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Abstract: W-type barium—nickel ferrite (BaNi,Fe,O,;) is a highly promising material for electromagnetic wave (EMW) absorption be-
cause of its magnetic loss capability for EMW, low cost, large-scale production potential, high-temperature resistance, and excellent
chemical stability. However, the poor dielectric loss of magnetic ferrites hampers their utilization, hindering enhancement in their EMW-
absorption performance. Developing efficient strategies that improve the EMW-absorption performance of ferrite is highly desired but re-
mains challenging. Here, an efficient strategy substituting Ba>* with rare earth La*" in W-type ferrite was proposed for the preparation of
novel La-substituted ferrites (Ba,_.La,Ni,Fe;s40,;). The influences of La’" substitution on ferrites’ EMW-absorption performance and the
dissipative mechanism toward EMW were systematically explored and discussed. La*" efficiently induced lattice defects, enhanced defect-
induced polarization, and slightly reduced the ferrites” bandgap, enhancing the dielectric properties of the ferrites. La®" also enhanced the
ferromagnetic resonance loss and strengthened magnetic properties. These effects considerably improved the EMW-absorption perform-
ance of Ba,_LaNi,Fe;s,0,; compared with pure W-type ferrites. When x = 0.2, the best EMW-absorption performance was achieved with
a minimum reflection loss of —55.6 dB and effective absorption bandwidth (EAB) of 3.44 GHz.

Keywords: electromagnetic wave absorption; W-type barium ferrite; rare earth; dielectric

1. Introduction

Considerable advancements in wireless communication
have brought about unprecedented convenience alongside in-
tricate challenges posed by electromagnetic pollution [1-6].
Widespread contamination caused by electromagnetic waves
(EMWs) presents a serious threat to the human nervous sys-
tem and disrupts the normal functioning of sophisticated
electronic devices [7-8]. Consequently, high-performance
EMW-absorption materials should be urgently developed to
effectively address the aforementioned issues. A high-per-
formance EMW absorber should possess robust absorption
capabilities, broad effective absorption bandwidth (EAB),
light weight, and low thickness [9—14]. Moreover, cost-ef-
fectiveness is crucial for practical applications. In commonly
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employed EMW-absorbing materials, ferrite possesses con-
siderable advantages in terms of cost-effectiveness and
scalability, serving as an ideal material for large-scale manu-
facturing. The W-type ferrite is lower in cost and has a high-
er sintering temperature than other materials. Its enhanced
resistance to high temperatures is pivotal in various fields,
such as aerospace. Furthermore, compared with other crystal
forms (e.g., M-type), the W-type ferrite has more cation sites
and diverse metal ion types (Ba®’, Ni*', Fe*’, and Fe™),
providing favorable conditions for doping modifications. The
W-type hexagonal barium-—nickel ferrite (BaNi,Fe;s0,;) has
attracted considerable interest because of its high natural res-
onance frequency, excellent impedance matching, and ex-
ceptional resistance to high temperatures and corrosion. Ad-
ditionally, its flake-like morphological structure can greatly
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enhance EMW absorption [15-16]. BaNi,Fe;sO,; exhibits
high permeability as a typical soft magnetic material, en-
abling the repeated rotation of the internal magnetic moment
under an alternating electromagnetic field and enhancing the
dissipation efficiency of EMW [17]. However, poor dielec-
tric loss and narrow EAB hamper the utilization of magnetic
ferrites in EMW absorption [18].

The substitution or doping of ions not only modifies the
crystal phases, morphology, and cell size of ferrites but also
optimizes the properties of matrix materials [19-22]. Doping
with rare earth (RE) elements can greatly improve ferrites’
dielectric and magnetic properties resulting from unpaired
electrons and strong spin-orbit coupling associated with an-
gular momentum caused by the distinctive 4f orbital [23].
This method provides a means for improving the absorption
performance of ferrites. Previous researchers have attempted
to dope or substitute RE elements in ferrites, demonstrating
the effectiveness of these methods in enhancing EMW-ab-
sorption performance. For example, hexagonal M-type
Bay 551 5Co,Ga,Fe ., 019 (x = 0.0, 0.2, 0.4, 0.6, 0.8, 1.0) fer-
rites were synthesized by Kaur et al. [24]. The sample with a
doping amount of 0.2 exhibited superior EMW absorption
performance to a pure sample. The minimum reflection loss
(RL,,;,) was —29.74 dB at a thickness of 2 mm, and the EAB
at frequencies below —20 dB reached up to 810 MHz. Huang
et al. [25] effectively implemented Gd** doping substitution
for Ba?" in Ba, ,Gd,(Zny:Coy,),Fe;s05 (x = 0, 0.05, 0.10,
0.15, 0.20) by using a sol-gel method. The complex per-
meabilities (¢’ and u") greatly improved, accompanied by an
increase of —27 dB in RL,;, value at 1.92 mm. Mang et al.
[26] successfully synthesized Co—Zn ferrite nanoparticles
doped by RE elements (Gd**, Nd**, and Pr’*) through hydro-
thermal methods and demonstrated that the absorption per-
formance was considerably enhanced by doping with Gd*',
Nd**, or Pr’*. Consequently, the RL,;, value reached —27.94,
—25.63, and —16.81 dB, and the EABs were 4.08, 3.91, and
7.31 GHz, respectively. Despite the impressive progress in
RE ion-substituted ferrites for improving EMW-absorption
performance, developing ferrites substituted with RE ions for
high EMW-absorption performance remains highly desired
to advance understanding of EMW-absorption mechanisms.

