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Abstract: Diluted magnetic semiconductors (DMSs) with tunable ferromagnetism are among the most
promising materials for fabricating spintronic devices. Some DMS systems have sizeable magnetoresis-
tances that can further extend their applications. Here, we report a new DMS Rb(Zn1−x−yLiyMnx)4As3

with a quasi-two-dimensional structure showing sizeable anisotropies in its ferromagnetism and
transverse magnetoresistance (MR). With proper charge and spin doping, single crystals of the DMS
display Curie temperatures up to 24 K. Analysis of the critical behavior via Arrott plots confirms
the long-range ferromagnetic ordering in the Rb(Zn1−x−yLiyMnx)4As3 single crystals. We observed
remarkable intrinsic MR effects in the single crystals (i.e., a positive MR of 85% at 0.4 T and a colossal
negative MR of −93% at 7 T).

Keywords: diluted magnetic semiconductor; colossal magnetoresistance; quasi-two-dimensional
structure; single crystal

1. Introduction

Diluted magnetic semiconductors (DMSs) have received extensive attention due to
their significant potential for spintronic applications [1–3]. The intriguing properties of
DMSs include their ability to mediate ferromagnetic interactions by tuning the conduction
carriers and the strong coupling between the carriers and local spins [4,5]. The former can
provide novel opportunities to control ferromagnetism, and the latter can lead to galvano-
magnetic properties (e.g., magnetoresistance (MR) and anisotropic magnetoresistance ef-
fects) [6–9]. The most well-known examples of substantial magnetoresistance are magnetic
multilayers and manganites, in which the coupling between the spin and charge is essen-
tial [10,11]. Similar coupling has generated anomalous negative MR in many ferromagnetic
DMS materials (e.g., III-V based (Ga,Mn)As and II-II-V based (Ba,K)(ZnMn)2As2) [12,13].
However, most of the reported MR in DMS single crystals or single-phase thin films are
relatively weak, with magnitudes of 10–30%.

The aforementioned (Ba,K)(ZnMn)2As2 has a layered structure to allow for the spatial
and electronic separation of charge and spin doping [14]. It belongs to a new generation
of DMSs in which the charges (or carriers) and spins are doped independently. The initial
motivation to design and synthesize these new DMSs was to overcome the nonequilibrium
Mn doping in the classical III-V based DMSs (e.g., (Ga,Mn)As, (In,Mn)Sb, etc.) [15]. This
difficulty leads to limited solid solutions of Mn2+ in III-V-based DMSs. Consequently, the
specimens of these DMSs are chemically metastable [16]. Ferromagnetic films are available
only as thin films, and their material quality exhibits high sensitivity in preparation methods
and annealing treatments. Eventually, the improvement in their Curie temperatures (TC)
was prohibitive. Moreover, Mn substitution provided hole carriers together with local spins.
Thus, one could not conduct electron doping to obtain n-type materials or p-n junctions for
spintronic devices [17].

Nanomaterials 2024, 14, 263. https://doi.org/10.3390/nano14030263 https://www.mdpi.com/journal/nanomaterials

https://doi.org/10.3390/nano14030263
https://doi.org/10.3390/nano14030263
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/nanomaterials
https://www.mdpi.com
https://orcid.org/0000-0003-3921-1721
https://doi.org/10.3390/nano14030263
https://www.mdpi.com/journal/nanomaterials
https://www.mdpi.com/article/10.3390/nano14030263?type=check_update&version=2


Nanomaterials 2024, 14, 263 2 of 12

Taking advantage of the separated charge and spin doping, the (Ba,K)(ZnMn)2As2
achieved a reliable TC of 230 K, which is close to room temperature [18]. Further studies
stated that external compression on (Ba,K)(ZnMn)2As2 reduced the distance between the
ZnAs layers and then decreased its TC [19]. In other words, extending the distance of
the ZnAs layers could result in a higher TC. RbZn4As3 has a well-defined quasi-two-
dimensional layered structure with a larger ZnAs-layer distance (4.3 Å) than that of
(Ba,K)(ZnMn)2As2 (3.7 Å). Although we did not obtain a high TC after magnetic and
charge doping, interesting galvanomagnetic properties were discovered. In this work, we
report Rb(Zn1−x−yLiyMnx)4As3 as a new type of DMS. We found remarkable MR effects
on the single crystals, thus ruling out the possible influence of the grain boundaries in
polycrystalline samples [20,21]. This DMS has a layered structure as the parent phase,
which consists of infinitely stacked Rb layers and ZnAs layers. A detailed and compre-
hensive analysis of the critical behavior yielded the critical exponents β, γ, and δ. These
exponents suggest that the mean-field model is the applicable theoretical model, indi-
cating the long-range ferromagnetism in this material. Owing to the distinct anisotropic
structure, sizeable anisotropies were observed in the ferromagnetism and transverse MR.
Moreover, large positive MRs at low fields and colossal negative MRs at high fields exist in
single crystals. It is worth noting that although large MRs were found in polycrystalline
(Sr,K)(Zn,Mn)2As2 and (Ba,K)(Cd,Mn)2As2, one cannot rule out the contribution from the
grain boundaries, which diffusely exist in the polycrystalline samples. These intriguing
features of Rb(Zn1−x−yLiyMnx)4As3 should benefit applications such as memory devices
and magnetic sensors [3,22,23].

