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A B S T R A C T   

A high degree of spin polarization in half-metallic double perovskites is a prerequisite for several applications in 
spintronics, which depends crucially on the cationic order of the systems. This paper reports a study on tailoring 
the structure and morphology of nano-sized Sr2Fe1-xZnxMoO6 (x = 0.05, 0.1, 0.15) materials to improve their 
spin polarization. The combined analysis of synchrotron X-ray diffraction and magnetization data shows that Zn 
replaces Fe in the B sites. Although the majority of particles have lateral dimensions in the range 30–60 nm as 
observed by scanning electron microscope, the samples with x = 0.1 and 0.15 show finite-size effects with 
superparamagnetism below room temperature and a reduced Curie temperature (from 410 K for x = 0.05–390 K 
for x = 0.15). The results are due to the formation of networks of insulating Mo–O–Zn–O–Mo linkages and anti- 
phase boundaries, which divide the particles into smaller domains with a mean diameter of ~11 nm as deter-
mined via a Langevin fit. The almost perfectly ordered structure in the nanodomains is responsible for a high 
magnetoresistance ratio. A value of -42% at 5 K in 50 kOe is recorded for the sample x = 0.15. Via fitting the 
magnetoresistance curve using the Inoue-Mekagawa theory, the spin polarization of 99% is determined.   

1. Introduction 

The Fe–Mo-based double perovskites have a general formula 
A2FeMoO6 in which the FeO6 and MoO6 octahedra accommodate in two 
stacked FCC sublattices [1–3]. The A sites can take 2+ valence ions 
(earth alkalines) or 3+ valence ions (rare earths, lead, or bismuth). In an 
ideal structure, the alternating FeO6 and MoO6 octahedra form B and Bʹ 
sublattices, respectively. The strong antiferromagnetic exchange inter-
action between the magnetic Fe3+ and Mo5+ ions leads to a ferrimag-
netic structure [1,4]. These materials have sizable net magnetization 
and magnetic ordering temperature (TC) above room temperature. 
Hence, they are promising for device applications using magnetoresis-
tive (MR) [4–7], magnetocaloric (MCE) [8–10] and magnetoelectric 
(ME) effects [3,11,12]. In practice, a certain amount of Fe often locates 
on the Bʹ sites and vice versa, which is known as anti-site disorders. This 
unwanted effect leads to the loss of the net magnetization, TC value, spin 
polarization, ferroelectric polarization, and the broadening of the 
magnetic phase transition [13–17]. To obtain samples with highly 

ordered structure, different preparation techniques were employed such 
as floating-zone [18,19], solid-state reaction [20,21], epitaxial growth 
[22], sputtering [23], and wet-chemical methods [24,25]. 

We have systematically studied the influence of heat treatment 
conditions on the phase formation and cationic order of the Sr2FeMoO6 
(SFMO) particles obtained via the sol-gel process [16,26]. The sample 
obtained after annealing the gel precursor at 1200 ◦C for 8 h in an argon 
atmosphere mixed with 15 vol % H2 has the highest cationic order of 
90%. The magnetization of the sample is reduced compared to the 
theoretical value of the perfectly ordered structure. However, the spin 
polarization at 5 K derived from the analysis of the magnetoresistance 
data is considerably higher than expected from electronic structure 
calculations by assuming a homogenous distribution of anti-site defects 
in the lattice [16]. Our finding indicated that the nature of the structural 
disorder plays a decisive role in the spin-dependent electrical conduc-
tion of the system. Via analyzing X-ray diffraction and X-ray absorption 
fine structure (XAFS) data for polycrystalline Sr2FeMoO6 samples, 
Meneghini et al. showed that a high degree of short-range order is 
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preserved even in samples with highly reduced long-range chemical 
order [27]. Their results imply that the anti-site defects in practice are 
not distributed homogeneously but rather segregate together to form 
patches of nanometer dimensions. These short patches connect to the 
original lattice via the anti-phase boundaries (APBs), e.g., the Fe–O–Fe 
links. The same situation may hold for our samples where segregation of 
anti-site defects leaves the matrix phase closer to the ideal atomic 
structure. Therefore, the spin polarization remains high. On the other 
hand, the anti-phase structural domains at the nanoscale influence the 
magnetization process and the local alignment of spins. Evidence of a 
disorder-induced magnetic spin-glass phase and superparamagnetic 
behavior in Sr2FeMoO6 nanosized grains was shown by several groups 
[28–30]. 

