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Abstract. Perovskite-based Ba0.5Sr0.5Fe1–xCuxO3–d (BSFCO-x, x = 0–0.2) was synthesized by sol–gel self-combustion
method. The crystallinity was evaluated through X-ray diffraction, besides further local structure analysis, using X-ray
absorption spectroscopy (XAS) showed a cubic symmetry for x = 0.05; 0.10, which was tetragonal at higher values, x =
0.15; 0.20. XAS analysis predicted the oxidation state (OS) of Cu to be a mixture of 3? and 2?, while Fe includes 3? and
4?. Conversely, the OS of Fe and Cu in the octahedron site influence the number of an unpair electron that determine the
magnetic properties of perovskite. In addition, the magnetization for Ba0.5Sr0.5FeO3–d is 0.172 emu g-1, originating from
the ferromagnetic ordering Fe3?(t32ge2g)–O (2p)–Fe4?(t32ge1g) interaction. This effect increase, due to the presence of oxygen
vacancy in BSFCO-0.05, which weakens the d–p interaction of Fe-O, while the generation of higher Cu doping to increase
the amount of Fe4? leads to a decline in Cu3?. Therefore, Cu doping is confirmed to play a role in the paramagnetic–
ferromagnetic transition.
Keywords.
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Introduction

Perovskite ABO3-doped material has attracted attention
because of the remarkable versatile properties, including
electronic transport, ferroelectric, photoelectric, and magnetic properties [1,2]. For example, BaTiO3-based perovskite has been adopted in capacitance, CH3NH3PbI3 for
solar cell, and colossal magnetoresistance for magnetic
application in the manganese-based perovskite (LaMnO3).
In addition, Mn and Co-based perovskites are widely
investigated as magnetic materials, although others,
including Co, Fe are also important (BiFeO3, LaCoO3) [3].
Perovskite oxide materials are usually multimorphemic
in structures, distorted from ideal cubic nature to
orthorhombic or tetragonal by temperature effect or the use
of doping materials [4]. The magnetic properties are generally related to the unpair electron in 3d-subshell of the Bsite [5]. This characteristic, alongside electronic behaviours
of the high spin d5 (t2g, eg) transition-metal, has long captivated investigative interests [5]. Iron-based oxides possess
fascinating properties, which is due to the variation in the
oxidation states (OS) of Fe, at ?2, ?3, ?4 [6], giving rise to
the distortion of crystal structures and stoichiometries. Also,
BaFeO3–d is considered to be a representative of an

exceptional class of perovskite oxides AFeO3–d (A = Ca, Sr,
Ba), featuring iron in the valence state of Fe4?/Fe3?. The
interaction of Fe-O-Fe is assumed to be ferromagnetic or
antiferromagnetic, depending on the presence of double or
super exchange spins. Studies on M–H hysteresis [7–9] of
(Ba, Sr)FeO3 showed magnetic moments that were relatively smaller than BaFeO3. However, substituting Sr has a
partial advantage over Ba, based on the ability to significantly enhance coercivity (Hc).
Ma et al [10] reported on the structure of copper substituted in BaFeO3 by up to 25%, which was cubic, as seen
in similar previous work [11] with Ba0.5Sr0.5FeO3. The
doping of A-site or B-site leads to varying impacts on the
properties of perovskite oxide. For example, substitution at
the A-site [12] causes increased oxygen deficiency, followed by a transition from the p-type semiconductor to
semi-metallic. Conversely, the B-site substitution occurs
with ions having an OS lower than 4?, where the oxygen
vacancy forms and is further stabilized by holes in the
oxygen sublattice [13]. Moreover, copper is categorized as a
transition metal with 3d subshells and is expected to affect
both magnetic and electrical properties, hence its substitution in the B-site leads to similar modifications in local
structure. Lu et al [14] reported on the ability of copper to
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improve the electrochemical performance of cobalt-free
Pr1–xSrxFe1–yCuyO3–d, therefore further studies on the
magnetic properties of Cu-doped AFe1–xCuxO3–d is imperative. This present investigation involves the synthesis and
characterization of perovskite oxide, with the composition
Ba0.5Sr0.5Fe1–xCuxO3–d. Furthermore, the effects of Cu
doping on the local structure, as well as the magnetic
properties of the sample are systematically investigated and
evaluated to improve knowledge.

2.

