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a b s t r a c t

Nanocrystalline ferrites Ni0.6Zn0.4Cr0.5LaxFe1.5−xO4 (x = 0–0.10) were prepared by a rheological phase-
reaction process. The influence of the La content on microstructure and magnetic properties of samples
were investigated. The structure, morphology and magnetic properties of the obtained products were
eywords:
hemical synthesis
rystallization
icrostructure
agnetic properties

characterized by X-ray diffractometer (XRD), transmission electron microscope (TEM), vibrating sample
magnetometer (VSM) and network analyzer (NA). XRD results showed that the substituting La3+ ions had
a solubility limit in the spinel lattice. The present work showed that the crystallite size and magnetic
properties could be tuned over by introducing La3+ ions into the Ni–Zn–Cr ferrites. The crystallite size,
saturation magnetization of samples decreased with the increase of La content, whereas the variation of
coercivity was reverse. Moreover, the microwave absorption ability of the samples can be improved by
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. Introduction

Ni–Zn ferrites are one of the most versatile soft magnetic
aterials. Recently, the technological application of materials has

een studied extensively [1–4], primarily due to their applica-
ility in many electronic devices, with high permeability at high
requency, remarkably high-electrical resistivity, low-eddy current
oss and reasonable cost [5–8]. The replacement of Fe3+ by Cr3+ in
he Ni–Zn ferrite could effectively reduce porosity and grain size
hereas the bulk density increases [9], so the appropriate con-

ent of Cr substitution is propitious to obtain a less grain size.
t is well known that rare earth ions with larger ionic radius
ffect the physical properties of substituted Ni–Zn ferrite dras-
ically. When these ions enter the octahedral (B site), they can
artly replace Fe3+ ions [10]. In this case, the difference in the

onic radii will lead to microstrains, which may cause domain
all motion resulting in deformed spinel structure. For instance,

he relative density of sintered bodies decreases with increas-

ng R content in Ni0.5Zn0.5Fe2−xRxO4 (R = La or Gd, x = 0–0.04),

hile the variation of lattice parameter is reverse [11]. The addi-
ion of superfluous rare earth ions in Ni0.5Zn0.5R0.02Fe1.98O4 (R = Y,
d or Eu) would enlarge local distortion and disorder [12]. Our

∗ Corresponding author. Tel.: +86 579 2282384; fax: +86 579 2282469.
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© 2008 Elsevier B.V. All rights reserved.

revious works indicated that the particle sizes and magnetic
roperties of Zn0.6Cu0.4Cr0.5SmxFe1.5−xO4 (x = 0.000, 0.025, 0.050,
.075 and 0.100) powders were strongly affected by Sm con-
ent [13]. However, the effect of La substitution on the structure,

orphology and magnetic properties for Ni–Zn–Cr ferrites was
ittle reported. Therefore, we had the motivation to synthesize La-
ubstituted Ni–Zn–Cr ferrite which was suitable for soft magnet
pplications.

Many methods can be used to prepare soft ferrites, such as
echano-chemical method [14], chemical co-precipitation [15],

ydrothermal method [16], sol–gel method [17], microemulsion
ethod [18], rheological phase-reaction method [19], and so on.

ompared to other methods, rheological phase-reaction method is
n economical, effective, simple route for preparing materials from
solid–liquid rheological system, without stirring and repeated

eat treatment. In virtue of uniform distribution and close con-
act between solid and liquid particles in rheological mixture, heat
xchange can be carried out easily and quickly, and the solid par-
icles can be utilized efficiently, so the reaction is more complete.
esides, it can reduce the quantity of generated solid waste, and
as great potential application in green chemical reaction. In our
arly researches, Gd-doped Li–Ni ferrites and La-, Sm-substituted

n–Cu–Cr ferrites were prepared by this method [13,20,21]. In
resent work, La-substituted Ni–Zn–Cr ferrites had been obtained
ia rheological phase-reaction method, and the structure, mor-
hology and magnetic properties of the obtained products were

nvestigated.

http://www.sciencedirect.com/science/journal/02540584
http://www.elsevier.com/locate/matchemphys
mailto:sky52@zjnu.cn
dx.doi.org/10.1016/j.matchemphys.2008.06.032
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. Experimental

