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A B S T R A C T

We synthesized ZnxFe3−xO4 (x=0.0, 0.1, 0.2, 0.3, 0.4, 1.0) nano-hollow spheres (NHSs), a promising functional
magnetic material for bio-medical applications. Detailed temperature dependent magnetic studies indicate an
increase in saturation magnetization (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 FeA3+ ion on the A site by Zn2+

and transformation of FeB2+ to FeB3+ on B site for maintaining the charge neutrality. The dynamic magnetic
properties of the powdered ZnxFe3−xO4 samples were investigated using frequency dependent real and ima-
ginary parts of ac susceptibility. The data obtained by fitting Vogel Fulcher law indicates reduced dipolar in-
teraction in our systems due to Zn doping. Applications of Fe3O4 nanostructures can be improved by doping Zn
and making hollow spheres.

1. Introduction

Fe3O4 nanoparticles (NPs) are found to be potential candidates for
many bio-medical applications, such as in targeted drug delivery,
cancer therapy, imaging etc. and have been widely used in bio-medical
field [1–4]. Though in all the applications high magnetization is re-
quired, it deteriorates significantly when size is reduced from bulk to
nano, because of surface effects, where magnetic order is highly dis-
turbed. Therefore enhancement of magnetization in Iron oxide nanos-
tructures is a real challenge to the material scientists.

Doping Fe3O4 with divalent cation (Zn2+, Co2+, Mn2+, Mg2+, Ni2+

etc.) is an effective method to enhance magnetic properties [5–9]. Nano
ferrites (MFe2O4) have aroused much attention in nanotechnology, bio-
electronics, spintronics and bio-sensors [10–14] because of their re-
markable magnetic and electronic properties. Among them Zn doped
Fe3O4 nanostructures achieved great interest in clinical applications
due to less toxicity and compatibility of Zn2+ ion with human body.

However, the reported magnetic properties of ZnxFe3−xO4 nano
materials prepared by different synthesis methods are contradictory.
Takaobushi et al. [15,16] reported continuous increase of magnetiza-
tion (Ms) in ZnxFe3−xO4 epitaxial thin films till x=0.9. By contrast,
Venkateshvaran et al. [17] observed Ms of ZnxFe3−xO4 epitaxial films to
decrease monotonously with increasing x from 0 to 0.5. Matsuo et al.
[18] showed the maximum Ms for x=0.2 in nanoparticles, prepared by

chemical coprecipitation method.
Among all the other nanostructures nano hollow spheres drew

maximum attention because of high magnetic saturation, low density,
large effective surface area and ability to withstand change in tem-
perature and pressure [19].

In this paper we prepared ZnxFe3−xO4 (0.0≤ x≤ 1.0) NHSs to in-
vestigate the structural and magnetic properties with Zn doping. Ms

increases till x=0.2 due to replacement of Fe3+ by Zn2+ in tetrahedral
site disturbing the cancellation of magnetic moment of Fe3+ in octa-
hedral and tetrahedral sites. This enhanced Ms will enable them for
better bio-medical applications.

2. Experimental

ZnxFe3−xO4 (x=0.0, 0.1, 0.2, 0.3, 0.4 & 1) NHSs were synthesized
using a facile template free solvothermal method through proper var-
iation of Zinc chloride. In the typical 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
were dissolved in 30ml solvent mixture of 20ml Ethylene glycol &
10ml Ethanol, which were stirred until clear homogeneous solution
was obtained. Thereafter, 1 ml of oleylamine which is a growth modi-
fier as well as surface stabilizer was added to the solution mixture in
order to restrict the particle growth in nanometer size range. The
properly mixed final solution was transferred into 40ml Teflon lined
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stainless steel autoclave and heated to 180 °C for 20 h followed by
natural cooling to room temperature. The resulting black precipitate
was thoroughly washed with absolute ethanol to remove all residual
reagents and separated by centrifugation. The as-obtained product was
dried at 60 °C for 12 h. Only by modulating the amount of ZnCl2, we
have been able to prepare ZnxFe3−xO4 (x=0.0, 0.1, 0.2, 0.4, 1) NHSs.
At the elevated temperature urea decomposed to ammonia which
produced hydroxyl groups. These hydroxyl groups precipitated the
hydroxides of zinc and ferric ions, which finally formed ZnxFe3−xO4

NHSs.
Phase and morphology of the prepared samples are characterized

using X-ray diffraction (XRD) by Rigaku Miniflex II desktop X-ray dif-
fractometer using Cu Kα (λ=1.5418 Å) radiation, Transmission
Electron Microscope (TEM) and Fourier Transform Infrared
Spectroscopy (FTIR). The magnetic measurements are performed by
Vibrating Sample Magnetometer (VSM) and Superconducting Quantum
Interference Device (SQUID).