After summarizing previous studies, we substituted Ba*"
in W-type ferrites with La*" to improve their absorption per-
formance. On the one hand, compared with other RE ions,
La**, which has nearly the same diameter as Ba*', was fa-
cilely and efficiently employed and doped into W-type fer-
rites with a sol-gel method followed by high-temperature
calcination. On the other hand, we employed La’" to induce
defects in ferrite on a large scale, effectively enhancing
dielectric loss for EMW. The unique electron layer structure
of La*" would reinforce magnetic resonance loss. Hence, in
this study, a series of La-substituted W-type barium ferrites
(Ba,_LaNi,Fe;5,40,7;, x = 0.05, 0.1, 0.15, 0.2, 0.25) was pre-
pared. Ultimately, through the synergistic effects of various
mechanisms, a considerably enhanced EMW-absorption per-
formance with an RL,;, value of —55.6 dB and EAB of 3.44
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GHz was achieved at an optimal substitution amount of 0.2
(o; Bagglag,Ni,Fes540,7). This improvement could be attrib-
uted to lattice distortion induced by ion substitution, de-
creased bandgap, and enhanced magnetic resonance loss in
the S, C, and X bands. By contrast, a pure W-type ferrite ex-
hibits negligible absorption properties, and the EMW-ab-
sorption performance of a La-substituted W-type ferrite is
comparable to previously reported exceptional ferrites. We
also substituted Ba®" in W-type ferrites with Ce**. We found
that improvement in absorption performance was weak, and
the optimum performance of a Ce-substituted W-type ferrite
(BapsCey4NirFeis40,7) only showed an EAB of 1.36 GHz
and RL,;, value of =38 dB (Fig. S1, see the Supplementary
Information). This result demonstrates the vital role of La®* in
improving the EMW-absorption performance of ferrites. This
study thus presents a promising avenue for enhancing the
EMW-absorption performance of W-type ferrites to satisfy
application requirements.

2. Experimental
2.1. Materials

Barium nitrate (Ba(NOs),), ferric nitrate nonahydrate
(Fe(NOs);-9H,0), nickel nitrate hexahydrate (Ni(NO;),
6H,0), and lanthanum nitrate hexahydrate (La(NOs);-6H,0)
were used as reagents for the preparation of La-doped bari-
um ferrites. Ammonium hydroxide (NH;-H,0) was used to
regulate the pH of mixtures, and citric acid (C¢HzO, H,0)
was used as a complexing agent in the synthesis process.
The reagents were of analytical grade and purchased from
Aladdin, except CsHsO;,-H,O, which was purchased from
Macklin.

2.2. Preparation of La-substituted W-type barium—nick-
el ferrites

The specific sol-gel preparation flow chart is shown in
Fig. 1(a). Stoichiometric amounts of metal nitrates and citric
acid were used for 0.05 mol W-type barium-—nickel ferrites
(Ba,_,La,Ni,Fe,0,,). Subsequently, the reagents were dis-
solved in deionized water (150 mL) and vigorously stirred at
room temperature for 3 h until a transparent solution formed.
Next, the pH of the solution was finely adjusted to approxim-
ately 7 with NH;-H,O. Then, the neutral solution was heated
in an oil bath at 80°C for 12 h. Finally, the gels formed from
the solution were calcinated at 1280°C for 3 h to yield La-
doped W-type barium—nickel ferrites.