2. Materials and Methods

Polycrystalline specimens of Rb(Zn1−x−yLiyMnx)4As3 were prepared via the solid-
state reaction method with high-purity pristine reagents [17,24]. Firstly, Rb3As and Li3As
were synthesized as precursors from Rb grains (99.9%), Li grains (99.9%), and As powder
(99.99%). To avoid the oxidization and corrosion of the alkali metals (Rb and Li), raw
materials were put directly into titanium tubes and sealed under an argon atmosphere at
1 bar. After that, the mixtures were heated slowly to 350 ◦C and then held for 5 h due to
the low melting point and activity of the alkali metals. Afterwards, Zn powder (99.99%),
Mn powder (99.99%), As powder, and the two precursors were mixed well and ground
at the intended stoichiometric ratios. The mixtures were sealed in titanium tubes under
an argon atmosphere after pelletization. The tubes were sealed in quartz ampoules before
being sintered at 700 ◦C for 20 h. The collected materials were ground and pelletized before
being sintered at 600 ◦C for another 20 h. This annealing process was necessary to complete
the reaction and produce high-purity samples.

The growth of the single crystals was performed utilizing the self-flux method. High-
purity elements, Rb grains, Zn powder, Li grains, Mn powder, and As powder were
mixed at a ratio of 1:3.8−y:y:0.2:3. The mixture was then loaded in alumina crucibles,
which were sealed in tantalum tubes and quartz ampoules. The ampoules were heated
up to 1000 ◦C for 2 h and then quenched in ice water or liquid nitrogen after cooling the
furnace temperature down to 930 ◦C. Note that all the processes were performed under
the protection of high-purity argon. The entirety of a single crystal, after quenching, could
be easily cleaved along its c-axis due to the quasi-two-dimensional layered structure of
the titled material. Generally, the width of a perfect single crystal was only limited to the
dimensions of the alumina crucible, and thus, the size of an available single crystal could
be up to 10 mm × 7 mm × 1 mm.

Powder X-ray diffraction (XRD) was conducted with a Philips X’pert diffractometer
(Malvern Panalytical Ltd, Malvern, UK) at room temperature to analyze the phase purity
and structural parameters. Cu-Kα radiation and 2θ scanning with a range from 10◦ to 120◦

were used during the XRD measurement. Energy dispersive X-ray analysis (EDX) with
a commercial scanning electron microscope (SEM, Hitachi High-Tech Science Co., Ltd.,
Tokyo, Japan) was used to analyze chemical compositions of single crystals. Thus, the
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real atom ratios of single crystal samples are used in the following sections. In addition,
considering the possible inhomogeneity of polycrystalline samples, we established the
doping contents as the nominal ratio.

The characterization of dc magnetic susceptibility for all the samples was accomplished
using a superconducting quantum interference device (SQUID, Quantum design, San Diego,
CA, USA). The measuring temperatures were from 2 K to 300 K, and the measuring fields
were up to 7 T. Quartz holders and brass holders with two quartz cylinders were used for
the in- and out-of-ab plane (i.e., external field H parallel to the ab-plane and c-axis separately)
magnetic measurement of single crystals, respectively. To ensure that the samples measured
in the Arrott plot were initially magnetized, the isothermal magnetizations were measured
after the samples were warmed up well above TC.

Electricity transport measurements were conducted with a physical property measure-
ment system (PPMS, Quantum Design, San Diego, CA, USA). Similarly, the measuring
temperatures were from 2 K to 300 K, and the measuring fields were up to 14 T. The
single crystal samples were cleaved to obtain a clean, fresh surface for good ohmic con-
tact. A standard four-wire method was employed to eliminate contact resistance with
silver paint as an electrical contact and Pt wires as electrical leads. A current of 0.1 mA
was used during all transport measurements. For Hall effect measurements, the layered
Rb(Zn1−x−yLiyMnx)4As3 single crystals were cut into thin flakes with a typical size of
5 mm × 1 mm × 0.05 mm. Below 10 K, Hall resistance was difficult to measure due to the
oversized magnetoresistance from slightly asymmetric Hall contacts.

3. Results
3.1. Crystal Structure

The parent phase RbZn4As3 crystallizes into the quasi-two-dimensional tetragonal
structure with the space group P4/mmm (No. 123, Z = 1), as shown in Figure 1a [25]. The
structure is closely related to the β-BaZn2As2 or BaFe2As2 superconductor with a typical
ThCr2Si2-type structure [26]. Similar to β-BaZn2As2, the lattice of RbZn4As3 consists of
infinitely stacked Rb layers and ZnAs layers, which are based on edge-shared ZnAs4
tetrahedra. The double-stacked ZnAs4 tetrahedra along the c-axis distinguish RbZn4As3
from β-BaZn2As2.

Isovalent Zn2+/Mn2+ substitution was used to provide local spins, while Li+ was
doped at the Zn2+ site for itinerate carriers. The nominal concentrations of Mn and Li
can reach 20% in polycrystalline samples. Within this doping level, all of the peaks in
the XRD patterns of polycrystalline samples with distinct Li and Mn doping levels can be
indexed with a RbZn4As3 structure, suggesting that they share the same structure as the
parent phase. To obtain the lattice constants a and c, Rietveld refinements were performed
with GSAS software [27]. The refinement of the Rb(Zn0.85Li0.1Mn0.05)4As3 polycrystalline
sample is plotted in Figure 1b as an example. According to a series of XRD patterns
from varying Li- and Mn-doping polycrystalline samples, we successively obtained the
cell volumes (V) of Rb(Zn0.9−xLi0.1Mnx)4As3, which are 180.85 (x = 0.05), 181.04 (x = 0.1),
181.05 (x = 0.15), and 181.51 (x = 0.2) Å3, while the V values of Rb(Zn0.9−yLiyMn0.1)4As3

are 181.27 (y = 0.05), 181.04 (y = 0.1), 180.96 (y = 0.15), and 180.78 (y = 0.2) Å3. The results
are plotted in Figure 1c, which demonstrates that the value of V monotonically increases
with nominal Mn concentrations but decreases with nominal Li-doping levels, indicating
successful chemical substitution. The XRD pattern of Rb(Zn0.83Li0.1Mn0.07)4As3 single
crystals is shown in Figure 1d. Owing to the layered structure, all of the crystals are sheet-
like and grow along the crystallographic c-axis. Thus, only the (0 0 l) peaks appear with 2θ
scanning. As shown in the inset, the size of a typical sheet is around 2 × 1 × 0.02 mm3.
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Figure 1. (a) Crystal structure of RbZn4As3 with stacking Rb layers and ZnAs layers. The black
frame shows the unit cell. (b) The XRD pattern and the corresponding Rietveld refinement of
Rb(Zn0.85Li0.1Mn0.05)4As3. (c) Lattice constants versus doping levels for Rb(Zn0.9−xLi0.1Mnx)4As3

and Rb(Zn0.9−yLiyMn0.1)4As3, respectively. (d) The XRD pattern Rb(Zn0.83Li0.1Mn0.07)4As3

single crystal.

