
by the resistivity of AFM Na1.12 Mn0.64 system above
TN in Fig. 1. This is understandable since charge transport

timescale is shorter than spin fluctuation timescale, and thus
“dynamic” spin configurations could look like “static” to
charge conduction phenomena. Metallic charge conduction
can be obtained either by absence of magnetic impurities (in
NaZnSb) or by ferromagnetic spin configuration in a high
external magnetic field. Excess sodium (Na) in Na1.1ZnSb
enhances metallic characteristics, while partial substitution
of zinc (Zn) with manganese (Mn) in Na1.1(Zn0.75Mn0.25)Sb
results in semiconducting behavior. Conversion of metallic
NaZnSb to semiconducting transport with (Zn,Mn) substitu-
tions can be viewed as localization of metallic charges caused
by the spin doping. However, the field-dependent CMR effect
indicates that the nonmetallic behavior requires not only the

TABLE V. Summarized results for DFSs (Ga1−xMnx )As system. Note that the symbols for props, FIG, ct, semi-cond., and mag. are
abbreviations for properties, figure, current work, semiconductor, and magnetization, respectively. It is noteworthy that pioneering research
has successfully achieved CMR in (Ga,Mn)As systems through the application of defect engineering techniques, specifically ion irradiation
[137,150,151].

GaAs (Ga0.9995Mn0.0005 )As (Ga0.985Mn0.015 )As (Ga0.91Mn0.09 )As MnAs

Compound props FIG.[Ref] props FIG.[Ref] props FIG.[Ref] props FIG.[Ref] props FIG.[Ref]

Crystal Cubic 1(a)a Cubic S1b Cubic S1b Cubic S1b Layer
hexagonal

6c

Conductivity Semi-Cond 43a Semi-Cond 3(a)b Metal 3(a)b Metal 3(a)b Metal 3d

Mag. state Non-mag. – Non-mag. 3(f)b FM 3(f)b FM 3(f)b FM 1c

Trans. temp – – – – ∼21 K 3(f)b ∼180 K 3(f)b 318 K
(warming)

1c

CMR – – – – ∼4% (1 T, 4.2 K);
∼22.5% (18 T,

4.2 K);

S4(a)b – – – –

Gap obtained from optical
measurement (∼1423 meV, 300

K) in 43a

Gap obtained from electrical
transport in Fig. 3(a)b (the
value is not marked in the

paper)

No gap obtained from electrical
transport in Fig. 3(a)b

No gap obtained from
electrical transport in

Fig. 3(a)b

No gap obtained from
electrical transport in Fig. 3d

Band gap

Gap obtained from calculations
(∼1429 meV, LDA)f

– – – –

aReference [211]; bReference [199]; cReference [212]; dReference [213]; eReference [214].
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FIG. 12. Illustration of the charge responses MIT and CMR in response to spin doping and spin configuration in Na(Zn,Mn)Sb. The
MIT transition occurs with the carrier localization from the parent nonmagnetic metal NaZnSb (a) to SG semiconductor Na1.1(Zn, Mn)Sb
(b). (c) The CMR phenomenon can be attributed to spin structure reorganization in response to strong external magnetic fields. The final
magnetic state is determined by the competition between the ferromagnetic coupling of Mn-carrier-Mn (represented by red dash line) and the
antiferromagnetic coupling of Mn-Mn (represented by black solid line). It is important to note that the “red” electron represents the excess
charge carrier introduced by the additional sodium (Na). This contrasts with the primary charge carrier within the NaZnSb parent compound,
which is indicated by the “green” electron.

existence of substituted Mn atoms but also the SG or AFM
spin correlations and configurations of doped Mn moments.

This behavior can be called semiconductor or insulator
to metal transition caused by the change of spin configura-
tions, i.e., spin-driven MIT. In many Mott transition systems,
such as RENiO3 [187], the MIT is driven by structural phase
transition, in “structure-driven MIT” and the spin configura-
tion is determined in a more “passive” manner. Comparisons
with (Ga,Mn)As, Li(Zn,Mn)As, and Li(Zn,Mn)P in Tables
III–V, illustrate clear differences from Na(Zn,Mn)Sb found
when magnetic order occurs into FM phase. In these systems,
FM spin correlations “cooperate” with metallic behavior in
MIT. In (Ga,Mn)As, the semiconductor to metal transition
and the paramagnetic to ferromagnetic transition occur simul-
taneously in a cooperative fashion at Mn ∼ 4% doping, In
FM (Ga,Mn)As, Li(Zn,Mn)As and Li(Zn,Mn)P, we see only
modest CMR effects caused by the external field.