Experimental

The synthesis of single-phase Ba0.5Sr0.5Fe1–xCuxO3–d was
performed using a sol–gel self-combustion method. The
BSFCO-x precursors were ground, followed by the subjection to calcination at 850C for 6 h and sintering at
1100C for 6 h in air, subsequently creating the perovskite
oxide, then was verified by X-ray diffraction (XRD). Furthermore, the local aspects of (Fe/Cu) ion in octahedron
BO6 sites were determined using X-ray absorption spectroscopy (XAS) experiments for Cu K-edge and Fe K-edge.
This was performed at SUT-NANOTECH-SLRI XAS (BL
5.2) [15], with electron energy: 1.2 GeV; bending magnet:
beam current 80–150 mA; 1.1 to 1.7 9 1011 photon s-1 in
fluorescence mode with 4-element silicon detector. Furthermore, extended X-ray absorption fine structure
(EXAFS) spectroscopy was used to determine the local
structure, using the Athena and Artemis software [16].
The oxygen non-stoichiometries (3–d) of the samples
were determined by iodometric titration at room temperature. Therefore, a typical titration measurement required the
dissolution of approximately 27 mg of perovskite powders
mixed with KI into HCl solution (37%). Subsequently, the
fully dissolved sample was titrated by dilute standardized
thiosulphate (S2O2–
3 ), the processes was under Argon gas.
The magnetization vs. magnetic field of sample powder
was measured using Magnetic Property Measurement System (Quantum Design MPMS-0000) with superconducting
quantum interference devices (SQUID) Magnetometer at
300 K, with the intensity variation at –1 T B H B ?1 T.

3.
3.1

Results and discussion
Local structure analysis

3.1a EXAFS analysis. Figure 1 presents XRD pattern of
BSF and 20 mol% Cu-doped BSF, both show a typical XRD
pattern of perovskite structure, indicating that copper
dissolves entirely in the BSF matrix. Though there is a
slight shift of diffraction peaks for BSFCO-0.2 to a smaller
diffraction angle, however, this signifies a modification that
took place in the environment of the BO6 octahedron after
Cu substitute Fe in B-site. Further detailed EXAFS analysis

Figure 1.

XRD pattern of BSF and BSFCO-0.2.

was carried out to explore the local arrangement
surrounding Fe/Cu.
The standard EXAFS data analysis for structure factor is
generally described through equation [17]:
X S2 Nj  

0
vð k Þ ¼
fjeff k; Rj 
2
kRj
j


2 2
sin 2kRj þ uij ðkÞ e2rj k e2Rj =kðkÞ ;
where the summation goes over all paths j, Nj is the coordination number, S20 denotes the amplitude reduction factor,
fjeff is the curved-wave scattering amplitude, Rj depicts the
path length, k(k) is the electron mean path, r(k) the Debye–
Waller factor and u(k) accounts for the total phase shift. In
principle, obtaining the correct geometrical configuration
around the absorber atom leads to higher accuracy in fitting
structural parameters, including path length and coordination number.
EXAFS analysis of BSFCO-x samples uses an interactive
program called the IFEFFIT package [16], characterized by
background subtraction in the pre-edge and post-edge
regions. This generates a spline curve above the threshold
energy, while the oscillation is extracted by subtracting the
spline from the spectra, and the ATHENA program is
subsequently used to normalize the remaining. Furthermore,
to identify the structure around the substituted copper, the
EXAFS spectroscopy was performed on the Cu K-edge. The
fitting of EXAFS was performed in the k-space between 2
and 8 Å-1, using the model structure BaFeO3 (Pm-3m/221)
for x = 0.04; 0.10, while BaTiO3 (P4mm/99) was used for
x = 0.15; 0.2, between 3 and 10.5 Å-1. This structure model
was obtained, considering previous XRD results [11].
During the fitting process, path length R, Debye–Waller
factor r2, threshold energy E0 and amplitude-reduced factor
S20 parameters were taken as variables. Figure 2 shows the
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k-Space EXAFS data and the fitted data for Cu-atom
using model structure (BaFeO3 for cubic structure and BaTiO3 for
tetragonal structure) for four samples with different Cu concentrations: (a) BSFCO-0.05, (b) BSFCO-0.1, (c) BSFCO-0.15 and
(d) BSFCO-0.2.

b Figure 2.