2.3. Characterization

The morphology and structural features of all samples
were characterized with a scanning electron microscope
(SEM; FEI, Quanta 200), which was used in conjunction
with an energy-dispersive X-ray spectroscopy (EDS) system.
The chemical composition of the ferrites was analyzed using
an Agilent 7800 inductively coupled plasma mass spectro-
meter. Inductively coupled plasma atomic emission spectro-
metry (ICP-OES) was performed. The phase composition
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and crystal structures of the samples were investigated with
an X-ray diffraction (XRD) instrument (DMAX-2500PC).
The scanning speed for XRD analysis was set at 10°/min
within a range of 25°-70° for four samples (BaNi,Fe, 0y, y =
15.1, 154, 15.7, 16) and at 5°/min within a range of 20°-85°
for five samples (Ba,_,La,Ni,Fe;5,0,; with x values of 0.05,
0.10, 0.15, 0.20, and 0.25). The magnetic properties of the
samples were examined at room temperature (25°C) with a
vibrating sample magnetometer (LakeShore7404). Oxygen
vacancy with data acquired using a Bruker-A300 instrument
was characterized through electron paramagnetic resonance
(EPR). The parameters for EPR were set as follows: central
magnetic field strength, 0.351 T; sweep width, 0.01 T; sweep
time, 46.08 s; microwave power, 19.71 mW; modulation
amplitude, 0.0001 T; conversion time, 45.0 ms. Furthermore,
the electromagnetic parameters for all the samples were
measured using a vector network analyzer (ES071c) in a fre-
quency range of 2—18 GHz. Powdered samples were mixed
with paraffin wax in a mass ratio of 4:1 and pressed into a
coaxial ring with an outer diameter of 7 mm and inner dia-
meter of 3.04 mm for the measurement of electromagnetic
parameters. A radar cross-section (RCS) simulation was per-
formed using CST Microwave Studio.

2.4. Density functional theory (DFT) calculations

All calculations were performed using density functional
theory (DFT) based on the projector-augmented wave meth-
od implemented in VASP software. The exchange-correla-
tion functional was described using the generalized gradient
approximation of the Perdew—Burke-Ernzerh (PBE) func-
tional. Doping was modeled through virtual crystal approx-
imation. The models underwent structural optimization with
a4 x4 x 1 gamma grid for the k-points during the relaxation
process. All structures were in a relaxed state until the resid-
ual forces on each atom were less than 0.03 eV-A™". In band
structure calculations, the k-points followed a high-sym-
metry path generated by VASPKIT [27], and the plane-wave
cutoff energy was set at 400 eV. The energy convergence
threshold was set at 10™ eV, and the calculations considered

30 40 50 60 70 80
20/ (°)

(a) Experimental flow chart. (b) XRD patterns of doped samples.

spin-orbit coupling.

3. Results and discussion
3.1. Phase and morphology analysis

For simplicity, five samples with various La contents
(BagosLagosNiFe 540, BagoLag NisFes40,7, BaggsLagsNi,
Fe 540, BagsLag,NiFe 540y, and BagssLag,sNixFes0,7)
were designated as BLNFO1-BLNFOS, respectively, where-
as the reference sample without La (BaNiFe,s,0,;) was de-
noted as BNFO. The concentrations of Ni**, Ba**, Fe**, and
La’ in the samples were determined using ICP-OES. The
results (Table 1) indicated the involvement of all the initial
metal elements in the reactions and their incorporation into
ferrite crystals. Notably, a significant increasing trend was
observed in the measured concentration of La* as the x value
increased. The molar ratios of La’* to Ba®" are essentially
consistent with the x values in Ba,_.LaNi,Fe;540,; (x = 0.05,
0.10, 0.15, 0.20, 0.25), thereby confirming successful doping
implementation.

When the proportion of iron element is 15.4, it is easier to
obtain single-phase W-type ferrite (Fig. S2). The XRD pat-
terns in Fig. 1(b) illustrate the phase structures of doped
samples. The peaks accurately indexed using the standard
XRD patterns of W-type ferrites (JCPDS No. 19-0098) con-
firm the presence of W-type hexagonal barium ferrites, and
peak positions are consistent across the five doped samples.
The characteristic peaks observed at angles of approximately

Table 1. Results of the ICP-OES analysis conducted on
Ba,_ LaxNizFe15'4027 (x = 0.05, 0.10, 0.15, 0.20, 0.25)

Molality / (mol-kg ™)

Sample Ba Ni Fe La

BNFO 0.0529 0.1056 0.7789 —

BLNFO1 0.0472 0.0568 0.6552 0.0027
BLNFO2 0.0406 0.0517 0.5301 0.0043
BLNFO3 0.0281 0.0289 0.4511 0.0046
BLNFO4 0.0325 0.0366 0.5208 0.0081
BLNFO5 0.0420 0.0753 0.7214 0.0155
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30.3°, 32.4°, 34.6°, 36.8°, 37.8°, 53.9°, 55.3°, 56.8°, 57.6°,
and 62.7° correspond to the (110), (1010), (116), (204),
(205), (219), (2015), (306), (2016), and (2018) crystal planes,
respectively.

