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We report discovery of ferromagnetism in (LaCa)(ZnMn)SbO isostructural to the well-studied iron-based superconductor 
LaFeAs(O1xFx). Spin is induced by partial substitution of Mn2+ for Zn2+, while charge is induced by substitution of Ca2+ for 
La3+ within the parent compound LaZnSbO. Ferromagnetism with Curie temperature (TC) is observed up to 40 K at the spin 
doping 0.15 by introducing Mn2+ into the Zn2+ sites for (La0.95Ca0.05)(Zn1xMnx)SbO. The Hall coefficient measurement indi-
cates p-type carrier for (La0.95Ca0.05)(Zn0.9Mn0.1)SbO with concentration of n~1020 cm3 showing anomalous Hall effect below 
TC. 
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1  Introduction 

Diluted magnetic semiconductor (DMS) obtained by doping 
transition metals into semiconductors [1] have been exten-
sively studied in the last 20 years [2] because of potential 
application for spin-sensitive electronics (spintronics) de-
vices [3–6]. For example, the III-V materials, such as (Ga, 
Mn)As and (In,Mn)As, are the most widely studied DMS. 
In these compounds, the Mn substituting for the trivalent 
cation (Ga or In) acts as both an acceptor and a spin source 
of magnetic moments simultaneously [1], resulting in the 
unability to separate control of spin versus charge freedom. 
The substitution of divalent Mn atoms into trivalent Ga or 
In sites leads to severely limited chemical solubility. Be-
cause of the above disadvantage, the specimens are chemi-

cally metastable, available only as thin films [1], and thus 
the material quality exhibits high sensitivity on preparation 
methods and heat treatments [7]. Bulk Li(Zn,Mn)As crys-
talizing into a structure similar to GaAs was recently found 
to be a new DMS with ferromagnetic TC up to 50 K [8]. The 
fundamental difference between Li(Zn,Mn)As and (Ga, 
Mn)As is that magnetism arising from isovalent (Zn,Mn) 
substitution can be decoupled from carrier doping with ex-
cess/deficient Li concentrations. Li(Zn,Mn)As shares con-
sistent lattice parameters with that of “111” type supercon-
ductor LiFeAs [9], leading to the potential to design new 
heterostructure among DMS, superconductors. More re-
cently a new DMS (Ba,K)(Zn,Mn)2As2 isostructural to 
“122” iron based superconductors was discovered showing 
a Curie temperature up to 180 K [10]. ReFeAsO (where Re 
denotes a rare earth element) are the known “1111” type 
iron-based superconductors [11] with ZrCuSiAs-structure. 
There are a number of ZrCuSiAs-type compounds with 
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various compositions and band gap investigated by doping 
with different magnetic d ions (Mn, Fe, Co and Ni) and at 
various doping levels [12–15]. The theoretical calculation 
[13] suggests that doping d ions can lead to drastic trans-
formations of electronic and magnetic properties of the 
parent materials. For example, LaZnAsO/LaZnSbO is ex-
pected to be a promising matrix for DMS if Zn2+ is partially 
replaced by divalent transition metals, such as Mn2+ 
[12–17].  

Herein we reported a new DMS system (LaCa)(Zn1x 

Mnx)SbO (0.05x0.15), which shows ferromagnetic prop-
erty but remains semiconductive conductivity. We found 
that the p-type carriers can be induced by substituting La3+ 
with Ca2+. The ferromagnetic magnetic properties of (La0.95 

Ca0.05)(Zn1xMnx)SbO by substituting Mn2+ for Zn2+ at the 
doping level x=0.05–0.15 were systemically studied. 

