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Potential applications of Fe3O4 nanostuctures can be enhanced by preparing nanohollow spheres
(NHSs) instead of nanoparticles and doping Zn to replace Fe. Detailed temperature-dependent magnetic
studies of ZnxFe3−xO4 (x = 0.0, 0.1, 0.2, 0.3, 0.4, 1.0) NHSs indicate their increase in saturation magne-
tization (MS) with Zn doping, attaining a maximum at x = 0.2 (Ms = 92.52 emu/g at room temperature),
due to the replacement of antiferromagnetically coupled Fe3+

A ions on the A site by nonmagnetic Zn2+ ions
and the transformation of Fe2+

B to Fe3+
B at the B site for maintaining the charge neutrality. The dynamic

magnetic properties, studied by analyzing the real and imaginary parts of ac susceptibility, reveal the
spin cluster interaction in our systems. Moreover, the investigation of dielectric properties as a function
of temperature over a frequency range of 10 KHz to 100 MHz indicates the reduction in dielectric per-
mittivity and electrical conductivity with increasing Zn content. Enhanced magnetism with a decrease in
conductivity, permittivity, and dipolar interaction enables ZnxFe3−xO4 NHSs to be an excellent material
for high-frequency and biomedical applications.

DOI: 10.1103/PhysRevApplied.11.024059

I. INTRODUCTION

Magnetite (Fe3O4) in the nanoscale is one of the most
important magnetic materials with a high permeability,
100% spin polarization, Verwey transition TV ∼ 120 K, and
a very high Curie temperature, Tc ∼ 856 K, which enable it
to be a promising candidate for use in nanoscale functional
spintronic devices, magnetic fluid, high-density magnetic
storage, and biomedical applications [1–4]. Among all
their nanostructures, nanohollow spheres (NHSs) draw
maximum attention because of their low density, high com-
pressibility to withstand changes in pressure and tempera-
ture, and large effective surface area. The lower density
of hollow spheres enables them to be a better material for
magnetorheological applications with higher dispersibil-
ity [5]. The hollow cavity can also be used for delivering
drugs [6].

In all the applications, including biomedical, high mag-
netization is required. However, it deteriorates signifi-
cantly when the size is reduced from bulk to nanoscale
because of surface effects, where the magnetic order is
highly disturbed due to the randomly oriented surface
spins. Therefore, enhancement of magnetization in iron
oxide nanostructures is a real challenge to material sci-
entists. Doping Fe3O4 with divalent cations (Zn2+, Co2+,
Mn2+, Mg2+, Ni2+, etc.) is an effective method to enhance
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its magnetic properties [7–11]. Among these, Zn-doped
Fe3O4 nanostructures draw great interest, in particular in
clinical applications, due to the lower toxicity of Zn2+.
Moreover, the presence of Zn helps in forming stable com-
plexes with various Fe3O4 drugs, polymers, and organic
materials according to the Irving-William series [12].

In addition to a large magnetic moment, high resistivity
is also required for high-frequency applications such as in
microwave communication technology to reduce eddy cur-
rents, back emf, and other high-frequency-related negative
effects [13,14]. With the inclusion of Zn, the conductivity
of Fe3O4 reduces due to the reduction in spin hopping.

Magnetite and other ferrites have attracted much atten-
tion in recent years in microwave (MW) attenuation
devices. MW attenuation materials must possess the prop-
erties of high absorption with minimum reflection loss. For
normal incidence of a wave to an absorber layer with a
metal back, reflection loss (RL) is given by [15,16]

RL(dB) = 20 log
∣∣∣∣Z − 1
Z + 1

∣∣∣∣ , (1)

where Z is the normalized input impedance described as

Z =
√

μr

εr
tanh

(
j

2π t
λ

) √
μrεr, (2)
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where μr and εr are the complex permeability and permit-
tivity, λ is the wavelength of MWs in free space, and t is
the thickness of the absorber.