3. Results and discussions

3.1. Structure and morphology

The XRD patterns of as-prepared ZnxFe3−xO4 NHSs, as shown in
Fig. 1, confirm the formation of face centered cubic spinel structure
(JCPDS card np. 89-1397).

We were able to find the variation of lattice constant of ZnxFe3−xO4

NHSs with the variation of percentage of doping (shown in Table 1), by
shifting the Bragg reflection peak (Fig. 1 b) of Miller index (3 1 1).
Because of the replacement of Fe3+ (0.64 Å) with Zn2+ (0.74 Å) in the
A site, the distance between the (3 1 1) planes increased, causing higher
lattice constant. It is found that up to x=0.2 the peak shifted towards
lower diffraction angle and beyond which the behavior is not con-
sistent. Inconsistency in the result is obtained after x=0.2 due to the
distortion of crystallinity as a result of doping [18].

The FTIR spectrum of the as prepared ZnxFe3−xO4 (x=0, 0.1, 0.2,
0.3, 0.4, 1) NHSs shown in Fig. 2 confirms the formation of spinel
structure. In the pure Fe3O4 NHS (x=0) spectrum, presence of ab-
sorption bands at 571 cm−1 wavenumber is due to Fe-O stretching vi-
brations of Fe3+ in tetrahedral sites and those of Fe3+ and Fe2+ ions at
648 and 425 cm−1 in octahedral sites respectively confirm Fe3O4

structure formation [20].
Due to conversion of Fe2+ ions to Fe3+ in octahedral sites and

changes in the properties of the created bonds between Fe3+ ions and
oxygen ions, the absorption bands shift in the FTIR spectra. The shift in
the absorption bands is easily observed from Fig. 2.

TEM images of Fe3O4 and ZnFe2O4 NHSs, as shown in Fig. 3(a) and
(b), indicate homogeneous size distribution and uniform shape of the
samples. The intensive contrast between the dark boundary line and
bright center of the TEM images confirm the formation of hollow
structure. Hollow structure and uniform shape of the samples are also
confirmed from the cracked spheres of FESEM images shown in
Fig. 4(a) and (b). Average diameter of the NHSs as mentioned in Table 1

Fig. 1. (a) XRD intensity pattern of ZnxFe3−xO4 (x=0.0, 0.1, 0.2, 0.4, 1) with (b) enlarged image of (3 1 1) reflection plane.

Table 1
Values obtained from XRD pattern for different values of Zn concentration.

Sample Position of
(3 1 1)
peak in
degree
(2θ)

Crystallite size
(nm)

Lattice
Spacing
(Å)

Lattice
Constant
(Å)

Diameter of
NHSs From
TEM
(nm)

Fe3O4 35.37 41.56 2.5375 8.4159 130
Zn0.1Fe2.9O4 35.367 41.94 2.5383 8.4186 240
Zn0.2Fe2.8O4 35.337 44.82 2.5402 8.4249 390
Zn0.3Fe2.7O4 35.408 45.04 2.5354 8.4089 310
Zn0.4Fe2.6O4 35.386 49.40 2.5369 8.4139 420
ZnFe2O4 35.342 37.32 2.5399 8.4239 195

Fig. 2. FTIR spectra of the ZnxFe3−xO4 NHSs.
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is calculated from TEM and FESEM images. High resolution TEM
(HRTEM) and selected area diffraction pattern (SAED) is studied in
order to obtain the detailed information about the crystallinity and
structure of the as synthesized samples. The HRTEM images as shown in
Fig. 3 confirm the crystallinity of the NHSs and the calculated lattice
spacing is the same as obtained from the XRD data analysis (Table 1).
The information of diffraction plane and lattice constant is obtained
from SAED pattern, along with the confirmation of crystallinity, which

is in accordance with the data shown in Table 1 from XRD measure-
ment.

