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Magnetism of BiFe( ¢Cr 103 studied experimentally and with Monte Carlo simulations
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The sol-gel technique is used in this paper to prepare Cr-doped BiFeOs. The magnetism of BiFe; Cr,O3; with
a distorted rhombohedral perovskite structure has been studied for x = 0.1. X-ray diffraction analysis reveals that
the sample is rhombohedral with the space group R;C and contains some impurity phases. The Mdssbauer spectra
at 300 and 500 K are used to determine the magnetic and impurity phase proportion as well as the valence state,
electric field gradient, internal magnetic field, and electron cloud distribution of Fe**ions in BiFe( oCrg,05. The
magnetic properties of BiFeyoCry O3 are complex. Through the zero-field-cooled/field-cooled magnetization
curve, the magnetism of BiFe( ¢Cr ;05 is analyzed. According to the first-order differential of magnetization to
temperature, the Néel temperature is determined to be ~134 K. It is speculated that a partial relaxation structure
may exist in the system. Then the Heisenberg model simulation and experimental data are approximated using
the particle swarm optimization algorithm to further analyze the magnetism and calculate the more precise phase
transformation temperature. It has been determined that the exchange constants for cubic structure and relaxation
structure are Jr..cr = 6.75meV, Jrepe = —6.13meV, Jée_Fe = —1.16 meV, and J;S_Cr = —1.54meV. The cubic
and relaxation structures contribute 0.71 and 0.29 to magnetism, respectively. According to the Heisenberg
model, the Curie temperature should be ~606 K, and the Néel temperature should be ~116 K. The ratio of
the Curie temperature to the Weiss constant is significantly >5, implying that the entire spin system is in a state

of high frustration.

DOI: 10.1103/PhysRevB.105.094411

I. INTRODUCTION

Multiferroic materials have garnered considerable atten-
tion due to their exceptional magnetoelectric properties for
ferromagnetism (FM) and ferroelectricity performance. These
materials deserve further investigation. BiFeO3; (BFO) is one
of multiferroic materials characterized by higher ferroelec-
tric Curie temperature (7c = 1103 K) and antiferromagnetic
(AFM) Néel temperature (Ty = 643K) [1], belonging to
ABOs. It is a cubic-symmetry ideal structure with the oxygen
in the face centers in which the B-site cation (Fe) coordinates
sixfold with the octahedron of anions and A-site cation (Bi)
coordinates 12-fold with the cuboctahedron of anions [2]. The
suppression of the helix spatially spin-modulated structure
(SSMS) results in the low magnetic moment of BFO at room
temperature. Recently, much literature has reported on the en-
hancement of magnetic properties caused by doping transition
metal elements into the B site to replace Fe of BiFeOs, e.g.,
Co doping increases the coercive force [3], and Cr doping dra-
matically increases the saturation magnetization [4,5]. These
phenomena are due to transition metal doping destroying the
cycloidal structure of the 62 nm [6] incommensurate period-
icity helix. In addition, studies indicate that, when Crit is
doped, the FM superexchange of Cr**-O-Fe* increases mag-
netism [7-9]. By using ab initio calculations, Song and Liu
[10] determined the coupling parameters between Fe’* and
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Cr’*. The superexchange coupling between Fe** and Cr** is
assumed to be FM; then the Curie temperature is calculated to
be ~450 K by utilizing the Heisenberg model. However, under
the R3 structure, Baettig et al. [11] proposed the Fe3™-O-Cr*
AFM exchange theory. Bi;FeCrOg has an antiparallel FM
configuration since, when the bond angle deviates from a
perfect 180°, Cr t,, orbitals and Fe e, orbitals are mixed.
In kinetic superexchange between orbitals, the spin between
Fe’* and Cr’* tends to be antiparallel. According to Su-
chomel et al. [12], the lower magnetization of BiFe( 5Cry 503
may result in the formation of Fe- and Cr-rich clusters due
to the defect in the B-site cation order. There are numerous
Fe’*-O-Fe*" and Cr**-O-Cr*" AFM superexchange interac-
tions but only a few Fe>*-O-Cr** FM superexchanges in the
system. Simultaneously, the FM interaction between Fe>* and
Cr’* prevents this superexchange, resulting in the appearance
of a phase transformation point ~130K. To a certain extent,
each of these has its own unique perspective.

