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Abstract. Certain magnetic characteristics and the hysteresis behavior of double
perovskite SroFeMoOg were analysed through Monte Carlo simulation. Our investiga-
tion shows this ferrimagnetic compound exhibits a second-order phase transition at a
Curie temperature T = 490 K. The effect of the crystal field on magnetization was
examined, and a phase diagram was plotted in the (crystal field, temperature) plane.
Furthermore, in the presence of an external magnetic field, the influence of temperature
on the hysteresis loop’s behaviour was explored.
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1. INTRODUCTION

The general formula of the double perovskite is Ao BB’Og, where A is an alkaline
earth or rare-earth ion, B and B’ are two transition metals, and O is oxygen [1-6].
The most widely investigated of these compounds is SroFeMoOg (SFMO), which
exhibits ferrimagnetic and semi-metallic characteristics, with high spin polarization
at the Fermi level and a Curie temperature higher than room temperature [1-5].
These features make double perovskite SFMO interesting for several technological
applications such as magnetic random-access memories, magnetic sensors, spin
injectors, and read-write heads [7-9].

The literature describes different synthesis methods for SroFeMoOg and also
gives numerous results concerning its magnetic properties, such as saturation mag-
netization, Curie temperature, magnetoresistance, and variation of resistivity with
temperature [10, 11]. Some studies on the Fe/Mo order have shown that at low fields,
the magnetoresistance and saturation magnetization of SFMO are sensitive to anti-site
defects [12, 13]. The presence of oxygen vacancies can increase the Curie temperature
and reduce the magnetization in SFMO [14]. From the total energy optimization,
SFMO is stable in tetragonal structure [15]. The impact of biaxial mechanical defor-
mation on the magnetic and electronic behaviours of double perovskite SFMO has
been investigated by means of density functional theory [16]. Furthermore, the double
perovskite SFMO has been produced by solid-state method at low temperatures, where
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its behaviour is interpreted as a function of ferrimagnetic couplings resulting from
the varying distributions of local interactions between neighbouring Fe and Mo atoms
[17].

The Monte Carlo simulation (MCS) is a powerful numerical approach for simu-
lating the magnetic behaviour of double perovskite compounds. For this reason, we
have opted to use MCS to study certain magnetic properties of SroFeMoQOg, notably
the Curie temperature, saturation magnetization, and hysteresis behaviour. The rest of
this article is structured as follows: Section 2 presents the model and Monte Carlo
method employed to simulate this compound. In Section 3, numerical results con-
cerning the Curie temperature and the impacts of crystal field and temperature on the
magnetization and hysteresis behaviour of SraFeMoOg are explored and commented.
Lastly, our conclusion is given in Section 4.

2. MODEL AND MONTE CARLO METHOD

The double perovskite SroFeMoOg has a cubic symmetry with the space group
Fm3m (Fig. 1) [18, 19]. Oxygen (O) atoms form octahedra surrounding the sites
occupied by iron (Fe) and molybdenum (Mo) atoms. The MoOg and FeOg octahedra
are ordered by a three-dimensional alternation; each MoOg octahedron has only FeOg
octahedra as neighbours and vice versa. Strontium (Sr) atoms are located in the hollow
sites formed by the vertices of the MoOg and FeOg octahedra. In reality, under the
effect of temperature and pressure, the SFMO unit-cell structure is quadratic and
belongs to the space group I4/mmm, with slight distortion along the z—axis and lattice
parameters: a = 5.58A and ¢ = 7.90 A [20].

The magnetic atoms Fe and Mo in SroFeMoOg constitute two interpenetrating
sublattices (A) and (B) with spins S = 5/2 and o = 1/2, respectively [1, 2]. In this
work, the SFMO compound is described within an Ising-type model by the following
Hamiltonian:

