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a b s t r a c t

The ZnFe1.97RE0.03O4 (RE¼Eu and Nd) nanoparticles (NPs) were prepared via the sol–gel
method. We investigated the effect of RE3þ doping on the spinel structure and the
magnetic properties of the samples. Compared to the paramagnetism of pure ZnFe2O4, the
ZnFe1.97Eu0.03O4 and ZnFe1.97Nd0.03O4 NPs exhibit weak ferromagnetic properties, since
the formation of defects in ZnFe2O4 caused by RE3þ doping not only create energy levels
within the band gap to hybridize with the 4f levels RE3þ and trigger the onset of magnetic
order, but also work as the pinning centers to impede the rotation of the magnetization
and give rise to the enhanced coercivity. Moreover, the coercivity and saturation
magnetization of ZnFe1.97Nd0.03O4 NPs are stronger than those of ZnFe1.97Eu0.03O4 NPs
due to the larger spin and orbital moments of Nd3þ ions.

& 2014 Elsevier Ltd. All rights reserved.
1. Introduction

As an important member of ferrite family, zinc ferrite
(ZnFe2O4) has attracted significant research interest due to
their unique structural and magnetic properties. ZnFe2O4

is a chemically and thermally stable semiconductor mate-
rial, which is suitable for wide applications including
photocatalyst, gas sensor, magnetic data storage, ferrofluid,
magnetic resonance imaging, drug delivery, pigment, and
hot-gas desulfurization [1–6].

For improving their performance in different applica-
tions, people usually try to dope different transition metal
(TM) elements, such as, Mn, Co, Ni and so on, into the ferrite
lattices and further vary their amounts to obtain the desired
magnetic and dielectrical properties of ferrites [7–10]. In
stead of the above transition metals, the rare earths is
another desirable choice for tuning the physical properties
of ferrites, not only because the lanthanide contraction can
induce the monotonic change of ionic radii, but also
because the sequential filling of electrons in their 4f shells
brings the different stable oxidation states and the period-
ical variation in magnetic moments. So far, the RE ions are
usually introduced into the TM-doped ZnFe2O4 spinel
ferrites [11–13]. Few works have been reported about the
RE-doped ZnFe2O4 ferrites. Since the pure ZnFe2O4 usually
exhibits paramagnetic properties at room temperature, the
introduction of RE ions may bring interesting magnetic
properties, which is necessary to be investigated.

In this paper, we selected Eu and Nd elements to dope
ZnFe2O4 nanoparticles with sol–gel method. The doping
effects on their structural and magnetic properties were
investigated in detail.
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Fig. 1. XRD patterns of ZnFe2O4, ZnFe1.97Eu0.03O4, ZnFe1.97Nd0.03O4 NPs.
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2. Experimental

2.1. Synthesis

RE (RE¼Eu and Nd) doped ZnFe2O4 nanoparticles were
synthesized via the sol–gel method. For ZnFe1.97RE0.03O4

nanoparticles, the citric acid (CA), Zn (NO3)2 �6H2O and
Fe (NO3)3.9H2O were firstly dissolved in 200 ml deionized
water with a molar ratio of 3: 1: 2. The Eu2O3 powder was
dissolved in 0.1 mol/L nitric acid aqueous solution to form
europium nitrate. Then the europium nitrate was added
into the above mixture with a Zn: Eu molar ratio of 1:0.03.
Likewise, neodymium nitrate was added into the above
mixture with a Zn: Nd molar ratio of 1:0.03. The two
mixtures were then magnetic stirred for 24 h at the room
temperature, respectively. After stirring, the two solutions
were kept in a dry cabinet at 80 1C for 48 h to obtain
ZnFe1.97Eu0.03O4 and ZnFe1.97Nd0.03O4 gel. After that, we
adjusted the dry cabinet to 120 1C for puffing 24 h to
obtain the xerogels. Herein, we obtained the precursors.
These two precursor powders were annealed at 750 1C in
air for 2 h to get the final samples. For comparison, we also
prepared pure ZnFe2O4 sample in the similar process only
without adding Eu3þ and Nd3þ solution.