The Heisenberg model is a spin statistical model with more
degrees of freedom that accurately describes the coupling
between spins. Its theory of exchange interaction plays an
important role in the field of magnetism. It can typically de-
scribe the magnetic phase transformation, calculate the phase
transformation temperature, and more accurately describe the
mechanism of magnetism, which is widely used in a variety
of fields [10,13]. The mean-field theory is used to fit most
magnetic analyses [11]. However, it ignores the thermal fluc-
tuations in the environment and suffers from a certain lack
of accuracy that can be avoided by using the Monte Carlo
method [13]. With the rapid advancement of computers and
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FIG. 1. BiFe(¢Cr ;05 x-ray diffraction (XRD) pattern (* indi-
cates the presence of the impurity phase Bi,O; [15], and + indicates
the presence of the impurity phase BiysFeOyg [16,17]).

the gradual rise of computer simulation, calculated technology
based on Monte Carlo can significantly reduce computational
complexity, increasing its popularity.

In this paper, we conduct a more in-depth study of
BiFe( 9Cry.10O3, focusing on its magnetism. The composition
and magnetic properties of BiFe(¢Cry ;O3 were analyzed us-
ing x-ray diffraction (XRD), Mdssbauer spectroscopy, and
vibrating sample magnetometry, with the microscopic mech-
anism simulated by the Heisenberg model. However, during
the simulation process, we discover that the material may
not be a single-phase molecule but a multiphase molecule,
implying that the magnetic composition may contain more
than two different interacting lattice contributions to the total
magnetism. The magnetism of BiFe( 9Cr( ;O3 is more vividly
understood when the classical Heisenberg model is Monte
Carlo simulated.

II. SYNTHESIS OF MATERIAL

The sol-gel method was used to prepare Cr-doped BiFeO3
nanoparticles [14]. All chemicals used were of analytical
grade and were not purified further. The sol was prepared
by adding Bi(NOj3); SH,O (10.5 mmol), Cr(NOj3); 9H,O (1
mmol), and Fe(NO3)3 - 9H,0 (9mmol) to ethylene glycol and
vigorously stirring for 1 h at 80°C. After that, it was dried
for 10 h at 80°C in a drying oven to obtain the brown gel.
Finally, the gel was preheated to 400°C and then annealed
for 1 h at 550°C to form the BiCry ;Fe( 903 nanoparticles. To
compensate for bismuth loss during the annealing process, the
sample was prepared with an excess of 5% Bi.

III. EXPERIMENTAL AND ANALYSIS

A. Spectroscopic technique
1. XRD
The structural characterization of BiFej ¢Cry O3 nanome-

ter particles (NPs) using XRD with a Bragg diffraction angle
26 of between 20° and 80° is shown in Fig. 1. Based on

(111 Plance extension

(a) CaTiO; structure (b) BiFeO; structure

FIG. 2. (a) The typical CaTiO; structure and (b) the BiFeO;
structure, which transforms from a cubic to a rhombohedral structure
along the ABX;(111) direction.

Bragg’s law: 2dsinf = nA, and we fitted the XRD data using
JADE 9.0. It shows that all the peaks indexed as the crystal face
(012), (104), (110), (113), (006), (202), (024), and (116) are
rhombohedral with the space group R3C [14,15]. The prepara-
tion of BiFe(¢Cry 103 was accompanied by the formation of
several impurity phases, including Bi,O3 and BiysFeOy4g. Ac-
cording to the XRD spectrum, the BiysFeOy4y phase exhibits
a strong reflection at a diffraction angle of 28.1°. This is due
to the formation of kinetic impurity phases during synthesis
[18,19]. The perovskite structure and directional distortion
of ABX;(111) are depicted in Fig. 2. The lattice constants
are a = b=5.578A, c = 13.892A, and the cell volume is
373.44 A3. The crystallite size D is calculated to be 40.8 +
2 nm using the Scherrer equation (D = kA/f cos @), where A
is the x-ray wavelength, § represents the half peak width, and
k is a constant distribution with a value of 0.89.