H:—JABZSin—JAZSiSk_JB Z‘Tjam_DZSz?_h ZSH_Z%
(i5) (ik) (jm) g ¢ J

ey
where the spins S; can assume the values +5/2, £3/2, and £1/2, and the spins o
can assume the values +1/2. Jup, Ja, and Jp represent the exchange interaction
constants between nearest-neighbour spins S — o, S — 5, and ¢ — o, respectively.
Since SraFeMoOg is ferrimagnetic, we consider: J4p <0, J4 >0, and Jg > 0. D is
the crystal field acting on spins S = 5/2, and h is the applied magnetic field acting
on all spins.
To simulate the system’s Hamiltonian H, we employed the standard Monte
Carlo technique based on the metropolis algorithm [21] and applied it to a cubic
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Fig. 1 — Crystal structure of double perovskite SroFeMoOQOg, with St atoms omitted and a selection of O
atoms displayed.

lattice of side L = 30. Beginning with an initial random spin configuration, new
configurations are formed by inverting spins, which are either accepted or discarded
on the basis of a probability determined by Boltzmann statistics. The means of various
physical quantities are computed via 10° Monte Carlo steps per site, following the
exclusion of the initial 2.10% steps per site to ensure system equilibration. Among
these quantities, our program is able to compute:

e The magnetizations per site m4 and mp of Fe-sublattice (A) and Mo-
sublattice (B), respectively, containing Nr. and Ny, spins:

1 1
— S. d = ; 2
ma Npe ; i an mpg Nt Z o 2)
= i 1
e The total magnetization per site M:
M:(NFexmA)+(NMo><mB) 3)
N

e The total magnetic susceptibility per site x:

x=8N ((M?) () @

where § = 1/(kpT'), with T representing the absolute temperature and kp denoting
the Boltzmann constant. Here, kg is considered to be equal to unity (kg = 1).
N =L x L x L =30 x 30 x 30 stands for the total number of spins in the lattice, and
Npe = N/2 and Ny, = N/2 are the numbers of spins in sublattices (A) and (B),
respectively.
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Fig. 2 — Magnetizations m 4, mp, and M (a) and total susceptibility x (b) as a function of temperature
in the compound SroFeMoOg, for J4p = 20K, J4 = 17K, and Jgp = 16 K.

3. MAGNETIC PROPERTIES AND HYSTERESIS BEHAVIOR

First, we aim to determine the Curie temperature 7, where the ferrimagnetic-
paramagnetic phase transition takes place in the double perovskite SroFeMoQOg. Figure
2(a) shows the variation with temperature of the magnetizations m 4, mpg, and M, for
the same values of exchange interactions obtained for the stable system configuration
by ab initio calculations in Refs. [11,22]: |Jap|=|Jre—nrro| = 20K, Ja = Jpe—pe =
17K, and Jg = Jy0—m0 = 16K. It can be seen that the saturation values of the
magnetizations m 4, mp, and M at T = 0K are 2.5, —0.5, and 1, respectively. By
increasing temperature, the three magnetizations vary continuously (m4 and M
decrease, while mp increases) up to zero at T = 490K. In Fig. 2(b), the magnetic
susceptibility x confirms the value of the critical temperature found, peaking at
Tco =490K. This value of T(> is comparable to those between 410 — 450K, found in
previous studies [1, 2, 10, 18, 23-25]. Obtaining a high T> makes SroFeMoOg a very
attractive candidate for magnetocaloric applications [25].

In what follows, for simplicity’s sake, we consider J4p as a unit of energy and
temperature, i.e., Jap = —1, J4 = 0.85, and Jp = 0.8. The impact of the crystal field
D on the critical and magnetic behaviours of the compound SraFeMoOg is examined
in Fig. 3, where we present the thermal variations of the magnetizations m 4 and mp
(Fig. 3(a)), and M (Fig. 3(b)), for several chosen values of D and h = 0. It is worth
pointing out that it is not easy to change the crystal field in materials, but this can be
achieved through the application of external stimuli like pressure or light irradiation
[26]. Figure 3(a) illustrates that the saturation value of the magnetization per site of
the F'e-sublattice (A) can take one of three values: 2.5, 1.5, and 0.5, which decreases
as | D| increases. Indeed, the low-spin and high-spin states are influenced by the
strength of the crystal field; strong crystal fields favour the low-spin state, whereas
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Fig. 3 — Thermal variations of magnetizations (a) m 4 and mp, and (b) M for chosen values of D, and
(c) phase diagram in the (D, T') plane, when Jy5 =1, J4 = 0.85, Jg = 0.8, and h = 0.

