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Ni0.5Cu0.25Zn0.25GdxFe2−xO4 (x = 0.0, 0.025, 0.05, 0.075, 0.1) ferrites were synthesized using
an oxalic-based precursor method. A single phase Ni-Cu-Zn-Gd ferrite was observed from X-ray
diffraction (XRD) data except for higher Gd content. For x = 0.1, a secondary phase due GdFe2O3

was observed. The particle size was observed to decrease and the lattice constant to increase with
increasing Gd doping concentration. The IR spectra confirmed the existence of bands correspond-
ing to spinel ferrites. The IR band positions were observed to shift towards higher positions with
increasing Gd doping concentration. The saturation magnetization, coercivity and remanence mag-
netization were observed to increase as a result of Gd doping. The substitution of Gd ions in the
place of Fe ions resulted in changes in the structural and magnetic properties due to replacement
of smaller ionic radii Fe ions by larger ionic radii Gd ions.
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I. INTRODUCTION

Spinel Ni-Cu-Zn ferrites have potential uses in high
frequency applications and in magnetic storage devices
[1]. They are used as recording heads, inductors, deflec-
tion yokes, transformer cores, etc. [2,3]. In recent years,
the structural, electrical and magnetic properties of these
ferrites with different chemical compositions in different
forms, like thin films and nano powder, have been inves-
tigated. In these ferrites, partial doping is done in the
place of Fe3+ ions, and may lead to structural distortion,
which can enhance the magnetic properties. Rare-earth
doped Ni-Cu-Zn ferrites have improved magnetic and op-
tical properties [4–8]. At higher percentage of rare-earth
doping in ferrites usually contributes to the formation of
rare-earth secondary phases and is observed for only a
few kinds of rare-earth elements [9]. The magnetic prop-
erties of the ferrite materials are well known to depend
on the type, ionic radius and concentration of the doping
ions (magnetic/non-magnetic nature) [10], grain size and
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morphology of the samples and the methods of prepara-
tion [11,12]. Doping these ferrites with various transition
elements leads to important changes in their structural,
electrical and magnetic properties.
The synthesis of Gd doped Ni-Cu-Zn ferrites is a chal-

lenging task because of co-existence of the undesired
phase like GdFeO3 along with the spinel. The rare-
earth ions are known to play an important role in de-
termining the magnetocrystalline anisotropy in 4f-3d in-
termetallic compounds [13]. The presence of Gd3+ ions
influences mainly the magnetic anisotropy of the sys-
tem. The magnetic properties of ferrites can be changed
with the substitution of various kinds of divalent ions or
by the introduction of relatively small amount of rare-
earth ions. Substitution of rare-earth ions into the spinel
structure has been reported to cause structural distor-
tion, strains, and significant modifications of the elec-
trical and magnetic properties [14, 15]. All the rare-
earth ions are found to favor the occurrence of secondary
phases, resulting in increased bulk density and electri-
cal resistivity [16, 17]. From our literature review, we
observed that until now, no researcher has reported on
Gd-doped Ni0.5Cu0.25Zn0.25Fe2O4 ferrite. Therefore, in
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Fig. 1. (Color online) X-ray diffraction patterns of
Ni0.5Cu0.25Zn0.25GdxFe2−xO4 (x = 0.0, 0.025, 0.05, 0.075,
0.1) ferrites.

this present work, we made an attempt to systemati-
cally dope Gd into Ni-Cu-Zn ferrite synthesized using
the oxalic-acid based precursor method [18–20] and to in-
vestigate structural and magnetic properties on the Gd-
doped ferrites. These structural and magnetic properties
were examined using X-ray diffraction (XRD), scanning
electron microscopy (SEM), Fourier transform infrared
spectroscopy (FTIR) and vibrating sample magnetome-
try (VSM).

II. EXPERIMENTAL PROCEDURE

Ni0.5Cu0.25Zn0.25GdxFe2−xO4 (x = 0.0, 0.025, 0.05,
0.075, 0.1) ferrite nanopowders were synthesized using
an oxalate-based precursor method [18–20]. All the
chemicals used were analytical reagent grade chemicals
(Sigma-Aldrich) and had purities ≥ 99%. In this syn-
thesis process, nickel nitrate hydrate (Ni(NO3)2·6H2O),
cupric nitrate hydrate (Cu(NO3)2·6H2O), zinc nitrate
hydrate (Zn(NO3)2·6H2O), gadolinium oxide (Gd2O3)
and ferric nitrate nonahydrate (Fe(NO3)3·9H2O) were
used as the starting materials. The entire synthesis pro-
cess is described elsewhere [19]. The resultant mixtures
were evaporated on a hot plate at ∼150 ◦C for 2 h. The
obtained raw powders were thermally treated at 450 ◦C
for 4 h.

