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1 Introduction

Due to their exceptional electric, high electrical resist-
ance, dielectric, temperature (T) and corrosion stabil-
ity, magnetic, structural, coexistence of the insulat-
ing, magnetic, and microwave properties, and their
potential usage in medicine, cancer treatment, hydro-
gen production, hydrogen storage, electrochemical
hydrogen storage, telecommunication, sensors, data
storage, microwave applications, and photocataly-
sis, magnetic nanomaterials and nanocomposites are
important technological materials [1-4]. Compos-
ite materials show distinct properties compared to
their individual phases and also interface plays an
important role in these composites [5-7]. Researchers
are turning their attention to composite materials to
meet the growing need for sustainable applications
of functional materials, as single substances often fall
short of fulfilling technological demands in numerous
instances [8]. Compared with single-phase ferrite, fer-
rite nanocomposite has the high coercivity of the hard
magnetic phase and high saturation magnetization of
the soft magnetic phase, resulting in high magnetic
energy product (BH),,,, of nanocomposites [9].

Mostly magnetic and microwave properties of
H/S NCs have been investigated. So, the number of
papers based on dielectric and electrical features of
H/S NCs is not so high. Mansour et al. [10] synthesized
and investigated both the dielectric and microwave
properties of H/S BaAlZn hexaferrit/MnMg spinel
ferrite NCs. Abarna et al. [11] studied on dielectric
and magnetic features of BaSr hexaferrite/Zn, ;Cog 5-
spinel ferrite NCs. Almessiere et al. [12] investigated
the electrical features and reflection losses of H/S (Sr
M-type hexaferrite)/x(Ni, gZn ,-spinel ferrite) nano-
composites. In another study, Almessiere et al. [13]
researched the dielectric and electrical features of H/S
(Co-spinel ferrite)/(NiSc spinel ferrite), NCs. C.C.
Chauhan et al. [14] studied the dielectric and magnetic
features of H/S SrFe;,0;o/(NiFe,O, NCs. G.I. Choud-
hari et al. [15] considered the structural, magnetic,
and dielectric features of H/S (100-x)SrFe;,O;4—(x)
CoFe,O, composites. Almessiere et al. [16] studied
the impact of calcination temperatures on the dielec-
tric and electrical properties of H/S SrGa hexaferrite/
ZnNi spinel ferrite NCs.

A great variety of experimental methods have been
used in the production of nanoferrites, like the solid
state techniques, hydrothermal method, auto-com-
bustion method, co-precipitation method, refluxing
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method, microwave sintering method, spray-spin-
heating-coating method, pulsed wire discharge
method, etc. Among them, the main advantages of the
sol-gel process are the high purity of the product, the
narrow particle size distribution, and the achievement
of uniform nanostructure at low temperatures [17].

In this work, H/S samples were fabricated via one-
pot sol-gel combustion route. As compared with the
physical mixing route, sol-gel combustion route is
economical, simple, high yield, and particle size and
distribution of the material can be easily controlled
[11, 18]. The structural, electrical, and dielectric fea-
tures of the H/S Sr,, sBa, sHo,Fe;,_,O;o/NFO NCs have
been investigated in detail for the first time and pre-
sented in this study.

2 Experimental
2.1 Chemicals and instrumentations

Sr(NOj3), (97%), Fe(NO3)3.9H,0 (98%), Ni(NO3),-6H,O
(96%), Ba(CH;COO), (95%), Citric acid (CcHgOy)
(99.5%), (NH,)¢Mo0,0,4 (99%) were obtained from
Merck and used as received in synthesis of H/S Ho-
SBF/NFO (x £0.08) NCs. Rigaku X-ray diffractom-
eter (XRD) has been used to verify the structure of
the products. FEI Teneo Scanning (SEM) and FEI
Titan Transmission (TEM) electron microscopes were
used for the morphological investigation of the prod-
ucts. The electrical measurements were done via the
Novocontrol Alpha impedance analyzer.

2.2 Synthesis

The detail of synthesis of H/S Ho-SBF/NFO (x<0.08)
NCs has been already reported in previous publica-
tion [19].