3.2. Magnetic Properties

For polycrystalline samples, the series of Rb(Zn0.95−yLiyMn0.05)4As3 samples have the
most significant magnetizations. Thus, we focus our discussion on these samples in the
following sections. Figure 2a shows the temperature-dependent magnetization M(T) under
zero-field-cooling (ZFC) and field-cooling (FC) processes of Rb(Zn0.95−yLiyMn0.05)4As3
at an external field of 500 Oe. Rb(Zn0.90Li0.05Mn0.05)4As3 is nearly paramagnetic with
a temperature down to 5 K. Correspondingly, the field-dependent magnetization M(H)
of Rb(Zn0.90Li0.05Mn0.05)4As3 is a closed loop at 5 K. The slight S-shape of the loop indi-
cates the presence of a short-range ferromagnetic correlation. More Li-doping induces
stronger ferromagnetic-like behaviors. M(T) curves show TC values of about 18 and 25 K
for Rb(Zn0.85Li0.10Mn0.05)4As3 and Rb(Zn0.80Li0.15Mn0.05)4As3, respectively. With further
increasing Li doping level to 0.2, the TC slightly decreases to about 19 K. However, it is
worth noting that the magnitude of magnetization of Rb(Zn0.80Li0.2Mn0.05)4As3 is much
smaller than that of Rb(Zn0.80Li0.15Mn0.05)4As3. Furthermore, at 5 K, the hysteresis loop
of Rb(Zn0.80Li0.2Mn0.05)4As3 becomes thinner than that of Rb(Zn0.80Li0.15Mn0.05)4As3, as
shown in Figure 2b, indicating that an excessive doping level of Li damages the ferro-
magnetic ordering in the titled DMS materials. Notwithstanding its weak ferromagnetic
interaction, it is significant for the contrast of the M(T) curve with a Li-free sample, which
evidently displays paramagnetic behavior, as shown in Figure 2c. In short, the evolution of
ferromagnetism with the Li doping level suggests that the itinerant carriers offered by the
heterovalent substitution Zn2+/Li+ induce ferromagnetism.
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Figure 2. (a) Temperature-dependent magnetization of polycrystalline Rb(Zn0.95−yLiyMn0.05)4As3

with y = 0.05, 0.10, 0.15, and 0.20 after ZFC and FC processes under an external field of 500 Oe.
The inset is the temperature-dependent reciprocal of magnetic susceptibility and corresponding
linear fitting. (b) Field-dependent magnetization of Rb(Zn0.95−yLiyMn0.05)4As3 at 5 K. The in-
set is the enlarged magnetic loops at low fields. (c) M(T) curves of Rb(Zn0.95Mn0.05)4As3 and
Rb(Zn0.75Li0.10Mn0.05)4As3 in the ZFC process. (d) M(T) curves of Rb(Zn0.83Li0.10Mn0.07)4As3 and
Rb(Zn0.78Li0.15Mn0.07)4As3 single crystals with an external field parallel to the c-axis and ab-plane.
(e) M(H) curves of Rb(Zn0.83Li0.10Mn0.07)4As3 and Rb(Zn0.78Li0.15Mn0.07)4As3 single crystals with an
external field parallel to the c-axis and ab-plane at 5 K.

The temperature-dependent inverse susceptibility (1/χ(T)) and corresponding Curie-
Weiss fitting of Rb(Zn0.85Li0.10Mn0.05)4As3 are plotted in the inset of Figure 2a as a typical
example. On the basis of high-temperature fitting, the effective magnetic moments (Meff)
obtained via Curie-Weiss fitting (1/χ = (T − θ)/C) of the paramagnetic region are around
5 µB/Mn [28]. The M(H) curves of the above three samples display open loops of ferromag-
netism, as shown in Figure 2b. The coercive fields are about 0.2, 0.4, and 0.2 T, respectively.

Similar Li-doping-dependent behaviors can be found in single-crystal samples. Thus,
the M(T) and M(H) curves of Rb(Zn0.83Li0.10Mn0.07)4As3 and Rb(Zn0.78Li0.15Mn0.07)4As3,
which show robust ferromagnetism, are plotted in Figure 2d,e as typical examples. Dis-
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tinct magnetic anisotropy can be found in both the M(T) and M(H) curves. It is clear
that the easy axis of magnetization is along the c-axis. In Figure 2e, the saturation mag-
netizations (Msat) along the c-axis are 1.3 and 1.1 µB/Mn for Rb(Zn0.83Li0.10Mn0.07)4As3
and Rb(Zn0.78Li0.15Mn0.07)4As3, respectively. On the other hand, the Msat in the ab-plane
is about 0.2 µB/Mn. Both the Msat and Meff are comparable to those of (Ga,Mn)As and
(Ba,K)(ZnMn)2As2 [29,30].

