Materials Characterization 238 (2026) 116669

FI. SEVIER

Contents lists available at ScienceDirect
Materials Characterization

journal homepage: www.elsevier.com/locate/matchar

-

MATERIALS

CHARACTERIZATION

Heterointerface-induced enhancement of magnetization in CaFesO4/

CayFey05 composite fibers

Zhibin Ling ™', Feiyu Diao ™', Fei Xie, Rongsheng Cai ¢, Xuyan Xue ™', Yigian Wang

2 College of Physics, Qingdao University, No. 308 Ningxia Road, Qingdao 266071, PR China

a,”

b College of Textile and Clothing, Qingdao University, No. 308 Ningxia Road, Qingdao 266071, PR China
¢ State Key Laboratory of Solid Lubrication, Lanzhou Institute of Chemical Physics, Chinese Academy of Sciences, Lanzhou 730000, PR China

ARTICLE INFO ABSTRACT

Keywords:

Low-dimensional metal oxide
Ferrite

Soft magnetic material
Heterointerface

Saturation magnetization

Orthorhombic calcium ferrites, CaFe;04 and CagFepOs, have attracted much attention over decades owing to
their unique crystal structures and magnetic behaviors. However, their practical application is often hindered by
the relatively low magnetization. In this work, a novel strategy, heterointerface engineering, is adopted to
enhance their magnetic properties. The CaFe204/CasFe2Os composite fibers are synthesized via electrospinning
followed by a high-temperature annealing in air. Magnetic hysteresis loop measurements reveal that the

CaFe04/CagFesOs composite fibers exhibit better magnetic performance compared to their single-phase
counterparts, indicating a positive role of the heterointerface in enhancing magnetic properties. Density func-
tional theory calculations further elucidate the underlying mechanism for the enhanced magnetization, which is
attributed to the fact that the heterointerface provides a distinct local field environment, thus strengthening the
super-exchange interactions between Fe atoms. This work not only presents a facile method for fabricating
calcium ferrite heterostructures but also provides fundamental insights into interface-mediated magnetization
enhancement, opening avenues for their advanced technological applications.

1. Introduction

Ferrite materials, due to their unique magnetic, electrical, and op-
tical properties, have attracted considerable attention for their vast
potential in a wide range of applications, including data storage, sensor
technology, catalysis, and biomedical engineering [1,2]. Among the
diverse family of ferrites, calcium-based ferrites with an orthorhombic
structure, such as CaFe;04 and CayFe,Os, have garnered particular in-
terest due to their distinctive crystal structures, intriguing magnetic
behaviors, and significant potential for multifunctional applications
[3-7].

Both CaFey04 (Eg ~ 1.9 eV) and CasFe20s (Eg = 2.0-2.2 eV) [8-11]
exhibit excellent photocatalytic activities under visible light irradiation
and gas sensing performance with promising application prospects.
However, they show different magnetic behaviors. CaFe,04 exhibits soft
magnetic characteristics, such as low coercivity and remanent magne-
tization, making it suitable for applications in magnetic separation,
magnetic hyperthermia, and drug delivery systems [12-14]. CayFes0s
displays more complex magnetic behaviors, which can manifest as
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antiferromagnetism, weak ferromagnetism, or a spin-glass state [15].
Recent first-principles calculations have revealed that the magnetic
properties of CagFepOs are predominantly governed by short-range
magnetic exchange interactions between Fe atoms [16]. Despite multi-
functional characteristics of CaFe;04 and CasFe,Os, their relatively low
magnetization has long hindered their practical use in advanced mag-
netic devices [7,17].

To optimize the physical and chemical performances of CaFe;O4 and
CagFey0s, various strategies have been extensively used, including
elemental doping, microscopic morphology regulation, and hetero-
interface engineering [18-20]. Among these strategies, heterointerface
engineering is the most powerful to tailor the physical and chemical
properties of ferrites, because the interface between different phases can
induce unique electronic structure, charge transfer effect, and magnetic
coupling behavior that are not present in the single-phase ferrites
[21-23]. Heterointerface engineering has demonstrated a significant
potential in diverse applications such as photocatalysis and gas sensor of
CaFey04 and CayFe 0s. For instance, Luo et al. [24] developed a novel
CaFey04/Bis03 composite, which shows enhanced photocatalytic
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Table 1
Raw material ratios for different products.
Raw materials Products
Ca(acac), (g) Fe(acac)s (g) Molar ratio
0.24 0.70 1:2 CaFey04
0.24 0.35 1:1 CagFey0s5
0.24 0.52 1:1.5 CaFe304/CazFes05
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Fig. 1. XRD patterns obtained from CF-12 (a), CF-11 (b), and CF-23 (c).