Previous works showed that substituting small amounts of other 
metal elements for Fe such as Mn, Ni, Mg, and Zn improves the cationic 
order in the SFMO structure [31–37]. Mn and Mg dopants deteriorate 
the Curie temperature TC, saturation magnetization Ms, and magneto-
resistance MR [31,32,35]. On the contrary, doping Ni leads to an in-
crease of TC and Ms [33]. Wang et al. reported that in the 
Sr2Fe1-xZnxMoO6 bulk samples (0 ≤ x ≤ 0.2), Zn2+ ions partially replace 
Fe3+ at the Bʹ sites. Thereby, the number of antiferromagnetic Fe–O–Fe 
pairs decreases, and non-magnetic and insulating Mo–O–Zn–O–Mo 
chains form. These insulating chains can act as potential barriers for 
electron tunneling processes and divide the lattice into small ferro-
magnetic regions [36]. The latter can be magnetized easily, and there-
fore the low-field magnetoresistance of the samples is enhanced. The 
results show that adding small amounts of appropriate metal elements in 
the Fe–Mo double perovskites results in a higher degree of cationic 
order, and the physical properties are improved. However, so far, opti-
mization of magnetoresistance in doped SFMO materials has not been 
fully implemented, and information on the influence of doping elements 
on cationic order and spin polarization is still limited. In addition, un-
derstanding the finite-size effects on the magnetic properties of the 
systems at the nanoscale needs further investigation. 

In this paper, we prepared the particle systems with nominal 
composition Sr2Fe1-xZnxMoO6 (SFZMO) and investigated their cation 
distribution, microstructure, magnetic and electrical properties. Super-
paramagnetic behavior and the tunneling magnetoresistance mecha-
nism were clarified. Spin polarization of nearly 100% was found for the 
composition x = 0.15. 

2. Experiments 

2.1. Sample preparation 

SFZMO particle systems were prepared by using the sol-gel method. 
Details of the procedure were described elsewhere [16]. Starting ma-
terials are nitrate salts of Sr2+, Fe3+, and Zn2+, and (NH4)6Mo7O24. 
Chemicals used were of analytical grade and were provided by 
Sigma-Aldrich. Solutions of Fe(NO3)3, Sr(NO3)2, and Zn(NO3)2 were 
mixed with citric acid (C6H8O7). The aqueous mixture was then added to 
a solution of (NH4)6Mo7O24. The molar ratios of the metal ions are set 
according to the chemical formula of Sr2Fe1-xZnxMoO6 with x = 0, 0.05, 
0.1, and 0.15. The molar amount of citric acid is about three times larger 
than the total amount of the metal ions. The final solution was stirred 
vigorously at 80 ◦C until a gel state was achieved. The gel was dried at 
110 ◦C for 24 h, then ground and heated at 500 ◦C for 2 h. The inter-
mediate powders were pressed into pellets under a pressure of 2.5 
tons/cm2 and subsequently annealed under a stream of H2/Ar mixed gas 
(15 vol% H2) with a flow rate of 10 sccm at 1200 ◦C for 8 h to form the 
crystallized samples. The temperature in the furnace was ramped from 
room temperature to 1200 ◦C in about 40 min. The chemical composi-
tion of the final products was monitored by using an inductively coupled 
plasma atomic emission spectroscopy (ICP-AES, Thermo Fisher Scien-
tific ICP-IRIS). During the preparation, the amounts of the starting salts 
were adjusted, and the whole process was repeated to obtain the samples 

with compositions close to the nominal atomic ratios. 

2.2. Measuring techniques 

The crystal structure was studied using synchrotron X-ray powder 
diffraction (SXRD), which was done at the beamline Small/Wide Angle 
X-ray Scattering (SAXS/WAXS) of the Synchrotron Light Research 
Institute (Thailand) (wavelength λ = 1.54 Å). The structural parameters 
were determined via Rietveld analysis using the FullProf program [38]. 
A pseudo-Voigt function was used to fit the diffraction peaks. Instru-
mental artifacts were corrected by using a LaB6 standard. The refine-
ment quality was checked by the goodness (χ2) and the weighted profile 
R-factor (Rwp) [39]. 

The morphology and the grain size distribution were studied using a 
Field Emission-Scanning Electron Microscopy (FESEM) (JEOL 
JSM–7600F). 

The magnetization was measured using a vibrating sample magne-
tometer (VSM) in a PPMS DynaCool system. The measurements were 
carried out in the temperature region 5–300 K, and in magnetic fields up 
to 50 kOe. Higher temperature magnetization data were taken with a 
VSM (MicroSense EZ9) in the temperature range of 80–450 K and 
applied magnetic fields up to 20 kOe. 

The electrical resistivity and magnetoresistance were measured in a 
PPMS. The four-probe technique was employed with a current of typi-
cally 100 μA. Measurements were made on rectangular pieces of the 
samples, with approximate size 5mm × 1.6mm × 0.8 mm, which were 
cut from the pressed pellets and polished to obtain flat surfaces. The 
distance between the voltage contacts is ~1 mm. The magnetoresistance 
was measured in the transverse configuration and is defined as the 
percentage change: MR = ((ρ(H)-ρ(0))/ρ(0)) × 100, where ρ(H) and ρ(0) 
are the resistivity values in the presence and absence of the magnetic 
field, respectively. 