However, the diffraction peak of the (116) crystal plane
shifts toward a lower 26 value, in contrast to the (205) and
(2018) crystal faces, which shift toward larger 26 values.
These phenomena may be attributed to La** having a smaller
radius than Ba®". The smaller radius results in lattice distor-
tion and anisotropic contraction during doping [28]. In the
pattern of BLNFOS, the diffraction peaks of impure phases,
such as the diffraction peak belonging to Fe,O; between the
(1010) and (116) crystal faces of the W-type ferrites, and the
diffraction peak at approximately 37° corresponding to im-
purity phases Fe,O; and NiFe,O, show extremely high in-
tensities, which indicate that excessive substitution leads to a
reduction in the pure W-type ferrite phase. Moreover, the in-
tensity of the diffraction peak in BLBFOS is considerably re-
duced because of the increased disorder in its crystal struc-
ture. The reason is the high-energy barrier formed at high
doping content. The barrier inhibits crystallization, optimal
grain growth, and causes an increase in heterophases [29].

Int. J. Miner. Metall. Mater., Vol. 32, No. 3, Mar. 2025

To validate the lattice distortion, we conducted a refined
calculation based on the XRD test results and obtained the
corresponding lattice parameters (Table 2). According to the
calculation results, the lattice parameters a and ¢ exhibit de-
creasing trends as the amount of substitution gradually in-
creases from 0.05 to 0.10 owing to the disparity in ion radii
between La*" (1.16 A) and Ba> (1.61 A) [29]. As the amount
of substitution continues to increase, the lattice parameters a
and ¢ show an increasing trend possibly because of the dis-
tortion of the lattice structure after excessive substitution
[30]. The cell volume (V) also shows an increasing trend at
doping amounts of 0.05-0.2. This phenomenon can be attrib-
uted to an interesting situation in which La*" no longer dis-
solves in ferrites beyond a certain concentration and migrates
to the grain boundaries of the ferrites. Subsequently, repla-
cing Fe*" ions with La®" ions at these grain boundaries in-
creases the vacancies of metal ions and maintains charge bal-
ance. These effects would promote movement along the grain
boundaries, explaining why the cell volume gradually in-
creases with La’" content [31]. The abnormal reduction
shown by BLNFOS5 may be attributed to the generation of
impurities.

Table 2. Lattice parameters of samples

Sample alA c/A al () B/ /() vIA
BNFO 5.89208 32.85599 90 90 120 984.3
BLNFOI 5.88996 32.84306 90 90 120 986.5
BLNFO2 5.88831 32.82235 90 90 120 985.2
BLNFO3 5.89091 32.81458 90 90 120 987.5
BLNFO4 5.89011 33.04449 90 90 120 992.2
BLNFO5 5.88483 32.89629 90 90 120 984.7

The micromorphological images and EDS photographs of
BLNFOI1, BLNFO2, BLNFO3, and BLNFO4 are represen-
ted by Fig. 2(a), (b), (c), and (d), respectively. First, the fun-
damental morphology of the La-doped samples remains typ-
ical hexagonal crystals compared with the pure counterpart
BNFO (Fig. S3(a)), suggesting that the incorporation of La**
does not affect the crystal formation of W-type ferrites.
Second, according to SEM images and corresponding EDS
results, the La element is uniformly distributed throughout
the crystal structure, indicating that substitution is successful.
These images are consistent with the XRD patterns.
However, when the substitution amount exceeds 0.2, the
SEM result of BLNFOS5 (Fig. S3(b)) indicates that the crys-
tals start to exhibit fracture and deformation and are consist-
ent with the XRD analysis results (Fig. 1(b)) [32].

3.2. EMW-absorption performance analysis

In general, the reflection loss (RL) values of ferrites at
various frequencies (f) can be calculated using transmission
theory and the metal backboard model [33-34].

Zi =7y (/)" tanh |2 fd (u.e.)"* /c| (1)

RL = 2012 ((Z — Zo)/ (Zin + Zo)| (@)

where Z,, Zy, u,, &, d, fand c refer to the input impedance,

free space impedance, the complex permittivity, the complex
permeability, the thickness of the testing sample, frequency
of the electromagnetic wave, and the light velocity in a vacu-
um, respectively. The three-dimensional loss plots of the
three samples (BNFO, BLNFO3, and BLNFO4) in Fig.
3(al), (bl), and (cl) illustrate the RL values at different fre-
quencies and thickness.