2. Mossbauer spectra

Here, °"Fe Mossbauer spectroscopy is a precise method for
studying the charge distribution around iron atoms. It was per-
formed at temperatures of 300 and 500 K on BiFe( ¢Cr( ;03
using a conventional 45 mCi >’Co source steady-acceleration
spectrometer at room temperature, and MOSSWIN4.0 soft-
ware was used to fit parameters such as isomer shifts (ISs),
quadrupole splitting (QS), and hyperfine field. Figure 3 shows
the spectra of BiFe( 9Crg ;O3 NPs at temperatures of 300 and
500 K. These spectra are highly symmetrical, indicating that
the spiral rotation of magnetic moments in BiFe(9Cry ;03
has been destroyed [20]. The optimal results are obtained by
combining two sextets and a doublet. All parameters are ren-
dered in Table I. The existence of the doublet indicates that the
charge surrounding the nucleus of the atom has an asymmetric
magnetic moment alignment and is subjected to a specific
electric field gradient. The phase represented by the doublet is
most likely to correspond to the paramagnetic impurity phase
BiysFeQyg [4,14,21], which also confirms the presence of a
single iron-containing impurity, e.g., Bi,sFeOy, as revealed
by the XRD analysis process. This paramagnetic impurity
accounts for only 4.2 or 5.3% of the Mossbauer spectra and
is paramagnetic at 300 and 500 K, which is insufficient to
provide enormous magnetism. Therefore, impurities will have
no effect on the magnetism measured at room temperature.
This slight difference is due to the deviation caused by the low
absorptivity of the Maossbauer spectrum in the high-
temperature (500 K) region. The Fe valence state of the entire
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FIG. 3. 3"Fe Mossbauer spectra of BiFe( oCr O3 at 300 and 500 K. The red line represents the total fitting curve. Blue and green lines are
the sextets with the hyperfine fields, while the purple line denotes a paramagnetic doublet.

sample can be determined to be +3 valence with high spin
from the IS of two sextets, and the Fe ions with +2 or +4
valences can be ruled out [22]. The QS of sextet] exhibits a
small negative value attributed to the cubic structure of the
sample [23]. Additionally, it exhibits antiparallel ordering be-
tween magnetic moments of two magnetic atoms. The positive
QS of sextet] represents weak FM [14]. The larger linewidth
at 300 K may be due to the modulation of hyperfine energy
produced by the rotation of the magnetic moment relative to
the ¢ axis of the crystal [23]. However, it is worth noting that
the internal Zeeman hyperfine field of sextetl is only 44.13 T
at 300 K, significantly weaker than the 48.64 T hyperfine field
of sextet2. The same is true for 500 K, which is caused by
the destruction of SSMS [24,25] when Cr is used to replace
10% of the iron sites [24,26]. The hyperfine field at 500 K
is only slightly weaker than that of 300 K, indicating that the
magnetism of BiFe( ¢Cry ; Os is still quite strong at 500 K, i.e.,
the Curie temperature of BiFe( ¢Crg 103 is much higher than
500 K.