To achieve complete absorption, Z should be equal
to 1, which is possible only when (2π t/λ)

√
μrεr = ∞

and µr/εr ∼ 1. Considering the present-day requirement for
miniaturization of devices, t cannot be made very large.
However, µr can be made very high by choosing suit-
able materials such as ferrites. In ferrites, μr/εr � 1 as the
value of εr is much higher than that of µr. Therefore, µr/εr
should be tuned to unity by doping zinc, which increases
µr due to an increase in magnetization. Hollow-structured
materials can also enhance the electromagnetic absorption
due to repeated reflection at the inner surface of the hollow
cavity [17].

The reported magnetic properties of ZnxFe3−xO4 nano-
materials prepared by different synthesis methods are con-
tradictory. Takaobushi et al. [18,19] reported a continuous
increase of magnetization (Ms) in ZnxFe3−xO4 epitaxial
thin films until x = 0.9. In contrast, Venkateshvaran et al.
[20] observed the Ms of ZnxFe3−xO4 epitaxial films to
increase and conductivity to decrease monotonously with
x from 0 to 0.5. Matsuo et al. [21] showed the maximum
Ms for x = 0.2 in nanoparticles, prepared by the chemical
coprecipitation method. Therefore, from the literature, we
observe that Zn doping in Fe3O4 up to a certain percentage
enhances the magnetic moment, reduces conductivity, and
helps in forming stable complexes.

In this work, we prepare ZnxFe3−xO4 NHSs with
0.0 ≤ x ≤ 1.0 to investigate the relationship of the mag-
netic and dielectric properties with Zn doping. Maximum
magnetization along with a significant reduction in con-
ductivity is observed for x = 0.2.

II. EXPERIMENTAL

ZnxFe3−xO4 (x = 0.0, 0.1, 0.2, 0.3, 0.4, 1) NHSs are syn-
thesized using a facile template-free solvothermal method
through proper variation of zinc chloride to maintain the
stoichiometry for different doping percentages. In the typi-
cal synthesis of ZnxFe3−xO4 NHSs, 1.35 g of FeCl3.6H2O,
x g of ZnCl2 (0 ≤ x ≤ 0.291), and 0.53 g of urea are dis-
solved in a 30-ml solvent mixture of 20 mL of ethylene
glycol and 10 ml of ethanol, which is stirred until a clear
homogeneous solution is obtained. Thereafter, 1 ml of
oleylamine, which is a growth modifier as well as a sur-
face stabilizer, is added to the solution mixture in order to
restrict particle growth in the nanometer-size range. The
properly mixed final solution is transferred into a 40-ml
Teflon-lined stainless-steel autoclave and heated to 180 °C
for 20 h followed by natural cooling to room tempera-
ture. The resulting black precipitate is thoroughly washed
with absolute ethanol to remove all residual reagents and is
then separated by centrifugation. The as-obtained product
is dried at 60 °C for 12 h. By varying the amount of ZnCl2,

(a)

(b)

FIG. 1. (a) XRD intensity pattern of ZnxFe3−xO4 (x = 0.0, 0.1,
0.2, 0.4, 1) with Rietveld refinement and (b) enlarged image of
(311) reflection peak.

we are able to prepare ZnxFe3−xO4 (x = 0.0, 0.1, 0.2, 0.4,
1) NHSs. At the elevated temperature, urea decomposes to
ammonia, which is produced by hydroxyl groups. These
hydroxyl groups precipitate the hydroxides of zinc and
ferric ions and finally, ZnxFe3−xO4 NHSs are formed.