activity due to the heterojunction structure between BipO3 and CaFe204.
Chang et al. [8] demonstrated that constructing heterointerfaces be-
tween CapFe;Os and CaFeqO4 can effectively modulate the electronic
structure and induce an intrinsic electric field at the interface, leading to
improved separation of photogenerated charge carriers and enhanced
photocatalytic performance. Guo et al. [20] constructed CaFeyO4/
ZnFey04 heterostructures by a hydrothermal method and achieved
better gas sensing performance, which was attributed to the improve-
ment of electron-hole separation rate and the decrease of charge transfer
resistance. Although heterointerface engineering has achieved remark-
able progress in regulating the photocatalytic and gas sensing properties
of CaFe;04 and CayFey0s, scarce work has been found to enhance their
magnetic properties through constructing heterostructure.

In this study, we presented a novel approach to address the critical
gap in magnetic enhancement via heterointerface engineering. CaFe2O4,
CayFe0s, and CaFe;04/CasFeyO5 submicron fibers were synthesized
using electrospinning technique. The composition, microstructure, and
magnetic properties of these materials were systematically investigated.
First-principles calculations were employed to elucidate the underlying
mechanism for the enhancement of magnetic properties at the
heterointerface.

2. Experimental

CaFey04, CasFes0s, and CaFe,04/CasFesOs fibers were fabricated
via the electrospinning technique. Calcium acetylacetonate [Ca(acac),]
and iron acetylacetonate [Fe(acac)s] powders, in varying molar ratios
(detailed in Table 1), were precisely weighed and placed into a reagent
bottle. Subsequently, 0.66 g of polyvinylpyrrolidone was added into the
bottle, followed by sequential addition of 3 mL of anhydrous ethanol and
3 mL of glacial acetic acid. The resulting solution was then subjected to
continuous stirring for 6 h to ensure formation of a homogeneous and
viscous solution. Next, 3-5 mL of this solution was loaded into a syringe
for electrospinning.

The electrospinning parameters were optimized as follows [25-27]:
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a spinning voltage of 16 kV was applied between the needle and the
collector at a distance of 15 cm; the injection rate was 0.5 mL/h; the
collector of the fibers consisted of a steel plate wrapped with oil paper
rotating at 500 rpm; the temperature was 25 °C; the humidity was
~45%. After the electrospinning process was finished, the resulting fiber
membrane was carefully removed from the collector drum and dried at
60 °C for 2 h to remove any residual solvents. After drying, the fiber
membranes were then annealed at 900 °C for 12 h with a heating rate of
5 °C/min in an air atmosphere. The final products were obtained after
the annealing process. The obtained fiber membranes with Ca:Fe ratios
of 1:1, 1:2 and 1:1.5 were named as CF-11, CF-12 and CF-23,
respectively.

The crystal structures of three products were analyzed by an X-ray
diffractometer (XRD, Bruker D8 Advance) with Cu-K, radiation (A =
1.5406 A). The morphology of the products was examined using a field-
emission SEM (FE-SEM, Sigma 500) operating at 15 kV. X-ray photo-
electron spectroscopy (XPS) spectra were acquired using a Thermo
Scientific K-Alpha™ XPS spectrometer equipped with an Al K, X-ray
source. Bright-field (BF) images, high-resolution transmission electron
microscopy (HRTEM) images and selected-area electron diffraction
(SAED) patterns were obtained using a field-emission transmission
electron microscope (TEM, JEOL JEM2100F) operating at 200 kV. The
elemental mapping of the fibers was carried out using energy dispersive
X-ray spectrometer (EDS, Oxford INCAx-sight 6427). The high-angle
annular dark field (HAADF) imaging was performed using a probe-
corrected Thermo Scientific Spectra 300 (S)TEM with an accelerating
voltage of 300 kV. The magnetization versus magnetic field hysteresis
loops were measured by a vibrating sample magnetometer (VSM)
equipped on a physical properties measurement system (PPMS, Quan-
tum Design) at room temperature.

