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A B S T R A C T   

The substitution of rare earth ions is a novel approach to vary the dynamic magnetic properties of soft ferrites to 
such an extent that its electrical properties and ferromagnetic resonance (FMR) response can be set over a broad 
frequency range. In this work, a complete transmission electron microscopy (TEM), scanning electron micro-
scopy (SEM), ferromagnetic resonance spectroscopy (FMR), X-ray photoelectron spectroscopy (XPS), and 
current-voltage (I-V) analysis of holmium (Ho) substituted lithium-nickel soft ferrites with composition 
Li1.2Ni0.4Fe2− xHoxO4 (x = 0, 0.03, 0.06, 0.09, 0.12, and 0.15) is carried out. TEM analysis reveals a spherical 
shape distribution of nanoparticles with a particle size of ~ 50 nm. FMR study is carried out to check the role of 
Ho addition on magnetic energy losses, FMR line position, and shape. The shift in FMR line shape is mainly 
attributed to the anisotropy contribution, relaxation processes, and ferromagnetic interactions between the 
magnetic nanoparticles. XPS experiments confirm the presence of all compositional elements along their valence 
states. The Ho substitution increased the electrical resistivity, whereas the damping of A-B exchange interactions 
resulted in a decline of Curie temperature (Tc), which is required for high-frequency power applications.   

1. Introduction 

One of the main objectives of developing new nanomagnetic mate-
rials is energy saving. Among a variety of investigated nanomaterials, 
soft ferrites with spinel structure appear as representative materials for 
the modern industry as they offer high resistivity connected with 
significantly low eddy current losses, low core losses, relatively low 
coercivity, high magnetization, low magnetic losses, and a high data 
storage efficiency [1]. Ferrites being a prominent class of magnetic oxide 
materials, are in high demand as a material option for high-frequency 
inductive cores and inductors due to their size, weight, high re-
sistivity, low energy losses, compact core shape, and inexpensive 
fabrication as the miniaturization of inductive components in power 
electronic devices and increasing operational frequencies is prerequisite 
for various electronic industry applications. Soft ferrites are widely used 
for energy transfer in converters and switch-mode power supplies. 
Minimizing the magnetic energy losses (microwave losses) is the key 
goal of the study on advanced ferrites; however, to obtain high 

efficiency, detailed knowledge and interpretation of the dissipative 
processes over a wide range of frequencies are needed [2]. 

The origin of damping or microwave losses in ferrites is commonly 
attributed to relaxation mechanisms such as valence exchange, two- 
magnon scattering, eddy current dissipation, domain wall rotation, 
and relaxing impurities [3–7]. In a frequency-dependent mode, 
domain-wall-motion and rotational processes contribute to the magne-
tization reversal and deliver energy to the crystal lattice by a motion 
deterioration of the precessing spins or conduction charges (eddy cur-
rents) [8]. In addition, a dense crystal structure may also reduce mag-
netic energy losses. So, this study’s main objective is to produce 
ultra-dense polycrystalline ferrites with low porosity, high electrical 
resistivity, and reduced magnetic energy losses. 

Li-Ni based ferrites offer their role in various device applications 
such as microwave and telecommunication devices [9]. However, their 
performance can be enhanced by incorporating rare-earth (RE) elements 
into the spinel lattice of this system [10]. Many researchers have 
investigated the role of RE elements on the electromagnetic properties of 
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Li-Ni ferrites, which are significantly improved as compared to those of 
unsubstituted Li-Ni ferrites [9–12]. 

Besides the formulation and processing, selecting appropriate addi-
tives for the spinel structure of soft ferrites plays a crucial role in 
influencing the performance of Li-Ni ferrites [13]. In this study, holmi-
um is substituted in the Li-Ni ferrite system not only because of its large 
intrinsic magnetic moment (10.6 μB) and strong anisotropy field, but 
also due to its highly resistive nature, which can consequently reduce 
the ferromagnetic losses and enhance the electrical resistivity. Such 

optimized electromagnetic properties will support this system for use in 
high-frequency applications such as microwave devices. The substitu-
tion of Ho3+ for Fe3+ in Li-Ni ferrites increases the resistivity (less energy 
dissipation) and leads to low microwave losses beneficial to tailor the 
electromagnetic behavior of these materials, which is desired for 
inductive cores and microwave applications [14]. The FMR line width 
and resonance position also depend on cation ordering. To the best of 
our literature survey, the effect of Ho ions on the FMR losses and elec-
trical properties of Li-Ni based ferrites has not been explored yet. 