Fig. S4 reveals that the incorporation of a minute quantity
of La** (BLNFO1 (x = 0.05) and BLNFO2 (x = 0.1)) does not
yield high EMW-absorption performance. Owing to the ex-
cellent EMW-absorption performance of BLNFO3 (Fig.
3(bl)) and BLNFO4 (Fig. 3(cl)), they were selected as rep-
resentative samples, along with the pure sample (BNFO).
BNFO (Fig. 3(al)) demonstrates smaller RL values and poor
EMWe-absorption performance. Nearly all the areas show
values lower than —10 dB at a frequency range of 2-18 GHz
because of the absence of La**, as demonstrated in the 2D
graphs in Fig. 3(a2), (b2), and (c2), which correspond to
BNFO, BLNFO3, and BLNFO4, respectively.

By contrast, BLNFO3 and BLNFO4 showcase consider-
able enhancements in RL values. BLNFO4 achieves an RL,;,
value of —55.6 dB and EAB of 2 GHz at a thickness of
4.15 mm. The EAB increases to 3.44 GHz after the thickness
increases to 5.24 mm. Similarly, BLNFO3 also exhibits ex-
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Fig. 2.
(d) BLNFO4.

cellent absorption performance, with a RL;, value of
—43.6 dB and EAB of 2.24 GHz at a thickness of 4.15 mm
and 3.2 GHz at a thickness of 5.73 mm. Achieving excellent
EMW absorption must satisfy impedance matching condi-
tions, which allows EMW to enter the absorbing material
easily instead of being reflected back into free space [35].
Perfect impedance matching occurs when Z (Z = |Z,,/Zj|) = 1,
which indicates that EMW can entirely enter materials [36]
and facilitate effective EMW attenuation. As depicted in Fig.
2(a3), (b3), and (c3), the dots on the black line represent Z =1
for the corresponding frequency and thickness. The black
lines running throughout the C, X, and Ku wavebands indic-
ate the good impedance-matching properties of BNFO,
BLNFO3, and BLNFO4. The difference in absorption per-
formance primarily stems from a material’s attenuation per-
formance for EMW rather than impedance matching. Fur-
thermore, we calculated and plotted the RL values for BNFO,
BLNFO3, and BLNFO4 at different thickness, as shown in
Fig. 3(a4), (b4), and (c4), respectively. The peaks in RL shift
toward low-frequency regions as thickness increases, and this
phenomenon can be expressed by the following formula
[37-39]:

tw = nd/4=nc/ (4f,| ViEE]) (n=1,3.5..) 3)

where t,, refers to the material thickness reaching an odd mul-

SEM images and EDS of hexagonal Ba,_lLaNi,Fe;s,0,; barium ferrites: (a) BLNFO1; (b) BLNFO2; (¢) BLNFO3;

tiple of a quarter wavelength, inducing a precise phase differ-
ence of 180° between outgoing waves, A is the wavelength,
and f;, stands for frequency. This specific moment leads to
complete cancellation between outgoing and incident waves,
resulting in the drastic attenuation of the EMW. Two distinct
regions (RL values < —10 dB) were observed within a specif-
ic range of thickness (Fig. 3(b4) and (c4)). One region ap-
pears in a frequency range of 3—7 GHz, whereas the other
emerges in a range of 12-18 GHz, where BLNFO3 and
BLNFO4 exhibit exceptional absorption performance. This
result demonstrates the potential applications of La-substi-
tuted W-type barium—nickel ferrites. To verify the absorp-
tion effects of BLNFO3 and BLNFO4 in practical applica-
tions, the RCS was simulated using CST Microwave Studio
(Fig. 3(d), (e), and (f)). The reflected EMW is barely observ-
able when incident EMW acts on the BLNFO4 coating on a
perfect electric conductor, compared with the EMW in
BNFO and BNFO3. Furthermore, Fig. 3(g) provides a pre-
cise and direct representation of the RCS values at various in-
cident angles (0° < ¢ < 360°), highlighting the considerable
reduction in reflection when EMW acts upon a substrate. The
absorbing coating demonstrates remarkable absorption cap-
abilities, with RCS values below —20 dB-m? at most incident
angles. Moreover, BNFO3 exhibits superior absorption per-
formance to BNFO. According to the simulation results, the
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introduction of La*" in the W-type barium-nickel ferrites
plays a positive role in EMW absorption. Additionally, com-
bined with the low cost of ferrite, La-substituted W-type bari-
um-—nickel ferrites demonstrate promising prospects for prac-
tical applications.