Spin-polarized electronic structure calculations were performed
using the plane-wave basis set method, as implemented in the Vienna Ab
initio Simulation Package (VASP) [28]. The projector augmented wave
pseudopotential (PAW) was employed to describe the interactions be-
tween ions and core electrons. The exchange and correlation effects
were described using the Perdew-Burke-Ernzerhof (PBE) within the
framework of generalized gradient approximation (GGA) [29]. The
cutoff energy for the truncation of plane-wave bias was set to be 520 eV,
and the accuracy of the electron self-consistent field was set to be 107°
eV. A Brillouin zone k-point sampling with a resolution of 2 x 0.05 A~}
was used. The convergence criterion is 0.01 eV/A for the forces acting on
the atoms. The spin-polarized calculations for collinear magnetism were
performed self-consistently.

3. Results and discussion

To investigate the crystal structure of the as-synthesized products,
XRD analysis was conducted, as shown in Fig. 1. The XRD patterns
reveal that all three products exhibit good crystallinity. Fig. 1(a) shows
the XRD pattern obtained from the product of CF-12, which can be
indexed using orthorhombic CaFe;O4 (JCPDS #72-1199). The diffrac-
tion peaks at 19.2°, 33.5°, 33.6°, 35.4°, 40.3°, 42.7°, 49.5°, 49.7°, and
61.2° correspond to the (120), (040), (320), (121), (131), (311), (241),
(401), and (441) crystal planes of orthorhombic CaFe;04, respectively.
Therefore, the obtained product named as CF-12 can be identified as
CaFey04. Fig. 1(b) shows the XRD pattern of CF-11, where the diffrac-
tion peaks align well with the standard pattern of orthorhombic
CagFey05 (JCPDS #71-2264). The diffraction peaks at 24.0°, 31.9°,
33.0°, 33.4°, 46.6°, 49.3°, and 57.9° correspond to the (031), (002),
(200), (141), (202), (062), and (143) crystal planes of orthorhombic
CagFey0s, indicating the formation of CasFesOs. Fig. 1(c) shows the XRD
pattern of CF-23, revealing coexistence of both CF-12 and CF-11, which
suggests the formation of CaFeyO4 and CagFeyOs in the CF-23.
Furthermore, quantitative analysis of Fig. 1(c) indicates that the molar
ratio of CaFe304 to CasFe 05 in CF23 is approximately 2:1. Accordingly,
the overall Ca to Fe atomic ratio in the composite is calculated to be
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Fig. 2. SEM images and diameter distributions of CaFe;O4 (a, b, c), CasFe;Os (d, e, f) and CaFe;04/CasFe 05 (g, h, i) submicron fibers.

1:1.5, which aligns precisely with the molar ratio of the precursors used
in the synthesis process. This demonstrates that the phase composition
can be effectively controlled by adjusting the molar ratio of precursors
[30-35].

SEM examination was conducted to characterize the morphology of
the three products, as displayed in Fig. 2. Fig. 2(a) presents a low-
magnification SEM image of CF-12, showing that the diameters of the
fibers range from 200 nm to 400 nm. Fig. 2(b) is an enlarged SEM image,
revealing that these fibers are composed of numerous small particles and
have a porous surface morphology. In comparison, the CasFe2Os fibers
(Fig. 2(d) and (e)) exhibit a more uniform length distribution and their
diameters range from 200 nm to 500 nm. At higher magnification, we
can see that the CayFeoOs5 fibers are composed of numerous particles
with relatively larger size and much less surface pores than those
observed in CaFe;04. The differences in morphology are mainly due to
the varying amounts of organic ligands and the phase structures. The
higher amounts of organic ligands in the CaFe;O4 precursor releases
more gas during annealing, creating a porous surface. For CasFe2Os, the
lower amounts of organic ligands result in less gas evolution, allowing
grains to grow larger and form a denser surface. Fig. 2(g) shows the low-
magnification SEM image of the CF23, which displays relatively uniform
fibers with diameters ranging from 150 to 400 nm. The magnified image
in Fig. 2(h) further confirms that the composite fibers consist of fine
grains. Notably, the surface of the CaFe304/CasFe;Os composite fibers
appears smoother and more compact compared to the single-phase fi-
bers. This is because the coexistence of CaFe;O4 and CazFezOs phases
restricts grain growth by mutually limiting crystallization expansion.
The resulting small, uniform grains pack densely, forming a continuous

surface. This observation implies an enhanced interfacial interaction
between the constituent particles and suggests the potential formation of
a heterojunction structure between CaFe;O4 and CayFesOs.

