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Abstract: A series of polycrystalline samples of a new diluted magnetic semiconductor (DMS)
(Ba,K)(Zn,Mn),Sb, has been synthesized and systematically studied. The parent phase is the so-called
“Zintl compound” BaZn;Sb,, a week-degenerate semiconductor with a narrow band gap of 0.2 eV.
In (Ba,K)(Zn,Mn),Sb, the chargeis doped by (Ba,K) substitution while the spin is independently doped
by (Zn,Mn) substitution. (Ba,K)(Zn,Mn),Sb; and analogue (Ba,K)(Zn,Mn),As; have comparable
narrow band gaps, carrier and spin concentrations. However, the former establishes a short-range
spin-glass order at a very low temperature (<10 K), while the latter forms a long-range ferromagnetic
ordering with a Curie temperature up to 230 K. The sharp contrast makes (Ba,K)(Zn,Mn),Sb, to be a
touchstone for DMS theoretical models.

Keywords: diluted magnetic semiconductor; independent charge and spin doping; spin-glass
behaviors; large magnetoresistance

1. Introduction

Dilute magnetic semiconductors (DMS) which have potential to control charge and spin in a single
material are very applicable to spintronic devices [1-3]. Since the discovery of (Ga,Mn)As and (In,Mn)As,
the III-V-based DMS have receive much attention as prototypical DMS materials [4]. However, in either
(Ga,Mn)As or (In,Mn)As, heterovalent (Ga3*,Mn2*) or (In®*,Mn?") substitution leads to difficulties in
the individual control of carrier and spin doping and seriously limited chemical solubility. These two
obstacles prevent further improving Curie temperature (T¢) in the III-V based DMS.

Recently, a series of new DMS materials with the independent doping of carrier and spin have
been discovered, e.g., “111” type Li(Zn,Mn)As and “122” type (Ba,K)(Zn,Mn),As, [5-13]. A large
number of progresses have been made in these new DMS, in both fundamental studies and potential
applications [14-28]. Among the new DMS, (Ba,K)(Zn,Mn),As; has a maximum Curie temperature (T¢)
of 230 K, which is a reliable record of carrier-mediated ferromagnetic DMS [29,30]. Besides, the physical
picture of (Ba,K)(Zn,Mn),As; is believed to be general and thus applicable to other DMS [31-33].

(Ba,K)(Zn,Mn),As, stimulates further searching for DMS with a T¢ over room temperature.
Recent theoretical calculations predicted that the Curie temperature of (Ba,K)(Zn,Mn),Sb; is even
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higher than 230 K [34]. (Ba,K)(Zn,Mn),Sb, does not contain a toxic element, another advantage over
(Ba,K)(Zn,Mn),As,. As reported, it has aband gap of 0.2 eV, similar to that of (Ba,K)(Zn,Mn),As,. In this
paper, we report the synthesis and physical properties of K- and Mn-co-doped (Ba,K)(Zn,Mn),Sb,.

2. Experimental

Polycrystalline specimens of (Ba;—xKx)(Zn;—yMny),Sb, were synthesized with a solid state reaction
method. The high purity of raw materials, Ba, K, Zn, Mn and Sb, were well ground according to the
stoichiometric ratio, and then pressed into pellets. The pellets were sealed into Ta tube and heated to
750 K for 10 h before cooling down to room temperature. All the procedures are protected under high
purity argon. Powder X-ray diffraction (PXRD) was performed using Cu K, radiation with a Philips
X'pert diffractometer at room temperature. Chemical compositions and the homogeneousness of the
samples were investigated with the energy dispersive X-ray analysis (EDX) of a commercial scanning
electron microscope (SEM). The DC magnetic susceptibility was characterized by a superconducting
quantum interference device (SQUID) magnetometer. A physical property measurement system
(PPMS) was used for AC magnetic susceptibility and electricity transport measurements.

3. Results and Discussion

The parent phase of title DMS is BaZn,Sb,, a Zintl compound (space group Pnma) [35]. Its crystal
structure is consisted of (ZnSby,) tetrahedra and insulated Ba cations (Figure 1a). The former is
comprised of corner-connected ZnSb chains which are composed by edge sharing (ZnSb,) tetrahedra
(Figure 1b—c). In contrast, the crystal structure of [4mmm-phase BaZn,As; consists of Ba and ZnAs
layers, and the latter are formed by edge sharing (ZnAs,) tetrahedral [36].