B. Magnetic measurements

Field-cooled (FC) and zero-field-cooled (ZFC) measure-
ments were made at a magnetic field strength of 100 Oe and
temperatures ranging from 5 to 400 K. The sample was cooled
to 5 K at zero field and measured under 100 Oe with increas-
ing temperature. The temperature-dependent magnetization
with FC and ZFC is shown in Fig. 4. There is an apparent
bifurcation phenomenon, which is characteristic of spin-glass
states. The spin-glass behavior is caused primarily by mag-

netic anisotropy, deformed lattices, and random occupation of
magnetic ions [27], but it can also be caused by competition
between FM and AFM interactions. However, when a 100 Oe
weak magnetic field is applied, the magnetization changes
significantly at low temperatures, ruling out the possibility
of the sample being locked due to high magnetic anisotropy.
Moreover, there is a strong bifurcation trend at 400 K, and
the slope of the ZFC/FC magnetization curves is not equal. It
indicates that the freezing temperature Tris > 400 K. In other
words, the entire test procedure is kept below the freezing
temperature.

As the temperature decreases, the field no longer constrains
the spin orientation, the heat disturbance energy gradually
decreases, the spin direction tends to be ordered, and the
magnetization tends to zero. It also exhibits a clear trend
of thermal growth <~14K, simultaneously. According to
the Goodenough-Kanamori rules [28] and Anderson’s theory
[29], the high-spin Fe**(e,)-O-Fe**(e,) may be more prone
to AFM superexchange, and thus, the magnetization tending
to zero can be attributed to AFM superexchange dominated
by Fe’*-O-Fe’*. It is worth noting that numerous reports
refer to Fe’t-O-Cr** FM coupling [9]. However, in terms
of the overall curve pattern of magnetization, there is a peak
value of magnetization during temperature changes, which is
typically caused by the thermal dependence of two or more
sublattices in a ferrimagnetic system. The ferrimagnetism is
probably caused by the magnetic moment of different mag-
netic moments of Fe** and Cr3". Thus, the possibility exists
that Fe**-O-Cr** is AFM coupling interaction. Given the low
content of Cr*, this weak FM does not appear to be strongly

TABLE I. Mossbauer spectral parameters for BiFe, ¢Cr ;O3 NPs at 300 and 500 K.

Temperature IS (mm/s) QS (mm/s) Hyperfine field (T) Area (%) Valence state
300 K Sextet] 0.24 + 0.01 0.06 & 0.01 48.64 &+ 0.07 472 Fe'! high spin
Sextet2 0.38 & 0.04 —0.03 £ 0.07 44.13 +0.79 48.6 Fe'™ high spin
Double 0.19 £ 0.05 0.76 £ 0.09 - 42 Fe'! low spin
500 K Sextetl 0.21 £ 0.02 0.01 £ 0.06 46.47 +0.21 47.1 Fe'" high spin
Sextet2 0.32 + 0.04 —0.01 & 0.04 42.90 £ 0.46 47.6 Fe'! high spin
Double 0.17 &+ 0.07 0.52 £+ 0.10 - 5.3 Fe™ low spin
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FIG. 4. The field-cooled (FC) and zero-field-cooled (ZFC) M-T
curves of BiFe( ¢Cr¢ ;1 0;. The slope of tangent line 1 is d"Z7T‘FC | 72400 K>
and the slope of tangent 2 is ‘HfTFC |7=400 k- The inset shows the plot

of FC as a function of temperature.

reflected in macroscopic magnetism, and the specific coupling
form of Fe3™-O-Cr*" will be described in Sec. IV C. The ZFC
curve continues to exhibit an upward trend as the temperature
increases, indicating that the whole system is dominated by
AFM at low temperatures.

The FC magnetization generally shows a downward trend.
Additionally, when the FC magnetization range is restricted
to a small range (2.15-2.45 emu/g), the cold-field magneti-
zation is relatively stable with temperature change when the
temperature is <114 K. At 114 K, maximum magnetization
is frequently referred to as a spin-reorientation transformation
[30,31]. The magnetization dependence on temperature is like
p-type Néel ferrimagnetism [32], which can be explained by
the magnetization of the sublattice having a different temper-
ature dependence, and the temperature corresponding to the
maximum is the Néel temperature 7y. This will be confirmed
further in the following theoretical study.