To investigate the surface elemental valence states of CaFezOa,
CagFes0Os, and CaFey04/CasFey0Os fibers, XPS examination was con-
ducted, as presented in Fig. 3. Figs. 3(a), (b), and (c) depict the high-
resolution XPS spectra of the Ca 2p, Fe 2p, and O 1 s in the CaFey04
fibers, respectively. In Fig. 3(a), the peaks at 350.89 eV and 347.3 eV
correspond to the 2p1 5 and 2ps/; of Ca?*, indicating that the valence
state of Ca in the fibers is +-2 [36]. In Fig. 3(b), the peaks at 724.3 eV and
710.7 eV correspond to the 2p; 5 and 2ps,; of Fe3T, with satellite peaks
at 718 eV and 733 eV, confirming that the valence state of Fe in the
product is +3 [20]. In Fig. 3(c), peaks at 531.5 eV and 529.9 eV corre-
spond to surface-adsorbed oxygen and lattice oxygen within the fibers,
respectively [30]. Figs. 3(d), (e), and (f) show the high-resolution XPS
spectra of the Ca 2p, Fe 2p, and O 1 s of CayFeOs fibers, respectively. In
Fig. 3(d), the peaks at 351.31 eV and 347.64 eV correspond to the 2p; 2
and 2ps /- of Ca2+, indicating a + 2 valence state for Ca [20]. In Fig. 3(e),
the peaks at 724.3 eV and 710.7 eV correspond to the 2p; » and 2p3 2 of
Fe3", with satellite peaks at 718 eV and 733 eV, indicating that the
valence state of Fe in CagFe,Os is +3. In Fig. 3(f), the peaks at 531.5 eV
and 529.9 eV correspond to surface-adsorbed oxygen and lattice oxygen,
respectively. Compared to CaFe;O4 fibers, the intensity of the surface-
adsorbed oxygen peak in CayFe,Os fibers is significantly reduced. This
phenomenon can be attributed to the porous structure of CaFe;O4 sub-
micron fibers. Figs. 3(g), (h), and (i) present the XPS spectra of the Ca 2p,
Fe 2p, and O 1 s of the CaFe,04/CasFes05 composite fibers, respectively.
It can be seen that the main peaks positions of Ca 2p, Fe 2p, and O 1 s in
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Fig. 3. XPS spectra of Ca, Fe, and O in CaFe,O4 (a, b, c), CasFe 05 (d, e, f), and CaFe,04/CasFes0s (g, h, 1) submicron fibers.

the CaFe204/CasFe0s composite fibers remain the same as those in the
CaFey04 and CagFeyOs fibers. However, different from the spectra of
CaFe304 and CagFeyOs fibers, a new satellite peak appears at 706 eV in
the Fe 2p spectrum of the composite fibers, indicating a change in the
electronic structure of some Fe atoms in the composite fibers. This
phenomenon is likely induced by the formation of a CaFe;04/CasFesOs
heterostructure interface within the composite fibers.

To further investigate the microstructure of CaFe;04, CagFe20s, and
CaFe504/CagFeyOs fibers, extensive TEM examinations were performed.
Fig. 4(a) shows a BF TEM image of CaFey04 fibers, revealing that the
fibers are composed of small particles, consistent with the SEM obser-
vations. The inset displays the polycrystalline diffraction pattern, which
corresponds to the (040), (400), (260), and (540) planes of the ortho-
rhombic CaFep04. Fig. 4(b) presents the SAED pattern of the grains
enclosed by a white rectangle in Fig. 4(a), which can be indexed as the
[001] zone axis of orthorhombic CaFey04. Fig. 4(c) displays the corre-
sponding HRTEM image. Fig. 4(d) is an enlarged view of the region
enclosed by a white rectangle in Fig. 4(c), where the interplanar spac-
ings are measured to be 2.67 A and 2.68 A, corresponding to the (320)
and (040) planes of the orthorhombic CaFez04, respectively. From the

above, it is concluded that the CaFe,O4 fibers are composed of numerous
CaFey04 nanoparticles.