The phase and morphology of the prepared samples
are characterized by a Rigaku Miniflex II desktop x-ray
diffractometer using Cu Kα (λ = 1.5418 Å) radiation, FEI
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TABLE I. Table for cation distribution, inversion degree (δ), and lattice parameter from Rietveld refinement.

x ZnxFe3−xO4 Lattice parameter (Å)

0.0 Fe3+[Fe2+Fe3+]O4 8.4 ± 0.0002

0.1 δ = 0, Zn2+
0.1Fe3+

0.9[Fe2+
0.9Fe3+

1.1]O4 8.4021 ± 0.0003

0.2 δ = 0.003, Zn2+
0.197Fe3+

0.803[Zn2+
0.003Fe2+

0.8Fe3+
1.197]O4 8.4084 ± 0.0002

0.3 δ = 0.03, Zn2+
0.27Fe3+

0.73[Zn2+
0.03Fe2+

0.7Fe3+
1.27]O4 8.3906 ± 0.0003

0.4 δ = 0.06, Zn2+
0.34Fe3+

0.66[Zn2+
0.06Fe2+

0.6Fe3+
1.34]O4 8.4014 ± 0.0002

1.0 δ = 0, Zn2+[Fe3+]O4 8.3989 ± 0.0004

Technai G2 TF-20 TEM, and JASCO FTIR. The magnetic
measurements are performed with a Lakeshore VSM and a
Superconducting Quantum Interference Device (SQUID).
Dielectric and ac electrical conductivity are measured
using an impedance analyzer.

III. RESULTS AND DISCUSSION

A. Structure and morphology

The XRD patterns of NHSs with Rietveld refinement,
shown in Fig. 1, confirm the formation of the face-
centered-cubic spinel structure (JCPDS card np. 89-1397).
The (311) peak [Fig. 1(b)] shifts to the lower diffraction
angle up to x = 0.2, beyond which it moves toward the
higher angle. As the tetrahedral site (A site) is larger than
the octahedral site (B site), the nonmagnetic Zn2+ (0.74 Å)
ions prefer to replace Fe3+ (0.64 Å) ions of the A site
under a lower doping concentration, resulting in a larger
lattice parameter from 8.4 Å (for x = 0.0) to 8.4084 Å
(for x = 0.2) and leading to the cation distribution at the
A and B sites as (Zn2+

x Fe3+
(1−x))A[Fe2+

(1−x)Fe(1+x)3+]BO4.
However, excess Zn2+ beyond x = 0.2 partly replaces
Fe2+ ions at B sites and starts to form mixed ferrite as
[Zn2+

(x−δ)Fe3+
(1−x+δ)]A[Zn2+

δ Fe2+
(1−x)Fe3+

(1+x−δ)]BO4, where δ is
the inversion degree defined as the fraction of B sites

FIG. 2. Variation of lattice constant with Zn-doping
concentration.

occupied by Zn2+ ions. The cation distribution, δ, and lat-
tice parameter obtained from the Rietveld refinement of
the experimental XRD pattern are shown in Table I. While
both the iron sites are replaced by Zn+2 ions, the competi-
tion between parameter b, due to the cation size effect and
the Madelung constant, M, starts to play a significant role
in determining the lattice constant, a, following the relation
a ∝ b/M [22]. The substitution of more Zn2+ and replace-
ment of Fe2+ causes a change of the repulsion potential as
well as the ionic distance, resulting in the reverse trend of
decreasing the lattice constant beyond x = 0.2. The vari-
ation of the lattice constant with Zn content is shown in
Fig. 2.

The FTIR spectra of the as-prepared ZnxFe3−xO4 (x = 0,
0.1, 0.2, 0.3, 0.4, 1) NHSs are shown in Fig. 3. Absorp-
tion bands at 576 cm−1 and 666 cm−1 are observed, which
are associated with Fe-O stretching vibrations of Fe3+ ions
in octahedral and tetrahedral sites, respectively, where the
latter is absent for x = 1.0, confirming full doping of Zn
[23]. With the substitution of zinc, a peak is observed at
430 cm−1 for the Zn-O stretching vibration at tetrahedral
sites, confirming Zn doping.

FIG. 3. FTIR spectra of the ZnxFe3−xO4 NHSs.
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FIG. 4. TEM, High resolution TEM
and SAED patterns of Zn0.3Fe2.7O4
NHSs with size distribution.