Generally, the first-order differential of temperature can be
used to calculate the transformation temperature 7y and the
spin redirection temperature point 7sg. Magnetization vs tem-
perature is depicted in Fig. 5 as a first-order differential curve.
In conjunction with Fig. 4, the first two minimum points
correspond to Tsg and Ty, respectively. Here, Tsg denotes
the transformation from AFM to weak FM or ferrimagnetic
states through spin redirection, and Ty is the Néel temperature
~134 K, which is typically used to denote the transforma-
tion process from paramagnetic to AFM states. From Fig. 4,
there are four minimum temperatures. Apart from the first
two, the remaining minimum temperature may be caused
by magnetic disorder impurities. Additionally, the minimum
appears when the highest temperature reaches 400 K, indi-
cating that the phase transformation temperature may persist
beyond 400 K. The phase transformation temperature may be
caused by the angle tilt of Fe’>*-O-Fe** which prevents the
magnetic moment from completely canceling out. That is, the
antisymmetric anisotropy caused by Dzyaloshinsky-Moriya
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FIG. 5. The first derivative of the field-cooled magnetization
curve concerning temperature.

(DM) interaction [33,34], confers on the system weak FM.
The Hamiltonian form of DM interaction is commonly de-
noted by the symbol D - [S; x S;], and D is the DM interaction
parameters. The cross product between S; and S; indicates that
it is vertically inclined, resulting in the formation of a canting
moment.

The magnetization function with respect to the magnetic
field is shown in Fig. 6. The magnetization was measured
under an external magnetic field ranging from —70 to 70 kOe.
As illustrated, the coercivity of the sample H¢ is low, indi-
cating that the material is still in an AFM state at 300 K.
Notably, the magnetization approaches saturation, and the My
value is ~13.0 emu/g. This high magnetization indicates that
the spatially modulated spin cycloid has no discernible effect
on the internal structure of BiFeOs. The following possibili-
ties are inferred from this high-saturation magnetization: To

101 300 K

Magnetization (emu/g)
[}

-5 )
5

-10
-10

N -0.3-0.2-0.2-0.1-0.1 0.0 0.1 0.1 0.2 0.2 0.3
60 -40 -2.0 0.0 2.0 4.0 6.0
Magnetic field (T)
FIG. 6. The magnetization (M-H) for the sample of

BiFe(9Cry ;03 at 300 K. The inset shows an enlarged view in
the vicinity of the origin of the coordinates.
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FIG. 7. The reciprocal of molar susceptibility (Xmo = @)
varying with temperature from 5 to 400 K. The red line is the fitted
curve with the Curie-Wiess law.

begin, this material is reduced to a nanometer size, which
destroys the helical structure with a periodicity of 62 nm and
suppresses the AFM order of (111) FM planes, achieving
the magnetic enhancement effect [11,35]. Secondly, lattice
distortion would introduce a small amount of Fe?* jons, and
Fe?*-0-Fe** forms FM which increases magnetism, but this
guess does not appear to be valid based on Mdssbauer spectral
results; the system contains no Fe?t ions. Thirdly, because
the radius of Cr** ion is smaller than that of the Fe’* ion
when Cr* is doped into the lattice, it induces a specific lattice
strain and forms a certain tilt angle. As a result, the magnetic
moment of the AFM action of Fe3*-O-Fe>* cannot be offset,
resulting in ferrimagnetism. Finally, due to sufficient stirring,
the components of each phase are randomly and uniformly
distributed, which may result in some structural damage and
lattice strain. Simultaneously, impurities introduced during
the preparation process can significantly destroy the spiral
structure, which releases the magnetism and significantly im-
proves the magnetism, as is also reflected in Ref. [36]. The
ferrimagnetism configuration described above is indeed the
ground state, and there is no cancellation of the macroscopic
magnetization; rather, it results in a significant increase in
magnetism.