3.3. Magnetic Critical Behaviors

Thanks to homogeneous single crystals, we could obtain more accurate magnetization
data in the vicinity of the TC to analyze the critical behavior and calculate corresponding
critical exponents. By analyzing the values of critical exponents, ferromagnetic interaction
in Rb(Zn1−x−yLiyMnx)4As3 can be determined. Firstly, the determination of TC is indis-
pensable and crucial. To obtain the precise TC, we analyzed the critical behaviors of two
samples with the mean-field-behavior Arrott plot method as follows:

H/M = at + bM2. (1)

where a and b are constants and t = (TC − T)/TC is the reduced temperature with an
absolute value of |t| ≪ 1. In the Arrott plot, all the curves form a series of parallel lines in
the high-field region. TC can be determined when the intercept of the parallel line becomes
zero [31–33]. The obtained TC values are 20 and 24 K for Rb(Zn0.83Li0.10Mn0.07)4As3 and
Rb(Zn0.78Li0.15Mn0.07)4As3 single crystals, respectively. Figure 3a–c are the Arrott plots of
Rb(Zn0.83Li0.10Mn0.07)4As3 single crystals in the vicinity of the TC. It is worth noting that a
short-range magnetic transition, like a spin-glass transition, cannot have a positive intercept
in the Arrott plot. On the other hand, when we considered those modified Arrott plots
in the situation of short-range exchange interaction, e.g., a three-dimensional Heisenberg
model or a three-dimensional Ising model, the results markedly indicate a much lower TC
(about 7 K) according to the generalized equation of state:

(H/M)1/γ = at + bM1/β, (2)

where β and γ are critical exponents (β = 0.365 and γ = 1.386 for the 3D Heisenberg model;
β = 0.325 and γ = 1.24 for the 3D Ising model; β = 0.5 and γ = 1 for the long-range mean-field
model), as shown in Figure 3b,c, respectively, whereas the preceding mean-field model is
much more consistent with the minimum of the derivative of magnetization dM(T)/dT in
Figure 3d. For these three models, the high-field parts of the ideal Arrott plots are supposed
to be parallel. In other words, they should show the temperature-independent slopes K in
the high-field region. Thus, we defined the relative variation in slope ∆K = (K(T)/K(TC) −
1). Here, the slope K(T) is apparently temperature-dependent. Hence, the distribution of ∆K
can effectively indicate which model is the most practical for samples to decide the critical
exponents and determine the ferromagnetic interaction. Figure 3e shows the temperature
dependence of the ∆K distribution. Obviously, the mean-field model possesses the most
concentrated distribution at a value of 0, and the other two models have more dispersed
distributions. This suggests that the mean-field model is the most suitable one.
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Figure 3. (a) Arrott plot of Rb(Zn0.83Li0.10Mn0.07)4As3 single crystals between 14 and 22 K with a
step of 1 K for the mean-field model. (b) Arrott plot of Rb(Zn0.83Li0.10Mn0.07)4As3 single crystals
between 6 and 12 K with a step of 1 K for the 3D Heisenberg model. (c) The 3D Ising model. (d) M(T)
and dM(T)/dT curves of Rb(Zn0.83Li0.10Mn0.07)4As3 single crystals with an external field parallel
to the c-axis. (e) The temperature-related distribution of the relative variation in slope from linear
fitting equations of high-field Arrott plots. (f) Kouvel–Fisher plot of Rb(Zn0.83Li0.10Mn0.07)4As3 single
crystals and corresponding linear fitting for t > 0. (g) Kouvel–Fisher plot of Rb(Zn0.83Li0.10Mn0.07)4As3

single crystals and corresponding linear fitting for t < 0. (h) Log-log plot at 20 K and corresponding
linear fitting obtained from the M(H) plot at 20 K.
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Additionally, Kouvel–Fisher plots, another feasible and convenient analysis method to
obtain relevant parameters in the vicinity of the critical temperature, were used to provide
further evidence for our results [34,35]. On the basis of the critical equation of state, there
are the following power law relations among magnetization M, susceptibility χ, reduced
temperature t (or Curie temperature TC), and critical exponents:

M ∝ tβ, when H = 0 and t > 0; (3)

χ ∝ (−t)−γ, when H→0 and t < 0; (4)

M ∝H1/δ, when H→0 and t = 0, (5)

where δ = 1 + γ/β according to the critical scaling analysis. After applying a logarithm
and differential to Equations (3) and (4), one can draw and fit the linear relations of
−(dlnM/dT)−1 versus T and −(dlnχ/dT)−1 versus T in the critical region, i.e., Kouvel–
Fisher plots, as

(dlnM/dT)−1 = −(TC − T)/β (6)

and
(dlnM/dT)−1 = (TC − T)/γ, (7)

in which the magnitude of the reciprocal of slope represents β and γ, respectively, and
the horizontal intercept is TC. For the same sample, the Rb(Zn0.73Li0.1Mn0.07)4As3 single
crystal, its Kouvel–Fisher plots are shown in Figure 3e,f. As shown in the two figures, in the
narrow enough range of |t|, the fitting β and γ are 0.638 and 1.103, and the corresponding
TC’s are 21.2 and 14.6 K, respectively. In order to guarantee that the fitting is carried out
in the vicinity of the transition region, the selected data points for linear fitting must meet
the requirement of |t| < 0.3. Despite the deviation of TC, the fitting results are closer to
the former analysis based on the classic Arrott plot method. Meanwhile, it is feasible to
determine another critical exponent, δ, by acquiring the M(H) data at TC and plotting the
corresponding log-log plot according to Equation (5). As shown in Figure 3h, the linear
fitting gives δ = 2.705, in agreement with the value δ = 1 + γ/β = 2.729 from the obtained
β and γ. Thus, our discussions about critical behavior are self-consistent, and the results
confirm the long-range ferromagnetism of the single crystals.