Fig. 1. a) SEM images of Li1.2Ni0.4HoxFe2− xO4 (0.0 ≤ x ≤ 0.15) ferrite powders. b) Grain size vs. Ho concentration obtained from SEM images of Li1.2Ni0.4-

HoxFe2− xO4 (0.0 ≤ x ≤ 0.15) ferrite powders. The inset of Figure (b) depicts the size histogram for the composition x = 0.15. 
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Furthermore, the literature needs a detailed understanding of the 
temperature-dependent electrical properties and contribution of FMR 
linewidth in Ho-substituted Li-Ni polycrystalline ferrites. So, here we 
focus on investigating the role of holmium incorporation on various 
magnetic and electric characteristics of lithium-based nano poly-
crystalline ferrites, i.e., Li1.2Ni0.4HoxFe2− xO4 (x = 0, 0.03, 0.06, 0.09, 
0.12, and 0.15). The 15% is the maximum Ho concentration at which Ho 
is settled in the lattice matrix, after that it starts to segregate at the grain 
boundaries [15]. 

2. Experimental 

The synthesis, structural, dielectric, spectral, and magnetic analysis 
of Li1.2Ni0.4HoxFe2− xO4 (x = 0, 0.03, 0.06, 0.09, 0.12, and 0.15) soft 
ferrites fabricated via the sol-gel auto combustion method is reported in 
the previous part of this study [15]. The Ho-substituted soft ferrites with 
composition Li1.2Ni0.4HoxFe2− xO4 (x = 0, 0.03, 0.06, 0.09, 0.12, and 
0.15) are synthesized via sol-gel method. The prepared samples are 
sintered at 950 ºC for 6 hr in a box furnace under air environment for the 
removal of organic residuals and the development of face-centered cubic 

structure. The details of the synthesis process are reported in the pre-
vious part [15]. In this part, a detailed analysis by SEM, XPS, TEM, FMR, 
and I-V is presented. Room-temperature FMR analysis was done through 
an E-LINE century series EPR spectrometer, operating in the X-band 
(~8.9 GHz). The sintered powders were pressed into circular pellets to 
investigate the electrical properties (I-V) by employing a two-probe 
technique through a Keithley LCR meter model-197. The experimental 
setup for XPS consists of a home-made ultra-high vacuum (UHV) 
chamber with a non-monochromatized X-ray source (VG), a 100 mm 
hemispherical electron energy analyzer with 2D channel plate detection 
(Specs), and a sample holder where tested materials can be loaded. The 
spectra presented here are acquired at room temperature with Mg Kα 
radiation and an analyzer pass energy of 20 eV. TEM Philips CM 12 
(LMC) with a 2k x 2k CCD camera and 200 kV accelerating voltage is 
used for the structural characterizations. An Emcraft SEM microscope 
(Model. Cube 10) with magnification 3 × 105 is used for the study of the 
microstructure. 

Fig. 2. (a, b) TEM images of Li1.2Ni0.4Ho0.09Fe1.91O4 at 50 nm and 20 nm scale (c) SAED image and (d) HRTEM view of Li1.2Ni0.4Ho0.09Fe1.91O4 ferrite. Atomic lattice 
planes are recognized in the areas marked by black lines. 
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3. Results and discussion 

3.1. SEM study 

The surface morphology of the synthesized nanoparticles is investi-
gated by scanning electron microscopy. The SEM micrographs of all the 
prepared powder samples are shown in Fig. 1a. The aggregation of 
particles is observed in all samples, which may be attributed to a 
chemical reaction during the sintering procedure [16]. Relatively weak 
Van-der-Waals bonds and magnetic forces might be accountable for 
holding the agglomerated particles together [17]. Moreover, the density 
of the particles (reduction of pores) increases with increasing Ho con-
centration, as the micrographs show. The grain histogram is an essential 
tool used in analyzing SEM images to determine the average grain sizes 
of distinct ferrite compositions. The size of the grains is measured using 
ImageJ software and is presented in Fig. 1b. It can be seen from Fig. 1b 
that the grain size first increases up to x = 0.09 and after that it de-
creases. The inset of Fig. 1b presents the histogram for the particular 
composition x = 0.15. Each bin represents a range of sizes, and the 
height of each bin indicates the number of grains falling within that size 
range. The resulting histogram visually displays the distribution of 
particle sizes across the entire sample. 