2  Experimental  

Polycrystalline specimens of (La0.95Ca0.05)(Zn1xMnx)SbO 
(0.05x0.15) were prepared by solid state reaction with 
high purity metals and metal oxides. Stoichiometry raw 
materials of La2O3 (99.999% purity), CaO (99.999% purity), 
La (99.9% purity), Sb (99.9% purity), Zn (99.99% purity), 
and Mn (99.9% purity) were well mixed according to the 
chemical formula and pressed into tablets with 8 mm in 
diameter and 2 mm in height. The process was carried in a 
glove box with the protection of high-purity flowing Ar. 
The tablets are then sealed in an evacuated silica tube 
(∼104 Pa) and heated at 1173 K for 48 h. The recovered 
samples are characterized by X-ray powder diffraction with 
a Philips X’pert diffractometer using CuKα1 radiation. The 
DC magnetic properties of (La0.95Ca0.05)(Zn1xMnx)SbO 
(0.05x0.15) compounds were examined using supercon-
ductivity quantum interference device (SQUID, Quantum 
Design). Electrical resistivity and Hall resistivity of 
(La0.95Ca0.05)(Zn1xMnx)SbO (0.05x0.15) were examined 
by physical property measurement system (PPMS, Quan-
tum Design). 

3  Results and discussion 

Figure 1(a) shows the X-ray diffraction (XRD) patterns for 
(La0.95Ca0.05)(Zn1xMnx)SbO (0.05x0.15). The pattern 
fitting indicates that (La0.95Ca0.05)(Zn1xMnx)SbO (0.05x 
0.15) crystallizes into ZrCuSiAs-type structure with the 
space group P4/nmm, as shown in the inset of Figure 1(a). It 
should be noted that there is no magnetic impurity except a 
small amount of orthorhombic ZnSb [18], which is marked 
by the stars in Figure 1(a). This excludes the magnetic con-
tribution introduced by the impurity to the main phase. The 
lattice parameters of (La0.95Ca0.05)(Zn1xMnx)SbO (0.05x 

0.15) are slightly increasing with increasing Mn substitution, 
as shown in Figure 1(b). Specifically, the lattice parameters 
increase from a=4.226(3) Å and c=9.537(7) Å at x=0 to 
a=4.228(0) Å and c=9.566(0) Å respectively, for doping 
level of x=0.15. These lattice constants are larger than those 
in the (La0.95Ca0.05)ZnSbO, suggesting that the lattice ex-
pands with Mn substitution. This is reasonable since the 
ionic radius of Mn2+ (0.80 Å) is larger than that of Zn2+ 
(0.74 Å) [19]. 

Figure 2(a) shows the temperature dependence of the 
magnetization under zero field cooling (ZFC) and field 
cooling (FC) for (La0.95Ca0.05)(Zn0.9Mn0.1)SbO (similar be-
haviors for the other Mn2+-content compounds). The mag-
netization intensity increases sharply as temperature de-
creases to around 25 K, which is denoted as TC, as result of 
the paramagnetic (PM) to a ferromagnetic (FM) transition. 
Above 50 K in the paramagnetic region, the inverse DC 
susceptibility is consistent with the Curie-Weiss law, as 
shown in the inset of Figure 2(a). The positive Weiss con-
stant (24.7±0.2) K demonstrates the ferromagnetic interac-
tion between Mn-ions. As reported, LaZnSbO system shows 
well established diamagnetism [18,20], while (La0.95Ca0.05) 
(Zn1xMnx)SbO (0.05x0.15) shows apparent difference 
from the parent phase. Figure 2(b) gives the temperature 
dependence of magnetization for (La0.95Ca0.05)(Zn1xMnx) 
SbO as function of Mn2+ content under FC at H=2000 Oe. 
The values of TC increases with Mn2+ content and to 40 K 
at x=0.15 as shown in the inset of Figure 2(b). The values of 
ordered moment per Mn atom show monotonically de-
creasing with increasing Mn2+ content. This is presumably 
because of the effect of the antiferromagnetic coupling of 
Mn pairs in the nearest neighbour Zn sites similar to Li(Zn, 
Mn)As [8]. The isothermal magnetization for (La0.95Ca0.05) 
(Zn0.9Mn0.1)SbO measured at 25 K, and 100 K are shown in 
Figure 2(c). An abrupt increase of magnetization at 25 K 
suggests that an FM transition occurs. 