Fig. 5(a) shows a BF TEM image of CayFeOs fibers, indicating that
the CasFe,Os fibers are also composed of small particles, consistent with
the SEM observations. The polycrystalline diffraction pattern in inset of
Fig. 5(a) can be indexed from inside to outside with (002), (222), (113)
and (004) planes of orthorhombic CagFeyOs. Fig. 5(b) presents the SAED
pattern of the grains enclosed by a white rectangle in Fig. 5(a), which
can be indexed as the [110] zone axis of the orthorhombic CasFe,Os.
Fig. 5(c) displays the corresponding HRTEM image. Fig. 5(d) is an
enlarged view of the region enclosed by a white rectangle in Fig. 5(c),
where the interplanar spacings are measured to be 2.80 A and 255 A,
corresponding to the (002) and (220) planes of the orthorhombic
CayFey0s, respectively. Based on the above analysis, it can be concluded
that the CagFe;Os fibers are composed of numerous CasFesOs
nanoparticles.

Fig. 6(a) shows a BF TEM image of CaFey04/CagFesOs composite
fibers, revealing that the fibers are composed of numerous particles.
Compared to CaFe;O4 and CagFeyOs fibers, the nanoparticles in the
CaFey04/CagFey0s fibers are smaller in size and more densely packed.
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Fig. 4. TEM images of CaFe,0,4 submicron fibers. (a) Bright-field image (inset showing polycrystalline diffraction pattern), (b) SAED pattern of the grains within the
white rectangular region in (a), (c) HRTEM image of a localized region in a single grain, (d) Enlarged view of the region enclosed by a rectangle in (c).

Fig. 6(b) is an enlarged image of the region enclosed by a white rectangle
in Fig. 6(a). Figs. 6(c), (d), and (e) display the SAED patterns of the three
grains labeled I, II, and III in Fig. 6(b). The patterns in Figs. 6(c) and (d)
can be indexed as the [133] zone axis of the orthorhombic CaFey0y,
while the pattern in Fig. 6(e) can be indexed as the [121] zone axis of the
orthorhombic CasFe;Os.

Figs. 7(a-c) present the HRTEM images of the three grains. Figs. 7(d),
(e), and (f) are the enlarged HRTEM images of grains I, II, and III,
respectively. In Fig. 7(d), the interplanar spacings are measured to be
2.91 A and 2.96 f\, corresponding to the (011) and (301) planes of
CaFe504. In Fig. 7(e), the two crystal planes can be indexed as the (011)
and (301) planes of CaFey04. In Fig. 7(f), the interplanar spacings are
3.89 A and 3.76 /o\, consistent with the (101) and (111) planes of
CagFey0s. These results confirm that grains I, II, and III are CaFeqO4,
CaFey04, and CapFeyOs nanocrystals, respectively. Further detailed
observation reveals that the grain boundaries of grains I, II, and III are
tightly interconnected, leading to the formation of CaFe;04/CasFe05
heterostructure interfaces between grain I and grain III, grain II and
grain III. Fig. 8 shows the EDS elemental mappings of three grains,
indicating the uniform distribution of Ca, Fe, and O within the fibers. No
elemental signals other than Ca, Fe, and O are detected across the
observed region, confirming that the grains contain only these three
elements.

The heterostructure interface of CaFe;04/CasFeyOs was further
investigated using STEM, as shown in Fig. 9. Fig. 9(a) shows a HAADF
image of the nanocrystal interface in CaFey04/CagFe;Os composite fi-
bers. For ease of description and analysis, the two grains in Fig. 9(a) are
labeled as IV and V, and the interface between them is designated as VI.

Figs. 9(b) and (c) are the enlarged HAADF images of grain IV and V,
respectively. The interplanar spacing in grain IV is 2.96 A, consistent
with the (301) plane of CaFe,0, along the [133] zone axis. In Fig. 9(c),
the interplanar spacing in grain V is 3.89 A, matching the (101) plane of
CayFey0s5 along the [010] zone axis. Fig. 9(d) is an enlarged HAADF
image of VI, clearly showing that a stable heterostructure interface is
formed between CaFe;04 and CayFes0s. The inset in Fig. 9(d) illustrates
a schematic diagram of the atomic structures for CaFe;04 and CasFezOs
along the [133] and [010] zone axes, respectively. These HAADF images
provide direct evidence of the existence of heterostructure interface
between CaFe;04 and CagFeyOs crystal grains in the CaFey04/CagFesOs
composite fibers. These heterostructure interfaces in the composite fi-
bers are expected to have great influence on their magnetic properties.