3.2. Magnetic measurements

The M-H loop of all the samples at T=300 K and 80 K is shown in
Fig. 5 (a) and (b). We found an increase in the saturation magnetization
value (Ms) of the NHSs with Zn doping. Magnetization became

Fig. 3. TEM, HRTEM and SAED pattern of (a) Fe3O4 and (b) ZnFe2O4.

Fig. 4. FESEM images of (a) Fe3O4 and (b) ZnFe2O4.

Fig. 5. Variation of Magnetization (M) with applied magnetic field (H) at (a) 300 K and (b) 80 K.
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maximum for x=0.2 with Ms= 91.8 emu-g−1 at 300 K and 99.5 emu-
g−1 at 80 K, which decreased upon further increase in Zinc content.

The magnetic behavior with Zn doping can be explained via ex-
change interaction [21–23]. The magnetic exchange in magnetite is
governed by a combination of antiferromagnetic superexchange (SE)
and ferromagnetic double exchange (DE) interactions. The oxygen ions
(O2

−) are arranged to form face centered cubic lattice (FCC) with two
kind of sublattices, namely tetrahedral (A-site) and octahedral (B-site)
interstitial sites. The A sites (8 per unit cell) are occupied by trivalent
FeA3+ (3d5, S= 5/2), whereas on the octahedrally coordinated B sites
(16 per unit cell) there is an alternating arrangement of FeB2+ (3d6,
S= 2) and FeB3+ (3d5, S= 5/2) ions. Substitution of FeA3+ by Zn2+

reduces the amount of FeB2+ on the B site to maintain charge neu-
trality. That is, the amount of itinerant charge carriers mediating the DE
interaction on the B sublattice is reduced [17]. This reduction in fer-
romagnetic DE interaction and strengthening in antiferromagnetic SE
interaction introduce Yafet-Kittel angle [24], reducing the saturation
magnetization after certain doping concentration.

From the temperature dependent magnetic hysteresis loops we

found that the Ms value to be gradually increasing with decreasing
temperature for all samples, where the value of coercivity and re-
manence showed an increase. The small increase in coercivity at lower
temperature is due to reduction in thermal fluctuation. Fig. 6 shows the
variation of Ms with zinc content (x) at room temperature and at 80 K.
Saturation magnetization increases at lower temperature due to de-
crease in thermal energy, so that the magnetic moment got aligned
along the field direction easily [25]. On the other hand due to thermal
fluctuation and other disorder states at the surface of the NHSs the
response of magnetic moment with magnetic field is weak at higher
temperature.

The Zero field cooled (ZFC) and field cooled (FC) χ vs T measure-
ments are shown in Fig. 7 for ZnxFe3−xO4 NHSs with an applied field of
100 Oe. The observed cusp-like maxima in the ZFC-FC curves corre-
spond to the spin glass transition mainly from the surface spins. Mag-
netization in a nanoparticle is contributed from the inner part where
strong magnetic ordering exists and from the surface part where mag-
netic order is not so strong. Higher magnetization of the FC curve
compared to corresponding ZFC curve is attributed to the surface spins,
which are frozen in the external field direction. Even the ZFC curves
show high magnetization at the lowest temperature (3 K) due to the
contribution from the inner part. Another cusp like maxima observed at
the higher temperature region corresponds to Verwey transition where
structural transition of magnetite samples from cubic to monoclinic
symmetry takes place on decreasing temperature. Verwey transition is
absent in ZnFe2O4.

AC susceptibility measurements are important as the dependence of
susceptibility on temperature T is useful in detecting variations in
magnetic anisotropy. The real (χ′) and imaginary (χ'') parts of AC
susceptibility, for x=0.0, x=0.2 and x=1.0, are shown in Fig. 8 at
four different frequencies f=7Hz, 83 Hz, 253 Hz & 503 Hz and in the
temperature range 5 K to 400 K. We observed two peaks in the sus-
ceptibility vs temperature curves, lower temperature peak (T1′ for χ′
and T1″ for χ″) corresponds to the spin freezing temperature and higher
temperature peak (T2′ for χ′ and T2″ for χ″) indicates the Verwey
transition. With frequency χ″ changes significantly due to the presence
of dipolar interactions between NHSs.

Frequency dependence of χ′ for T < T1′ and its frequency in-
dependence for T > T1′, suggests the frequency dependence transition
of the NHSs. Variation of T1′ and T1″ with frequency is related to the

Fig. 6. Variation of Saturation magnetization (MS) as a function of Zinc content
in ZnxFe3−xO4 at 300 K and 80 K.