Rietveld refinement of (Bag9Kq 1)(Zng9Mny 1),Sb; is plotted in Figure 1d as a typical example.
Refinement parameters and structural details obtained from Rietveld refinement are listed in Table 1.
The average bond length of Mn-Sb (2.71 A)is slightly smaller than that of BaMn,Sb; (2.77 A) [37].
All the peaks of the present samples, (Ba;_xKx)(Znp9Mng 1)2Sb, (x = 0, 0.05, 0.075, 0.1, 0.15 and 0.2)
and (Bag 9Ko.1)(Zn;1-yMny),Sb; (y = 0, 0.05, 0.075, 0.1, 0.15 and 0.2) crystallize into the crystal structure
of the parent phase. No trace of impurity phase can be found from the lab PXRD patterns. As shown in
Figure 1le, the lattice parameters change linearly with doping levels, indicating the successful chemical
solutions of Mn [38].

Table 1. Selected structural parameters of (Bag 9K 1)(Zng9Mng1),Sb; as determined from Rietveld

refinements.
Atom X y z Occupancy Uiso
Ba 0.2449(2) 025  0.3227(1) 0.9 0.0202(6)
K 0.2449(2) 025  0.3227(1) 0.1 0.0202(6)
Zny 0.0519(3) 0.25  0.6185(3) 0.9 0.0121(10)
Mn, 0.0519(3) 0.25  0.6185(3) 0.1 0.0121(10)
Zny 0.0941(4) 0.25  0.0483(3) 0.9 0.0198(12)
Mn, 0.0941(4) 0.25  0.0483(3) 0.1 0.0198(12)
Sbq 0.4774(1) 025  0.6636(1) 1.0 0.0162(6)
Sb, 0.3481(2) 0.25  0.0364(1) 1.0 0.0157(5)
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Figure 1. (a) Crystal structure of the parent phase, BaZn;Sb;; (b) the sketch of the ZnSb framework
in ac-plane; (c) the sketch of the ZnSb framework in the ab-plane; (d) the Rietveld refinement of
(Bap 9Kp.1)(ZngoMny 1),Sby; (e) the change of the lattice constants, a (red dots), b (blue dots) and ¢ (black
dots), with Mn doping levels.

Figure 2a shows the temperature-dependent resistivity (p(T)) of the parent compound BaZn;Sb,.
The resistivity increases smoothly with increasing temperature from 70 to 220 K, indicating that
BaZn,Sb, is a weak-degenerate semiconductor [35]. Single Mn-doping increases the resistivity of
Ba(Zn;_yMny),Sb, (Figure 2a) due to the possible magnetic scattering effect of Mn?*. In contrast,
after doping with a small amount of K into the Ba-site, the resistivity of (Bag 9K 1)ZnySb, decreases by
about 90% compared to BaZn,Sb, (Figure 2b). The role of K-doping is further confirmed by the Hall
effect measurements, which will be discussed later. Similar behaviors of p(T) are also shown in the K-
and Mn-co-doped samples (Figure 2c,d).
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Figure 2. Temperature-dependent resistivity curves of (a) Ba(an_yMny)Zsz (y = 0, 0.05
0.1, 0.15); (b) (Ba1_xKx)ZnySby; (¢) (Baj_yKx)(Zng9Mng1),Sb, (x = 0.075, 0.1, 0.2); and (d)
(Bao_gKO.l)(an,yMny)2Sb2 (y = O, 005, 0.1, 015)

With proper doping levels of K and Mn, the title DMSs show spin-glass-like behaviors. Here,
we take the sample of (Bag 925K .075)(ZngoMng 1),Sb; as a typical example to exhibit the spin-glass-like
transition. Upon the lowering of the temperature, the DC temperature-dependent magnetization
(M(T)) of H =500 Oe shows divergence between zero field cooling and field cooling (T} ~ 4.7 K)
and then one bump (Ts ~ 3.6 K) on zero field cooling in Figure 3a. They rapidly shift towards a
lower temperature (T, ~ 4.1 Kand Tg ~ 3.2 K) under H = 1000 Oe. With a higher field of 2000 Oe,
the bump on zero field cooling disappears and the divergence between zero field cooling and field
cooling could barely be identified. These behaviors indicate spin-glass-like transition [11,39-44].
In Figure 3b, unsaturated “S”-shape field-dependent magnetization (M(H)) curves and the presence of
hysteresis loop also reveal magnetic frustration. To obtain a closer insight into the glassy magnetism,
AC susceptibility under zero field was measured with varying frequencies (f). The results of the
sample (Bag 925K 075)(Zng9Mng 1),Sb, are present as typical examples. There is only one transition
observed in the real (y’) and imaginary (x’’) parts for each f at about 4.5 K in the temperature range
of 2-20 K, consistent with the maximum on the zero field cooling curve. As shown in Figure 3a, the
freezing temperature, Ty, moves towards a higher temperature with increasing f on both x’(T) and
X”(T). The f-dependent transition is a typical hallmark of spin-glass-like systems. The frequency shift
(K) [43] is calculated to reflect the f-dependence with Equation (1):