second-order k-weighted EXAFS functions, k2v(k), and the
best-fit curves for all samples.
Fourier transformation (FT) is used to obtain the real
space picture of EXAFS spectra v~ðRÞ, as implemented in
the IFEFFIT package. This evaluation involves the application of structural factors in the equation below [18]:
Z 1
1
v~ðRÞ ¼ pﬃﬃﬃﬃﬃﬃ
k2 vðkÞW ðkÞei2kR dk:
ð2Þ
2p 0
Figure 3 shows a fitting in the Fourier transform (FT) Rspace of the Cu K-edge EXAFS spectra in BSFC-x. This
was attained using the previously described model, which
presents radial distance for interaction between the copper
as the absorber and the first nearest-neighbour oxygen
octahedron Cu-O6, with the second being Cu-(Ba/Sr)8 and
then the third Cu-(Cu/Fe)6. Table 1 summarizes the fitting
results, including the bond length of Cu absorber and its
neighbours.
The local structure derived using EXAFS were similar to
the outcome of XRD data cubic Pm-3m (CIF: 4124844) for
x = 0.05; 0.10, which was P4mm (CIF: 1507756) for x =
0.15; 0.20, respectively, in tetragonal symmetry. In addition, the lattice parameters derived from EXAFS in cubic
symmetry was a = 4.014 Å (distance Cu-Cu/Fe) for x = 0.05
and a = 3.997 Å for x = 0.10, which was a = 4.125 Å
(distance Cu-(Cu/Fe)4) and c = 4.005 Å (distance Cu-(Cu/
Fe)2) for x = 0.15 in tetragonal symmetry, with tetragonality
*1.03. Despite the ability for fitting process to provide the
best reliability factor, R-value of Cu-O1 = 2.346 Å and CuO3 = 0.709 Å is questioned, although the distance O1-CuO3 = 3.055 Å is acceptable. Meanwhile, x = 0.20 showed
normal fitting result, and the Cu-O bond length in CuO6
decreased at higher Cu concentrations, while an opposite
trend occurred for the lattice parameters. Given the ionic
radius of Cu = 0.73 Å is longer than Fe = 0.64 Å, the
decrease of Cu-O bond length and the structure symmetry
transformation from cubic (low doped x = 0.05; 0.10) to
tetragonal (high doped x = 0.15–1, 20) need further
clarification. Considering the dopant Cu is a metal transition, it possesses 3d outer subshells configuration has an
ability to adjust oneself in octahedron environment CuO 6,
this has a possibility as responsible cause of those
outcomes.
3.1b XANES analysis of Fe and Cu OS. The dopant, Cu
in Ba0.5Sr0.5Fe1–xCuxO3–d compound substituted Fe,
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R-Space EXAFS data and the fitted data for Cu-atom
using model structure (BaFeO3 for cubic structure and BaTiO3 for
tetragonal structure) for four samples with different Cu concentrations: (a) BSFCO-0.05, (b) BSFCO-0.1, (c) BSFCO-0.15 and
(d) BSFCO-0.2.

b Figure 3.

Table 1. Fit Fourier transform (FFT)-derived interatomic distance from Cu core absorber to its neighbours using a model cubic
Pm-3m symmetry for BSFCO-0.05 and BSFCO-0.1 and a model
tetragonal P4mm symmetry for BSFCO-0.15 and BSFCO-0.2.
Cubic symmetry
BSFCO-0.05

BSFCO-0.1

Shell

N

R (Å)

S20

r2 (Å)

R (Å)

S20

r2 (Å)

Cu-O
Cu-Ba/Sr
Cu-Cu/Fe

6
8
6

1.907
3.344
4.014

0.540
0.540
0.540

0.004
0.008
0.001

1.894
3.321
3.997

0.524
0.524
0.524

0.001
0.009
0.004

Tetragonal symmetry
BSFCO-0.15
Shell

N R (Å)

Cu-O1
Cu-O2
Cu-O3
Cu-Ba/Sr 1
Cu-Ba/Sr 2
Cu-Cu/Fe 1
Cu-Cu/Fe 2

1
4
1
4
4
4
2

2.346
1.936
0.709
4.148
3.294
4.125
4.005

S20
0.725
0.725
0.725
0.725
0.725
0.725
0.725

BSFCO-0.2

r2 (Å) R (Å)
0.017
0.002
0.003
0.024
0.013
0.019
0.014

1.754
1.932
1.526
3.247
3.340
3.977
4.176

S20

r2 (Å)

