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Abstract

The SraxLaxFeMoOs (x = 0, 0.1, 0.2, 0.3, 0.4) and Srz2Fe1xZnxMoQOs (x = 0.05, 0.1, 0.15) samples were
prepared using a sol-gel route followed by heat-treatment. X-ray diffraction (XRD), field-emission scanning
electron microscope (FESEM) were employed to characterize phase formation and morphology.
Magnetization curves in the temperature range 88—430 K were measured by means of a vibrating sample
magnetometer (VSM) from which the magnetic moment at 0 K and Curie temperature were determined. The
antisite disorder in the samples was evaluated based on the magnetic moment data and the substitution
levels. The effects of La and Zn substitution on the magnetic parameters were discussed.
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1. Introduction

Sr;FeMoOgs (SFMO) belongs to the double
perovskite family with half-metallic ground states in
which conduction electrons are fully spin polarized
and have ferromagnetic transition temperatures well
above room temperature (7¢c > 400 K). This material
therefore draws a lot of attention for applications in
the field of spintronics as spin injectors and tunneling
magnetoresistance devices. The ideal structure of
SFMO is a stacking of corner sharing FeOs and MoOs
octahedral which alternate along three directions of
the crystal and form the B and B’ sublattices
respectively, while the Sr cations occupy the vacant
sites between octahedral. In the compound, the
majority spin up channel (f2¢T and e,T) with a band
gap is formed by ‘localized’ core spins of Fe’*
(S = 5/2) ions. On the other hand, the spin down tzgi
states of Mo and Fe together with some small
admixture of the O 2p states form a conduction band
lying at the Fermi level [1]. This band exhibits a full
negative polarization (P = -1) which is partially filled
by 4d" electrons of Mo™>". The e, levels of both Mo
and Fe are empty. The Mo and Fe ny) states are
coupled via hopping interaction mechanism. Because
the available Fe tzgi state is purely spin down
polarized and due to Hund’s rule, the electron
hopping can only occur when the localized Fe spin
moments are ferromagnetically aligned. The overall
magnetic moment is well described by the ionic
model of an antiferromagnetic arrangement between
Fe** core spin and the Mo>* 4d spin leading to the net
moment of 4 g per formula unit. However, in real
materials a certain degree of antisite disorder (AS)
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often exists in which some of Mo ions occupy the Fe
ion sites and vice versa hence the saturation
magnetization is often lower than the predicted value.

As ferromagnetism in half metallic double
perovskites is mediated by itinerant carriers, it is
expected that the magnetic properties are sensitive to
substitutional elements with different valences, for
instance, substituting Sr** by La*" or replacing Fe*"
by a divalent cation such as Zn*". There are a number
of studies on Sr>..[La,FeMoOs and Sr>Fe;.Zn.MoOs
series were implemented [2—7]. In these works, the
influence of substitution effect on saturation
magnetization, Curie temperature was investigated.
However, these parameters are also affected by the
concentration of anti-site defects which on the other
hand depends on heat-treatment conditions and
concentration of substitutional elements. Usually, in
order to obtain SFMO sample with AS of less than
10%, an annealing process in a reduction atmosphere
and at high temperatures (~1200°C) is required
[2,4,7].

This paper is aimed to provide further
information on the interplay of doping and AS effects
in magnetic properties of Sro.La,FeMoOs and SrFe;.
ZnMoOs samples prepared by using sol-gel
technique followed by heat-treatment at lower
annealing temperature.