3.3. Analyses of electromagnetic parameters

The electromagnetic properties of materials can reflect the
capacity to store and dissipate energy carried by EMW and
the mechanisms underlying EMW absorption. Therefore, we
measured the relative complex permittivity (e, = ¢’ — je"” and
relative complex permeability (x, = ¢/ — ju") within a fre-
quency range of 2—-18 GHz. In general, the real parts (¢' and
1) represent the storage capability of EMW energy in a ma-
terial, whereas the imaginary parts indicate its dissipation
[40-42].

The ¢, ¢, and tand, = £"/¢' of BNFO, BLNFO3, and

BLNFO4 are shown in Fig. 4(al), (a2), and (a3). BLNFO3
and BLNFO4 have higher values than BNFO. In addition, the
¢, ", and tand, of the other La-doped samples are higher than
those of BNFO (Fig. S5). The increasing trend during substi-
tution could be attributed to the progressive increase in lat-
tice distortion and defects that would enhance the polariza-
tion and conductivity of ferrites after the gradual addition of
La™ [43-47].

The enhancement of polarization performance primarily
arises from the introduction of defects and lattice distortion
caused by doping. The analysis of change in lattice paramet-
ers suggests that crystals filled with distortions and defects
are more conducive to the generation of dipoles than perfect
crystals [48]. Consequently, this feature amplifies the loss of
polarization in EMW [49] and could explain the increase in ¢’
to a certain extent from the microscopic perspective.
However, when the amount of substitution exceeds the critic-
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al value, as in BLNFOS3, deviation due to increased impurit-
ies occurs. Another explanation is that the increase in dielec-
tric constant is caused by the increase in the proportion of
Fe”'. Upon the introduction of La*" into the lattice, a portion
of Fe'' is converted to Fe*', and this process maintains over-
all electrical neutrality. Atoms with more outer electrons ex-
hibit higher polarizability, and outer electrons in Fe*' in-
crease, increasing their tendency to polarize under the influ-
ence of an electric field. The presence of Fe** could heighten
charge transfer from Fe®* to Fe’" [50], leading to localized
electron displacement along the direction of the electric field.
Consequently, the abundant defects promote the defect-in-
duced polarization of the material and result in a large &”
value. However, in BLNFOS, excessive substitution may
lead to the formation of La,0; or LaFeO; impurities [51]. As
a result, ¢’ decreases, whereas ¢” and dielectric loss (tand, =

£"/e") exhibit similar magnitudes.

As explained in the supporting materials, the semicircle
with an opening to the lower right in the Cole—Cole curve
represents a polarization relaxation process [52—53]. As illus-
trated in Fig. 4(b), three samples exhibit predominantly semi-
circular curves, which indicate evident polarization loss be-
havior [54-55]. The curves of BLNFO3 and BLNFO4,
which have higher permittivity than BNFO, exhibit higher
values. This observation suggests that the increase in defects
caused by BLNFO3 and BLNFO4 doping enhances dipole
polarization. However, the three curves do not show a dis-
tinct linear tail, suggesting that no considerable conductive
loss occurs.

Changes in conductivity may be due to the reduction in the
ferrites” bandgaps. Hence, we employed the Tauc plot meth-
od to assess the bandgaps at various substitution levels (Fig.
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4(c)). The results reveal a reduction in bandgap from 2.48 eV
for BNFO to 2.15 eV for BLNFO3, and BNFO4 has an inter-
mediate value of 2.38 eV. A decrease in the bandgap in-
creases the conductive losses in ferrites. Although BLNFO4
has a bandgap slightly larger than BLNFO3, the large substi-
tution content endows high permittivity. The polarization and
electrical conductivity of BLNFO3 and BLNFO4 would be
enhanced by the generation of interstitial defects and oxygen
vacancy defects resulting from substitution [56-57]. These
zero-dimensional defects would become charge carriers and
disrupt charge distribution when subjected to an alternating
electromagnetic field, leading to increased conductivity and
polarization [53]. The presence of oxygen vacancies can be
characterized using EPR. In general, the signal peak of the g-
factor value at 2.002 is caused by oxygen vacancies [S8-59].
As depicted in Fig. 4(d), the intensity of the signal peak at
2.002 for BNFO, BLNFO3, and BLNFO4 exhibits an in-
creasing trend, showing that substitution dramatically influ-
ences the concentration of oxygen vacancies in ferrites. The
formation of oxygen vacancies can be described as follows:
Given that Ba™" is replaced by La’" during calcination, some
lattice oxygen (Oo) lose electrons and transform into oxygen
vacancies (Vp), maintaining charge balance. Lost electrons
are captured by Fe** ions, forming Fe*" and rendering the ma-
terial electrically neutral. This process can be expressed con-
cisely with the following formulas [49]:

1
OO — 502 (g) + VO +2e” (4)

2Fe™ +2e™ — 2Fe* 5)

Under an electric field, ion substitution-induced defects
and oxygen vacancies can act as charge carriers, enhancing a
material’s conductive loss. Consequently, the BLNFO4 ex-
hibits excellent absorption performance at enhanced polariz-
ation and conductivity. The maximum values for &', ¢”, and
tand, were observed in BLNFO4, indicating its large dielec-
tric loss capacity [60].