The Weiss constant 6 and Curie constant C are determined
by linear fitting of the reciprocal magnetic susceptibility
Xn:él using the Curie-Wiess formula xy = %. Figure 7
illustrates the fitting results of Xn_](jl between 150 and
300 K. The result shows that § = —2873.5K and C =
22841.5emu/(mol Oe K). The enormous negative 6 corre-
sponds to the paramagnetic Curie temperature, indicating that
the system exhibits a high degree of AFM interaction.

IV. MODELS AND CALCULATION METHODS

A. Establishment of classical Heisenberg model

Given that BiFeOs; is a G-type AFM structure, AFM
exchange occurs in the nearest-neighbor coupling of
Fe3T-0-Fe3*. When the Cr?* ion concentration is increased,

FIG. 8. The magnetic exchange structure diagram of the atomic
lattice arrangement, where blue represents Fe, and cyan represents
Cr. The size of the ball is only for apparency and has no practical
significance. Among them, the oxygen atom, which serves as the
medium of exchange between the two atoms, is ignored.

the overall superexchange system remains unchanged, and
most of the literature reported FM coupling in Fe**t-O-Cr**
[7-9]. However, the Cr-doped process may result in Jahn-
Teller distortion and orbital ordering effect, which will lead to
AFM in one direction and FM coupling in the other direction
[11]. When the bond angle of Fe’*-O-Cr3* is <180°, the
cubic structure transforms into a relaxed structure, resulting
in AFM coupling between the Fe’* and Cr**. Due to the
destruction of the helical structure, the magnetic contribution
of each cell is well reflected in the macroscopic magnetism.
Accordingly, it is worth considering using the Heisenberg
model to study and analyze the magnetism of a single crystal
cell, while coupling action is used to investigate the cause of
magnetism.

We analyze the magnetism of BiFe(9Cry 103 by estab-
lishing a classical Heisenberg model and fitting experi-
mental data to calculate the exchange-coupling constant of
BiFe( 9Cro.1O3. The Hamiltonian of the system is given by

iH:z_ZJijSiXSj_ZHXSi_KZS;TZy (1)
(i) i i

where S; is the spin vector at site i, which represents the
pseudospins of Cr and Fe (S¢r = %, Sre = %, respectively),
and (i, j) denotes distinct pairs of nearest-neighbor sites. The
intensity of exchange coupling between two points can be ex-
pressed using the coupling constants J;;. Here, H is the vector
of the external magnetic field. To be as consistent as possible
with the experimental results, H is defined in this paper as the
transverse field in the x-axis direction with the field strength
of 100 Oe. Also, K denotes an anisotropic constant, and S*
represents the spin component along the z axis.

Because the double perovskite structure of Bi,FeCrOg of-
ten resembles the crystal structure of sodium chloride, the
chessboard distribution of Fe’* and Cr** randomly places
the Cr in the Fe site, avoiding Cr’*-O-Cr** nearest exchange
coupling. Figure 8 illustrates a simplified lattice schemati-
cally. As seen from the diagram, the interaction preceding
each B site can be treated ignoring the lattice distortion.
The layout structure of BiFe(¢Cry O3 is shown in Fig. 9.
During the simulation, each magnetic atom must be placed
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FIG. 9. Different layer structures of BiFe,;Cry90O3, where the
green and brown balls represent Fe and Cr atoms, respectively. The
atoms are randomly arranged on the chessboard lattice.

in layers, the Cr atoms must be randomly distributed, and
periodic boundary conditions can be used to minimize bound-
ary effects. Although some distortions exist in the structure
of BiFe(9Crp 103, the O and Bi atoms can be ignored in
magnetic simulations and the lattice structure of magnetic
exchange studied.

B. Monte Carlo method

The entire simulation process is carried out using the
Metropolis Hasting Algorithm. Each loop traversal is referred
to as one Monte Carlo step (MCS). With 10* MCS for
evolution and 10° MCS for the statistical simulation of the
Heisenberg model. Each MCS loop flips all atoms, with a flip

probability p of
AH @
= -,
D = ¢exXp keT

where AH denotes the energy difference between the preflip
and postflip states, 7T is the temperature, and kg is Boltzmann
constant. The following can be calculated using this algo-
rithm: magnetization, magnetic susceptibility, heat capacity,
and Curie temperature.