The structural properties of the obtained ferrite pow-
ders was measured using Phillips X-ray diffraction
(XRD) with a Ni filter and Co Kα radiation (λ =
1.78894 Å). The average grain size (D) was calculated
using the most intense peak, the (311) peak, by em-
ploying the Scherrer formula. SEM analyses were per-
formed by using a Philips CM-12 scanning electron mi-
croscope attached to an energy dispersive X-ray spec-

trometer (EDS). EDS measurement was carried out to
further confirm the composition of the prepared sam-
ples. The structural changes with Gd doping in Ni-Cu-
Zn ferrites were observed by using an ABB Bomem MB
102 infrared spectrometer equipped with CsI optics and
a deuterated triglycine sulfate (DTGS) detector. The
samples were mixed with KBr and made in the form of
pellets and data were recorded at 4 cm−1 resolution (10
consecutive scans were averaged for each spectrum) in
the 4000–250 cm−1 range. For our study, we have chose
the range from 1000–300 cm−1. The room temperature
magnetic properties were measured with a vibrating sam-
ple magnetometer (VSM 4500).

III. RESULTS AND DISCUSSION

Figure 1 shows the XRD patterns of the Ni0.5Cu0.25
Zn0.25GdxFe2−xO4 (x = 0.0, 0.025, 0.05, 0.075, 0.1) fer-
rite samples. The XRD results confirm the presence of a
single-phase cubic spinel structure with the space group
Fd3m. With higher Gd content x = 0.075 and 0.1, sec-
ondary phases corresponding to the Orthoferrite-phase
GdFeO3 were observed. These secondary phases might
be due to unreacted Gd ions at higher doping concentra-
tions [15]. With higher Gd content in the samples, the
dilution of the rare-earth elements will not take place
properly. Therefore, if the rare-earth doping concentra-
tion is higher than a certain limit for a particular ele-
ment, secondary peaks will be observed in the samples.
The grain size D was calculated using the most in-

tense (311) peak of the XRD patterns and Scherrer’s
formula. The grains were observed to decrease in size
with increasing Gd doping concentration, as shown in
Table 1. Furthermore, the energy bond for Gd3+-O2− is
higher than that for Fe3+-O2− [3]. Therefore the doping
of Gd3+ ions in Ni-Cu-Zn ferrites produces internal lat-
tice stress, which will hinder the grain growth [21]. The
lattice constant was observed to increase slightly with in-
creasing Gd doping concentration, as shown in Table 1.
The increase in the lattice constant is due to replacement
of smaller ionic radii Fe3+ ions (0.69 Å) with higher ionic
radii Gd3+ ions (0.938 Å) [15,22]. The ionic radii of Gd3+

ions are large enough for octahedral [B] sites. Even with
a small doping of Gd3+ ions in place of Fe3+ ions, they
will enter into the octahedral sites by rearranging the
cations between the octahedral and the tetrahedral sites
in order to minimize the free energy of the system. A par-
tial migration of Fe3+ ions from octahedral to tetrahedral
sites due to Gd3+ ions substitution may be accompanied
by the opposite transfer with an equivalent number of
Fe3+ ions from tetrahedral to octahedral sites in order
to relax the strain at the octahedral sites [23]. Also, the
larger Gd ions will cause diffusion at the grain bound-
aries in the spinel ferrites even with a small number of
Gd ions, which will result in the precipitation of more of
the crystalline or the amorphous-like orthoferrite phase
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Table 1. Grain size (D), lattice constant (a), X-ray density (dXRD), IR frequencies ν1 and ν2, saturation magnetization
(MS), coercivity (Hc) and remanence magnetization (Mr) of Ni0.5Cu0.25Zn0.25GdxFe2−xO4 (x = 0.0, 0.025, 0.05, 0.075, 0.1)
ferrites.

x
D a

dXRD
ν1 ν2 MS HC MR

(nm) (Å) (cm−1) (cm−1) (emu/g) (Oe) (emu/g)

0.0 27 8.421 5.269 406 569 38.6 202 11.8

0.025 23 8.432 5.325 411 571 41.2 121 17.8

0.05 21 8.451 5.382 413 572 42.3 323 19.4

0.075 18 8.477 5.438 418 573 45.8 778 28.5

0.10 17 8.498 5.495 421 576 515 981 26.3

Fig. 2. SEM images of Ni0.5Cu0.25Zn0.25 GdxFe2−xO4 ((a)
x = 0.0 and (b) x = 0.1) ferrites.

(RFeO3) in the samples [24]. Therefore, the variation in
the lattice constant indicates the partial substitution of
Gd3+ ions in place of Fe3+ ions.

The X-ray density for Ni0.5Cu0.25Zn0.25GdxFe2−xO4

(x = 0.0, 0.025, 0.05, 0.075, 0.1) samples was calculated
from the molecular weight and the volumes of the unit
cell by using the

dx =
8M

Na3
[g/cm

3
], (1)

where M is molecular weight, N is Avogadro’s number
and a is lattice parameter. The X-ray densities for vari-
ous Gd doping concentrations are given in Table 1, where
the X-ray density can be seen to increase with increasing
Gd doping concentration.