The starting materials, ZnO, Cr2O3, Fe2O3, NiO, La2O3 and H2C2O4·2H2O, were all
nalytical grade. The NixZn1−xCr0.5Fe1.5O4 and Ni0.6Zn0.4Cr0.5Fe1.5−xLaxO4 (x = 0.00,
.02, 0.04, 0.06, 0.08 and 0.10) were synthesized by the rheological phase-reaction
ethod. For the preparation of Ni0.6Zn0.4Cr0.5Fe1.48La0.02O4 (0.01 mol), the stoichio-
etric amounts of NiO (0.006 mol), ZnO (0.004 mol), Cr2O3 (0.0025 mol), Fe2O3

0.0074 mol), La2O3 (0.0001 mol) and H2C2O4·2H2O (0.04 mol) were thoroughly
ixed by grinding in an agate mortar for 30 min, then 15 ml anhydrous ethanol
as added to form the mixture in rheological state. The mixture was sealed in a

eflonlined stainless-steel autoclave, and maintained at 100 ◦C for 48 h in an oven.
he obtained precursors were washed several times with deionized water and anhy-
rous ethanol, respectively, dried at 60 ◦C for 12 h, and sintered at 1000–1200 ◦C for
h in air, followed by cooling in furnace to room temperature with 5 ◦C min−1 cooling

ate, then the well-designed sample was obtained. Other samples were synthesized
s described above.

The chemical compositions of samples were determined by an IRIS Intrepid II
DL inductively coupled plasma atomic emission spectrometer (ICP-AES). The struc-

ure of samples was determined by Philps-PW3040/60 model X-ray diffractometer
XRD) using Cu K�1 radiation (� = 0.15405 nm) at a scanning speed of 4◦ min−1 in
he range of 2� = 15–80◦ . Magnetization measurements were performed by using
vibrating sample magnetometer (VSM, Lakeshore 7404) in 10 kOe applied field at

oom temperature. The morphology and particle sizes of the obtained products were
haracterized by transmission electron microscope (TEM, JEOL-2010). The magnetic
oss and dielectric loss were obtained by network analyzer (NA, HP4991A) in the
ange of 2–18 GHz.

. Results and discussion

.1. XRD analysis

The XRD patterns of NixZn1−xCr0.5Fe1.5O4 ferrites (x = 0–1.0) cal-
ined at 1000 ◦C for 2 h were shown in Fig. 1. All samples had
haracteristic peaks of the spinel Ni–Zn ferrite reported in the
tandard card (ICDD PDF #80-1687). Meanwhile, the second phase
e2O3 (2� = 33.28◦, ICDD PDF #86-2368) increased with the zinc
ontent. It could be seen from Fig. 1 that a well-crystalline sin-
le phase (pattern d) occurred in NixZn1−xCr0.5Fe1.5O4 at x = 0.6,
he intensity of the characteristic peaks decreased and the width
ncreased, compared with that of other patterns in Fig. 1. It indi-
ated that the sample of pattern d had smaller particle size, so

i0.6Zn0.4Cr0.5Fe1.5O4 was the best suitable composition in Ni–Zn

errite.
The X-ray diffraction patterns of Ni0.6Zn0.4Cr0.5La0.02Fe1.48O4

errites sintered at different temperatures were shown in Fig. 2.
hen the as-obtained precursors were treated at 1000 and 1100 ◦C

ig. 1. XRD patterns for Nix Zn1−xCr0.5Fe1.5O4 sintered at 1000 ◦C: (a) 0.0, (b) 0.2, (c)
.4, (d) 0.6, (e) 0.8 and (f) 1.0.

i
u
t
(
h

F
0

ig. 2. XRD patterns for Ni0.6Zn0.4Cr0.5La0.02Fe1.48O4 sintered at different tempera-
ures: (a) 1000 ◦C, (b) 1100 ◦C and (c) 1200 ◦C.

he samples had a small amount of secondary phases identified
s LaFeO3 (ICDD PDF #74-2203) except for the cubic spinel phase.
hile the sintering temperature was up to 1200 ◦C, there was no

econd phase left in the samples. Meanwhile, the growth of crystal-
ites led to the intensity of the characteristic peaks increasing and
heir width decreasing as shown in Fig. 2(c) [22]. Herein, for the
ake of avoiding the LaFeO3 phase, the best suitable sintering tem-
erature to prepare La-substituted Ni–Zn–Cr ferrites was 1200 ◦C.