3. Results and discussion 

3.1. Structural properties 

The phase formation of the pure SFMO samples at different anneal-
ing temperatures Ta from 900 ◦C to 1200 ◦C was monitored by SXRD 
measurements [26]. With Ta = 900 ◦C, the double perovskite phase 
forms. Besides, a significant amount of a secondary phase SrMoO4 with 
space group I41/a also exits. The content of the secondary phase de-
creases as Ta increases, and with Ta = 1200 ◦C, the sample is single-phase 
with the disappearance of the impurity. Further increasing Ta to 1300 ◦C 
leads to high evaporation of the gel precursor, and the sample after 
annealing is again multi-phase. The SXRD patterns of the SFZMO sam-
ples annealed at 1200 ◦C are shown in Fig. 1. For all SXRD patterns, the 
positions of the diffraction peaks can be well-matched with those of the 
standard double perovskite structure with space group I4/m [40]. 
However, a small amount of the impurity SrMoO4 still presents in the Zn 
doped samples. The SXRD data were refined using the Rietveld method 
to determine the lattice constants a and c, the microstrain ε, the average 
crystallite size DXRD, and the molar percentage of the impurity phase. In 
the refinement process, the coordinates of the atoms in the main phase 
were applied as follows: Sr in 4d (1/2, 0, 1/4), Fe/Zn/Mo in both the 
B-site of 2a (0, 0, 0) and the B-site of 2b (0, 0, 1/2), and oxygen in O1 
(0.289, 0.227, 0) and in O2 at (0, 0, 0.252) as in Ref. [40]. The refine-
ment quality was checked by the goodness of fit (χ2) and the weighted 
profile R-factor (Rwp), which approach 1 and about 10%, respectively. 
The values of ε and DXRD were determined based on the broadening of 
the diffraction peaks. 

The concentration of the SrMoO4 phase derived from the Rietveld 
analysis for the SFZMO samples is in the range of 5–11 mol. %. Fig. 2 
demonstrates the refinement process for the sample with x = 0.1 
together with the experimental data. The structural parameters for the 
samples are listed in Table 1. The lattice constants slightly increase with 
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increasing Zn content from 0 to 0.15 The lattice expansion effect can be 
explained by the dopant Zn2+ ions with larger radius being located at the 
lattice sites (rZn2+ = 0.88 Å, rFe3+ = 0.785 Å, rMo5+ = 0.75 Å, according 
to Ref. [41]). 

According to the ICP-AES results, the molar ratio of [Sr]:[Fe]:[Zn]: 
[Mo] of all samples is very close to that of the nominal compositions. 
Hence, the concentrations of cation species in the main double perov-
skite phase were corrected based on the molar fraction of the SrMoO4. It 
is seen that the actual molar fractions of Fe and Mo in the SFZMO phase 
change by a few percent. The chemical formula now is written as Sr2Fe1- 

x + yZnxMo1-yO6-y with y ≤ 0.05 as presented in Table 1. 
FESEM images taken for the samples are shown in Fig. 3. It is seen 

from the figure that polygonal particles were formed with clear 
boundaries. This morphology analysis shows that via the sol-gel route, 
nanocrystalline structures are obtained even with the annealing tem-
peratures as high as 1200 ◦C. The grain growth is inhibited by factors 
such as the segregation of the impurity phase SrMoO4, a high-heating 
rate, and a short annealing time. The histograms of the lateral particle 
size obtained from a sampling of 300–400 particles from 4 to 5 FESEM 
graphs for each sample are presented in the right column of Fig. 3. The 
particle size data were modeled with the lognormal distribution function 
to estimate the average particle size DSEM. The DSEM values together with 
the standard deviation w are listed in Table 2. The average size of the 
particles decreases while the size distribution becomes broader with 
increasing the Zn content. This tendency can be due to the competition 
between the ion species occupying the B sites during the crystallization 
process. The average dimensions of the particles in the Zn doped samples 
are comparable to the average crystallite sizes DXRD determined via the 
broadening of the diffraction peaks in the SXRD patterns. For the pristine 
compound, DSEM is much larger than DXRD, which indicates that the 
particles may contain a few crystallites. 

3.2. Magnetic properties 

Magnetization loops M–H were measured at different temperatures 
in the range between 5 and 300 K to determine the magnetic moment of 
the samples. The magnetization curves for the samples measured at 5 
and 300 K are shown in Fig. 4. In general, the magnetization curves 
approach saturation at about 7 kOe. This process is a characteristic of a 
ferrimagnetic material, which is the case for the SFMO compound [1,4]. 
With further increasing the applied field, the magnetization keeps 
increasing in a close to the linear manner, and a fully magnetized state is 
not achieved at the highest applied field H = 50 kOe. It was shown that 
the bulk sample of SFMO is magnetically saturated at much lower fields, 
which is of the order of 1.1 kOe [42]. The magnetization process reflects 
the nanostructure of the samples. In the demagnetized state, the orien-
tation of the magnetization vectors of the grains is random. Larger 
applied fields are thus required to overcome the effective anisotropy and 
magnetic interactions between neighboring grains. The observed 
high-field susceptibility χHF tends to be reduced with increasing the zinc 

Fig. 1. SXRD patterns of the SFZMO samples with x = 0, 0.05, 0.1 and 0.15. 
The Miller indices of the Sr2FeMoO6 phase peaks are indicated. The peaks 
marked with stars are identified as those of the SrMoO4 phase. 