2.2. Characterization

X-ray diffraction (XRD) patterns were recorded by a
MAC Science MXP-18 X-ray diffractometer using a Cu
target radiation source was used to study the crystal
structure and morphology of the samples. The scanning
electron microscope (SEM, S-570, Hitachi) with an energy
dispersive spectrometer (EDS) was used to characterize
the morphology and different chemical compositions of
the samples. The transmission electron microscope (TEM,
JEM-2100, JEOL) spectroscopy system was used to qualita-
tively confirm the detailed microscopic structure. A quan-
titative compositional analysis was carried out by using an
X-ray photoelectron spectroscopy (XPS) in an ultra-high
vacuum chamber at a pressure lower than 1.333�10�7 Pa.
The magnetic properties of the samples were measured by
a Lake Shore 7407 vibrating sample magnetometry (VSM).

3. Results and discussion

The XRD patterns of ZnFe2O4, ZnFe1.97Eu0.03O4,
ZnFe1.97Nd0.03O4 NPs are shown in Fig. 1. For all XRD
patterns, the diffraction peak position and relative inten-
sity match well with the standard patterns of ZnFe2O4

(JCPDS file No. 22-1012), which was indexed in the spinel-
like structure. For ZnFe2O4 NPs, the diffraction peaks at 2θ
values of 29.81, 35.091, 42.711, 56.51, and 62.041 could be
ascribed to the reflection of (220), (311), (400), (511) and
(440) planes respectively. For the XRD patterns of ZnFe1.97
Eu0.03O4, ZnFe1.97Nd0.03O4 NPs, no diffraction peaks are
detected from europium oxides and neodymium oxides,
which indicates the Eu3þ and Nd3þ ions successfully
incorporated into ZnFe2O4 matrix. Compare to the pure
ZnFe2O4, the diffraction peak positions of ZnFe1.97
Eu0.03O4 and ZnFe1.97Nd0.03O4 NPs shift to lower angle,
and the diffraction peak positions of ZnFe1.97Nd0.03O4 NPs
shift more, which is mainly due to that ionic radius of
Nd3þ (0.116 nm) and Eu3þ (0.107 nm) is higher than
Zn2þ(0.074 nm) and Fe3þ (0.065 nm). We also find in
Fig. 1 that the full width at half-maximum (FWHM) of
ZnFe1.97Eu0.03O4 and ZnFe1.97Nd0.03O4 NPs turn broader in
comparison with that of ZnFe2O4 NPs, indicating the
degeneration of crystalline qualities. Moreover, the
broader FWHM is also related to the decrease of crystalline
size of samples. To prove that, we calculate the average
crystalline size of three samples using the Scherer equa-
tion

D¼ 0:89λ
β cos θ

ð1Þ

where D is the crystalline size, λ is the wavelength of the
X-ray radiation, θ is Bragg's angle, and β is the FWHM on
2θ scale. According to Eq. (1), the calculated average
crystalline size of ZnFe2O4, ZnFe1.97Eu0.03O4 and ZnFe1.97
Nd0.03O4 NPs is 42.32 nm, 17.82 nm and 14.69 nm, respec-
tively. Clearly, with doping Eu3þ and Nd3þ , the size of the
samples decreased, indicating the incorporation of Eu3þ

and Nd3þ into ZnFe2O4 restrained the lattice growth. The
bigger ionic radius of dopant has, the stronger restraint
effect happens.

To clearly see the morphology of ZnFe1.97Eu0.03O4 and
ZnFe1.97Nd0.03O4 NPs, we present their SEM images in
Fig. 2. As shown in Fig. 2a and c, we can see that most of
the NPs have been aggregated together to form some big
rocks with some small particles adsorbed on their surfaces.
We further perform the energy-dispersive spectrum (EDS)
measurement on these samples to verify the chemical
composition, which are shown in Fig. 2b and d. We can
find that, except the Zn, Fe and O elements, a small
amount of Eu and Nd elements exist in ZnFe1.97Eu0.03O4

and ZnFe1.97Nd0.03O4 NPs, respectively. The corresponding
quantitative concentration is 2.69% and 2.28% for Eu and
Nd elements, respectively, which is close to their expected
doping concentration.