The intensive contrast between the dark boundary line
and bright center of TEM images of all the samples clearly
shows the formation of NHSs with homogeneous size
distribution and shell thickness. A representative TEM
micrograph along with a selected area diffraction pat-
tern (SAED), (311) plane, and size distribution curve of
the sample Zn0.3Fe2.7O4 is shown in Fig. 4. The average
sizes of the NHSs calculated from the TEM images are
200–400 nm.

B. Magnetic properties

Figure 5 shows the M -H hysteresis loop of the samples
at temperature T = 300 and 80 K. An increase in satura-
tion magnetization (MS) is observed upon Zn doping with
maximum MS = 92.5 emu-g−1 at 300 K and 99.5 emu-g−1

at 80 K for x = 0.2. Ms decreases on doping more Zn
beyond x = 0.2. The magnetism in Fe3O4 arises due to the
exchange interactions among the cations in the inverse-
spinel structure, which is governed by a combination of
antiferromagnetic superexchange (SE) and ferromagnetic
double exchange (DE) interactions. In Fe3O4, the tetrahe-
dral A site is occupied by Fe3+ and in the octahedral B
site, there is an alternate arrangement of Fe3+ and Fe2+

ions. There are three antiferromagnetic SE interactions, JAA
(A-O-A), JBB (B-O-B), and JAB (A-O-B), between the Fe3+

ions on the A and B sites, mediated by the oxygen (O)
ions. In addition, there is a ferromagnetic DE interaction
mediated by the itinerant spin-down t2g electrons hopping
between the mixed-valent Fe ions on the B sites [20].

In pure Fe3O4, the resultant magnetization from Fe3+

ions is zero due to antiferromagnetic coupling and only the
Fe2+ ions contribute to the net magnetization. With low
Zn substitution, the Fe3+ ion on the A site is replaced by a
nonmagnetic Zn2+ ion and it does not affect the magnetic
exchange on the B site. However, for charge compensation,
Fe2+on the B site is converted to Fe3+ and nullification
of the magnetic moment from Fe3+ is lost. As a result,
Ms increases at a low substitution level (x = 0.2) due to
the contribution from Fe2+ as well as Fe3+. For higher
substitution of Zn2+ (x > 0.2), exchange interaction JAB is
diluted due to nonmagnetic Zn2+ and saturation magneti-
zation decreases. The variation of Ms with x is shown in
the inset of Fig. 5 for both the measured temperatures.

The zero-field-cooled (ZFC) and field-cooled (FC) χ

vs T measurements are shown in Fig. 6 for ZnxFe3−xO4
NHSs with an applied field of 100 Oe. In the case of ZFC
curves during cooling, the randomness of surface spins is
frozen below a certain temperature, which is called the
spin-freezing temperature (Tg), leading to a cusplike max-
imum around 30 K. The inset of Fig. 6 shows the variation
of Tg with the Zn content (x). Higher magnetization of
the FC curve compared to the corresponding ZFC curve
is attributed to the surface spins, which are frozen dur-
ing cooling in the direction of the external field. When
nonmagnetic Zn2+ occupies only the A site (for x = 0.1,
0.2, 1.0), JAB is diluted and Tg reduces. For x = 0.3 and
x = 0.4, in addition to the tetrahedral site, Zn2+ also occu-
pies the octahedral site, increasing the spin-orbit coupling
and hence the anisotropy energy.
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FIG. 5. Variation of magnetization (Ms) with applied magnetic
field (H ) at 300 and 80 K. Inset shows the variation of Ms with x
at the respective measuring temperatures.