Fig. 2. Rietveld refinement of the SXRD pattern of the sample x = 0.1. Red 
circle: experiment, black line: calculation, blue line: the difference between 
experiment and calculation, green vertical bar: Bragg position. The inset illus-
trates the contributions to the intensity from Sr2Fe0.9Zn0.1MoO6 and SrMoO4 
phases in the 2θ range from 26◦ to 35◦. 

Table 1 
Crystallographic and microstructural parameters of the SFZMO samples (lattice parameters a and c, unit cell volume V, average crystallite size DXRD, average value of 
microstrain ε, degree of anti-site disorder p and cation distribution), and the fitting quality of the Rietveld refinement (χ2 and Rwp).  

x 0 0.05 0.1 0.15 

a, Å 5.605(4) 5.607(5) 5.608(5) 5.609(6) 
c, Å 7.919(5) 7.923(6) 7.923(4) 7.927(8) 
V, Å3 248.78(3) 249.08(7) 249.17(5) 249.39(3) 
DXRD, nm 26.0(2) 26.4(2) 34.9(3) 22.7(1) 
ε, % 0.42(1) 0.51(1) 0.31(1) 0.42(1) 
SrMoO4, mol% - 7 ± 0.3 11 ± 0.5 5 ± 0.3 
P 0.1 ± 0.004 0.07 ± 0.004 0.09 ± 0.003 0.1 ± 0.005 
Cation distribution [Fe0.9Mo0.01]B 

[Fe0.1Mo0.9]B’ 

[Fe0.88Zn0.05Mo0.07]B 

[Fe0.11Mo0.89]B’ 

[Fe0.81Zn0.1Mo0.09]B 

[Fe0.145Mo0.855]B’ 

[Fe0.75Zn0.15Mo0.1]B 

[Fe0.13Mo0.87]B’ 

χ2 1.18 1.51 1.67 1.37 
Rwp, % 8.67 11.1 10.6 10.9  
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Fig. 3. (Left) SEM images of the SFZMO samples (whole scale bar 300 nm). (Right) Histograms of the particle size distribution. Red solid curves are the fit to the 
lognormal distribution function. 
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content x. This phenomenon may have several origins. Firstly, it is 
attributed to antiferromagnetic FeB–O-FeBʹ pairs created as the result of 
the anti-site disorder. The Fe moments in these sites are forced to align 
along the applied field direction when its strength increases. The 
magnitude of χHF, therefore, depends on the number of FeB–O-FeBʹ pairs. 
As will be discussed later, this number decreases with x increasing from 
0.05 to 0.15. Secondly, for the small particle systems, the spins at the 

interfaces are expected to be misaligned with those in the inner cores, 
which is another source for induced magnetization at high fields [43]. In 
these cases, the law of “approach to saturation” can be used to estimate 
the saturation magnetization Ms. The magnetization versus the magnetic 
field is expressed as follows [44]: 

M =Ms
(
1 − a

/
H1/2 − b

/
H2)+ χHFH, (1)  

where in the first term, a/H1/2 and b/H2 represent the influences of the 
defects in the lattice and the effective anisotropy, respectively, while the 
second term accounts for the linear contribution. To illustrate this, 
Fig. 4a shows the ferrimagnetic contribution and the contribution 
originating from the spin disorder effects, which correspond to the first 
and the second terms of Eq. (1), respectively. The values of the satura-
tion magnetization Ms and corresponding saturated magnetic moment 
mexp at 5 K are presented in Table 2. It is noted that these magnetization 
values of the SFZMO samples were corrected for the amounts of non- 
magnetic parasitic SrMoO4 phase. The magnetic moment mexp in Bohr 
magneton per formula unit was calculated from Ms in emu per gram via 
the relation: mexp = Ms × Molmass/5585, where Molmass is the molar 
mass of the samples in gram. mexp decreases with increasing the zinc 
content x, which indicates that non-magnetic Zn replaces Fe in the B 
sites. Similar behavior is reported in previous works for Zn doped SFMO 
bulks [31,36]. 

The saturated magnetic moment ms of SFMO is sensitive to the anti- 
site disorder level p. In the simple ferrimagnetic state in which the B and 
B’ sublattices are antiferromagnetically coupled, each Fe3+ ion in Bʹ site 
reduces ms by 2 × 5μB = 10μB, while each Mo5+ ion in a B site increases 
ms by 2 × 1μB = 2μB, therefore the dependence of ms on p can be 
described as ms = (4–8p)μB/f.u [1]. Calculated values based on this 
approximation are in good agreement with the experimental data [45] 
and Monte Carlo computation results [46]. For the SFMO sample under 
investigation, ms is 3.01 μB/f.u., which corresponds to p = 0.12. The 
latter is close to the value derived from the Rietveld refinement 
(Table 1). 