3.4. Magnetoresistance and Hall Effect

The temperature dependence of resistivity (ρ(T)) of the aforementioned samples was
measured. All of the samples exhibit semiconducting behavior, namely an increase in ρ with
decreasing temperature. The conductivity is enhanced with increasing Li concentrations,
which act as charge doping. As typical examples, Figure 2a shows the ρ(T) curves of
ferromagnetic Rb(Zn0.83Li0.10Mn0.07)4As3 and Rb(Zn0.78Li0.15Mn0.07)4As3 single crystals.
The decrease in resistivity is pronounced at low temperatures. Similar behaviors have been
reported in other DMS materials, e.g., (Ga,Mn)As and Li(Zn,Mn)As [17,36]. lnρ versus
1/T of Rb(Zn0.83Li0.10Mn0.07)4As3 single crystals is shown in Figure 4a. The band gap
Eg ~19 meV is calculated from active model fitting:

ρ = ρ0exp(Eg/2kBT). (8)

This is only one-tenth of the parent compound (0.2 eV), which also indicates successful
charge doping by Li substitutions.

Sizeable transverse magnetoresistance (fields perpendicular to current) can be found
in ferromagnetic samples at low temperatures, ruling out the possible influence of grain
boundaries in polycrystalline samples. The MR ratio is defined as MR ≡ (ρ(H) − ρ(0T))/ρ(0T)
= ∆ρ/ρ(0T) [37]. Figure 4b shows this giant MR in the samples Rb(Zn0.93−yLiyMn0.07)4As3,
where y = 0.05, 0.1, 0.15, 0.2, among which the doping level of 10% Li contributes to
the highest negative MR up to −93% at 7 T and the highest positive MR up to 85% at
0.4 T simultaneously. Given that MR changes slightly when the external field exceeds
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7 T, the following measurements were only conducted within ±7 T. Figure 4c shows the
temperature-dependent MR of Rb(Zn0.83Li0.1Mn0.07)4As3 single crystals along the c-axis
and ab-plane. With the deceasing temperature, colossal MR appears in the vicinity of the
Curie temperature TC and enlarges monotonically. Meanwhile, the noticeable anisotropy of
transverse MR is consistent with the magnetic anisotropy in Figure 2d,e. This indicates that
the MR effect of ferromagnetic Rb(Zn0.83Li0.10Mn0.07)4As3 originates from a reduction in
the carrier-spin scattering when local spins tend to be arranged completely parallel under
external fields.

Figure 4. (a) Temperature-dependent resistivity of Rb(Zn0.83 Li0.10 Mn0.07 )4 As3 and
Rb(Zn0.78Li0.15Mn0.07)4As3 single crystals. The inset is the active model fitting of
Rb(Zn0.83Li0.10Mn0.07)4As3. (b) Transverse magnetoresistance of Rb(Zn0.93−yLiyMn0.07)4As3 sin-
gle crystals with H of 14 T parallel to the c-axis. (c) ρ(T) of Rb(Zn0.83Li0.10Mn0.07)4As3 single
crystals with H of 7 T parallel to the c-axis and ab-plane at low temperatures. The inset is the
configuration of the external fields and measured current. (d) Transverse magnetoresistance of
the Rb(Zn0.83Li0.10Mn0.07)4As3 single crystals with H parallel to the c-axis and ab-plane at 2 K.
(e) Hall effect measurement of Rb(Zn0.83Li0.10Mn0.07)4As3 single crystals. The inset is the enlarged
high-field region.

Figure 4d shows the field-dependent MR of Rb(Zn0.83Li0.1Mn0.07)4As3 single crystals
at 2 K. With an external field along the c-axis, it displays a positive MR of 85% at 0.4 T
and a negative MR of −93% at 7 T. It is worth noting that a positive MR with such a large
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magnitude has rarely been reported in previous DMS materials. In contrast, when using
the H//ab-plane, the maximum values of the positive and negative MR become 7% and
−35%, respectively. The saturation status of MR is consistent with the hysteresis loops.
Magnetization and MR saturate at about 3 T along the easiest axis, namely the c-axis, while
neither of them saturates even at 7 T. The positive MR can be attributed to the delayed
rotation of spins under external fields, which corresponds to coercive fields (Figure 2e) [13].
Such a remarkable contrast of MR of low and high fields can stand for an off-and-on status
and act as a magnetic switch in a circuit. Meanwhile, the large anisotropy of transverse MR
makes the titled DMS a good candidate for magnetic field sensors [38].

To determine the carrier type and concentration, the Hall effect was measured. Figure 4e
is the field-dependent Hall resistance (ρHall(H)) of Rb(Zn0.83Li0.1Mn0.07)4As3 single crystals
below and above TC. Above TC, ρHall(H) curves are linear, and the carrier type can be
easily determined as the p-type. Below TC, the ρHall(H) of a ferromagnetic conductor is
expressed as

RHall(H) = R0H + RsM, (9)

where R0 is the ordinary Hall coefficient, Rs denotes the anomalous Hall coefficient, and M
denotes the magnetization of the samples [39,40]. At 10 K, the anomalous Hall component
dominates the low-field region, so the carrier concentration is calculated with high-field
data where ρHall(H) curves are linear. However, when the temperature falls below 10 K, the
dramatically increasing MR will severely interfere with the Hall signals, and the anomalous
Hall effect becomes unobservable. To avoid the influence of MR, Hall resistivity curves and
the related calculations of carrier concentration are all based on the measurements of the
Hall effect above 10 K. Similar to the DMS Li(Zn,Mn)As, p-type conduction is expected,
as Li+ is doped to replaced Zn2+ to act as an acceptor. At 10 K, the carrier concentration is
3.5 × 1019 cm−3. It becomes 5.09 × 1020, 7.47 × 1020, and 7.48 × 1020 cm−3 at 50 K, 70 K,
and 100 K, respectively. The temperature-dependent carrier concentration shows common
features with semiconductors, i.e., a monotonic increase in the carrier concentration at
low temperatures and saturation at a relatively high temperature, which is consistent
with the typical thermal excitation model. The carrier concentration is comparable to that
of (Ga,Mn)As or BaZn2As2 (~1020 cm−3). The exponential increase in hole density with
increasing temperature is also consistent with the activation energy model behaviors of
ρ(T) curves.