3.2. TEM Study 

Transmission electron microscopy is a quantitative method to 
determine nanomaterial particle’s size, distribution, and shape. A TEM 
micrograph of one of the representative samples with composition 
Li1.2Ni0.4Ho0.09Fe1.91O4 is presented in Fig. 2a. The typical ferrite 
composition with x = 0.09 shows a particle size of about 50 nm. The 
particle size of the same sample, as determined from the XRD experi-
ment, is noted to be smaller [15]. The prepared nano-sized ferrite par-
ticles are detected to have narrow size spherical distribution and contain 
multiple nanocrystalline grains (Fig. 2d). Ferrite nanoparticles are also 
noticed to be slightly agglomerated due to the various kinds of magnetic 
interactions as well as Van der Waals forces that exist between the ferrite 
fragments. The SAED view (selected area electron-diffraction) is shown 
in Fig. 2b, which indicates the formation of bright rings formed by sharp 
diffraction conditions with well-defined periodicity. Observing the 
apparent diffraction patterns reveals that the particles are crystallized 
well. The indexed diffraction rings clarify the high crystallinity of 
Ho-substituted Li-Ni nano ferrites. High-resolution TEM (HRTEM) pro-
vides the direct imaging of the nanoparticles at the atomic scale. The 
formation of well-developed lattice planes can be confirmed from the 
HRTEM or phase contrast image, as shown in Fig. 2c. 

3.3. Cation distribution 

The cation distribution of Ho-doped Li-Ni spinel ferrite is estimated 
using the structural parameters of the prepared samples. The Bertaut 
method [18] is used to calculate the cation distribution parameters. 
Cation distributions of the Li, Ni, Ho, and Fe cations at their respective 
lattice sites (A and B-sites) are estimated from the bond lengths (RA, RB), 
shared (dAE-dBE), and unshared edges (dBEU), and site radii (rA, rB). 

The cation distributions, RA, RB, rA, rB, shared (dAE-dBE), and unshared 
(dBEU) edges of the Ho-doped Li-Ni nano ferrites are determined using 
the lattice parameter, and d-spacing. Bertaut’s method was used to 
evaluate these parameters [18]. Table 1 depicts the calculated values of 
the shared edges, site radii, unshared edges, and bond lengths. The 
introduction of cations and oxygen ions in the spinel structure is 
accountable for the alterations of the cation distribution. All cation 
parameters increase and then decrease with increasing Ho content. This 
may be because of the variations in the lattice parameter with Ho con-
tents. Similar results have been reported earlier by the researchers 
[19–21]. 

3.4. XPS analysis 

XPS allows to examine the change in chemical (valence) state 
through a shift in binding energy. The prepared ferrite pellet was me-
chanically etched before loading into the vacuum chamber for the XPS 
analysis. 

Fig. 3 displays the full-scale XPS spectrum of the Li1.2Ni0.4Ho0.15-

Fe1.85O4 sample, which confirms the overall composition by identifying 
the constituents Li, Ni, Fe, Ho, and O. The deconvolution of individual 
scans for the peaks of all components is shown in Fig. 4. The binding 
energies of the Fe 2p3/2 and Fe 2p1/2 core levels characterize the 
recorded Fe 2p spectrum. The Fe 2p XPS spectra show that both ferric 
and ferrous cations co-exist. The Fe2+ ions occupy the octahedral sites, 
while the Fe3+ ions reside on both the tetrahedral and octahedral sites. A 
separation of the peaks at 711.9 and 725.2 eV for Fe 2p3/2 and Fe 2p1/2, 
respectively, into Fe2+ and Fe3+ ions is not unique and depends on the 
chosen fit parameters. The Ni 2p3/2 and Ni 2p1/2 states correspond to the 
signals at 856.5 eV and 874.2 eV, respectively. We also see the typical 

Table 1 
Cation distribution of the Ho-doped Li-Ni spinel ferrite samples.  