B. Conclusion 2: A sharp second-order-like
SG transition in Na(Zn,Mn)Sb

MuSR experiments demonstrated a rather sharp phase tran-
sition into the SG frozen state in Na(Zn,Mn)Sb as a function
of temperature. This makes a clear contrast to ferromagnetic
transitions in Li(Zn,Mn,Cu)As and Li(Zn,Mn)P which occur
without dynamic critical behavior and are often associated
with phase separation between volumes with ordered mag-
netic moments and dynamic spin fluctuations. The gradual
change of FM volume fraction in Li-111 systems is remi-
niscent of the behavior seen in the intermediate AFM metal
phase of “two step Mott transition” in Ni(S, Se)2 [215] and
BaCoS2/Ba(Co, Ni)S2 [193]. In these two Mott systems, the
metallic conduction is already established while magnetic vol-
ume or the population of the ordered moment is determined in
a percolation process. In Li-111 DMS and “two-step” Mott
systems, the charge and spin transitions are decoupled. This

may be a common origin of the absence of dynamic critical
behavior, although the Li-111 DMS systems undergo FM
order and the “two-step Mott” systems go to AFM order.
It is very interesting to note that the SG transition into a
highly disordered spin configurations occurs in a very sharp
transition, while the transitions to a more uniform FM and
AFM spin configurations, if occurring in materials contain-
ing strong disorder, exhibit broad first-order-like and possibly
percolative transitions often associated with phase separation.

C. Conclusion 3: Additive effects of n.n. direct
AFM coupling and metallic RKKY interaction

The first-principles calculation of the exchange interactions
in Sec. D show that, with increasing charge and spin doping,
the AFM direct exchange between the n.n. Mn pairs and the
RKKY-like FM coupling due to doped charges effectively add
up to determine the doping dependence of exchange inter-
action. The SG state of Na(Zn,Mn)As can be explained by
a relatively strong AFM J1 coupling surviving even after a
significant charge doping reduces AFM J1 and turns J2, J3,
and J⊥ to be ferromagnetic. One might tend to assume little
change of the n.n. J1 by the charge doping, while present
results in Sec. D clearly indicate a strong effect of doped
charges on all the exchange couplings. Figure 12 illustrates
the metal to semiconductor evolution and subsequent recovery
of metallic conduction via CMR by the application of external
fields.

D. Correlations between coercive fields and geometrical
AFM spin frustration

For (Ga,Mn)As and the “111” DMS systems, Tables
II–V enabled detailed comparisons and characterization. In
Table VI we extend such comparisons to include other
DMS systems having tetragonal “122”, hexagonal “122”, and
tetragonal “1111” structures. Among various properties, here
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TABLE VI. Summarized results for (Ga,Mn)As system and new generation of DMSs with independent spin and charge doping mechanism.
Note that the symbols HC, M and ct, are abbreviations for coercive field, Bohr magneton per magnetic atom, and current work, respectively.

Family Structure compound
TC or Tf

(K)
Coercive field

HC (G)
M (μB/Mn
or μB/Co) CMR

T → 0 K,
4/3αs (µs−1)

Transition
type MIT

‘11’ F4̄3m (Ga0.964Mn0.034)Asa TC = 46 – – – ∼28.2 (ag) First order Yes
(Ga0.953Mn0.047)Asb TC = 58 ∼150 at 5 K – ∼7.0% at

5 K, 5 T
–

(Ga0.93Mn0.07)Asa TC = 96 – – – ∼40.1(ag)
‘111’ P4/mmm Na1.1(Zn0.75Mn0.05)Sb [cr] Tf = 12 ∼8400 at 2 K ∼0.44 at 2 K ∼99.9% at

2 K, 7 T
∼8.3 Second

order
Yes

F4̄3m Li1.1(Zn0.95Mn0.05)As [cr],c TC = 29 ∼30 at 2 K ∼2.10 at 2 K ∼15.7 First order Yes
Li1.05(Zn0.9Mn0.1)As [cr],c TC = 22 – ∼0.60 at 2 K ∼11.0

F4̄3m Li1.04(Zn0.9Mn0.1)P [cr],d TC = 34 ∼50 at 2 K ∼0.60 at 2 K ∼32.0% at
13 K, 7 T

∼2.1 First order Yes

Li1.15(Zn0.9Mn0.1)P [cr],e TC = 22 ∼20 at 5 K ∼0.22 at 5 K – ∼3.1
F4̄3m Li(Zn0.7Mn0.15Cu0.15)As [cr],f TC = 23 – – – ∼5.9 First order Yes

Li(Zn0.75Mn0.125Cu0.125)As [cr],f TC = 33 ∼40 at 5 K ∼0.53 at 2 K ∼13.7
‘122’ I4/mmm (Ba0.8K0.2)(Zn0.9Mn0.1)2As2

g TC = 135 ∼17000 at 2 K ∼1.10 at 2 K – ∼47.0 First order Yes
(Ba0.7K0.3)(Zn0.85Mn0.15)2As2

h TC = 230 ∼13000 at 2 K ∼1.03 at 2 K ∼7.5% at
13 K, 7 T

–

I4/mmm Ba(Zn0.95Co0.05)2As2
i TC = 41 ∼11 at 2 K ∼0.22 at 2 K – ∼0.5 – –

P3̄m1 (Ca0.9Na0.1)(Zn0.95Mn0.05)2As2
g TC = 40 ∼105 at 2 K ∼1.90 at 2 K ∼7.8% at

2 K, 7 T
∼33 First order Yes

P3̄m1 (Sr0.8Na0.2 )(Zn0.85Mn0.15)2As2
k TC = 24 ∼100 at 2 K ∼0.60 at 2 K – ∼42 First order Yes