3 Results and discussion
3.1 Structure and morphology

The structure of H/S Ho-SBF/NFO (x <0.08) NCs with
varying Ho ratios is presented in Fig. 1a with minor
phase of a-Fe,O5. The XRD patterns showed both
SBFO and NFO phases were overlapping. The lattice
parameters and crystallite size of both SBFO and NFO
phases (x <0.08) NCs are displayed in Fig. 1b, ¢, and d.
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The intensity of the most intense peak in spinel ferrite
(311) is increasing as the ratio of Ho increases.

Figure 2 demonstrates the SEM images of (H/S Ho-
SBF/NFO (x=0.00, 0.02 and 0.06) NCs. The observed
images displayed a highly agglomerated hexagonal
and cubic particles [19]. Furthermore, the EDX spec-
trum of H/S Ho-SBF/NFO (x =0.06) NCs is represented
in Fig. 3. The spectrum revealed the chemical compo-
sitions of two phases inside the samples. The particle
morphology of H/S Ho-SBF/NFO (x =0.06) NCs was
distinctly seen utilizing two different magnification

TEM images, as illustrated in Fig. 4. The images
revealed a cluster of cubic and hexagonal particles.

3.2 Electrical and dielectric properties

Understanding the electrical and dielectric features of
nanocomposite materials is crucial for their technolog-
ical applications. This study examines these properties
in H/S SrysBaysHo,Fe;, ,O;9/NFO NCs, focusing on
parameters such as ac/dc conductivity, dielectric loss-
constant, and dissipation factor. The investigation

Fig. 2 SEM images of Ho-SBF/NFO NCs (x=0.00, 0.02 and 0.06) NCs
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Fig. 3 EDX spectrum of H/S
Ho-SBF/NFO (x=0.06) NCs

Fe Element Weight %
oK 16.89
FeK 58.16
Ni K 2.09
srL 4.62
Bal 12.52
HolL 5.72
91 104 17 130

Fig. 4 TEM images of H/S Ho-SBF/NFO (x=0.06) NCs

considers these properties as dependent variables of
applied voltage f and measurement T, considering the
different substitution ratios present in the NCs. The
analysis covers up to 120 °C and to 3.0 MHz, revealing
the detailed electrical and dielectric behaviors under
varying environmental conditions.

3.2.1 AC conductivity

Hexaferrites are characterized by a hexagonal crystal
structure composed primarily of iron oxides along-
side other metal ions. When holmium ions substitute
into this structure, they displace some of the iron or
other metal ions, profoundly influencing the electronic
structure and cation distribution within the NCs. This
substitution plays a pivotal role in shaping the electri-
cal properties of the material, particularly in nanocom-
posites (NCs) involving Ho-ion-substituted BaSr-hex-
aferrites (HFs) and Ni spinel ferrites (SFs), essential for
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diverse technological applications. The ac conductivity
of Ho-ion-substituted hexaferrites exhibits a strong f
dependence: at low frequencies, conductivity tends to
be lower, influenced by grain boundary effects and
space charge polarization. As fincreases, conductivity
rises due to enhanced charge carrier hopping. Typi-
cally, conductivity follows a power law relationship
with f (0, & @°), w is the angular fand s is an exponent
less than 1.

In this study, the ac conductivity of H/S
Sry5Bag sHo. Fe;,_,O;9/NFO NCs was investigated
across up to 120 °C and to 3.0 MHz, revealing dis-
tinct trends dependent on Ho®" ion substitution ratios
and environmental conditions (Fig. 5). For x =0.00
NCs, conductivity variations generally conform to
the power law across Ts, with minor deviations noted
at specific f~T intersections. Increasing the substitu-
tion ratio from x =0.02 to 0.08 amplifies the peak ac
conductivity at lower frequencies, underscoring the
sensitivity of conductivity to substitution levels. At
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Fig. 5 3D characterization of ac conductivity of H/S Sr,, sBa,, sHo,Fe,_ O,/NFO NCs

x=0.08, conductivity exhibits pronounced yet attenu-
ated T fluctuations, with reduced variability at higher
frequencies. Across all NCs, conductivity typically
increases with f, demonstrating significant varia-
tions over distinct T ranges, particularly noticeable
for x=0.08. Structural modifications induced by sub-
stitution ratios influence the conduction mechanism,
complicating the composite material’s behavior. At
higher frequencies, NCs exhibit nearly T-independent
conductivity across all substitutions.