Samples Site radii (Å) Bond length (Å) Shared edges Unshared edges 

rA rB RA RB dAE dBE dBEU 

0.00 0.5405 0.6830 1.8905 2.0342 3.0872 2.8044 2.9475 
0.03 0.5411 0.6836 1.8911 2.0349 3.0882 2.8053 2.9484 
0.06 0.5407 0.6832 1.8907 2.0344 3.0874 2.8046 2.9477 
0.09 0.5403 0.6828 1.8903 2.0340 3.0869 2.8041 2.9472 
0.12 0.5394 0.6818 1.8894 2.0331 3.0854 2.8028 2.9458 
0.15 0.5391 0.6815 1.8891 2.0327 3.0849 2.8023 2.9453  

Fig. 3. XPS spectrum of Li1.2Ni0.4Ho0.15Fe1.85O4 ferrite sample.  
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shake-up satellite peaks at 6.3 eV higher binding energy. The deconvo-
lution of O1s is composed of O1 and O2, which are located at 531.2 and 
533.2 eV, respectively. It is generally believed that O1 is the oxygen 
present in the oxide lattice, whereas O2 is derived from a hydroxyl group 
adsorbed on the surface [22]. The deconvolution for the Li 1 s metal 
peak revealed two peaks at 56.5 eV and at 58.1 eV, which may be 
ascribed to Li2CO3 and Li2O [23]. The deconvoluted peaks for Ho 4d at 
156.6 eV and 158.8 eV correspond to Ho3+ 4d5/2 and 4d3/2 states, 
indicating the incorporation of holmium into the crystal lattice of iron 
oxide [24]. For charging correction, the readings are corrected con-
cerning the carbon 1 s peak taken at 284.6 eV. Since an unmono-
chromatized Xray tube was used, satellite peaks due to Mg Kα3,4 
radiation appear at about 9 eV lower binding energy for each peak. 

3.5. FMR Studies 

A single-mode FMR profile is observed at the X-band frequency. The 
room-temperature ferromagnetic absorption spectra (FMR) for Ho- 
substituted Li-Ni ferrites are displayed in Fig. 5. The FMR linewidth 
(ΔH) is examined to reduce from 2056 to 1786 Oe with raising the Ho 
concentration. The observed decline in ΔH is well consistent with an 
increase in bulk density (2.93 – 3.96 g/cm3) or the reduction in porosity 
(38.5–23.2%), as seen in Fig. 6. The bulk density and porosity calcula-
tions have been carried out in the previous part of this research [15]. The 
bulk density of the pellet is calculated using the relation ρb = m / лr2h, 
where m is the mass of the pellet, r is the radius, and h is the thickness of 
the pellet sample. The trend of ΔH is also consistent with the previously 
reported behavior of Ms (57.9–18.3 emu/g) [15], as listed in Table 2. 
The variation in the FMR signal is mainly due to the magnetic crystalline 
anisotropy and ferromagnetic interactions between the magnetic 
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particles [25]. In polycrystalline magnetic oxides, the contribution to 
ΔH primarily arises from two parts; ΔH= ΔHk + ΔHp, where ΔHk is the 
contribution arising from crystalline anisotropy and ΔHp is the line 
broadening arising from pores. In the case of ferrites, the weak 
magneto-crystalline anisotropy, which results from the randomly 
distributed anisotropy axes, rules out the contribution of ΔHk. At the 

same time, ΔHp constitutes a central contribution to ΔH. The resonance 
field (Hres) values obtained for all samples vary between 
7619 − 7639 Oe. The Hres positions show a non-linear change as a 
function of Ho concentration. In polycrystalline materials, crystallites 
and pores have a random distribution that causes the FMR line position 
to differ from point to point, broadening and shifting the resonance 
peak. The inset of Fig. 5 is the resonance signal measured from the FMR 
absorption profile of the undoped sample. The values of all magnetic 
parameters are presented in Table 2. 

3.6. DC resistivity measurements 

A two-probe current-voltage (IV) technique is employed to study the 
dc electrical parameters of the Ho-substituted Li1.2Ni0.4HoxFe2− xO4 
(x = 0–0.15) ferrite pellets across a temperature scale of 473–948 K. The 
variation of electrical dc resistivity concerning the composition is pre-
sented at 473 K in Fig. 7. It can be noticed that the dc resistivity first rises 
from 4.9 × 107 to 1.2 × 109 Ω-cm by increasing the Ho content until 
x = 0.12 and then decreases after that. Incorporating Ho in place of Fe 

Fig. 5. FMR absorption spectra of Li1.2Ni0.4HoxFe2− xO4 ferrites. The inset is the 
integral of the FMR absorption profile of Li1.2Ni0.4Fe2O4 ferrite. 