Magnetization is defined by the average value of all spins:

YES
N 9

where N = L x L x L, and L is the number of magnetic atoms
on the edge of a cubic lattice; the magnetic properties are
usually well reflected when L is 20, but the range of change is
more fragile when L is more significant [13].

Magnetic susceptibility can be used to characterize the
phase transformation temperature and is typically determined
by deducing approximate statistics. It can be calculated by

M= 3

_OM  N(AM)*  (M?) — (M)
T OH  kgT kgT

X “)

Initially, the exchange constants Jge.cy and Jge e are cal-

culated using the fitting method, the standardized data F' are

approximated using the particle swarm optimization (PSO)

algorithm, and the fitness function is the sum of squares of
residuals. The standardized data F is

M — minM
F=—— 5)

maxM — minM

Experimental
Fitting

N e e
ES N %
1 1 1

(M-minM)/(maxM-minM)

IS4
~
1

0.0

T T T T T T T T T
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FIG. 10. Fitted results for a single phase with ferromagnetic
(FM) superexchange between Fe>* and Cr**.

Here, M is the unprocessed magnetization array (arbitrary
unit), minM represents the minimum of array M, and maxM
denotes the maximum of array M.

C. Calculation process and results

We attempted but failed to fit the experimental data based
on the FM superexchange between Fe** and Cr**. The fitted
result is shown in Fig. 10. Through the fitting, an unphysi-
cal anisotropy parameter K ~ 36.3 meV is obtained, noting
that the system exhibits significant anisotropy, which deviates
from the actual situation. Moreover, regardless of how the
parameters are adjusted, the magnetization curve will never
exhibit a rise ~114 K. This is because, when Fe3* and Cr3*
are FM superexchanged and Cr** occupies the same sublat-
tice, the sites containing Cr*" in the sublattice of Cr** are
parallel to the spin of the sublattice of the surrounding Fe’*,
the magnetic moment is superimposed, and the magnetization
gradually decreases as the temperature increases, following
the magnetization behavior of a typical FM, i.e., magnetiza-
tion and temperature have a strictly decreasing relationship.

One possibility is that the BiFe( 9Cr( O3 contains a par-
tial relaxation structure that results in the AFM coupling of

FIG. 11. The distribution of magnetic domains with different
structures, in which the blue and red arrows correspond to the spin
directions of magnetic atoms with the relaxation structure and the
cubic one, respectively.
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£ ¢ Experimental data
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FIG. 12. The magnetization simulated by the classical Heisen-
berg model compared with the experimental data. The results are
normalized and standardized dimensionless data.

the Fe’*-O-Cr**. Kazan et al. [29] discovered that magnetic
phases coexist in the double perovskite structure, i.e., there are
at least two magnetic phases. Nechache et al. [37] investigated
the double-perovskite structure of Bi,FeCrOg and held that
the system possessed both FM and AFM. The magnetic anal-
ysis presented in this paper indicated that the system probably
contained at least two magnetic phases. As a result, it was
postulated that a system could exist with cubic and relaxation
structures coexisting. We fitted the experimental data using
the Heisenberg model based on this assumption. The relax-
ation and cubic structures are divided into two lattices, with
the assumption that the two lattices are self-contained. The
final proportional distribution of each lattice is fitted using
experimental data. This is accomplished by treating the relax-
ation structure and the cubic structure as two separate clusters,
as illustrated in Fig. 11, and calculating their proportions to
accurately describe the structure in the macroscopic level. It
is possible to obtain a proportional relationship between the
relaxation structure and the cubic one.