For zinc-doped samples, a model for the dependence of ms upon both 
the anti-site disorder p and the zinc content x was proposed by Wang 
et al. [36]. As Zn2+ ions replace Fe3+, Mo6+ ions appear according to the 
charge balance condition. As a consequence, non-magnetic Zn2+

(B)–O–Mo6+(Bʹ) links form in SFZMO at the cost of the ferrimagnetic Fe3+

(B)–O–Mo5+(B’) ones. Therefore, if all Zn ions locate at the B sites, the 
value of ms is given as [36]: 

ms = [(4 − 8p) − 4x]μB/f .u., (2)  

where the second term corresponds to the decrease of the magnetic 
moment due to the formation of non-magnetic Zn2+–O–Mo6+ pairs. 

For the composition Sr2Fe1-x + yZnxMo1-yO6-y, as in the case of our 
samples, Eq. (2) becomes 

ms = [(4 − 4y − 8p) − 4x]μB/f .u.. (3) 

The degree of anti-site disorder p was determined according to Eq. 
(3) using the mexp data. The models of cation distribution for the SFZMO 
samples derived from this analysis are presented in Table 1. The SXRD 
patterns were fitted using the cation concentrations in the B and Bʹ sites 
as input parameters to check the validity of these models. Good fitting 
results were obtained with quality parameters χ2 and Rwp indicated in 
Table 1. For demonstration, Fig. 2 presents the Rietveld analysis data for 
the sample SFZMO with x = 0.1. 

The magnetic coercivity Hc was investigated by examining the parts 
of the hysteresis loops around the origin (the inset of Fig. 5). In order to 
determine the coercivity, the loops were corrected for the demagneti-
zation field. The effective field Heff in the samples is calculated according 
to the relation Heff = H - 4πNI, in which I is the volume magnetization in 
emu/cm3 and N is the demagnetization factor (taken as 1/3 for a 
spherical particle). The temperature dependence of Hc is shown in Fig. 5. 
For the samples with x = 0.1 and 0.15, the coercivity becomes zero at a 

Table 2 
Particle size distribution parameters DSEM, w, and magnetic properties of the 
SFZMO samples (see text).  

x 0 0.05 0.1 0.15 

DSEM, nm 62.3 ± 1.1 39.8 ± 0.6 40.2 ± 0.5 30.9 ± 1.8 
W 0.23 ± 0.02 0.25 ± 0.01 0.27 ± 0.01 0.45 ± 0.05 
Ms (5 K), emu/g 40.2 39.1 34.6 31.18 
mexp(5K), μB/f.u. 3.04 2.96 2.62 2.37 
TC, K 412 407 391 387  

Fig. 4. Magnetization curves at (a) 5 K and (b) 300 K of the SFZMO samples. 
The inset of Fig. 4a shows the ferrimagnetic and spin-disorder components at 5 
K for the sample x = 0.05, which are extracted by fitting the magnetization 
curve using Eq. (1). 
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temperature well below room temperature, namely at about THc = 0 =

200 K and 225 K, respectively. Zero coercivity is a consequence of the 
influence of thermal agitation on the magnetic state in small particle 
systems. The magnetic anisotropy energy of a system decreases with 
decreasing volume. At a critical temperature, the thermal energy will 
overcome the effective anisotropy. Above that temperature, the sample 
becomes superparamagnetic. The effective anisotropy includes the 
magnetocrystalline anisotropy, surface and shape anisotropy, and 
interparticle interactions [47,48]. Superparamagnetic behavior was re-
ported previously for SFMO nanoparticle and thin-film systems [2, 
28–30]. The magnetization process of a superparamagnetic particle 
follows the Langevin theory as [30]: 

M(H,T)=MsL
(

μH
kBT

)

. (4) 

The Langevin function is 

L
(

μH
kBT

)

= coth
μH
kBT

−
kBT
μH

, (5)  

where μ is the magnetic moment of a particle, T the temperature, H the 
magnetic field and kB the Boltzmann constant. It is known that the shape 
of nanoparticles with sizes below ~20 nm tends to be spherical. The 
magnetic moment can be determined as μ = MsρV where ρ is the mass 
density and V = D3/6π is the volume of the particle with diameter Dmag. 