Fig. 6. The dependence of bulk density (ρb) and FMR linewidth (ΔH) on 
composition. 

Table 2 
All investigated magnetic parameters of Li1.2Ni0.4HoxFe2− xO4 (x = 0.00–0.15) 
nanoferrites.  

Ho content Hres (Oe) ΔH (Oe) Ms (emu/g)[15] Bulk density ρb (g/cm3) 

0.00 7637 2056 57.9 2.93 
0.03 7639 2001 45.0 3.34 
0.06 7619 1891 38.6 3.49 
0.09 7637 1841 32.1 3.59 
0.12 7628 1827 23.0 3.78 
0.15 7633 1786 18.3 3.96  

Fig. 7. Composition-dependent ln (ρdc) at 473 K and Tc of Li1.2Ni0.4-

HoxFe2− xO4 ferrites. 

Fig. 8. Temperature-dependence of ln (ρdc) of Li1.2Ni0.4HoxFe2− xO4 ferrites.  
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on B sites reduces the hopping frequency of electron transfer between 
ferrous and ferric states, decreasing the conduction process and conse-
quently increasing the resistivity. Moreover, the particles with small 
grains have high values of resistivity associated with them and vice 
versa. The highest value of resistivity (1.15 ×109 Ω-cm) is observed for 
the composition with x = 0.12, which would allow this material to be 
used in high-frequency applications [26]. It is evident from the 
near-linear slope of log ρdc versus 1/T curves over wide temperature 
ranges as presented in Fig. 8 that the dc resistivity exhibits a thermally 
activated behavior, which is consistent with the semiconducting 
behavior of soft ferrites. This decline in resistivity as a function of 
temperature could be due to the rise in drift mobility of 
thermally-activated charge transporters, which become more activated 
with increasing temperature [27,28]. The activation energies for both 
ferromagnetic and paramagnetic regions are calculated from the slopes 
of log ρ vs. 1/T plots by using the Arrhenius equation (ρ = ρ0e− ΔE/K

B
T ) for 

all Ho3+ concentrations and are presented in Table 3. The values of 
activation energies in the ferromagnetic region (Ef) are found to be 
smaller than those in the paramagnetic region (Ep), which agrees with 
the theory of Turov and Irkhin [29] and supports the disordering and 
ordering setting of atoms in ferromagnetic and paramagnetic states, 
respectively. In the case of the paramagnetic state, more energy is 
required for charge carriers to transfer than for the ferromagnetic state 
[30]. 

It is also observed that the compositions with higher resistivity 
values have greater activation energies and vice versa. In general, the 
probability of electron hopping responsible for electrical conduction in 

ferrites depends upon the activation energy, which is associated with the 
electronic energy barrier experienced by the conduction electrons dur-
ing the hopping process. Thus, a high activation energy involves a high 
electrical resistivity [31,32]. The difference in activation energies 
(ΔE = Ep-Ef) for Ho-doped Li-Ni samples varies between 0.32 and 
0.36 eV. The ΔE (Ea) versus Ho concentration is shown in the inset of  
Fig. 9. 

The Curie temperature (Tc) as a function of Ho concentration is noted 
to reduce from 847 to 814 K. This decreasing trend of Tc with rising the 
number of Ho ions can be identified based on available magnetic cations 
on tetrahedral and octahedral positions as well as the possible magnetic 
interactions among them [33]. The substitution of Ho3+ ions in place of 
Fe3+ ions at octahedral lattice sites leads to a decline in the FeA