2. Experimental

In the sol-gel procedure, aqueous solutions of
(NH4)sM07024.4H>0, Fe(NO3).9H,0, Sr(NO3),, and
La(NO3)3 or Zn(NOs), were prepared by dissolving
stoichiometric amounts in deionized water. Firstly,
solutions of Fe(NO3).9H,0, Sr(NOs), and La(NO3);
or Zn(NO3), were mixed together with citric acid.
Solution of (NH4)sM07024.4H,O was then added to
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obtain the final solution in which the molar ratios
between metal ions are set according to the chemical
formula of Sry«LaxFeMoOs or SroFei«ZnMoQs. The
molar ratio of the total amount of metal cation to the
citric acid amount is 1:3. The obtained solution was
magnetically stirred at 80°C till the liquid turned to a
gel. The gel was dried at 110°C for 24 h, then ground
and heated at 500°C for 2 h. The powder portions
were pressed into pellets under pressure of 2.5
tons/cm? and were annealed at high temperatures
under stream of Hy/Ar mixed gas (15 vol% H,) with
flow rate of 10 sccm at 1100°C for 8 h.

X-ray powder diffraction (XRD) data were
collected with a Siemens D5000 (CuKo radiation,
A =1.54056 A) to identify the crystal structure. Field
Emission-Scanning Electron Microscopy (FESEM)
(JEOL JSM-7600 F) was used to examine the grain
size and morphology. Magnetization curves were
measured using a vibrating sample magnetometer
(VSM) (MicroSense EZ9) in the temperature range of
88—430 K and applied magnetic fields up to 10 kOe.

3. Results and disscution

The XRD patterns measured for all the samples
can be well indexed using the tetragonal /4/m space
group and indicate that the samples are in single
phase. The lattice parameters a and c¢ were
determined based on the XRD data and are shown in
Fig. 1. For the Sr..La,FeMoQs series, although La*"
radius (r..°" = 1.36 A) is smaller than that of Sr*"
(rs2* = 1.44 A) an increase in lattice parameters with
increasing La content is observed [4]. This can be
explained due to lowering of valence state of cations
(ree2" = 0.78 A compared to rre>" = 0.785 A or mvo*t =
0.65 A compared to rvo°" = 0.61 A) to satisfy the
charge neutrality condition when Sr?** is replaced by
La’". Similar trend is found for the SrFe;..Zn.MoOs
series which is attributed to the large radius of Zn?*
ion, 7z,2" = 0.88 A compared to re*" = 0.785 A and
oo™ 0.75 A [8]. The average crystallite size D was
obtained by analysis of the peak broadening. The
crystallite size is distributed in nanoscale from 31-38
nm and 31-54 nm for the Sr,.,.La;FeMoOs and Sr>Fe;-
+Zn,MoOQg series, respectively.

The grain size and morphology of the samples
were characterized by FESEM. The results show that
the samples are in form of clusters which compose of
many tiny grains in range 20-60 nm. This observation
is in agreement with the broadening of the diffraction
peaks in XRD patterns. It can be concluded that under
the preparation conditions, the growth of small grains
to bigger ones is hindered and nanocrystalline
structures are retained in the samples.
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Table 1. Antisite disorder p, magnetic moment in the
ground state mo and Curie temperature 7¢ of the Sra.
xLaFeMoOg and SroFe;..ZnMoOs series.

Sl‘z_xLaxFeMOOG
x p (%) mo (us/fu.) | Te (K)
0 20 234 420
0.1 19 2.36 416
0.2 22 2.08 410
0.3 32 132 426
0.4 35 1.09 428
SroFei..ZnMoOg
X P (%) mo (up/fu.) | Te (K)
0.05 19 2.25 409
0.1 17 2.18 404
0.15 15 2.17 398
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Fig. 1. Evolution of lattice parameters a and c of the
Sry.xLa,FeMoOg (a) and SroFe.xZn,MoOg (b) series.

The magnetization curves of the samples were
measured in the temperature range between 88 and
430 K. The magnetization curves measured at 88 K of
the two series are shown in Fig. 2. For all cases, the
magnetization increases steeply in the low-field part
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of the curve and then increases linearly with further
increasing field. The linear part of the M—H curves
starts in applied fields of ~ 4 kOe. The high-field
susceptibility yur is closely related to the occupancy
of Fe ions in the B’ sites. When Fe ions occupy the
B’ site, antiferromagnetic coupling FeP-O-Fe? is
created, leading to a reduction of the total
magnetization compared to highly order structure. By
applying a magnetic field, antiparallel Fe moments
are forced to align to the field direction and hence a
high-field susceptibility appears. Another source for
qur and a reduction of spontaneous magnetization can
also be found in disordered spins at the surface region
of the nanoparticles.