For particle assembly, the distribution of particle size D can generally 
be described by a lognormal function. This distribution has the form 
[49]: 

f (D)dD=
1
̅̅̅̅̅
2π

√
wD

exp
(

−
(ln D − ln D0)

2

2w2

)

dD, (6)  

where D0 and w are the mean value and the standard deviation of lnD, 
respectively. The magnetization of the particle assembly in the super-
paramagnetic state is then expressed by Ref. [50]: 

M(H,T)=Ms

∫∞

0

L

(
MsρD3

magH
6πkBT

)

f
(
Dmag

)
dDmag. (7) 

The ferrimagnetic component Mferri of the samples x = 0.1 and 0.15 
at several temperatures above THc = 0 was extracted by subtracting the 

high-field susceptibility contribution from the total magnetization (see 
the inset of Fig. 4a). Plots of Mferri normalized to the saturation value 
Ms

ferri as a function of H/T are shown in Fig. 6. For both samples, the 
curves are coinciding, which is another manifestation of super-
paramagnetic states. Fitting Mferri to the experimental data according to 
Eq. (4), in which only one average value of Dmag is used does not give a 
good result. However, the data can be well fitted to Eq. (7), as demon-
strated by the solid lines in Fig. 6. The best fits were obtained with the 
size distribution characterized by D0 = 11.5 nm, w = 0.4 and D0 = 10.5 
nm, w = 0.3 for x = 0.1 and 0.15, respectively (see the insets in Fig. 6). 
The mean particle sizes are considerably smaller than the average 
crystallite sizes DXRD and the lateral dimension of the particles observed 
via FESEM images (Fig. 4). The above analysis reveals the role of Zn and 
APBs in forming smaller magnetic domains in the particles. As 
mentioned in the introduction, the formation of Mo–O–Zn–O–Mo chains 
via Zn and Fe–O–Fe anti-phase boundaries divide the large ferromag-
netic volumes in SFMO bulk samples into smaller ones [36]. In our 
samples, the ferromagnetic volumes decrease to below the 

Fig. 5. Temperature dependence of the coercivity Hc of the SFZMO samples. 
The inset shows the magnified region of the magnetization loops at 5 K around 
the origin from which the coercivity was determined. 

Fig. 6. Normalized ferrimagnetic magnetization Mferri/Ms
ferri versus applied 

field divided by temperature H/T for the samples (a) x = 0.1 and (b) x = 0.15 at 
several temperatures above THc = 0 and in the applied field 0 ≤ H ≤ 50 kOe. 
Experimental data are presented with dots, while the solid lines are fitting 
curves using Eq. (7). The insets show the particle size distribution derived from 
the fits. 
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superparamagnetic limit. As the density of MoB–O-ZnBʹ linkages in-
creases with increasing the Zn concentration, the sizes of the ferro-
magnetic regions are smaller in the sample with higher Zn 
concentrations. 

The magnetization versus temperature curves measured in low field 
H = 100 Oe and the high-temperature range are shown in Fig. 7, from 
which the magnetic phase transition is investigated. In general, the 
magnetization of these samples constantly decreases with increasing 
temperature leading to a broad transition in contrast to the sharp-drop 
feature observed for the bulk sample (see, e.g. Ref. [30]). This phe-
nomenon can be explained due to the particle size distribution. As the 
spin coherence length becomes smaller in the small particles, the Curie 
temperature TC decreases, and hence, their magnetizations drop earlier 
by heating the system. This effect explains a slowly decaying behavior of 
the total magnetization [30]. The Curie temperature was determined by 
the intersection between the tangential lines to the curves and the 
temperature axis. The magnitude of TC depends on both the anti-site 
disorder and particle size. It is noted that TC is ~420 K for the ordered 
SFMO bulk material [1]. The derived TC values are listed in Table 2 and 
show a decreasing tendency with increasing x. In the SFZMO samples, 
the Mo–O–Zn–O–Mo network leads to an optimized cationic order of the 
Fe containing matrix phase. Based on this fact, one can conclude that the 
lowered TC values compared to that of the bulk counterpart are due to 
the finite-size effect. According to the finite-size scaling theory, the 
Curie temperature of a ferromagnetic (or ferrimagnetic) material de-
creases with decreasing size D by the following relation [51]: 

TC(∞) − TC(D) = TC(∞)(ξ0/D)
1/υ

, (8)  

where TC is the bulk Curie temperature, ξ0 is a microscopic length close 
to the lattice constant [52], and ν is a scaling exponent. Using the lattice 
constant c of about 0.79 nm for ξ0 (Table 1) and ν = 0.7 for a 
three-dimensional Heisenberg magnet [53], a TC value is found to be 
410 K for a particle with D = 11 nm according to Eq. (8). This estimated 
value is in good agreement with those derived for our samples. 