3+ - O2- - 
FeB

3+ type of A-B exchange interactions. As the strength of A-B magnetic 
interactions states Tc, the damping of A-B interactions results in a decline 
of Tc. The drift mobility is evaluated using the relation μd = 1/neρdc, 
where n is the concentration of charge carriers, e is the electron charge, 
and ρdc is the dc resistivity. The drift mobility drops from 7.4 × 10− 12 to 
2.8 × 10− 13 cm2V− 1s− 1 up to x = 0.12 and then increases again, 
showing an inverse relation with the resistivity behavior [34]. A linear 
temperature dependence of μd can be seen from Fig. 9, as the drift 
mobility of electric charge transporters increases with the increase in 
temperature. The carrier concentration n is determined from the relation 
n = NA* ρb*PFe/M, where ρb, the bulk density of the annealed material, 
NA, the Avogadro number, M the molecular weight, and PFe is the total 
Fe atoms present in the typical composition [35]. The carrier concen-
tration n is observed to increase from 1.70 × 1022 to 1.97 × 1022 cm− 3. 
Since both the bulk density and the molecular weight increased with 
increasing the Ho concentration, this increase in carrier concentration 
may be a consequence of the bulk density increasing more strongly with 
Ho concentration than the molar weight. 

4. Discussion 

The synthesized nanomaterials are observed to be about 50 nm in 
size as investigated by TEM analysis. By looking at SEM images, it can be 
seen clearly that the densification is enhanced as a function of Ho 
addition, which is consistent with the increase in bulk density of these 
materials. The cation distributions of the Li, Ni, Ho, and Fe cations at 
their respective lattice sites were calculated via the Bertaut method. A 
dense microstructure of prepared nanomaterials is required to reduce 
microwave losses. The Ho substitution in Li-Ni based ferrites leads to a 
denser crystal structure (bulk density; 2.93–3.96 g/cm3), as reported in 
our previous study [15], which consequently reduces the FMR losses 
from 2056 to 1786 Oe and increases the electrical resistivity from 
4.96 × 107 to 5.36 × 108 Ω-cm. These obtained results are much better 
than the ones for the Ho-substituted Li-Mn and Li-Co ferrites [33,36] 
reported in previous studies. Incorporation of Ho in Li-Ni ferrites 
remarkably reduces the microwave losses (FMR line width) and en-
hances the resistivity, which makes them the better choice over other 
doped Li-based ferrites for microwave technologies. 

5. Conclusion 

Ho-substituted Li-Ni nano-ferrites synthesized via the sol-gel method 
are extensively examined by SEM, XPS, TEM, FMR, and IV analysis. The 
TEM study exhibited the high crystallinity and narrow-sized spherical 
distributions of the prepared nanomaterials with a particle size of ~ 
50 nm. Surface morphology revealed a dense, uniform spherical distri-
bution as a function of Ho ions. The XPS analysis confirmed the presence 
of all constituent elements, such as Li, Ni, Ho, Fe, and O, with different 
valence states. An FMR study revealed a reduction in FMR line width 
(2056–1786 Oe) as a function of Ho concentration, which is well- 
consistent with a drop in porosity. Electrical measurements have 
shown that samples possess high resistivity and vice versa. The 
temperature-dependent dc resistivity confirms the prepared ferrites’ 

Table 3 
Electrical parameters of Li1.2Ni0.4HoxFe2− xO4 nanoferrites with x = 0.00–0.15.  

Ho 
content 

ρdc (Ω cm) t 
at 473 K 

Tc 

(K) 
Ep 

(eV) 
Ef 

(eV) 
Activation 
energy 
difference 
(eV) 

μd (cm2/V.s) 
at 473 K 

ΔE = Ep - Ef 

0.00 4.96 × 107 847 1.035 0.709 0.324 7.41 × 10− 12 

0.03 9.58 × 107 844 1.110 0.777 0.333 3.47 × 10− 12 

0.06 1.03 × 108 835 1.170 0.834 0.335 3.19 × 10− 12 

0.09 1.59 × 108 826 1.211 0.868 0.342 2.07 × 10− 12 

0.12 1.15 × 109 819 1.226 0.866 0.360 2.80 × 10− 13 

0.15 5.36 × 108 814 1.227 0.875 0.351 5.92 × 10− 13  

Fig. 9. Temperature-dependent drift mobility of Li1.2Ni0.4Fe2− xHxO4 ferrites. 
The inset is Ea (ΔE) as a function of Ho-content. 
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semiconducting nature and low mobility. Consequently, a cutdown in 
microwave losses required a uniform and dense microstructure. The 
concluded FMR and electrical parameters provide the understanding 
necessary to design microwave devices. 
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