‘1111’ P4/nmm
(La0.95Ba0.05)(Zn0.95Mn0.05)AsOl

TC = 35 ∼10600 at 2 K ∼1.85 at 2 K – ∼9.3 – Yes

(La0.90Ba0.1)(Zn0.9Mn0.1)AsOl TC = 40 ∼11400 at 2 K ∼1.50 at 2 K ∼16.0
P4/nmm (La0.90Ca0.1)(Zn0.9Mn0.1)Asm TC = 30 ∼9700 at 5 K ∼1.40 at 5 K – ∼15.6 – Yes
P4/nmm (Ba0.85K0.15)F(Zn0.9Mn0.1)Asn TC = 20 – – – ∼11.4 First order Yes

(Ba0.8K0.20)F(Zn0.95Mn0.05)Asn TC = 12 ∼8000 at 5 K ∼0.80 at 5 K ∼29.0% at
30 K, 7 T

–

aReference [36]; bReference [216]; cReference [2]; dReference [40]; eReference [3]; fReference [4]; gReference [47]; hReference [53];
iReference [77]; gReference [54]; kReference [48]; lReference [41]; mReference [62]; nReference [59].

we focus on coercive field values and propose a general argu-
ment. In Table VI we notice two different groups of Mn doped
DMS systems. Very small coercive fields 50–200 G have
been observed for (Ga,Mn)As, Li(Zn,Mn,Cu)As, Li(Zn,Mn)P,
and hexagonal 122 systems (Ca0.9Na0.1)(Zn0.95Mn0.05)2As2

and (Sr0.8Na0.2)(Zn0.85Mn0.15)2As2. For the n.n. direct AFM
exchange coupling, these systems have geometrical frustra-
tion, since Mn atoms are located in an FCC lattice in the
cubic DMS systems including (Ga,Mn)As, and on a triangular
configuration in two-dimensional planes in hexagonal 122
DMS systems. In contrast, very high coercive fields of several
kG to several tesla have been observed in layered tetragonal
Na(Zn,Mn)As, tetragonal 122, and tetragonal 1111 DMS sys-
tems. None of these tetragonal systems involve geometrical
frustration of the n.n. AFM interaction. This classification
works without any exception for all the DMS systems in-
cluding Mn listed in Table VI, regardless of whether their
spin structures are FM or SG. For many years, the origin of
the widely different coercive field values in DMS systems
has remained as an unresolved mystery. Here we found an
empirical rule that a very small coercive field is related to a
lattice structure in which the Mn AFM exchange couplings
are geometrically frustrated.

It is rather surprising to see that the coercive field of rela-
tively dilute Mn moments with 5%–20% coverage of Zn sites

in FM and SG networks is related to spin frustration of n.n.
AFM pairs. The statistical probability would be very low of
finding at least three n.n. sites all occupied by Mn on the
dilute Mn spin network of the listed DMS systems. Yet, it
seems that the anisotropy energy arising from nonfrustrated
AFM distinguish between the low and high coercive fields.
This may be hinting that even on the FM or SG network of
Mn moments, there could be a small number of spin clusters
with nearly AFM local spin configurations, perhaps in the
dangling end locations. For geometrically frustrated AFM
lattices, the energy cost to alter the spin orientations of such
clusters can be significantly lower than on the lattices with-
out geometrical frustration. The local spin configurations and
resulting anisotropy energy in relatively dilute DMS spin net-
works could be an interesting research subject for computer
simulations in the future. Local spin configurations could be
very different from FM configurations even in a spin network
having significant average FM magnetization.

VII. CONCLUSIONS

In this study we conduct a systematic investigation of
spin-charge interactions in SG compound Na(Zn,Mn)Sb and
related FM DMSs through a series of multiprobe mea-
surements, which include magnetometry, magnetotransport,
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ARPES, STM, and µSR. Our findings are further substantiated
by first-principles calculations. This paper presents detailed
comparisons and analyses across various families and gener-
ations of DMS systems, providing evidence for spin-driven
MIT, CMR, dynamic critical behavior, and second-order
phase transitions in Na(Zn,Mn)As. Furthermore, it offers a
comprehensive understanding of the similarities and differ-
ences among the three generations of DMS systems. These
results illuminate new perspectives and may serve as a canon-
ical reference within the DMS research community.
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