3.2.1. Electrical transport properties 
The temperature dependence of the electrical resistivity of the 

samples with x = 0, 0.05, and 0.15 was measured in a zero applied field. 
The resistance of the sample x = 0.1 is in the MΩ range. Hence, it not 
possible to measure the magnetoresistance effect on this sample. The 
resistivity values of the samples at 5 K and 300 K are shown in Table 2. 
At 5 K, the resistivity of the pristine compound is in the mΩcm range 
while it is in the Ωm range for the Zn-doped samples. The abrupt change 
in the resistivity of these granular systems indicates the predominant 
role of grain boundaries. The increase by almost five orders of 

magnitude is attributed to the impurity phase located at the boundaries. 
Also, the insulating APBs and Mo–O–Zn–O–Mo links can be additional 
sources of resistance. The conductance of the samples is estimated by the 
reciprocal of the resistance. Fig. 8 shows the temperature-dependent 
behavior of the conductance σ(T), which is normalized to the value at 
5 K for the samples x = 0.05 and 0.15. The σ(T) curve of the pure sample 
x = 0 was reported in Ref. [16]. In all the samples, the conductance 
increases with increasing temperature. As seen in Fig. 8, the increase is 
about a factor three at 300 K. The conducting process via grain 
boundaries in ferromagnetic metallic systems is usually interpreted 
based on two mechanisms, namely the spin-dependent elastic tunneling 
of electrons (SDT) through the insulating barrier between adjacent 
grains and their high-order spin-independent inelastic hopping (SIH) 
through two or more localized states in the barrier [54]. 

The tunneling conductance σSDT depends on temperature according 
to the following equation [16]: 

σSDT = σ0
(
1+P2μ2)exp

[
− (Δ/T)1/2

]
, (9) 

Fig. 7. Temperature dependence of relative magnetization measured in an 
applied field H = 100 Oe for the SFZMO samples. 

Fig. 8. Normalized conductance σ versus temperature T curves for the samples 
(a) x = 0.05 and (b) x = 0.15. Line curves show the fitting results and the 
tunneling and hopping terms according to Eq. (11). The insets show the loga-
rithmic conductance lnσ as a function of 1/T1/2. 
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where P is the spin polarization, μ = M/Ms, the relative magnetization, 
σ0, a constant, and Δ is proportional to the Coulomb charging energy and 
thickness of the tunneling barrier. On the other hand, the hopping 
conductance σSIH follows a power law in temperature which is given by 
Ref. [54]: 

σSIH∝Tγn, (10)  

in which γ = N – [2/(N+1)], with N the number of localized state. In the 
case of second-order hopping (N = 2) γ = 1.33, for third-order hopping 
(N = 3) γ = 2.5, and for fourth-order hopping γ = 3.6. The total 
conductance is the sum of two contributions σ = σSDT + σSIH 

The insets of Fig. 9 are plots of lnσ versus 1/T1/2. A linear behavior 
below about 40 K and 24 K is observed for x = 0.05 and 0.15, respec-
tively. The results reveal that the conductance of the samples bears a 
tunneling character at low temperatures. Here it is seen that the insu-
lating SrMoO4 impurity at the grain boundaries and Mo–O–Zn–O–Mo, 
and Fe–O–Fe chains facilitate the electron tunneling between grains and 
magnetic domains. Above these temperature ranges, the curves start to 

deviate from linearity, indicating the rise of the high-order hopping 
terms. The total conductance of the samples was fitted using an 
expression including the tunneling term and the hopping terms up to the 
fourth order: 

σ =C1 exp
[
( − Δ/T)1/2

]
+ C2T1.33 + C3T2.55 + C4T3.6. (11) 

The quantity Δ in the first term was determined from the slope of the 
linear parts of the lnσ vs. 1/T1/2 curves. The two sets of conductance data 
can be well reproduced without the need for the T2.55 term. Fig. 8a and 8 
b shows the theoretical results and the contributions of different terms to 
the total conductance of the samples. The fitting coefficients are listed in 
Table 3. As reported in Ref. [16], the temperature dependence of the 
conductance of the pure sample x = 0 was best described using the T1.33 

and T2.55 terms. The increase in the order of the inelastic hopping in the 
Zn-doped samples indicates the changes in average barrier thickness due 
to impurity phases, which is associated with the increased number of 
localized states N. 

The magnetoresistance of the three samples was measured at 
different temperatures from 5 K up to room temperature. Fig. 9 shows 
the MR curves at 5 K and 300 K, which are not saturated in applied 
magnetic fields up to ±50 kOe. The large negative MR values at low 
temperatures are consistent with the intergrain spin-dependent 
tunneling. At 5 K, the magnetoresistance ratio at maximum field 
MRmax reaches − 28.2, − 33.7% and − 41.4% for the samples x = 0, 0.05 
and 0.15, respectively. The study of Wang et al. in Ref. [36] on the 
magnetoresistance of the SFMO samples (0≤ x ≤ 0.2, step 0.05) pre-
pared by the solid-state reaction method showed that the saturated MR 
value at 5 K is highest for the sample x = 0.15 and attains 40% in 50 kOe. 
The higher tunneling MR implies a better cationic order of the double 
perovskite phase and consequently high spin polarization. 