Another cusplike maximum observed at higher tempera-
tures for all the samples, except for ZnFe2O4, corresponds
to the Verwey transition where structural transition from
cubic to monoclinic symmetry takes place. The Verwey
transition temperature (TV) is extremely sensitive to the
oxygen stoichiometry or the transition metals present in the
compound [24]. Since Zn2+ replaces Fe3+ at the A sites
around which the vibrating oxygen ions are situated, the
changes in the frequency of the phonon vibration (ν) are
expected. Gupta et al. [24] showed the reduction in TV with
increasing phonon frequency. ν can be written as

v = 1
2π

√
k

mr
, (3)

where the reduced mass mr = (m1m2/m1 + m2) and k is the
bond strength.

Here, m1 is the mass of Zn+2 / mass of Fe+3 and m2
is the mass of O−2. With increasing Zn2+ (65.408 Dalton)
replacing Fe+3 (55.843 Dalton), mr increases and hence ν

decreases. On the other hand, the replacement of Fe3+ by
larger Zn2+ changes k in the same fashion as the lattice

FIG. 6. ZFC-FC curves of Zn0.2Fe2.8O4 and ZnFe2O4 (inset
curves show the variation of the Verwey transition temperature
and spin-freezing temperature with Zn-doping percentage x).

constant, shown in Fig. 2. The resultant effect of Zn doping
on TV is shown in the inset of Fig. 6.

The real (χ ′) and imaginary (χ ′′) parts of ac susceptibil-
ity for x = 0.0, x = 0.2, and x = 1.0 are shown in Fig. 7 at
four different frequencies, f = 7, 83, 253, and 503 Hz, and
in the temperature range of 5 to 400 K. We observe two
peaks in the susceptibility vs temperature curves. The peak
at the lower temperature (T′

g for χ ′ and T′′
g for χ ′′) cor-

responds to the spin-freezing temperature and the second
one at the higher temperature (T′

V for χ ′ and T′′
V for χ ′′)

indicates the Verwey transition, which is independent of
frequency [25]. With frequency, χ ′ does not change much
except at temperatures close to and below T′

g , whereas
χ ′′ changes significantly due to the presence of magnetic
dipolar interactions [26].

The frequency dependence of χ ′ for T < T′
g and its fre-

quency independence for T < T′
g suggests the blocking

process of the Fe3O4 NHSs [27].The variation of T′
g and

T′′
g with frequency is related to the relaxation of the domain

walls [28], which results in higher magnetic anisotropy as
well as the spin-freezing temperature. In order to get a
clearer insight into the relaxation mechanism of the NHSs,
we fit the data of the relaxation time (τ ) and T′

g with the
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(a) (b)

(c) (d)

(e) (f)

FIG. 7. Temperature-dependent susceptibility curves of (a),(b) Fe3O4, (c),(d) Zn0.2Fe2.8O4, (e),(f) ZnFe2O4.

Vogel-Fulcher equation [29]:

τ = τ0exp[−Ea/kB(T′
g − T0)], (4)

where Ea is the anisotropy energy barrier, τ 0 is the charac-
teristic relaxation time, kB is the Boltzmann constant, and

T0 is the characteristic temperature, which is the measure
of the interparticle interaction energy.

By fitting with Eq. (4) (Fig. 8), we find τ 0 = 1.14 ×
10−8 s and T0 = 41.0 ± 0.2 K for x = 0 for Ea/kB = 189 K.
This type of large τ 0 is expected for an interacting spin
cluster [30]. For x = 0.2 and 1.0, the values of τ 0 and T0
are 2.56 × 10−9 s and 36.0 ± 0.5 K for Ea/kB = 276 K and
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FIG. 8. Frequency dependence of T′
g fitted to the Vogel-Fulcher

law.

1.53 × 10−8 s and 25 ± 0.6 K for Ea/kB = 219 K, respec-
tively. Therefore, interparticle interaction energy decreases
with increasing doping, indicating a reduction in dipole
interaction.