4. Conclusions

In summary, we synthesized a new diluted magnetic semiconductor Rb(Zn0.83Li0.10Mn0.07)4
As3 with a quasi-two-dimensional structure. With optimal charge and spin doping, it shows
ferromagnetic transition with the highest Cuire temperature of 24 K. The analysis of crit-
ical behavior via Arrott plots and reliable self-consistent results confirm the long-range
ferromagnetic ordering in Rb(Zn1−x−yLiyMnx)4As3 single crystals. Owing to the low-
dimensional structure, substantial magnetic anisotropy can be found when the field is par-
allel and perpendicular to the c-axis. Correspondingly, transverse magnetoresistance also ex-
hibits large anisotropy. The most remarkable feature is that the Rb(Zn0.83Li0.10Mn0.07)4As3
single crystals show a positive MR of 85% at 0.4 T and a negative MR of −93% at 7 T.
It is worth noting that these intriguing features are found at low temperatures or high
fields. These rigorous conditions could be barriers to practical applications. Nevertheless,
Rb(Zn1−x−yLiyMnx)4As3 could stimulate future developments of analog DMS materials,
but with a near-room-temperature Curie temperature, to benefit applications.

Author Contributions: Conceptualization, Y.P., Z.D. and C.J.; methodology, Y.P. and Z.D.; investi-
gation, Y.P., L.S., G.Z., J.Z. (Jun Zhang), J.Z. (Jianfa Zhao), X.W. and Z.D.; writing—original draft
preparation, Y.P. and Z.D.; writing—review and editing, Y.P., Z.D. and C.J.; supervision, Z.D. and C.J.;
project administration, Z.D. and C.J.; funding acquisition, Z.D. and C.J. All authors have read and
agreed to the published version of the manuscript.



Nanomaterials 2024, 14, 263 11 of 12

Funding: The work was supported by the National Key R&D Program of China (No. 2022YFA1403900),
the NSF of China (No. 11974407 and 12104488), and the CAS Project for Young Scientists in Basic
Research (No. YSBR-030).

Data Availability Statement: All data are available from the corresponding author upon reasonable request.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Dietl, T. A ten-year perspective on dilute magnetic semiconductors and oxides. Nat. Mater. 2010, 9, 965. [CrossRef] [PubMed]
2. Furdyna, J.K. Diluted magnetic semiconductors. J. Appl. Phys. 1988, 64, R29. [CrossRef]
3. Hirohata, A.; Sukegawa, H.; Yanagihara, H.; Zutic, I.; Seki, T.; Mizukami, S.; Swaminathan, R. Roadmap for Emerging Materials

for Spintronic Device Applications. IEEE Trans. Magn. 2015, 51, 0800511. [CrossRef]
4. Dietl, T.; Ohno, H. Dilute ferromagnetic semiconductors: Physics and spintronic structures. Rev. Mod. Phys. 2014, 86, 187–251.

[CrossRef]
5. Zhao, X.; Dong, J.; Fu, L.; Gu, Y.; Zhang, R.; Yang, Q.; Xie, L.; Tang, Y.; Ning, F. (Ba1−xNax)F(Zn1−xMnx)Sb: A novel fluoride-

antimonide magnetic semiconductor with decoupled charge and spin doping. J. Semicond. 2022, 43, 112501. [CrossRef]
6. Saito, H.; Yuasa, S.; Ando, K. Origin of the tunnel anisotropic magnetoresistance in Ga1-xMnxAs/ZnSe/Ga1-xMnxAs magnetic

tunnel junctions of II-VI/III-V heterostructures. Phys. Rev. Lett. 2005, 95, 086604. [CrossRef] [PubMed]
7. Liu, X.; Riney, L.; Guerra, J.; Powers, W.; Wang, J.; Furdyna, J.K.; Assaf, B.A. Colossal negative magnetoresistance from hopping

in insulating ferromagnetic semiconductors. J. Semicond. 2022, 43, 112502. [CrossRef]
8. Žutić, I.; Zhou, T. Tailoring Magnetism in Semiconductors. Sci. China-Phys. Mech. Astron. 2018, 61, 067031. [CrossRef]
9. Chougule, B.K.; Begum, S. Reference Module in Materials Science and Materials Engineering; Elsevier: Amsterdam, The Netherlands,

2008; pp. 1–2.
10. Mathieu, R.; Akahoshi, D.; Asamitsu, A.; Tomioka, Y.; Tokura, Y. Colossal magnetoresistance without phase separation: Disorder-

induced spin glass state and nanometer scale orbital-charge correlation in half doped manganites. Phys. Rev. Lett. 2004, 93, 227202.
[CrossRef]

11. Ali, M.N.; Xiong, J.; Flynn, S.; Tao, J.; Gibson, Q.D.; Schoop, L.M.; Liang, T.; Haldolaarachchige, N.; Hirschberger, M.; Ong, N.P.;
et al. Large, non-saturating magnetoresistance in WTe2. Nature 2014, 514, 205–208. [CrossRef]

12. Csontos, M.; Wojtowicz, T.; Liu, X.; Dobrowolska, M.; Janko, B.; Furdyna, J.K.; Mihaly, G. Magnetic scattering of spin polarized
carriers in (In, Mn)Sb dilute magnetic semiconductor. Phys. Rev. Lett. 2005, 95, 227203. [CrossRef]