The real part x' and imaginary part u" of complex per-
meability and the magnetic loss tangent value tand, = u"/1/
for BNFO, BLNFO3, and BLNFO4 are exhibited in Fig.
4(el), (e2), and (e3), respectively. In Fig. 4(e2), the promin-
ent resonance peaks of 1" were observed at 2—12 GHz for
BLNFO3 and BLNFO4, whereas the curve of BNFO exhib-
its no significant fluctuation. In general, the type of magnetic
loss can be determined by the eddy current coefficient C,
which can be expressed as follows [61]:

Co=a' @y (©)

If the value of C, is stable at varying frequencies, magnet-
ic loss could be attributed to eddy current loss [62—63]. As
depicted in Fig. 4(f), the C, values of BLNFO3 and BLNFO4
exhibit considerable fluctuations and a gradual decline from
2 to 12 GHz, indicating that the primary mechanism of mag-
netic loss originates from resonance loss in this frequency
band. Eddy current loss dominates within a range of 12—
18 GHz. In the 2-12 GHz frequency range, the ¢” and tand,
values of the doped samples are higher than those of BNFO
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(Fig. S5), indicating that the substitution of Ba*" with La®
can enhance ferrites’ magnetic resonance loss. This type of
loss is attributed to natural resonance, and one possible reas-
on for the enhancement of x” is an increase in material stress
due to lattice distortion caused by ion substitution [64].

Fig. 4(g) shows the hysteresis loops at room temperature
for BNFO, BLNFO3, and BLNFO4. The reason for the in-
crease in the 1" was determined. The correlation between the
virtual component of permeability and saturation magnetiza-
tion (M;) can be described as follows [65]:

W =M/ (2H\p) (N
where H, stands for magneto-crystalline anisotropy field,
and f stands for extinction coefficient. The saturation mag-
netization (M) and coercivity (H.) of BLNFO3 and BLNFO4
are lower than those of BNFO. Thus, the increase in u” value
can be attributed to a reduction in H, value. The formation of
LaFeO; disrupts the ordered arrangement of Fe’* ions, lead-
ing to a transition from a collinear ferromagnetic arrange-
ment to a noncollinear arrangement and subsequently weak-
ening the magneto-crystalline anisotropy field [58]. The
shape of the hysteresis loop signifies that hexaferrite belongs
to the category of soft magnetic materials [66]. The hyster-
esis loops of all the samples are exhibited in Fig. S6, and the
corresponding data are arranged in Table 3. The M; and H,
values exhibit an initial decrease followed by an increase
with increasing substitution and are lower than those of
BNFO.

Table 3. Magnetic parameters

Samples M,/ (A-m*kg™) H,/(A-m™)
BNFO 56.052 65813.28
BLNFO1 53.233 60384.56
BLNFO2 49.902 40818.88
BLNFO3 45.1657 23044.20
BLNFO4 50.166 19326.88
BLNFOS5 50.512 63974.52

In general, the area enclosed by the hysteresis loop can re-
flect the strength of a material’s magnetic hysteresis loss. The
introduction of La slightly weakens a material’s hysteresis
loss ability to EMW [67]. The combination of the hysteresis
loop and the observed changes in permeability indicates that
the 4" reaches the maximum while the 4’ decreases. This
once again suggests that the magnetic loss peak observed in
the sample at 2—12 GHz is primarily attributed to loss caused
by resonance. The comparison of tand, and tand, values
across the entire frequency range shows that the dissipation
mechanism of La-doped W-type barium-—nickel ferrites is
primarily governed by magnetic loss and dielectric loss at
low frequencies (2—12 GHz) and dielectric loss at high fre-
quencies for BLNFO3 and BLNFO4 (12-18 GHz). The ana-
lysis results show that all the samples show excellent imped-
ance matching, indicating that impedance matching is not the
primary factor affecting absorption performance. To confirm
the dissipation condition of EMW at different frequencies,
we computed the attenuation coefficients (a) of BNFO,
BLNFO3, and BLNFO4 [68-69]. The « value can be estim-
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ated using the following formula [70-71]:

o V2L
c

\/(luugn _Iulgr) + J('u//g// _#/8,)2 + ('ulgu _,r_lul/sf)z (8)