To investigate the influence of heterostructure interface on the
magnetic properties, the hysteresis loops of CaFe;04, CasFepOs and
CaFey04/CagFey0s fibers were measured, as shown in Fig. 10. From
Fig. 10(a), it can be seen that the loops of CaFey04, CasFe20Os, and
CaFey04/CagFe;0s fibers exhibit typical soft magnetic characteristics.
All the three ferrite fibers easily reach magnetic saturation (M;) under an
external magnetic field. Further observation reveals that the M of
CaFey04/CagFe05 composite fibers is significantly higher than that of
CaFey04 and CayFes0Os. Fig. 10(b) displays a magnified view near the
zero-field region of Fig. 10(a), which clearly shows that all three ma-
terials exhibit low coercive forces (H.), approximately 70 Oe. The
remnant magnetism (M,) of both CaFepO4 and CagFeyOs is similar,
approximately at 0.05 emu/g. Whereas the CaFe;04/CasFe;0Os com-
posite fibers with a heterostructure interface exhibit a significantly
higher M, of 0.1 emu/g. In addition, all three submicron fibers reach Mg
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Fig. 5. TEM images of CayFe;Os submicron fibers. (a) Bright-field image (inset showing polycrystalline diffraction pattern), (b) SAED pattern of the grains within the
region enclosed by a white rectangle in (a), (¢) HRTEM image of a localized region in a single grain, (d) Enlarged view of the region enclosed by a rectangle in (c).

I:CaFe,O,

P ()

:(3:01)

Fig. 6. TEM images of CaFe;04/CasFe,Os submicron composite fibers. (a) Bright-field image, (b) Enlarged view of the region enclosed by a white rectangle in (a),

SAED patterns obtained from grain I (c), grain II (d), and grain III (e).

at an external magnetic field of 1000 Oe. The M; of the CaFey04/
CagFey0s5 composite fibers is approximately 0.38 emu/g, notably higher
than that of CaFe;04 and CayFes0s (~ 0.19 emu/g). These experimental
results indicate that the introduction of a heterostructure interface has a
slight influence on the H. but significantly enhances the M, and M,
thereby improving the overall magnetic performance of the as prepared
ferrites. Furthermore, all the three ferrite fibers exhibit super-
paramagnetic behavior [37], which can be attributed to the small grain

sizes within the fibers [38] and the non-magnetic nature of Ca atoms
[39].

While the magnetization levels achieved here remain lower than
those of conventional soft magnetic materials, the demonstrated
enhancement via heterointerface engineering provides a viable route for
tailoring magnetic properties, and the resulting enhanced magnetization
may be sufficient for applications such as magnetically recoverable
catalysts and biosensing platforms [40-43] where multifunctionality is
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Fig. 8. (a) TEM image of CaFe,04/CasFe;0s composite fibers; EDS elemental mappings: (b) Fe, (c) Ca, and (d) O.
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IV: Ca F3204

Fig. 9. HAADF images of the CaFe;04/CazFe;Os heterostructure interface. (a) HAADF image of the interface, (b) Enlarged HAADF image of grain IV, (¢) Enlarged
HAADF image of grain V, (d) Enlarged HAADF image of region VI, with an inset showing a schematic diagram of the atomic structures of CaFe;04/CasFe;Os.

prioritized over high magnetic moment.