Conduction mechanisms in these materials arise
from interactions between charge carriers and the
composite matrix, encompassing intra-grain paths,
defects, and grain boundaries [14]. Understanding
these mechanisms is crucial for tailoring the electri-
cal properties of NCs for specific applications. Key
mechanisms include electronic and ionic conduction
facilitated by modified energy bands and introduced
ionic species, respectively. Defect-mediated hopping
conduction also plays a significant role, providing
localized pathways for charge transport. Moreover,
polarization effects due to dipole alignment within
grains, influenced by holmium’s ionic radius and mag-
netic moment, contribute to AC conductivity. Grain
boundaries act as barriers to charge transport, whose
characteristics are altered by the presence of holmium

ions. This study illuminates the intricate relationships
among material composition, T, and f in determining
ac conductivity in H/S SrjsBaj sHo,Fe;, ,O;9/NFO
NCs. Understanding these mechanisms provides
crucial insights into their electrical behavior, guiding
strategies for optimizing conductivity and enhancing
functionality across various technological applications.

3.2.2 DC conductivity and activation energy (Ea)

The Arrhenius plot of the dc conductivity for H/S
Sry 5Ba, sHo,Fey,_,O19/NFO NCs up to 120 °C and to
1.0 Hz highlights the significant impact of Ho* ion
substitution ratios on both dc E, (see Fig. 6). This study
investigates how the substitution of Ho ions affects the
conduction mechanisms, transitioning between sem-
iconductor-like and metallic-like behaviors. Impact
of Ho®" ion substitution is that (i) the Ea varies with
Ho substitution ratios and T, indicating a transition
between different conduction mechanisms and (ii)
At x=0.08, the Ea shows distinct behavior across T
variations, suggesting unique interactions between the
material’s structure and charge carriers [15].

The role of E, is that (i) E, represents the energy
barrier for charge carrier movement. (ii) Higher E,
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Fig. 6 2D and 3D Arrhenius
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values indicate greater barriers and lower conductiv-
ity, while lower E, values facilitate charge transport
and higher conductivity. Mechanisms influencing dc
conductivity is that charge carrier mobility in which
the substitution of Ho® ions affects the number of
free charge carriers and introduces additional energy
levels within the band gap. The presence of grain
boundaries, crystal structure, and defects influences
the mobility of charge carriers. According to the hop-
ping mechanism in the NCs, electrons hop between
Fe?* and Fe’ ions. Ho% ion substitution can alter the
concentration and distribution of these ions. Increased
T provides more energy to excite electrons into the
conduction band or facilitate hopping between local-
ized states. The large ionic radius of Ho* compared
to Fe’* causes local lattice distortions, affecting charge
carrier mobility. Ho® ion introduction can create
impurity levels within the band gap, acting as traps
or recombination centers. Grain boundaries can act as
potential barriers to charge carrier movement. Ho**
ion substitution can alter these barriers, impacting
conductivity. At grain boundaries, charge accumu-
lation can create space charge regions that influence
charge carrier movement. These measurements pro-
vide insights into E, and charge transport mecha-
nisms within specific substitution ratios. Analyzing
dc conductivity and E, in H/S Srj sBa, sHo,Fe;, O/
NFO NCs elucidates the relationship between mate-
rial composition, charge transport mechanisms, and
electrical properties. This understanding is crucial for
optimizing NC performance in applications such as
magnetic storage, microwave devices, or electromag-
netic shielding. Tailoring material composition and
processing parameters can enhance conductivity and
reduce E,, improving NC functionality across various
technological domains [10, 12].
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3.2.3 Dielectric constant

The dielectric constant of H/S Sr,, sBa, sHo,Fe;,_,O1o/
NFO NCs was investigated across frequencies up to
3.0 MHz and to 120 °C. As depicted in Fig. 7, the
dielectric constant generally decreases with increas-
ing f, a trend significantly influenced by the Ho®" ion
substitution ratio “x”. This relationship exhibits dis-
tinctive curvature and fluctuation patterns along the
T axis, underscoring the intricate interplay between
substitution ratio and dielectric behavior.

T variations yield diverse outcomes for each sub-
stitution ratio, particularly notable at x = 0.08, where
significant curvilinear changes are observed. With
rising T, the dielectric constant tends to increase
with f, albeit at a diminishing rate. Other substitu-
tion ratios also show T-dependent fluctuations in the
dielectric constant. These observations can be eluci-
dated through the bilayer model, which posits the
role of highly conductive grains at insulating grain
boundaries.