SEM micrographs of pure and Gd doped Ni-Cu-Zn-Gd

Fig. 3. (Color online) FTIR spectra of Ni0.5Cu0.25Zn0.25

GdxFe2−xO4 (x = 0.0, 0.025, 0.05, 0.075, 0.1) ferrites.

ferrite powder are shown in Figs. 2(a) and (b). The mi-
crographs show nanosize grains in the synthesized sam-
ples and a slight agglomeration in the samples as a result
of the nano nature. With increased Gd doping, a slight
change in the grain size and texture can be observed.
The formation of the ferrite phase is further sup-

ported by the IR data. IR spectra for Ni0.5Cu0.25Zn0.25
GdxFe2−xO4 (x = 0.0, 0.025, 0.05, 0.075, 0.1) samples
were recorded in the range 300–1000 cm−1, and the re-
sults are shown in Fig. 3 with the corresponding values
given in Table 1. No absorption bands were observed
above 1000 cm−1. The IR spectra showed two main ab-
sorption bands, ν1 and ν2 as a common feature for all the
ferrites samples [25,26]. The band ν1 (near 400 cm−1) is
due to octahedral complexes (metal-oxygen vibration in
octahedral sites), and the band ν2 (near 600 cm−1) arises
due to tetrahedral complexes (the stretching vibration of
the tetrahedral metal-oxygen bond). The difference in
the positions of the two strong bands ν1 and ν2 could be
related to the difference in the Fe3+-O2− distances for
the A-sites and the B-sites. The presence of band ν1 at
450 cm−1 is the evidence for the presence Gd ions instead
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Fig. 4. (Color online) M-H curves of Ni0.5Cu0.25Zn0.25

GdxFe2−xO4 (x = 0.0, 0.025, 0.05, 0.075, 0.1) ferrites. The
inset shows the expanded lower field curves.

of Fe in B sites, and the ν1 bands are due to stretching
vibrations of (Gd3+-O2−) [22]. The band positions were
observed to shift towards higher wave number with in-
creasing Gd doping concentration. This change may be
attributed to the change in the grain size due to Gd dop-
ing concentration.

The magnetization curves for Ni0.5Cu0.25Zn0.25Gdx
Fe2−xO4 (x = 0.0, 0.025, 0.05, 0.075, 0.1) samples mea-
sured at room temperature are show in Fig. 4. The pa-
rameters derived from the magnetization curves are pre-
sented in Table 1. All the samples exhibited the ferro-
magnetic behavior, and the M-H curve show a soft mag-
netic behavior. Therefore, such samples may find appli-
cations in high-frequency devices. The M-H curves, show
that, with increasing Gd concentration, the saturation
magnetization, coercivity and remanence magnetization
increased significantly. The decrease in coercivity at a
Gd content of 0.025 in our samples may be due to sev-
eral reasons, such as a change in the defect structure as
a result of doping. Generally, the coercivity is very well
known to increase with increasing single-domain grain
size. However, when the grain size increases or attains
a multidomain nature, then the coercivity starts to de-
crease [27]. Similar behavior was observed previously for
other kinds of ferrites [28,29]. The increase in the co-
ercivity of the samples with Gd > 0.025 doping is due
to the appearance of the orthoferrite phase at higher Gd
doping concentration. The orthoferrites, which co-exist
with the ferrites phase in the samples, will try to impedes
the motion of ferrite grains, resulting in enhanced coer-
civity. The saturation magnetization in nanoparticles
can be estimated from the magnetic moments of Fe3+

ions at the tetrahedral (A) and the octahedral (B) sites,
respectively. The difference in the magnetization val-
ues is mainly due to the difference in the Fe3+ cation

distribution between these two sites [30,31]. The Gd3+

ions have 7 μB and the Fe3+ ions have 5 μB. Due to the
large difference between the Gd3+ and the Fe3+ ions, the
higher magnetic moment of the Gd3+ ions dominates the
smaller magnetic moment of Fe3+ ions. Therefore, the
magnetization was enhanced with increasing number of
Gd3+ ions in all the samples. Therefore, the Gd doping
in Ni-Cu-Zn ferrites had significant effects on the mag-
netic properties of these ferrites.

IV. CONCLUSIONS

Ni0.5Cu0.25Zn0.25GdxFe2−xO4 (x = 0.0, 0.025, 0.05,
0.075, 0.1) ferrite nano powders were successfully synthe-
sized using the oxalate-based precursor method. XRD
spectra showed a single-phase cubic spinel structure.
The grain size increased with increasing Gd content, and
the lattice constant increased slightly. The IR spectra
confirmed that the ferrite phase was sensitive to Gd dop-
ing. The saturation magnetization, coercivity and rema-
nence magnetization increased with increasing Gd con-
centration.
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