0.742
0.742
0.742
0.742
0.742
0.742
0.742

0.001
0.001
0.011
0.030
0.016
0.007
0.013

characterized by cubic symmetry, as described in the
previous analysis, for x = 0–0.10, while x = 0.15; 0.20 were
tetragonal. The succeeding X-ray absorption near-edge
structure (XANES) analysis on Fe K-edge was obtained on
x = 0, 0.10 and 0.20 representing structural symmetry. The
fitted curves using a Gaussian function approach are
presented in figure 4a and b, where Fe2O3 was used for
comparison. In this compound (Fe2O3), there are three
regions distinguished. The region I (7110–7120 eV) relates
to pre-edge absorption features 1s ? 3d transition, this
transition is formally electric dipole forbidden due to
centrosymmetric octahedron site, but gains intensity
through the allowed electric quadrupole transitions. The
region II (7120–7126 eV) formally has no transition,
although there is an experimental appearance of Fe2O3,
demonstrating the shoulder peaks resulting of the transition
3d-4s-4p mixing orbitals, as addressed by Chen et al [19].
Finally, the region III (7126–7135 eV) shows that the
maximum absorption relates to dipole transition 1s-4p,
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Figure 4. XANES spectra of Fe K-edge and the fitted curves
using Gaussian function approach of (a) Fe2O3 and (b) BSFCO0.1.

which splits into 1s-4pp and 1s-4pr. However, different
features are observed for BSFCO-x, characterized by the
inability to identify the shoulder peak, as well as the
Table 2.

152

splitting. A similar result in the pre-edge energy position of
Fe K-edge spectra, involving ferrous model complexes and
also experimentally, have previously been reported by
Westre [6] and Wilke [20]. Table 2 shows the summarized
quantity of fitted data. Furthermore, the edge energy
position E0 was indicated and subsequently defined as 0.5
of the normalized absorption at Fe K-edge [21]. This shows
that pre-edge energy (t2g, eg) and the edge energy E0 are
higher in BSFCO-x than Fe2O3, suggesting a mixture of 3?
and 4? in the OS of iron in BSFCO-x. However, 4?
happens to be more at higher x, which is in line with the
report of Shuvaeva [22] on BaFe0.5Nb0.5O3. Therefore, a
precise Fe OS of the octahedron FeO6 in BSFCO-x is better
envisaged by taking the edge energy E0 as an indicator and
comparing it with the Fe foil for Fe0, the FeO for Fe2? and
Fe2O3 for Fe3? (figure 5).
Figure 6a and b shows the fitted data using the Gaussian
function on Cu K-edge, where CuO is presented again for
comparison. This compound has five absorption energy
signals: the first was 8978.64 eV, relating to the transition
1s ? 3d pre-edge, with the second as 8984.86 eV, conveying the geometrical aspect, 8992.74, and 9000.5 eV
relates to 1s ? 4p, which split into 1s ? 4pp and 1s ?
4pr1 , while the rest relate to 1s ? 4pr2 , respectively. A
similar outcome was reported by Kim co-worker [23], and
Akeyama co-worker [24], and instead of five absorption
energy signals of CuO, the BSFCO-x was reduced to four
peaks, the absorption peak 1s ? 4pr1 is undetected. This
different feature occurs due to the nearest-neighbour environment of copper, which was initially planar for Cu-O4
in CuO, before becoming octahedron Cu-O6 in the
BSFCO-x arrangement. Table 3 shows the detailed energy
transition, although the absorption energy for the BSFCO-x
samples was higher than CuO, which suggests that the OS
of Cu is a mixture of 2? and 3?. Furthermore, there is a
need to consider the edge energy E0 for estimating the OS
of Cu, as described for Fe previously. Figure 7 indicates a
decline in the OS of Cu with an increase in the amount of
copper incorporated in the sample, at 2.90 for BSFCO-0.05
and 2.85 for BSFCO-0.10.
3.1c Oxygen non-stoichiometry determination. The OS
of Fe and Cu described in the previous paragraphs suggests
a variation in the amount of oxygen, hence the need to
determine its non-stoichiometry (3–d) in the compound

The peak position of transition energy derived through Gaussian curve fitting of Fe K-edge XANES data.
Pre-edge transition (1s-3d)

1s-4p Transition (eV)

Samples

t2g (eV)

eg (eV)

1s ? 3d-4s-4p mixing (eV)

E0 (eV)

1s-4pp

1s-4pr

Fe2O3
BSF
BSFCO-0.1
BSFCO-0.2

7113.81
7114.26
7114.27
7114.30

7117.58
7120.20
7120.55
7121.66

7123.16
—
—
—

7125.08
7125.48
7125.54
7126.12

7127.72
7131.47
7131.63
7131.31

7134.86
—
—
—
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Figure 5. The oxidation state of Fe determination in BO6
octahedron through extrapolation of the well-known oxidation
state of Fe foil, FeO and Fe2O3.