At x =0.08, the dielectric constant closely aligns
with high f values at elevated Ts, indicating sub-
stantial variations in the relationship between grains
and grain boundaries. Generally, ferrite structures
exhibit reduced f dependence at higher frequencies,
with specific substitution ratios exhibiting T-sen-
sitive dielectric constants due to charge exchange
between Fe® and Fe?" ions [20]. Overall, the behav-
ior of the dielectric constant at x = 0.08 underscores
the profound influence of factors such as charge
polarization, measurement T, cation distribution,
and structural arrangements on the electrical and
dielectric properties of these nanocomposites [21].
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Fig. 7 3D graphical representation of dielectric constant of H/S Sr,, sBa,, sHo,Fe,,_,0,o/NFO NCs

3.2.4 Dielectric loss

The dielectric loss of H/S Sr, sBa, ;Ho, Fe;,_,O;o/NFO
NCs, depicted in a 3D graphical representation in
Fig. 8, generally decreases with increasing f. However,
variations are observed due to substitution effects, par-
ticularly notable at x =0.06 where fluctuations occur
with increasing f and T changes outside the x =0.08
ratio. The presence of Ho®" ions exerts a significant
influence on dielectric loss. At x=0.08, T dependency
is evident as increased thermal energy enhances the
substitution of Ba%" ions with Fe®* host ions in the NCs,
impacting both octahedral (Oy) and tetrahedral (T,)
regions. This behavior is attributed to compositional
defects, cation distribution, charge polarization, and
thermally stimulated ionic rearrangements affecting
charge carrier conduction mechanisms.

The migration of Fe ions from Oh to Td sites due
to Ho-ion substitutions increases electrical conduc-
tivity while decreasing dielectric constant and loss.
Dielectric loss is influenced by the dissipation factor
and dielectric constant, both of which vary with f, T,
and substitution ratio. Significant dispersion in die-
lectric loss is observed for Ho* ion substitutions at
low frequencies, decreasing in the medium and high
f regions following a power law dependence. This

reduction is associated with the interface relaxation
process described by Koop’s model [22], where grains
conduct more effectively than grain boundaries.

T -induced fluctuations in dielectric loss are noted
for all NCs except x =0.08, which exhibits unique
behavior. The dependency on T and substitution ratio
is pronounced, with dielectric loss generally decreas-
ing at higher substitution ratios due to enhanced
conduction. Dispersion in dielectric losses is wider
at lower frequencies across all NCs, diminishing at
higher frequencies due to faster charge displacement
within grains influenced by changes in ferrous ion
concentrations resulting from substitution ions at Oh
sites.

3.2.5 Dissipation factor

The dissipation factor, also known as tangent loss, for
H/S SrysBaysHo,Fep, ,O;9/NFO NCs is illustrated in
Fig. 9 using a 3D graphical representation. At high
frequencies, it demonstrates consistent T independ-
ence across all NCs. In the medium f range, there is
minimal T sensitivity, with slight increases observed
for x=0.06 NCs across different T s. At low frequen-
cies, significant variations are noted depending on

@ Springer
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the substitution ratio. The highest dissipation factor (M'(w)) and imaginary (M"(w)) components derived
values occur at the lowest frequencies and highest Ts ~ from complex dielectric data, which are influenced by
for x=0.04, 0.06, and 0.08, with distinct peaks at lower parameters such as the dielectric constant and dielec-
frequencies observed for x = 0.04 and 0.06. For x =0.08, tric loss. These components vary with T and substitu-
a steady increase is observed at low frequencies with tion ratio, providing insights into the dielectric behav-
increasing T, peaking at the highest Ts. The conduc- ior of the NCs [2, 23, 24].

tion mechanism is influenced by electron/polaron

hopping processes, which are impacted by both Tand ~ 3.2.6.1 Real modulus The 3D representation of the real
substitution ratios, influenced by the hexa-to-spinel =~ modulus (ReM) for H/S Sr,sBa,sHo Fe;, ,O;o/NFO
ferrite composition ratio. The dielectric properties ~ NCs, depicted in Fig. 10, illustrates how ReM corre-

of these NCs align with typical conduction mecha-  lates with both f and T across various Ho® ion sub-
nisms found in compositional ferrites, as explained  stitution ratios between 0.00 and 0.08. This visualiza-
by Koop’s model [22]. Understanding the dissipation tion provides insights into the variations of ReM in
factor’s dependence on T and f is crucial for optimiz- response to changes in f and T across different levels
ing electrical and dielectric parameters in applications of Ho® ion substitution. Each ReM plot shows distinct
such as contrast agents, gas sensors, medical devices = dependencies on the substitution ratio concerning f
etc. and T variations. Particularly noteworthy is the sig-

nificant T dependency of ReM at higher frequencies,
whereas at lower and medium frequencies, each NC