13. Ohno, H. Properties of ferromagnetic III-V semiconductors. J. Magn. Magn. Mater. 1999, 200, 20. [CrossRef]
14. Glasbrenner, J.K.; Zutic, I.; Mazin, I.I. Theory of Mn-doped II-II-V semiconductors. Phys. Rev. B 2014, 90, 140403. [CrossRef]
15. Mašek, J.; Kudrnovský, J.; Máca, F.; Gallagher, B.; Campion, R.; Gregory, D.; Jungwirth, T. Dilute Moment n-Type Ferromagnetic

Semiconductor Li(Zn,Mn)As. Phys. Rev. Lett. 2007, 98, 067202. [CrossRef] [PubMed]
16. Ohno, H. Making Nonmagnetic Semiconductors Ferromagnetic. Science 1998, 281, 6. [CrossRef] [PubMed]
17. Deng, Z.; Jin, C.Q.; Liu, Q.Q.; Wang, X.C.; Zhu, J.L.; Feng, S.M.; Chen, L.C.; Yu, R.C.; Arguello, C.; Goko, T.; et al. Li(Zn,Mn)As as

a new generation ferromagnet based on a I-II-V semiconductor. Nat. Commun. 2011, 2, 422. [CrossRef] [PubMed]
18. Zhao, K.; Chen, B.; Zhao, G.; Yuan, Z.; Liu, Q.; Deng, Z.; Zhu, J.; Jin, C. Ferromagnetism at 230 K in (Ba0.7K0.3)(Zn0.85Mn0.15)2As2

diluted magnetic semiconductor. Chin. Sci. Bull. 2014, 59, 2524. [CrossRef]
19. Sun, F.; Zhao, G.Q.; Escanhoela, C.A.; Chen, B.J.; Kou, R.H.; Wang, Y.G.; Xiao, Y.M.; Chow, P.; Mao, H.K.; Haskel, D.; et al. Hole

doping and pressure effects on the II-II-V-based diluted magnetic semiconductor (Ba1−xKx)(Zn1−yMny)2As2. Phys. Rev. B 2017,
95, 094412. [CrossRef]

20. Yang, X.; Li, Y.; Zhang, P.; Jiang, H.; Luo, Y.; Chen, Q.; Feng, C.; Cao, C.; Dai, J.; Tao, Q.; et al. K and Mn co-doped BaCd2As2:
A hexagonal structured bulk diluted magnetic semiconductor with large magnetoresistance. J. Appl. Phys. 2013, 114, 223905.
[CrossRef]

21. Yang, X.; Chen, Q.; Li, Y.; Wang, Z.; Bao, J.; Li, Y.; Tao, Q.; Cao, G.; Xu, Z.-A. Sr0.9K0.1Zn1.8Mn0.2As2: A ferromagnetic
semiconductor with colossal magnetoresistance. Europhys. Lett. 2014, 107, 67007. [CrossRef]

22. Hogl, P.; Matos-Abiague, A.; Zutic, I.; Fabian, J. Magnetoanisotropic Andreev reflection in ferromagnet-superconductor junctions.
Phys. Rev. Lett. 2015, 115, 116601. [CrossRef]

23. Zutic, I.; Fabian, J.; Das Sarma, S. Spintronics: Fundamentals and applications. Rev. Mod. Phys. 2004, 76, 323. [CrossRef]
24. Zhao, K.; Deng, Z.; Wang, X.C.; Han, W.; Zhu, J.L.; Li, X.; Liu, Q.Q.; Yu, R.C.; Goko, T.; Frandsen, B.; et al. New diluted

ferromagnetic semiconductor with Curie temperature up to 180 K and isostructural to the ‘122’ iron-based superconductors. Nat.
Commun. 2013, 4, 1442. [CrossRef] [PubMed]

25. He, H.; Tyson, C.; Bobev, S. Eight-Coordinated Arsenic in the Zintl Phases RbCd4As3 and RbZn4As3: Synthesis and Structural
Characterization. Inorg. Chem. 2011, 50, 8375–8383. [CrossRef] [PubMed]

26. Hellmann, A.; Löhken, A.; Wurth, A.; Mewis, A. New Arsenides with ThCr2Si2-type or Related Structures: The Compounds
ARh2As2 (A:Eu, Sr,Ba) and BaZn2As2. Z. Naturforsch. 2007, 62, 155. [CrossRef]

27. Toby, B.H. EXPGUI, a graphical user interface for GSAS. J. Appl. Crystallogr. 2001, 34, 210–213. [CrossRef]

https://doi.org/10.1038/nmat2898
https://www.ncbi.nlm.nih.gov/pubmed/21102516
https://doi.org/10.1063/1.341700
https://doi.org/10.1109/TMAG.2015.2457393
https://doi.org/10.1103/RevModPhys.86.187
https://doi.org/10.1088/1674-4926/43/11/112501
https://doi.org/10.1103/PhysRevLett.95.086604
https://www.ncbi.nlm.nih.gov/pubmed/16196884
https://doi.org/10.1088/1674-4926/43/11/112502
https://doi.org/10.1007/s11433-018-9191-0
https://doi.org/10.1103/PhysRevLett.93.227202
https://doi.org/10.1038/nature13763
https://doi.org/10.1103/PhysRevLett.95.227203
https://doi.org/10.1016/S0304-8853(99)00444-8
https://doi.org/10.1103/PhysRevB.90.140403
https://doi.org/10.1103/PhysRevLett.98.067202
https://www.ncbi.nlm.nih.gov/pubmed/17358980
https://doi.org/10.1126/science.281.5379.951
https://www.ncbi.nlm.nih.gov/pubmed/9703503
https://doi.org/10.1038/ncomms1425
https://www.ncbi.nlm.nih.gov/pubmed/21829184
https://doi.org/10.1007/s11434-014-0398-z
https://doi.org/10.1103/PhysRevB.95.094412
https://doi.org/10.1063/1.4842875
https://doi.org/10.1209/0295-5075/107/67007
https://doi.org/10.1103/PhysRevLett.115.116601
https://doi.org/10.1103/RevModPhys.76.323
https://doi.org/10.1038/ncomms2447
https://www.ncbi.nlm.nih.gov/pubmed/23385587
https://doi.org/10.1021/ic2009418
https://www.ncbi.nlm.nih.gov/pubmed/21812395
https://doi.org/10.1515/znb-2007-0203
https://doi.org/10.1107/S0021889801002242