weak crystal fields favour the high-spin state [27]. Furthermore, the magnetization
per site of the M o-sublattice (B) has a unique saturation value of —0.5, whatever the
value of D. Thus, the total magnetization per site M exhibits three saturation values:
1, 0.5, and 0, decreasing with increasing |D|, as seen in Fig 3(b). With increasing
temperature, the magnetizations m 4 and M exhibit a continuous decrease, whereas
the magnetization m g shows a continuous increase. These trends persist until all three
magnetizations cancel out at a critical temperature 7 that decreases with rising | D|.
After identifying the 7> for various values of D, we constructed the phase diagram
of the double perovskite SFMO in the (D, T') plane in Fig. 3(c), with A = 0. It is
clear that for all crystal field values, a paramagnetic phase exists at high temperatures
and a ferrimagnetic phase at low temperatures, separated by a second-order phase
transition at T¢o. The latter decreases as |D| increases, eventually reaching a constant
value (T = 4) when D becomes sufficiently large. Similar critical and magnetic
behaviours were reported in systems with mixed spin-1/2 and spin-5/2 configurations
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Fig. 4 — Hysteresis loops for chosen values of temperature: (a) T'= 5, (b) 7' = 20, and (¢) T' = 30, when
Jap=-1,J4=0.85,Jg=0.8,and D = 0.

using theoretical approaches [28-31].

Let us now explore the impact of the external magnetic field (h # 0) and
analyse how temperature influences the hysteresis behaviour of the material. Figure
4 illustrates the dependence of total magnetization per site M on h at different
temperatures, when J4p = —1, J4 = 0.85, Jp = 0.8, and D = 0. As T increases
from O to higher values, the hysteresis loop area, remanent magnetization, and coercive
field gradually diminish, ultimately leading to the complete disappearance of the loop.
For low temperatures, as for 7' = 5 in Fig. 4(a), the material features a large hysteresis
loop. Then, as T increases, the loop shrinks and narrows, as observed for 7' = 20
in Fig. 4(b). Eventually, at high temperatures exceeding the critical temperature
T = 24.5, the hysteresis loop vanishes entirely, as for 7" = 30 in Fig. 4(c), indicating
that the compound becomes completely paramagnetic. This finding aligns with the
results achieved in earlier studies on double perovskite SroFeMoOg [1, 11, 25].
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Fig. 5 — Variation of the coercivity h. (a) and remanence M, (b) as a function of temperature 7', when
Jap=-1,J4=0.85,Jp=0.8,and D = 0.

To further discuss the influence of temperature on the coercivity h. and rema-
nence M, of this compound, we show the thermal variations of these two hysteretic
parameters in Fig. 5, for Jap = —1, J4 =0.85, Jg = 0.8, and D = 0. From Fig. 5(a),
we can see that h. gradually decreases as 1" increases until it is cancelled. However,
in Fig. 5(b), M, remains constant at low temperatures (M, = 1), and as 7" rises above
value 15, M, begins to decrease rapidly until it disappears. These behaviours of h,
and M, under the impact of temperature are similar to those obtained for other double
perovskites, such as CagFeReOg [32] and Ba; 7Lag 3sFeMoOg [33].

4. CONCLUSION

Using Monte Carlo simulation, we have explored some of the magnetic char-
acteristics and hysteresis behaviour of double perovskite SroFeMoOg. We have
determined the Curie temperature for this compound (I = 490K), which closely
matches the values reported in experimental studies. The analysis of the impact of
crystal field D on magnetization indicates that the negative increase in this field
reduces the Curie temperature, reaching saturation for large values of |D|. A phase
diagram plotted in the (crystal field, temperature) plane reveals the existence of a
second-order phase transition line, separating a ferrimagnetic phase at low temper-
atures from a paramagnetic one at high temperatures. Additionally, by applying
a magnetic field, we have examined the hysteresis loop’s behaviour as a function
of temperature. The material displays a hysteresis loop that gradually shrinks and
narrows as the temperature rises, eventually vanishing completely.
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