The temperature dependence of MRmax of the Zn doped samples is 
presented in the inset of Fig. 9b. With increasing temperature, MRmax 
decreases strongly for both cases. At first, the rapid reduction in MR at 
high temperatures is attributed to the predominant contribution of the 
conductance from the spin-independent hopping channels [16,54]. In 
addition, the spin alignment in the particles is easier to be destroyed by 
thermal agitation because of the decrease of the Curie temperature in the 
small-size systems. This phenomenon explains the strong suppression of 
MRmax in sample x = 0.15 at room temperature, being lower than that of 
the sample x = 0.05 (Table 2). 

The experimental magnetoresistance curves at 5 K were studied 
using the theory of Inoue and Maekawa for the spin-dependent elastic 
tunneling process as below [16]: 

MR= −
P2μ2

1 + P2μ2, (12)  

where P is the spin polarization of conduction electrons of the main 
phase and, μ is the reduced magnetization M/Ms. In the saturation state 
μ = 1, hence the maximal value for tunneling MR is 50% for P = 100%. 

Fig. 9. Magnetoresistance MR as a function of magnetic field H for the SFZMO 
samples: (a) at 5 K (lines are fitting curves using Eq. (14)); and (b) at 300 K. The 
inset of Fig. 9b shows the temperature dependence of the MRmax for the two 
samples x = 0.05 and 0.15. 

Table 3 
Resistivity ρ, maximum resistance MRmax, spin polarization P at 5 K and fitting 
parameters for the conductance (Δ, C1, C2, C4) and magnetoresistance (H0, α) of 
the SFZMO samples (see text).   

0 0.05 0.15 

ρ (5 K), Ωm 35 × 10− 5 11.4 9.1 
MRmax (5 K), % − 28.2 − 33.7 − 41.4 
P (5 K), % 74.0 88.1 99.0 
Δ (K) 0.03 0.85 0.79 
C1 1.0 1.47 1.40 
C2 (104 K− 1.33) 0.8 6.62 6.72 
C3 (107 K− 2.55) 1.05 - - 
C4 (1010 K− 3.6) - 4.34 8.30 
H0 (102 T1/2) 108.84 45.89 44.56 
α (1010 T− 1) 0.6 0.062 0.31  
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The highest saturated MR values at 5 K recorded so far are 44.2% and 
46% for the undoped SFMO particulate samples with grain sizes in the 
range 40–80 nm by Dai et al. [55], and in the micron-scale reported by 
Harnagea et al. [56], respectively. For the latter, an estimation from Eq. 
(12) gives a spin polarization value P = 92%. From its saturation mag-
netic moment at 5 K of 3.6 μB/f.u. [56], the degree of anti-site disorder is 
approximately equal to five percent according to the relation ms =

(4–8p)μB. For our samples, the MRmax does not yet reach a saturated 
value. Fitting the experimental MR curves based on Eq. (12) using the 
field dependence of the magnetization as shown in Fig. 4 was unsuc-
cessful. A previous study showed that tunneling processes between 
magnetic particles rely on the orientation of the spins in the vicinity of 
the grain boundaries [57]. In the nanoparticles, the spins in the outer 
layer usually deflect from the inner spin direction because of symmetry 
breaking of atomic coordination and interactions with the surface spins 
in the adjacent particles. Therefore, near the grain boundaries, the spins 
can be frozen randomly. In this case, the expression for the magnetiza-
tion process μ(H) of spin-glass systems can be used [57]: 

μ(H)= exp
(
− H0

/ ̅̅̅̅
H

√ )
. (13) 

Excellent fits to the MR data of our samples were obtained using a 
modified form of Eq. (12): 

MR= −
P2μ2

1 + P2μ2 − αH, (14)  

in which μ is described by Eq. (13), and the linear term -αH is added to 
account for a small contribution from other possible spin disorder 
sources in the samples. The fitting curves are shown in Fig. 9, and the 
fitting parameters are listed in Table 3. For the pure SFMO sample, P 
attains 74% at 5 K. Remarkably, very high spin polarization values were 
deduced for the samples with x = 0.05 and x = 0.15, namely P = 88.1% 
and 99%, respectively. The much-improved degree of spin polarization 
in the SFZMO samples supports the morphological and magnetic studies 
in the preceding sections. These results confirm that the crystal structure 
in the magnetic domains becomes perfect due to the segregation of the 
insulating networks formed by the MoB–O-ZnBʹ linkages and APBs [27, 
36]. 

4. Conclusions 

In summary, nano-sized SFZMO samples were synthesized using the 
sol-gel route with a short annealing time. The influence of the site oc-
cupancy of doping Zn and anti-site disorder on the magnetic and mag-
netotransport properties was clarified. The Zn2+ ions do not distribute 
evenly in the lattice but form MoB–O–ZnB’-O-MoB networks, which 
divide the particle volumes into small ferromagnetic domains with a 
high degree of Fe/Mo order. These domains in the samples with x = 0.1 
and 0.15 are superparamagnetic below room temperature. This study 
confirms that highly ordered SFZMO can be obtained based on the 
crystallographic site preference of Zn atoms. With this structural char-
acteristic, the spin polarization of nearly 100% is achieved in the sample 
with x = 0.15. 
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