Fig. 7. ZFC-FC curves of the ZnxFe3−xO4 NHSs.
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relaxation of domain walls [26], which resulted in higher magnetic
anisotropy as well as spin freezing temperature. For better under-
standing of the low temperature magnetic behaviour, peak shift of χ′
with frequency can be considered by analysing [27]

=
′

′

T
T f

Γ
Δ
Δ log

1

1 (1)

The values of Γ obtained for x= 0.0, 0.2 and 1.0 are 0.033, 0.038
and 0.05 respectively, which clearly indicate the spin glass type beha-
viour as Г < 0.06 [27]. Moreover from Fig. 8 it is clear that χ′ depends
strongly on frequency around 40 K, whereas in χ″ the peak shifts to-
wards higher temperature with increasing frequency. This behaviour
suggests a high temperature ferromagnetic to low temperature spin
glass magnetic state at the surface [28,29].

In order to get clear sight into the relaxation mechanism of the nano
hollow spheres we fit the data of relaxation time and T1′ with Vogel-
Fulcher equation [26]:

= − ′ −τ τ E k T Texp[ / ( )]a B0 1 0 (2)

Where, Ea is the anisotropy energy barrier, τ0 is the characteristic re-
laxation time, kB is the Boltzmann constant and T0 is the characteristic
temperature which is the measure of the interaparticle interaction en-
ergy.

By fitting with Eq. (2) (Fig. 9) we found τ0= 1.14×10−8 s and
T0= 41.0 ± 0.2 K for x=0 for Ea/kB=189 K. This type of large τ0 is
expected for interacting spin cluster [30]. For x=0.2 and 1.0 the va-
lues of τ0 and T0 are 2.56×10−9 s and 36.0 ± 0.5 K for Ea/kB=276 K
and 1.53×10−8 s and 25 ± 0.6 K for Ea/kB=219 K respectively.
Interparticle interaction energy decreases with increasing Zn doping,
indicating reduced magnetic dipole-dipole interaction.

Verwey transition temperature T2′ or T2″, where cubic to mono-
clinic structural transition takes place, depends on the transition metals
present in the compound [31]. Verwey transition is independent of
frequency [32] and weakly size dependent [33]. It is extremely

Fig. 8. Temperature dependent susceptibility curves of (a-b) Fe3O4, (c–d) Zn0.2Fe2.8O4, (e-f) ZnFe2O4.
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sensitive to the Oxygen Stoichiometry. Gupta et al. [31] has shown that
there is a role of phonon in determining the Verwey transition tem-
perature. Since Zn2+ replaces Fe3+ at the A sites around which the
vibrating oxygen ions are situated, the changes in frequency of phonon
vibration (ν) is expected. ν can be written as [31]

=ν
π

k
m

1
2 r (3)

where, the reduced mass =
+

mr
m m

m m
1 2

1 2
and k is bond strength.

Here, m1=mass of Zn+2/mass of Fe+3 and m2=mass of O-2. From
Eq. (3), ν increases with increasing k and decreasing mr. Verwey tran-
sition temperature decreases with increasing frequency of phonon vi-
bration as reported earlier [31]. With increasing Zn2+ (65.408 Dalton)

doping, replacing Fe+3 (55.843 Dalton), reduced mass increases as
m0.2 < m0.3 < m0.4, hence as a result ν should decrease as
ν0.2 > ν0.3 > ν0.4.

On the other hand, as ionic radius of Zn2+ (0.74 Å) is higher than
that of Fe3+ (0.64 Å) lattice constant increases reducing the bond
strength k, which therefore reduces the frequency of phonon vibration
(ν). In our case we have seen that a0.2 > a0.4 > a0.3 (Fig. 10). Due to
the combined effect of mass and bond strength, we obtain an average
effect, Tv0.4 > Tv0.2 > Tv0.3 (Table 2)

4. Conclusion

The structural and magnetic properties of ZnxFe3−xO4 NHSs are
investigated to observe an increase in magnetic moment from
65.49 emu/g for x=0.0 to 92.5 emu/g for x=0.2, beyond which it
reduces due to spin canting. The temperature and frequency dependent
dynamic magnetization study revealed the reduction in interparticle
interaction energy with increasing Zn doping due to reduced magnetic
dipolar interaction. ZnxFe3−xO4 NHSs with improved magnetism is a
promising material for bio-medical applications.
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