C. Dielectric properties

Figure 9 shows the variation of the real (ε′) and imagi-
nary (ε′′) parts of the dielectric constant with frequency of
ZnxFe3−xO4 NHSs for x = 0.0 and 0.2 within the temper-
ature range of 303 K ≤ T ≤ 573 K. A higher value of ε′ is
observed for the undoped Fe3O4 compared to the Zn-doped
sample. Below 473 K, the dielectric constant is almost
independent of frequency, because at lower temperatures,
the thermal vibration frequency of the charge carriers does
not match with the applied frequency range. With the
increase in temperature as the thermal vibration is equiv-
alent to the applied frequency, ε′ increases, but at very
high frequencies, the carriers cannot follow the applied fre-
quency and lag behind, reducing ε′. The dielectric constant

and dielectric loss both show high values at low frequen-
cies and decrease with the frequency reaching a nearly
saturated value indicating a frequency-independent behav-
ior beyond 106 Hz. This phenomenon can be explained
on the basis of Koop’s theory [31]. According to this
theory, the dielectric structure is said to be composed of
grains and grain boundaries in which grains are conductors
while grain boundaries are nonconductive. Among the var-
ious sources of polarizations, dipolar (within 103–106 Hz)
and interfacial polarization (below approximately 103 Hz)
contribute significantly. However, all polarizations can-
not follow the applied frequency beyond 106 Hz, leading
to a reduction in polarization with increasing frequency.
Nyquist plots of imaginary vs real impedances (−z′′ vs z)
of the samples x = 0 and 0.2 are shown in Figs. 10(a) and
10(b), respectively, at different temperatures consisting of
two arcs at each temperature centered at the real axis. The
low- and high-frequency parts of the arcs correspond to the
contributions from the grain boundary and grain, respec-
tively. The resistance value at a particular temperature is
equal to the intercept at the x axis of the corresponding
semicircle.

The grain and grain boundary effect on the dielectric
constant and conductivity of a material can be explained
using the equivalent circuit model [32] shown in Fig. 11,
consisting of two parallel RC circuits, Rg||Cg (from grain)
and RGB||CGB (from grain boundary) and Rs and Ls con-
nected in series. Rs and Ls represent the contributions from
measuring leads and electrodes.

Each semicircle appearing in the Nyquist plot corre-
sponds to the parallel RC component of the equivalent
circuit. The grain resistance decreases with increasing tem-
perature, which may be due to the change in conductivity at
higher temperatures. The grain capacitance (Cg) is related
to Rg via this equation:

ωτ = 2π fmaxRgCg = 1, (5)

(a) (b)

FIG. 9. Variation of dielectric constant (ε′) with frequency at different temperatures for (a) Fe3O4 and (b) Zn0.2Fe2.8O4 (inset images
show the dielectric relaxation behavior over the same frequency range at different temperature values for the respective samples).
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(a) (b) FIG. 10. Nyquist plot of (a) Fe3O4
and (b) Zn0.2Fe2.8O4.

where fmax is the frequency maxima of the semicircle and
τ is the relaxation time which follows the Arrhenius law:

τ = τ0exp
(

Er

kBT

)
, (6)

where τ 0 is a prefactor, Er is the activation energy for
relaxation, T is the absolute temperature, and kB is the
Boltzmann constant. From the slope of the plot between
ln τ and 1000/T (Fig. 12), the activation energy is found
to be 0.01 ± 0.001 eV for Fe3O4 and 0.07 ± 0.009 eV for
Zn0.2Fe2.8O4. The Er value increases with doping.

Figure 13 shows the variation of ac conductivity (σ ac)
with a frequency over the 10 KHz to 100 MHz range at
different temperatures ranging from 303 to 573 K. Below
approximately 400 K, the ac conductivity does not change
significantly up to approximately 5 MHz and thereafter
increases, reaching a peak value beyond which a reduction
is observed. The constant conductivity at low frequency
is attributed to the inability of charge carriers to cross the
energy barrier; however, at higher frequencies, they gain
sufficient energy to cross the barrier and increase con-
ductivity. At very high frequencies, the carriers cannot
follow the applied electric field and lag behind, resulting
in a reduced σ ac. Above approximately 400 K, the σ ac
vs frequency curve does not show any peak. Instead, a
frequency-independent flat curve indicates sufficient ther-
mal energy to cross the energy barrier.