To demonstrate the influence of product morphology on the mag-
netic properties of ferrites, a comparison was conducted between
previously-reported results and the experimental findings of this study.
Damerio et al. [7] prepared CaFe;O4 thin film with a thickness of
approximately 90 nm on TiO; substrates using pulsed laser deposition.
The film exhibited a M of only 0.05 emu/g, which is significantly lower
than that (0.19 emu/g) for the CaFe204 fibers in this work. Similarly,
Phan et al. [44] prepared CasFesOs particles with diameters ranging
from 2 to 10 pm via a solid-state method. These particles displayed
distinct superparamagnetic characteristics with Mg of 0.13 emu/g,
inferior to that of the CasFe,Os fibers in this study. These comparisons
suggest that, for both CaFe;O4 and CagFe2Os, the fiber morphology
plays a substantial role in enhancing their magnetic properties. The
enhancement of magnetic properties in submicron fibers compared to
their bulk counterparts and thin films can be attributed to three primary
factors [40]. Firstly, the one-dimensional structure of the submicron
fibers exhibits pronounced shape anisotropy, facilitating the alignment
of magnetic moments along the fiber axis. Secondly, the increased spe-
cific surface area of the fibers introduces a higher density of surface
defects, which ultimately enhance the saturation magnetization.
Thirdly, the smaller grain size within the fibers results in a greater
number of grain boundaries and interfaces, generating stronger mag-
netic interactions compared to bulk particles and thin films.

To elucidate the mechanism by which the heterostructure interface
enhances the magnetic properties of the as prepared ferrites, density
functional theory (DFT) calculations of the magnetic structure and
magnetic moments of CaFe;04, CagFesOs, and CaFey04/CasFesOs were
performed. First, the spin-polarized states of CaFepO4 and CayFesOs
were calculated using first-principles calculations to determine their
most stable spin structures, as shown in Figs. 11(a) and (b). The heter-
ostructure interface was then constructed based on the most stable spin
structures of CaFe;O4 and CayFe;0s, and the stable interface structure
was calculated, as depicted in Fig. 11(c). Subsequently, the electronic
density of states and magnetic moments of Fe atoms in the unit cells of
three ferrites were computed. Fig. 11(d) presents the projected density
of states (PDOS) for Fe atoms in the constructed unit cells of three
ferrites.

As shown in Fig. 11(a), the Fe atoms in CaFe;04 occupy octahedral
sites but exhibit two distinct orientations, labeled as Fel and Fe2, with
antiparallel magnetic moments. First-principles calculations yield
magnetic moments of —2.547 pg for Fel and 2.677 pg for Fe2, resulting
in an average net magnetic moment of 0.065 pg (see Table 2). In Fig. 11
(b), the Fe atoms in CasFe;Os occupy both octahedral (Feoe) and
tetrahedral (Fet) sites, with their magnetic moments also aligned
antiparallel. The calculated magnetic moments are —3.003 pg for Feoct
and 3.401 pp for Fey, yielding an average net magnetic moment of
0.199 pg. These results indicate that both the magnetic moments of Fe
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Fig. 10. (a) Magnetic hysteresis loops of CaFe;04, CasFe;Os, and CaFe;04/CasFesOs fibers measured at room temperature; (b) Magnified view near the zero-

field region.

atoms and the average net magnetic moment in CagFeyOs are higher
than those in CaFe04. Notably, the average net magnetic moment of Fe
atoms at the CaFe;04/CasFesOs heterostructure interface is 0.280 pp,
significantly higher than that of CaFe;O4 and CagFe;Os. The PDOS in
Fig. 11(d) reveals that the presence of the interface alters the electronic
structure distribution of Fe atoms. Specifically, the spin-down states of
Fel in CaFey04 are significantly reduced at the interface, leading to a
substantial increase in the net magnetic moment of Fe atoms. These
findings suggest that the heterostructure interface modifies the crystal
field environment of the original unit cells, enhancing the super-
exchange interactions between Fe atoms, thereby improving the mag-
netic properties of ferrites.

4. Conclusions

In summary, three ferrite fibers of CaFe;04, CagFe20s and CaFey04/
CagFey05 have been fabricated via electrospinning and subsequent
annealing. Extensive microstructure characterization confirms the for-
mation of a well-defined heterointerface between the two orthorhombic
phases of CaFep;0O4 and CasFeyOs. Hysteresis loop measurements
demonstrate that the CaFe;04/CagFe;Os composite fibers possess
enhanced magnetic properties compared to their single-phase counter-
parts. First-principles calculations reveal that the interfacial region

provides a distinct local environment that strengthens Fe-O-Fe super-
exchange interactions, thereby leading to improved magnetization. This
work not only presents a feasible interface-engineering strategy for
enhancing the magnetic performance of Ca-based ferrites but also offers
fundamental insight into the role of heterointerfaces in modulating
magnetic behavior, which may guide the design of advanced ferrite
materials for magnetic and multifunctional applications.
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