Nanomaterials 2024, 14, 263 12 of 12

28. Deng, Z.; Wang, X.; Wang, M.; Shen, F.; Zhang, J.; Chen, Y.; Feng, H.L.; Xu, J.; Peng, Y.; Li, W.; et al. Giant Exchange-Bias-Like
Effect at Low Cooling Fields Induced by Pinned Magnetic Domains in Y2NiIrO6 Double Perovskite. Adv. Mater. 2023, 35, 2209759.
[CrossRef]

29. Chen, L.; Yang, X.; Yang, F.; Zhao, J.; Misuraca, J.; Xiong, P.; von Molnar, S. Enhancing the Curie temperature of ferromagnetic
semiconductor (Ga,Mn)As to 200 K via nanostructure engineering. Nano Lett. 2011, 11, 2584. [CrossRef]

30. Wei, Q.; Wang, H.; Zhao, X.; Zhao, J. Electron mobility anisotropy in (Al,Ga)Sb/InAs two-dimensional electron gases epitaxied on
GaAs (001) substrates. J. Semicond. 2022, 43, 072101. [CrossRef]

31. Yu, S.; Liu, X.; Zhao, G.; Peng, Y.; Wang, X.; Zhao, J.; Li, W.; Deng, Z.; Furdyna, J.K.; Uemura, Y.J.; et al. Anomalous critical point
behavior in dilute magnetic semiconductor (Ca,Na)(Zn,Mn)2Sb2. Phys. Rev. Mater. 2020, 4, 024411. [CrossRef]

32. Zhang, L.; Menzel, D.; Jin, C.; Du, H.; Ge, M.; Zhang, C.; Pi, L.; Tian, M.; Zhang, Y. Critical behavior of the single-crystal
helimagnet MnSi. Phys. Rev. B 2015, 91, 024403. [CrossRef]

33. Kim, D.; Revaz, B.; Zink, B.L.; Hellman, F.; Rhyne, J.J.; Mitchell, J.F. Tricritical point and the doping dependence of the order of the
ferromagnetic phase transition of La1-xCaxMnO3. Phys. Rev. Lett. 2002, 89, 227202. [CrossRef] [PubMed]

34. Campostrini, M.; Hasenbusch, M.; Pelissetto, A.; Rossi, P.; Vicari, E. Critical exponents and equation of state of the three-
dimensional Heisenberg universality class. Phys. Rev. B 2002, 65, 144520. [CrossRef]

35. Wang, M.; Marshall, R.A.; Edmonds, K.W.; Rushforth, A.W.; Campion, R.P.; Gallagher, B.L. Three-dimensional Heisenberg critical
behavior in the highly disordered dilute ferromagnetic semiconductor (Ga,Mn)As. Phys. Rev. B 2016, 93, 184417. [CrossRef]

36. Dietl, T.; Ohno, H.; Matsukura, F. Hole-mediated ferromagnetism in tetrahedrally coordinated semiconductors. Phys. Rev. B 2001,
63, 195205. [CrossRef]

37. Telford, E.J.; Dismukes, A.H.; Lee, K.; Cheng, M.; Wieteska, A.; Bartholomew, A.K.; Chen, Y.S.; Xu, X.; Pasupathy, A.N.; Zhu, X.;
et al. Layered Antiferromagnetism Induces Large Negative Magnetoresistance in the van der Waals Semiconductor CrSBr. Adv.
Mater. 2020, 32, e2003240. [CrossRef] [PubMed]

38. Ghimire, N.J.; Khan, M.A.; Botana, A.S.; Jiang, J.S.; Mitchell, J.F. Anisotropic angular magnetoresistance and Fermi surface
topology of the candidate novel topological metal Pd3Pb. Phys. Rev. Mater. 2018, 2, 081201. [CrossRef]

39. Wei, D. The room temperature ferromagnetism in highly strained two-dimensional magnetic semiconductors. J. Semicond. 2023,
44, 040401. [CrossRef]

40. Ohno, Y.; Young, D.K.; Beschoten, B.; Matsukura, F.; Ohno, H.; Awschalom, D.D. Electrical spin injection in a ferromagnetic
semiconductor heterostructure. Nature 1999, 402, 790–792. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1002/adma.202209759
https://doi.org/10.1021/nl201187m
https://doi.org/10.1088/1674-4926/43/7/072101
https://doi.org/10.1103/PhysRevMaterials.4.024411
https://doi.org/10.1103/PhysRevB.91.024403
https://doi.org/10.1103/PhysRevLett.89.227202
https://www.ncbi.nlm.nih.gov/pubmed/12485099
https://doi.org/10.1103/PhysRevB.65.144520
https://doi.org/10.1103/PhysRevB.93.184417
https://doi.org/10.1103/PhysRevB.63.195205
https://doi.org/10.1002/adma.202003240
https://www.ncbi.nlm.nih.gov/pubmed/32776373
https://doi.org/10.1103/PhysRevMaterials.2.081201
https://doi.org/10.1088/1674-4926/44/4/040401
https://doi.org/10.1038/45509

	Introduction 
	Materials and Methods 
	Results 
	Crystal Structure 
	Magnetic Properties 
	Magnetic Critical Behaviors 
	Magnetoresistance and Hall Effect 

	Conclusions 
	References