From Fig. 13, it is clear that the ac conductivity value
of Zn0.2Fe2.8O4 NHSs is lower than that of the undoped

FIG. 11. Equivalent circuit, which represents the grain
and grain boundary effects on the dielectric constant and
conductivity.

one because of the reduction of both the spin hopping and
itinerant (Fe2+) charge-carrier density in the octahedral site
due to doping.

The σ ac of a material can be written as [33]

σac(T) = σ1(T) + σ2(T), (7)

where the first term, σ 1 (T) is the dc conductivity, which
corresponds to the drift of charge carriers and the sec-
ond one, σ 2 is the frequency-dependent part of the ac
conductivity given by [34]

σ2(ω, T) = A(T)ωη(T), (8)

where A has the unit of conductivity and η is dimension-
less, which can be calculated from the slope of the ln (σ ac)
vs ln (ω) plot. Figure 14 shows the variation of η with
temperature for our samples.

The nature of variation of η with temperature gives the
idea of the conduction mechanism in materials depend-
ing on different models [33,35–38]: (i) conduction can
be explained by quantum mechanical tunnelling (QMT)
when η is independent of temperature, (ii) correlated bar-
rier hopping (CBH) is expected when η decreases with
temperature, and (iii) the increase in η with temperature

FIG. 12. Arrhenius plot of relaxation time for the samples.

024059-8



MAGNETIC AND ELECTRONIC PROPERTIES . . . PHYS. REV. APPLIED 11, 024059 (2019)

FIG. 13. Variation of ac con-
ductivity with frequency at differ-
ent temperatures for Fe3O4 and
Zn0.2Fe2.8O4.

can be correlated with small polaron conduction, while
if η reaches a minimum followed by an increase with a
further increase in temperature, then the dominant conduc-
tion mechanism is an overlapping large polaron tunnelling
(OLPT). From Fig. 14, η decreases with increasing temper-
ature, thus CBH is the conduction mechanism in undoped
and Zn-doped Fe3O4 NHSs.

ZnxFe3−xO4 nanohollow spheres with enhanced Ms (for
x = 0.2) show reductions in both permittivity and con-
ductivity. According to the Globus equation [39], per-
meability μ = M 2

s D/(K)1/2, where D is the grain size
and K = anisotropy constant. For x = 0.2, μ increases due
to the combined effect of the enhanced Ms and reduced
anisotropy, making it a good candidate for MW attenua-
tion devices as per Eqs. (1) and (2) as discussed earlier.
Higher μr and nanohollow structures help in developing
thin and lightweight MW absorbers.

The reflection coefficient (R) at the air-material interface
for normal incidence of the electromagnetic wave, follows
the equation:

R =
∣∣∣∣
√

(μr/εr) − 1√
(μr/εr) + 1

∣∣∣∣ . (9)

Therefore, R ∼ 1 when the value of εr is much higher than
that of μr. Zn0.2Fe2.8O4 NHS with increased μr and two

FIG. 14. Variation of η with temperature.

orders of magnitude less εr (compared to that of x = 0) can
be an excellent material for MW attenuation devices.

IV. CONCLUSION

In conclusion, ZnxFe3−xO4 nanohollow spheres are suc-
cessfully prepared with a higher value of saturation mag-
netization reaching a maximum at x = 0.2. We find an
increase in resistivity with Zn doping due to a reduc-
tion in spin hopping, which is effective in reducing eddy
currents, back emf, and other high-frequency-related neg-
ative effects. Zn0.2Fe2.8O4 NHSs can be excellent materi-
als for thin and lightweight MW attenuation devices and
other high-frequency communication technologies. The
presence of biocompatible Zn also helps in forming sta-
ble complexes with various drugs, polymers, and organic
materials, making it a promising material for biomedical
applications.
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