BSFC-x. Figure 8 shows the variation of (3–d) against the
amount of copper dissolved in the compound at room
temperature, and the result indicates an inversely
proportional relationship. This confirms the OS of copper,
based on the outcome of XANES analysis, dominated by
Cu3? for low dopant, which was reduced to Cu2? for the
high dopant. Consequently, oxygen vacancy was generated
in the octahedron arrangement, due to the effect of different
cationic charges in the B-site environment, which must be
(4?). However, iron and copper formed in different OSs are
generally preserved [25]. The similarity of the decrease of
copper OS viz. the increase of oxygen vacancy and the
diminution of oxygen non-stoichiometry is then obvious.
Besides, the lower OS of copper followed by an oxygen
vacancy creation should be addressed as a main cause of
crystal symmetry transformation described previously in
section 3.1.1.

3.2

Magnetic properties

Figure 9a shows M–H curves, which recorded up to 1 T of an
applied magnetic field, which features a mixed character of
ferromagnetic and paramagnetic properties, evidenced by
curve hysteresis and the linear part. Considering the absence of
unpaired electrons in the A-site ions of Ba and Sr, it is assumed
that the B-site ions of Fe and Cu are responsible for M–H
hysteresis magnetization. Focusing on ferromagnetization,
M–H data ought to be extracted to exclude the paramagnetic
property, as shown in figure 9b. Therefore, samples with zero
copper are shown as hard magnetic; for x = 0.05, as the
hysteresis curve reduced coercivity (Hc) 0.35 to 0.14 T, while
the magnetic saturation (Ms) was slightly upside. However,
further increase in copper content to x = 0.1 leads to the severe
reduction in Ms, which becomes almost paramagnetic for
higher copper substitution x = 0.15, 0.2.

Figure 6. Cu K-edge spectra and its fitted curve using a
Gaussian function approach of (a) CuO and (b) BSFCO-0.05.

Table 4 shows the saturation of magnetization Ms of
sample BSFCO-x (x = 0–0.2), which is expressed in emu g-1.
In BSF (x = 0), however, only Fe occupy the octahedron site,
with a mixed OS of 3? and 4?, which is in line with the
description from XAS analysis. Considering the rules of
Goodenough–Kanamori [3,5,26], the possible interaction
include Fe3?(t32ge2g)–O (2p)–Fe4?(t32ge1g), resulting in a ferromagnetic ordering, while the Fe3?(t32ge2g)–O (2p)–Fe3?(t32ge2g)
and Fe4?(t32ge1g)–O (2p)–Fe4?(t32ge1g) provide antiferromagnetic ordering. The ferromagnetic ordering produces the
number of unpaired electrons, following the substitution of
copper, for x = 0.05, the magnetic saturation Ms increases
slightly to 0.02 emu g-1. Based on the XANES analysis, the
OS of Cu = ?2.75 for x = 0.05, signify that Cu3?& 75% and
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The peak position of transition energy derived through Gaussian curve fitting of Cu K-edge XANES data.

Samples

1s ? 3d

Geometry factor

E0

1s ? 4pp

1s ? 4pr1

1s ? 4pr2

CuO
BSFCO-0.05
BSFCO-0.1
BSFCO-0.15
BSFCO-0.2

8978.64
8981.90
8981.90
8978.47
8978.47

8984.86
8986.30
8986.30
8984.97
8984.97

8986.49
8989.88
8989.69
8989.30
8989.16

8992.74
8997.32
8997.48
8997.74
8997.78

9000.50
9004.07
9004.07
9004.63
9004.88

9008.66
9009.76
9009.96
9011.06
9010.88

Figure 7. The oxidation state of Cu determination in BO6
octahedron through extrapolation well-known oxidation state of
Cu foil, Cu2O and CuO.

Figure 9. (a) Magnetization vs. magnetic field (M–H) curve of
AFC-x at 300 K. (b) Ferromagnetic M–H curve by excluding the
paramagnetic part.
6
; 3dz1 ; 3dx12 y2 ), while
and two unpaired electrons on 3d8 (t2g

Figure 8. Oxygen non-stoichiometry (3–d) of BSFCO-x measured and calculated using iodometric titration.