The yur values of the magnetization curves were
determined as the slope of the linear part in high

field. All the magnetization curves can be
reconstructed using the following equation:
M(H) = M1 — exp(-H/a)) + zurH (1)

where the saturation magnetization, M;, and a are
fitting parameters. The first term describes the
magnetization originated from the ferrimagnetic order
of the core spin and itinerant moments which
saturates in high field and the second term is the
susceptibility contribution. The fitting curves are also
plotted together with the experimental data (Fig. 2).
The saturation magnetization values of the samples
determined in the investigated temperature range are
shown in Fig. 3. It is seen that in the temperature
region up to about half of the Curie temperature, M
decreases linearly as temperature increases and then
drop more drastically as temperature approaches 7.
This behavior is consistent with the results derived
from band structure calculations for the SFMO
material by Erten et al. [9]. The M; values at 0 K,
M(0)*, for the samples were determined by
extrapolating the linear part of the Ms vs. T curves
down to zero Kelvin. From these values, the net
magnetic moment at 0 K, mo, was calculated as
M(0)*'xW/5585(up/f.u.) for the samples, where W is
molar mass. As seen in Table 1, the mo values derived
for these samples are far below the value for the
perfectly ordered structure (4 ws/fu.). For pure
SFMO (x = 0), the dependence of mo on antisite
fraction, p, is described as follows:

mo=4— 8p. 2)

This formula was justified by the experimental
data [10] and the Monte Carlo computation [11]
based on the assumption of the antiferromagnetic
coupling of FeB~O-FeP” and no magnetic coupling in
Mo®B-O-Mo¥".
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Fig. 2. The magnetization curves measured at 88 K
for the Sry.<La,FeMoOs (a) and SryFei..ZnMoQs (b)
series. Lines are fitting curves according to eq. (1)
(see text).

In the case of Sry.La,FeMoOg, as La** replaces
Sr?*, a net electron doping at the Fermi level takes
place. Consequently, the higher band filling increases
the density of states at the Fermi level, which would
strengthen the Fe/Mo double exchange mechanism
[55DP]. As observed in Table 1, the saturation
magnetization strongly decreases with x > 0.2. This
decrease is attributed to two different effects. First,
due to the antiparallel coupling of the added electron
with the local magnetic moment, mo, will diminish
according to the dependence [5 — (1 + x)] ws/fu.
Second, the presence of AS reduces the
magnetization as given by Eq. 2. As long as the gap
at the Fermi level in the spin down conduction band
is preserved, every added electron will contribute
with —1 ws/f.u., even in presence of AS. Hence, Eq.
(2) transforms to:

mo=4—8p—x. 3)



Journal of Science & Technology 135 (2019) 043-047

However, it has been shown that AS disorder
gradually destroys the half-metallic character of the
electronic structure [13,14]. For instance, ab initio
calculations show that for a crystal structure with
AS 25%, the DOS retains a negative spin
polarization of only ~33% [13]. In the limit of
AS = 50%, the spin polarization should vanish. An
alternative way to Eq. (3) to allow for this effect is to
assume that every antisite promotes an available spin
up state at the conduction band. Then, as done in the
case of Sro-La,FeMoOs [15], Eq. (2) transforms to:

mo = (4 = x)(1 -2p). 4)

The antisite disorder parameter, p, was
calculated for the La substituted series according to
Eq. (4) and is shown in Table 1. It is seen that the
antisite level of the sample x = 0.1 is a bit less than
that of the pure SFMO sample but it increases
drastically from 22% to 35% as x increases from 0.2
to 0.4.