K = ATy/[TAlog(f)]. @

For a canonical spin-glass system, K ranges between 0.005 and 0.08 [45]. The obtained value of
(Bag.925K0.075)(Zng 9Mny 1)2Sb; is K ~ 0.016, indicating the spin-glass nature of (Ba,K)(Zn,Mn),Sb,.
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Figure 3. (a) DC M(T) measured under H = 500 Oe (black curves), 1000 Oe (red curves)
and 2000 Oe (blue curves) of (Bag 95K g75)(ZngoMng1),Sby; (b) the hysteresis loops at 2 K of
(Bag.925K0.075)(Zng 9Mnyg 1)25bs; (¢) AC x'(T) and x”(T)of (Bag.925K0.075)(Zng9oMng1),Sb, at various
frequencies; (d) frequency dependence of transition temperature of (Bag 925K g75)(ZngoMng 1),Sbs.

To testify the criterion to form spin-glass-like ordering, the DC magnetic behaviors of
(BaO.gKo'l)(an_yMny)zsbz (y =0.05, 0.075, 0.1, 0.15, and 02) and (Bal_XKX)(ZnO.gMnO.l)28b2 (X =0.05,
0.075, 0.1, 0.15 and 0.2) are plotted in Figure 4, respectively. In Figure 4a, the sample of y = 0.05 and
0.075 shows no clear magnetic ordering, while the samples with higher Mn concentration behave
differently. With increasing temperature, a maximum on the zero field cooling curve and then a
divergence between the zero field cooling and field cooling can be found in each sample with y = 0.1,
0.15, and 0.2. In Figure 4b, only the samples with y = 0.1, 0.15, and 0.2 show unsaturated “S”-shape
M(H) curves and hysteresis loops. For the sample of y = 0.05 and 0.075, Mn is probably too diluted to
build up spin-glass-like ordering. In Figure 4c, spin-glass-like behaviors are present in the sample
of (Ba;—xKy)(ZngoMng 1),Sb, with x = 0.05, 0.075 and 0.1. Surprisingly, further K-doping suppresses
the short-range magnetic ordering in the over-doped sample with x > 0.15. The suppression of the
short-range magnetic ordering is consistent with M(H) results as shown in Figure 4d. In short, when the
concentration of K > 0.2 or the concentration of Mn < 0.075 in (Ba;_xKx)(Zn;-yMny),5by, no clear
magnetic ordering could be found down to 2 K.
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(a) DC M(T) measured under H = 500 Oe of (BagyKg.1)(Zn1-yMny),Sby (y = 0.05,

0.075, 0.1, 0.15, 0.2); (b) the hysteresis loops at 2 K of (Bag9Ko1)(Zn;-yMny),Sby; (c) M(T) of
(Baj—xKx)(Zng9Mnyg 1)2Sb; (x = 0.05, 0.075, 0.1, 0.15, 0.2) under H = 500 Oe; and (d) the hysteresis loops
at 2 K of (Ba1_xKx)(Zng9Mny 1),Sb,.

Figure 5a shows the p(T) curves of (Bag 9Ky 1)(ZngsMng2),Sb, under various fields. Negative
magnetoresistance appears around 45 K, which is well above Tr. At H =0T, there is a maximum at about
5 K, which is coincident with Ty. On the increasing magnetic field, the maximum shifts toward higher
temperature and meanwhile the upturn is gradually suppressed. Figure 5b shows the field-dependent
resistivity p(H) of (Bag Ko 1)(ZnggMng»),Sb, at different temperatures. Magnetoresistance does not
saturate up to 7 T at low temperatures (T = 2, 10 and 20 K). The maximum negative magnetoresistance
(defined as Ap/pp = ((pr — Po)pPo)) is 18% at T = 2 K and H = 7 T. Negative magnetoresistance
with similar magnitude has been found in many DMS systems, e.g., (Ga,Mn)As, Li(Zn,Mn)As
and (Ba,K)(Zn,Mn),As; [5,6,46], where the long-range ferromagnetic ordering is well established.
In contrast, negative magnetoresistance in (Bag 9K 1)(ZnggMng;),Sb; is related with short-rang

spin-glass-like ordering.