Electric transport is another important property of DMS 
and is characterized by the negative magnetic resistance and 
anomalous Hall effects. Figures 3(a)–(c) show transport 
results of polycrystalline specimens for (La0.95Ca0.05) (Zn1x 

Mnx)SbO. The experimental results proposed that the 5% 
Ca2+ substitution is the maximum in order to keep the 
structural stability. It can be noted that (La0.95Ca0.05)ZnSbO 
is not ferromagnetic. Ferromagnetism appears only at coex-
istence of both charge doping as well as spin doping. Figure 
3(a) gives the resistivity of (La0.95Ca0.05)(Zn1xMnx)SbO 
(0.05x0.15), which increases monotonically with in-
creasing Mn concentration. To observe a magnetic field 
effect on the charge transport, the resistivity of (La0.95Ca0.05) 
(Zn0.925Mn0.075)SbO, as shown in Figure 3(b), was measured 
with magnetic field up to 5 T. A negative magnetic re-
sistance effect is clearly observed in a wide temperature 
region. This behavior is consistent of (La0.95Ca0.05) (Zn1x 

Mnx)SbO (0.05x0.15) and can be well explained in terms  
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Figure 1  (a) X-ray powder diffraction (XRD) patterns, and (b) the lattice parameters of (La0.95Ca0.05)(Zn1xMnx)SbO for various x. Inset of Figure 1(a): The 
ZrCuSiAs type structure for tetragonal (LaCa)(ZnMn)SbO with space group P4/nmm. 

 

Figure 2  (a) Temperature dependences of ZFC and FC mode with a DC magnetic field of 2000 Oe for (La0.95Ca0.05)(Zn0.9Mn0.1)SbO, (b) temperature de-
pendence of FC DC magnetization for (La0.95Ca0.05)(Zn1xMnx)SbO, and (c) field dependences of magnetization for (La0.95Ca0.05)(Zn0.9Mn0.1)SbO measured at 
25 K, and 100 K. Inset of Figure 2(a): Inverse DC susceptibility of (La0.95Ca0.05)(Zn0.9Mn0.1)SbO. Inset of Figure 2(b): Mn doping dependence of TC in 
(La0.95Ca0.05)(Zn1xMnx)SbO. 

of the field suppression of the spin fluctuation [21]. Carri-
er-induced ferromagnetism requires coupling between itin-
erant electrons and local moments revealed by the anoma-
lous Hall effects, which can verify carrier participation in 
the magnetic order [1]. Figure 3(c) shows representative 
Hall results for (La0.95Ca0.05)(Zn0.9Mn0.1)SbO compound, 
which exhibits anomalous Hall effect below TC and a p-type 
carrier nature with concentration of n1020 cm3, in the 
same order as those for “111” DMS Li(Zn,Mn)As [8] or 
“122” DMS (Ba,K)(Zn,Mn)2As2 [10]. In parallel with the 

this present study, Ding et al. [22] have synthesized another 
DMS (La,Ca)(Zn,Mn)AsO isostructural to “1111” type iron 
pnictide superconductors, which will be reported separately 
[22]. 

4  Conclusions 

We report that ferromagnetism is found in (LaCa)(ZnMn) 
SbO, which is isostructural to iron based “1111” type su- 



 Han W, et al.   Sci China-Phys Mech Astron   November (2013)  Vol. 56  No. 11 2029 

 

Figure 3  Transport results of polycrystalline specimens for (La0.95Ca0.05)(Zn1xMnx)SbO. (a) Resistivity of (La0.95Ca0.05)(Zn1xMnx)SbO; (b) resistivity of 
(La0.95Ca0.05)(Zn0.925Mn0.075)SbO in various external field H, which exhibits negative magnetoresistance; and (c) hall resistivity of (La0.95Ca0.05)(Zn0.9- 

Mn0.1)SbO at different temperature, which exhibits p-type carriers with concentrations of n1020 cm3 showing anomalous Hall effect below TC. 

perconductors. The slight substitution of La3+ by Ca2+ in 
LaZnSbO can introduce p-type carriers effectively in this 
system. Ferromagnetic transition was observed by further 
spin doping in the compound (La0.95Ca0.05)(Zn1xMnx)SbO 
showing TC up to 40 K at carrier concentration of n1020 
cm3. 
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