3.2.6 Complex dielectric modulus exhibits diverse tendencies in response to T changes.

For x=0.08 and 0.06 (except in the low T and high f
The complex dielectric modulus serves as a crucial ~ region), a more pronounced linear relationship with T
tool for analyzing the dielectric characteristics of fer-  is observed, characterized by a reduction in the slope
rite nanocomposites (NCs) and understanding the of linearity with increasing f. In addition, minor fluc-
conduction mechanisms, especially concerning elec- tuations in ReM are observable with incremental T

trode polarization. It allows for the separation into real changes. At lower frequencies, this behavior indicates
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Fig. 10 3D representation of real modulus of H/S Sr, sBa, sHo,Fe,,_,0,o/NFO NCs
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dispersion, where charge carriers can move between
favorable hopping sites among ferrous (Fe**) and fer-
ric (Fe) ions. Such dispersive conductivity is typical
in systems with mixed valence states, where charge
carriers, usually electrons, hop between ions of differ-
ent oxidation states, influenced by the availability of
energetically favorable sites and the f of the applied
external field.

3.2.6.2 Imaginary modulus (ImM) The ImM of H/S
Sty sBay sHo,Fe;,,O;o/NFO NCs is depicted in Fig. 11,
illustrating the behavior across different Ho® ion
substitution ratios as a function of T. Across all NCs,
ImM initially rises, then decreases with increasing f,
reaching a minimum before rising again, showing
significant variation with T. Except for x=0.04 NCs,
where ImM peaks and then declines with increas-
ing f, reaching a minimum. Fluctuations are evident
along the T axis, particularly with a distinct valley at
medium frequencies. However, for x=0.04 NCs, the
3D ImM curves exhibit a distinctive pattern compared
to other NCs, showing consistent and smooth varia-
tions across both f and T, with a noticeable spike at
high frequencies around 20 °C. This indicates that the
ImM, reflecting energy loss under an electric field,
experiences rapid f -dependent changes within the
grain boundaries. The presence of low and high peak

] Mater Sci: Mater Electron (2024) 35:2185

values at approximately 5 Hz and 50 kHz for this sub-
stitution ratio suggests a transition from long-range to
short-range mobility as f increases.

4 Conclusion

In this study, H/S Sr,sBa,sHo,Fe;, ,O;o/NFO NCs
were successfully fabricated using the in situ sol-gel
combustion method. XRD analysis confirmed the for-
mation of a spinel cubic structure, while EDX monitor-
ing ensured precise control over the chemical compo-
sition of the samples. A comprehensive investigation
was conducted into the electrical and dielectric prop-
erties of these NCs, focusing on AC/DC conductivities,
dielectric constants, dielectric loss, and dissipation fac-
tors. The study highlights several significant findings:

e AC conductivity: A strong dependency on fre-
quency, temperature, and Ho-ion substitution ratio
was observed, following a power law with an expo-
nent near unity.

¢ DC conductivity: Distinct variations in DC conduc-
tivity were noted with increasing reciprocal ther-
mal energy, indicating the effect of substitution
ratios on conductivity.

Fig. 11 3D representation of /mM of H/S Sr, sBa, sHo Fe,,_,O,o/NFO NCs
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e Ho-ion substitution: The variability in DC conductiv-
ity, characterized by activation energy, underscored
transitional behaviors due to the substitution of Ho
ions.

o Dielectric properties: Complex dependencies of the
dielectric constant, dielectric loss, dissipation factor,
and imaginary part of the modulus were identified,
revealing changes in conduction mechanisms and
energy loss dynamics under varying environmental
conditions.

o Environmental effects: The analysis of electrical and
dielectric properties across applied bias frequency
and temperature measurements demonstrated a shift
from long-range to short-range mobility, driven by
both electronic and ionic processes.

This study provides valuable insights into the opti-
mization of Ho-ion-substituted NCs, offering significant
potential for their application in various advanced tech-
nological fields.
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