Crystals 2020, 10, 690 7 of 10

@) (b)o.00
0.022 4
(BaMKOJ)(Zn"‘sMnM)Zsz o
0.021 =
’E‘o.ozo - Q. -0.084
g g
Ei((l.tll‘)- 0.124
Q.0.018-
0.16
0.0174 (Bao.9Ko.1)(Zno.sMno.z)szz
0.20 +— T T T T T r
0.016 . T -60000 -40000 -20000 0 20000 40000 60000

0 10 20 30 40 50 60 70 80 H (Oe)
Temperature (K)

Figure 5. (a) p(T)curves of (Bag 9Ky 1)(ZnggMny),Sb, under various fields; (b) the magnetoresistance
curves of (Bap9Kq 1)(ZnggMny),Sb, measured in an external field upto7 Tat T =2 K, 10K, 20 K,
50 K, respectively.

The Hall effect measurements were performed on three typical samples, which are the parent phase
BaZn,Sb,, the K-doped (Bag 9Kg.1)Zn;Sb, and K- and Mn-co-doped (Bag 9K 1)(ZngoMny 1)2Sb; at
T =2 Kand 300 K, respectively. Field-dependent Hall resistivity (px,(H)) of (Bag 9Ko.1)(Zng9Mng 1)2Sb,
is plotted in Figure 6 as an example. Both low- and high-temperature py,(H) curves are linear in the
whole field range (H = 0-7 T). No trace of anomaly Hall effect can be found down to 2 K. Calculated
carrier concentrations (11,) are listed in Table 2. In all the three samples, the major carrier is p-type,
and the hole concentrations increase with increasing temperature. The K-doping significantly increases
hole concentration (1,). The obtained carrier concentrations for parent compound BaZn,Sb, and
Bag9Kg.1Zn,Sb, are about 3 x 101 em™3 and 4 x 1020 cm™3, respectively. On the other hand, Mn-doping
marginally decreases the hole concentration. The 1), of (Bag 9Ky 1)(Zng9Mng 1),Sb; is less than that of
(Bag 9Ko.1)Zn,Sb, at low temperature. This decrease in 1, is consistent with the increase in resistivity
upon Mn doping in Figure 2d.

151 (Ba K )(Zno,gMn0.1)2Sb2 o
E 17 e 2K ’fx
€ 0s] . 300K
G
T 00
=
~ -0.5
SUTY
-1.5

-60000-40000-20000 0 20000 40000 60000

H(Oe)
Figure 6. Hall resistivity of (Bag 9K 1)(ZngoMng 1),Sby at T = 2 and 300 K.

Although (Ba,K)(Zn,Mn),Sb, and (Ba,K)(Zn,Mn);As; have similar physical properties, including
the band gap of parent phases, carrier and spin concentrations, eventually (Ba,K)(Zn,Mn),Sb, forms
spin-glass ordering while (Ba,K)(Zn,Mn),As; establish long-range ferromagnetic ordering. The results
of (Ba,K)(Zn,Mn),Sb, suggest that more complex factors, for example crystal structure, should be
considered to predict magnetism for DMS materials.



Crystals 2020, 10, 690 8 of 10

Table 2. Calculated carrier concentrations (1) of three typical samples.

1, (cm=3)
T 00 £ BaZn,;Sb,  (Bag9Ko.1)ZnySby  (Bag,9Kop.1)(Zng9Mng 1),Sb;
2 2.73 x 10Y 4.04 x 1020 3.3 x 102
300 3.77 x 1019 411 x 10%0 4.0 x 1020

4. Conclusions

In summary, a new DMS (Ba,K)(Zn,Mn),Sb, with independent charge and spin doping has
been synthesized. With co-doped K and Mn to induce hole carrier and spin, (Ba,K)(Zn,Mn),Sb, can
establish a spin-glass ordering at low temperature. A large negative magnetoresistance of 18% related
with spin-glass ordering is achieved below freezing temperature. Although (Ba,K)(Zn,Mn),Sb; and
ferromagnetic (Ba,K)(Zn,Mn);As, have comparable band gaps, hole and local spin concentrations,
they present dramatically different magnetic properties. The title material, (Ba,K)(Zn,Mn),Sb, provides
a unique opportunity to testify established DMS models.
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