The Curie temperature of the samples was
determined as temperature at which M vanishes
(Table 1). The results show that for the pure SFMO,
although the AS level is as high as 20%, the Curie
temperature is still comparable to that of the ordered
structure (7c = 420 K). For the Sr..La,FeMoOs
series, in principle, the injection of carriers into the
system would promote an enhancement of the
ferromagnetic correlations. However for x = 0.1 and
0.2, a decrease of T¢ is found because the steric effect
[3] also play a role. This effect comes from the
substitution of Sr*" by La**, which is accompanied by
an expansion of the cell volume and a distortion of
the oxygen octahedra. This, in turn, traduces in larger
bond distances and smaller bond angles which are
known to diminish the ferromagnetic interaction
strengths when these are mediated by itinerant
carriers. Furthermore, it has been pointed out [16]
that doping electrons tend to localize in Mo orbitals
for x < 0.3. For x = 0.3 and 0.4, the Curie temperature
substantially increases indicating the dominance of
band filling effect.

In the case of SryFe1.«Zn,MoQOg, according to the
equation of Fe** + Mo>" — M?" + Mo, the doped
Zn*" ions can induce the formation of Mo®". So the
nonmagnetic Zn*-O-Mo®" pairs may exist in
SroFei«ZnMoOQOg. Assuming the case that all Zn ions
located at the normal Fe site (B site), and thus the
value of mo of the SrFei.ZnMoOs series can be
given as:

)

where the second term corresponds to the reduction
of magnetization due to the formation of nonmagnetic
Zn*~0-Mo®" pairs.

mo=4— 8p — 4x,
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The antisite disorder parameter, p, determined
from Eq. (5), decreases monotonically with
increasing Zn content (Table 1). This result can be
attributed to the increase of the order of the B/B’
sublattice as the charge difference between B and B’
sites increases [17,18]. Also, due to the Zn
substitution which results in the removal of itinerant
carriers from the conduction band and the
degradation of ferromagnetism in the series, the Curie
temperature is found to decrease with increasing Zn
content.

30 \\O (a)
25 \\‘\‘ o Sr,_ La FeMoOg
[ 3
a 20 - ° ° Q
B i ® 3 Q
R R -
D
\(7) M o O O L]
S o} * e e e
s x=0 * Co @ C
5L o x=0.1 o x=0.3 ’DQO
x=02 ¢ x=04 o
0 N 1 N 1 N 1 N 1 N 1 N 1 N 1 *
50 100 150 200 250 300 350 400 450
T(K)
30 N:\: (b)
25+ n
o n
i [ ]
5 2r s, on
g F = x=0 2e Om
3 15¢ o x=0.05 N -
» e x=0f teo,
10 o x=0.15 o
® -
I n
5L SrfFe, Zn,MoGy, %Y .
& o]
<
0 N 1 N 1 N 1 N 1 N 1 N 1 N 1 M,
0 50 100 150 200 250 300 350 400 450

T(K)

Fig. 3. Spontaneous magnetization M; as a function
of temperatures for the Sr,.«La,FeMoOs (a) and
SroFei.xZnMoOs (b) series. Solid lines are
extrapolation to zero Kelvin.

4. Conclusion

The La and Zn substituited SFMO double
perovskites were fabricated using a sol-gel technique
in combination with heat treatment at 1100°C. For
both substituted series, the magnetic moment at 0 K
decreases with increasing the substitution levels. For
the La substituted samples with low substitution
levels, x 0.1 and 0.2, the Curie temperature
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decreases compared to the pure SFMO which is
attributed to the dominance of the steric effect while
it increases for x = 0.3 and 0.4 in which the band
filling takes the prevailing role. For the Zn substituted
samples, 7¢ decreases monotonically with increasing
the Zn content which is attributed to the lowering of
electron density in the conduction band upon Zn
substitution. Based on the magnetic moment iy, the
antisite disorder was estimated for the samples. High
AS level of 20% was introduced in the pure sample
due to low annealing temperature. The degree of AS
increases with increasing La substitution level whilst
it decreases with increasing the Zn content. The
experimental data also shows that the magnetic
ordering temperature is not sensitive to AS.
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