To reveal their detailed microscopic structure, we use
TEM technique to characterize the ZnFe1.97Eu0.03O4

and ZnFe1.97Nd0.03O4 NPs. From Fig. 3a, we can see that
the average size of ZnFe1.97Eu0.03O4 NPs is �20 nm.
As shown in Fig. 3b, the average size of ZnFe1.97Nd0.03O4



Fig. 2. SEM and EDS images of ZnFe1.97Eu0.03O4, ZnFe1.97Nd0.03O4 NPs.
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NPs is �15 nm. Normally, the size of ZnFe1.97Nd0.03O4

should be larger than that of ZnFe1.97Eu0.03O4 since the
ionic radius of Nd3þ (0.116 nm) is bigger than that of Eu3þ

(0.107 nm). While, in our case, the size of ZnFe1.97Nd0.03O4

NPs is smaller than that of ZnFe1.97Eu0.03O4 NPs, which
maybe due to relatively lower doping concentration of Nd
according to the EDS results. Moreover, the HRTEM images
of two samples have been presented in Fig. 3b and d. The
fringe space is determined to be 0.315 nm and 0.322 nm
corresponding to (220) plane distance of the standard
spinel structure for ZnFe1.97Eu0.03O4 and ZnFe1.97Nd0.03O4

NPs, respectively. We can see that this fringe space in our
case is bigger than that of standard ZnFe2O4 (0.298 nm),
which is mainly caused by the cell volume expansion
with Eu3þ and Nd3þ doping into ZnFe2O4 lattices since
their ionic radius is much bigger than that of Fe3þ

and Zn2þ .
To further investigate the chemical compositions and

bonding states, we perform XPS measurements on the
ZnFe1.97Eu0.03O4 and ZnFe1.97Nd0.03O4 NPs. Prior to the XPS
measurements, the samples were cleaned by sputtering
with an Ar ion beam to remove any potential surface
contamination. The Zn 2p XPS spectra of ZnFe1.97Eu0.03O4
and ZnFe1.97Nd0.03O4 NPs are shown in Fig. 4a. We can find
two peaks located at 1021.1 eV and 1044.1 eV, which
corresponds to the Zn 2p3/2 and Zn 2p1/2 core lines,
respectively. Fig. 4b presents the O1s XPS spectra of
ZnFe1.97Eu0.03O4 and ZnFe1.97Nd0.03O4 NPs. The deconvolu-
tions show the presence of two different oxygen species in
both samples. The binding energy peak located at 529.6 eV
is associated with the lattice oxygen, while the binding
energy peak located at 531.6 eV is corresponding to the
non-lattice oxygen (included adsorbed oxygen and oxygen
in amorphous ZnFe2O4) [14,15]. Fig. 4c presented the Eu3d
XPS spectrum of ZnFe1.97Eu0.03O4 NPs. The two character-
istic peaks at 1163.6 and 1134.5 eV can be assigned to the
core levels of Eu 3d3/2 and Eu 3d5/2, respectively. It
indicates the Eu ions appear with trivalence. Fig. 4d
depicted the Nd 3d XPS spectrum. The two characteristic
peaks at 982.3 eV and 1005.3 eV can be assigned to the
core levels of Nd 3d5/2 and Eu 3d3/2, respectively, which
reveals that Nd ions existed in trivalent state [16–19].
Therefore, according to both XRD and XPS results, we can
deduce that Eu3þ and Nd3þ ions have successfully incor-
porated into ZnFe2O4 lattices and substituted for the sites
of Fe ions.