The obtained a value reveals that the La-substituted W-
type barium—nickel ferrites BLNFO3 and BLNFO4 exhibit
superior excellent absorption performance to BNFO within a
frequency range of 10-18 GHz, and BNFO only shows a
sharp fluctuation at 15-18 GHz (Fig. 4(h)). The exceptional
absorption performance of BLNFO3 and BLNFO4 are
primarily manifested within a frequency range of 10-18
GHz. Considering our previous analysis, we inferred that
dielectric loss plays a dominant role in this frequency band,
and substitution mainly influences the dielectric loss capa-
city of a material [72-73].

3.4. Analysis of DFT calculations and absorbing mech-
anisms

The energy band diagram (Fig. 5(a)) demonstrates the

BLNFO3 BLNFO4
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emergence of two distinct energy bands, namely, the valence
and conduction bands, in BNFO, BLNFO3, and BLNFO4
upon the activation of electron spin-orbit coupling. The total
energy band is determined by the conduction band. Thus, we
focused on analyzing the conduction band. First, in the simu-
lated ferrites’ band structures, the valence and conduction
bands are distinct from each other, exhibiting semiconductor
characteristics. Second, the simulation results obtained using
different doping amounts reveal that all La-substituted W-
type barium—nickel ferrites possess smaller bandgaps than
BNFO (Fig. S7). In BNFO, BLNFO3, and BLNFO4, the
trend of bandgap change in the simulation results aligns well
with the bandgaps in the Tauc diagram calculated using the
direct bandgap method (Fig. 4(f)): Bandgap (BNFO) >
Bandgap (BLNFO4) > Bandgap (BNFO3). Furthermore, we
simulated the total density of state for BLNFO4 (Fig. 5(b).
The overall state density distribution analysis for each atom
involved indicates that Fe and O atoms contribute promin-
ently, whereas La and Ba atoms exhibit low contributions.
However, the substitution of La*" for Ba®" induces changes in
the lattice parameters that subsequently affect the reduction
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coefficient in simulation calculations, ultimately resulting in
alterations to the bandgap. An increase in conductive loss
caused by a small band gap and the enhanced polarization
loss formed by a high doping amount results in defects, ulti-
mately generating a high dielectric constant.

The mechanisms for the enhanced EMW absorption of
La**-substituted W-type barium ferrites are illustrated in Fig.
5(c). First, substituting Ba*" with La*" leads to lattice distor-
tion and the formation of defects and oxygen vacancies, in-
creasing polarization loss (mainly defect-induced polariza-
tion) and conductive loss. Second, the incorporation of La
modifies the magnetic moments of sectional atoms within
lattices, thereby regulating a material’s magnetic properties.
Moreover, the magnetic resonance loss of ferrites to EMW is
enhanced in a frequency band of 2—12 GHz [74]. Third, La
substitution affects the bandgaps of W-type barium—nickel
ferrites, thus affecting its conductivity loss toward EMW.

4. Conclusion

The present study successfully synthesized W-type bari-
um-—nickel ferrite with the sol-gel method, and the optimized
crystal phase was obtained by adjusting the proportion of iron
elements. Samples with the least impurity phase were ob-
tained when n = 15.4 (BaNi,Fe,0,;). Within this specific pro-
portion of iron elements, successful substitution with a sub-
stitution ratio ranging from 0.05 to 0.25 of La*" for Ba® was
achieved, resulting in the synthesis of La-substituted W-type
barium—nickel ferrites. At Fe content of n = 15.4, the sample
was doped with La’*. BLNFO4 (x= 0.2, Bay sLa) ,Ni,Fe 5,04,
showed the best absorption performance, with the RL,;,
value of =55.6 dB and EAB of 2 GHz from 5.36 to 7.36 GHz
at a thickness of 4.15 mm. Additionally, the EAB could in-
crease to 3.44 GHz when the thickness is 5.24 mm. BLNFO3
also demonstrates exceptional absorption performance, with
aremarkable RL,;, value of —43.6 dB, corresponding to EAB
of 2.24 GHz and 3.2 GHz at 4.15 mm and 5.73 mm, respect-
ively. The result clearly illustrates that La*" doping consider-
ably enhances the EMW-absorption performance of W-type
barium-—nickel ferrite by reinforcing attenuation mechanisms.
Moreover, the proportion of La® substitution can effectively
modulate the absorption characteristics of ferrites.
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