1. Intelligent search for the most suitable Heisenberg model
simulation parameters with PSO algorithm

Table II shows the fitting parameters, i.e., the exchange
constant under cubic structure Jge.c; = 6.75meV, Jgepe =

0.06 o -

0.05

T,=116K

0.01

0.00

TABLE II. Heisenberg simulation fitting parameters under two
structures. Jre.c; and Jiepe represent Fe**-O-Cr*t and Fe*t-O-Fe?*
superexchanges, K is an anisotropic parameter, and w is the magnetic
contribution ratio of the two structures.

JFe—Cr (mev) JFe—Fe (meV) K (/LGV) @ (%)

6.75
—1.54

—6.13
—1.16

230 71
3.79 29

Cubic structure
Relaxation structure

—6.13 meV, the exchange constant under relaxation structure
Jrepe = —1.16 meV and J, -, = —1.54 meV. The repulsive
potential energies U of Je.re and Jg, ¢, are 4.6 and 5.5 meV,
respectively [11]. Additionally, the value of Jge.c, is nearly
identical to that of Jp..c; in Ref. [10]. Figure 12 shows a
magnetization curve simulated by two coexisting structures
based on their weights, with the relaxation structure and cubic
one having weights of 0.29 and 0.71, respectively. Because
the symbols of Jre.cr and Jp, o, are diametrically opposite,
their macroscopic magnetic moments should be opposed in
theory, and thus, their total magnetization equals the differ-
ence between their magnetizations. In addition, the fitting
results indicate that the anisotropy cubic structure K; and the
relaxation structure K, parameters are K; = 0.23 meV and
K, = 3.79 eV, respectively. The Heisenberg model fits the
shape of the data in general, but because the classical Heisen-
berg model is ideal and ignores numerous phenomena such
as DM interaction, Jahn-Teller effect, and spin-orbit coupling,
the fitted results are slightly different from the actual results.
The Heisenberg model accurately describes the temperature
at which the phase transformation occurs. Thus, the magnetic
susceptibility can be used to determine the Curie and Néel
temperatures more precisely. Figure 13 shows the suscepti-
bility and magnetization curves at temperatures ranging from
0 to 800 K. The precise Néel temperature 7y is 116 K, and the
precise Curie temperature ¢ is ~606 K. The predicted mag-
netization curve clearly demonstrates phase transformation
of magnetization.

0.26

0.22 4

e
3
L

0.13 4

0.09 4

Magnetization (pg)

0.04 4

0.00 4

T T
0 200 400 600 800
Temperature (K)

T T T T
0 200 400 600 800
Temperature (K)

FIG. 13. The complete parameters in the prediction simulation curve. (a) The magnetic susceptibility curve, where the sharp increase of
the magnetic susceptibility due to phase change is observed, and the two peaks correspond to the Néel temperature Ty and Curie temperature
Tc, respectively. (b) The magnetic intensity curve predicted for temperatures up to 800 K.
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According to the previously calculated Weiss constant 6
and the formula f = |T9—N|, the calculated frustration factor

f = 24.78, which is significantly > 1, indicates that the entire
system is highly spin frustrating.

V. CONCLUSIONS

To summarize, in this paper, we first characterized
BiFe( 9Crp.;03 by XRD and Mossbauer spectroscopy. Its
magnetism and the charge distribution around Fe atoms have
been investigated in a relatively complex structural system,
and the M vs H curve exhibits weak coercivity and high
saturation magnetization. The PSO algorithm is used to find
the Heisenberg model parameters that best fit the experimental
data. However, the effect of the first attempt at single-phase
fitting is not favorable. The analysis results suggested the
possibility of Fe’"-O-Cr** AFM superexchange. By estab-
lishing a two-phase Heisenberg model (cubic structure and

relaxation structure), more appropriate fitting parameters are
obtained, as well as the ratio of relaxation structure to cubic
structure. As determined by the obtained parameters, the more
precise Néel temperature is ~116 K, and the phase transfor-
mation temperature from FM to paramagnetic is predicted to
be ~606 K. This suggests that the system is in a state of high
spin frustration.
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