Fig. 3. TEM and HRTEM images of ZnFe1.97Eu0.03O4, ZnFe1.97Nd0.03O4 NPs.
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The magnetic properties are the most important prop-
erties for ferrites, which are depending on the processing
conditions, microstructure, chemical composition and the
type of the additives [20,21]. Fig. 5 shows the hysteresis
loops for ZnFe2O4, ZnFe1.97Eu0.03O4 and ZnFe1.97Nd0.03O4

NPs. For the hysteresis loop of pure ZnFe2O4 NPs, at low
field, the patterns depict hysteresis with finite coercivity
and a tendency of saturation whereas at high field the
magnetization tends to increase almost linearly, reflecting
a paramagnetic behavior. This shows that the ZnFe2O4 is
normal spinel, with Zn2þ in tetrahedral sites and Fe3þ in
octahedral sites with antiparallel arrangement of magnetic
moments [22]. However, the ZnFe1.97Eu0.03O4 and ZnFe1.97
Nd0.03O4 NPs exhibit the weak ferromagnetic behavior.
Due to the different number of intra-4f shells, Eu3þ and
Nd3þ could lead to the local lattice distortion and lower
the formation energy of defects in ZnFe2O4. These defects
created energy levels within the band gap, which pre-
sumably hybridized with the 4f levels of RE3þ and
triggered the onset of magnetic order. These defects also
worked as the pinning centers to impede the rotation of
the magnetization [19,23], giving rise to the enhanced
coercivity. Moreover, the values of saturation magnetiza-
tion Ms and coercivity Hc were 10 memu/g and 17.3 Oe for
ZnFe1.97Eu0.03O4 NPs, 15 memu/g and 143.5 Oe for ZnFe1.97
Nd0.03O4 NPs, respectively. Obviously, Ms and Hc of ZnFe1.97
Nd0.03O4 NPs are stronger than those of ZnFe1.97Eu0.03O4

NPs, which also can be seen from the inset of Fig. 5.
Different from Eu3þ , Nd3þ owns larger spin and orbital
moments, which could contribute to the magnetism if the
crystal field does not quench the orbital moment. It was
not surprising that the ZnFe1.97Nd0.03O4 NPs acquire giant
magnetocrystalline anisotropy energy if the anisotropic
orbital moments of Nd ions were taken into account, the
orbital moment would make a significant contribution to
the magnetic ordering with giant anisotropy [24,25].

4. Conclusions

We prepared ZnFe1.97RE0.03O4 (RE¼Eu and Nd) NPs via
the sol–gel method and investigated the effect of RE3þ

doping on the spinel structure and their magnetic proper-
ties. Compare to the paramagnetism of pure ZnFe2O4, the
ZnFe1.97Eu0.03O4 and ZnFe1.97Nd0.03O4 NPs exhibit weak
ferromagnetic properties, since the formation of defects in
ZnFe2O4 caused by RE3þ doping not only create energy
levels within the band gap to hybridize with the 4f levels
RE3þ and trigger the onset of magnetic order, but also



Fig. 4. XPS spectrum of RE (RE¼Eu and Nd) doped ZnFe2O4 nanoparticles. (a) Zn 2p3/2 and Zn 2p1/2 XPS spectrum; (b) O1s XPS spectrum where two
components (green curves) were used to deconvolute the experimental peak; (c) Eu 3d5/2 and Eu 3d3/2 XPS spectrum; (d) Nd 3d5/2 and Nd 3d3/2 XPS
spectrum. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Hysteresis loops of ZnFe2O4, ZnFe1.97Eu0.03O4 and ZnFe1.97Nd0.03O4

NPs. The inset shows the magnification of the curve near coercivity
region.
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work as the pinning centers to impede the rotation of the
magnetization and give rise to the enhanced coercivity.
Moreover, the ferromagnetism of ZnFe1.97Nd0.03O4 NPs is
stronger than that of ZnFe1.97Eu0.03O4 NPs. Moreover,
the coercivity and saturation magnetization of ZnFe1.97
Nd0.03O4 NPs are stronger than those of ZnFe1.97Eu0.03O4

NPs due to the larger spin and orbital moments of Nd3þ

ions. Our results not only provide a candidate material for
magnetocaloric applications, but inspire people to deeply
investigate the rare-earth doped ZnFe2O4 nanoparticles in
both theoretical and experimental aspects.
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