Cu2?& 25%, using the lever rule. Figure 4 shows the OS of
Fe = 3.33 for x = 0.05, which is expected to be Fe3? & 67%
and Fe4? & 33%. Conversely, the initial oxygen stoichiometry of 2.76 was converted to 2.68. Therefore, at least these
three aspects were contributed to the occurrence of magnetization. Since the state of Cu3? having three pairs electron

6
Cu2? in 3d9 (t2g
; e3g ) has a single-unpair electron, consequently, when Cu substitute Fe, the outcome is reduced
magnetization by *0.005%. However, the OS of Fe slightly
increases by 0.01, leads to a decrease in its unpair electron but
will gain in interaction Fe3?-O-Fe4?. On the other hand, the
oxygen stoichiometry changes by –3% to generate oxygen
vacancy. The oxygen vacancy modify the interaction of
4?
Fe3?(t32ge2g)–O (2p)–Fe4?(t32ge1g) to Fe3?(t32ge2g)–V••
O –Fe
3 1
(t2geg), which produces an additional lB number due to the
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Magnetic behaviour, coercivity (Hc), remanence (Mr) and saturation magnetization (Ms) of BSFCO-x samples.

Samples

Magnetic behaviour

Coercivity, Hc (T)

Remanence, Mr (emu g-1)

Saturation magnetization, Ms (emu g-1)

Ferro/Para
Ferro/Para
Ferro/Para
Para
Para

0.35
0.14
0.12
—
—

0.152
0.157
0.001
—
—

0.172
0.195
0.014
—
—

BSFCO-0.0
BSFCO-0.05
BSFCO-0.1
BSFCO-0.15
BSFCO-0.2

disappearance of the d–p interaction of Fe-O. Hence, the
slight upside of the magnetic saturation should be addressed,
caused mainly by oxygen vacancy. Moreover, the presence of
copper softens magnetization.
An increase in Cu to x = 0.1 leads to a consistent significant decline in magnetization (&–92%), up to undetectable levels for higher x. Based on the XAS analysis,
there is an increase in the OS of Fe in the B sites from
?3.32 for x = 0 to ?3.34 for x = 0.1, and ?3.47 for x = 0.2,
accordingly. Hence, Fe3? is assumed to decrease, while
Fe4? increases, consequently promoting antiferromagnetic
ordering Fe4?(t32ge1g)–O (2p)–Fe4?(t32ge1g), while magnetic
saturation (Ms) reduces. The OS of Cu was ?2.69 for x =
0.1, and ?2.55 for x = 0.2, indicating Cu3? & 69% and
Cu2? & 31% for x = 0.1, while Cu3? & 55% and Cu2? &
45% for x = 0.2. This led to a shift from 3d8
6
6
(t2g
; 3dz1 ; 3dx12 y2 ) ? 3d9 (t2g
; e3g ), implying a decline in
magnetization, while the oxygen content 2.68 for x = 0.1,
which is almost similar to x = 0.05 then drops to 2.56 for
x C 0.15. Therefore, these three aspects collectively reduced
magnetization saturation Ms by –92%, and vanish for x C
0.15. Also, Cu was deduced at this point to play a role in the
paramagnetic–ferromagnetic transition.

4.

(2020) 43:152

Conclusions

The local structure and magnetic properties of Cu-doped
Ba0.5Sr0.5FeO3–d were studied. EXAFS analysis showed the
presence of cubic symmetry at the composition range 0 B
x B 0.1, which was tetragonal for 0.15 B x B 0.2. Besides,
evaluation using XANES confirmed the OS of Cu to be a
mixture of 3? and 2?, which was a combination of 3? and
4? for Fe. This valence composition impacts on the magnetic properties of BSFCO-x, as SQUIDS measurement
showed a mix of paramagnetic and ferromagnetic characteristics. In addition, the magnetization on BSF was originated by the interaction Fe3?(t32ge2g)–O (2p)–Fe4?(t32ge1g) of
adjoining BO6 octahedron. The oxygen vacancy is advantageous in the aspect of increased magnetization, which
modifies the interaction of Fe3?(t32ge2g)–O (2p)–Fe4?(t32ge1g)
4? 3 1
to Fe3?(t32ge2g)–V••
O –Fe (t2geg). Higher Cu doping induced
to the higher OS of Fe, while Cu decreases, then made up an
antiferromagnetic ordering for high Cu doping (x C 0.1).
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