Fig. 3 was the XRD patterns of Ni0.6Zn0.4Cr0.5Fe1.5−xLaxO4 (with
= 0, 0.02, 0.04, 0.06, 0.08 and 0.10) ferrites calcined at 1200 ◦C for
h. It can be learned from Fig. 3 that the intensity of LaFeO3 phase

ncreased gradually at La content ≥0.06. The crystallite size calcu-
ated by the Debye–Scherrer formula decreased with the increase
f La content shown in Fig. 4. The presence of the secondary phase
n the NiZnCrLa ferrites indicated that the La substitution had a sol-

bility limit in the spinel lattice. A possible explanation was that
he radius of La3+ ions (0.106 nm) was larger than that of Fe3+ ions
0.064 nm), and the amount of Fe3+ ions substituted by La3+ ions
ad a limit [23], which obeyed the Vegard’s law, so the redundant

ig. 3. XRD patterns for Ni0.6Zn0.4Cr0.5Fe1.5−xLaxO4 sintered at 1200 ◦C: (a) 0.00, (b)
.02, (c) 0.04, (d) 0.06, (e) 0.08 and (f) 0.10.
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Fig. 4. The lattice parameter ‘a’ and c

a3+ ions will aggregate on grain boundaries forming the secondary
hase (LaFeO3).

The lattice parameter ‘a’ shown in Fig. 4 increased with the La3+

ons (x ≤ 0.04) and subsequently decreased with the increase of
a content. It can be explained by the introduction of the larger
a3+ ions into the spinel lattice, making the lattice expand. While
plausible explanation for decrease in ‘a’ was the compression

f the spinel lattice induced by the secondary phases due to the
ifferences in the thermal expansion coefficients [24].

.2. Morphology analysis

Fig. 5 presented the size and morphology of as-synthesized
i0.6Zn0.4Cr0.5Fe1.5O4 and Ni0.6Zn0.4Cr0.5La0.04Fe1.46O4 particles
intered at 1200 ◦C observed by TEM. The crystallite size was in
he range of 90–120 nm, consistent with the results calculated by
RD patterns using the Scherrer formula. It could be seen from Fig. 5

hat the particles were spherical and appeared to be a little agglom-
rated. Meanwhile, the crystallite size observed in Fig. 5(b) was

3

t

Fig. 5. TEM images and SAED ring patterns of samples: (a) Ni
lite size depend on the content of La.

maller than that shown in Fig. 5(a), so it was indicated the intro-
uction of La3+ led to the decrease in crystallite size of the samples
25]. The corresponding ED patterns for the Ni0.6Zn0.4Cr0.5Fe1.5O4
nd Ni0.6Zn0.4Cr0.5La0.04Fe1.46O4 particles were also given in the
nset of Fig. 5(a) and (b). It was obvious that the rings of ED patterns
n Fig. 5(a) were clearer and brighter than that shown in Fig. 5(b),

hich indicated the crystallization of the former sample was more
omplete than that of latter one. Due to the larger bond energy of
a3+–O2− as compared to that of Fe3+–O2−, the more energy was
eeded to make La3+ ions enter into lattice and form the bond
f La3+–O2−. Therefore, La-substituted ferrites had higher thermal
tability relative to pure Ni–Zn–Cr ferrite, and more energy was
eeded for the La-substituted samples to complete crystallization
nd grow grains [26].
.3. Magnetic property analysis

The magnetic hysteresis loops of the samples with different con-
ents of La substitution sintered at 1200 ◦C were shown in Fig. 6. The

0.6Zn0.4Cr0.5Fe1.5O4 and (b) Ni0.6Zn0.4Cr0.5La0.04Fe1.46O4.
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could be affected by the La content, and the magnetic loss was big-
ger than dielectric loss. It was known that the dielectric loss for
ferrites originates from the electron transferring between Fe2 and
Fe3, and the magnetic loss comes from the movements and spin
ig. 6. Hysteresis loops of Ni0.6Zn0.4Cr0.5LaxFe1.5−xO4 sintered at 1200 ◦C. (a) x = 0.00,
b) x = 0.02 and (c) x = 0.04) at sintering temperature 1200 ◦C.

alue of Hc, Ms was listed in Table 1. It was found from Fig. 6 that
he saturation magnetization Ms decreased with the increase of La
ontent, while the coercive force Hc increased. It was well known
hat the magnetic properties of ferrites with AB2O4 spinel crystal
tructure depended on the composition of cation in tetrahedral A
ite and octahedral B site. The radius of La3+ ions was larger than
hat of others metal ions in the as-obtained products and the inter-
paces of tetrahedral sites (A) was smaller than that of octahedral
ite (B), so La3+ ions was prior to occupy the octahedral sites (B).
he main contribution of magnetic properties came from Fe3+ on B
ites of ferrospinel, the net overall magnetic moment (m = mB − mA)
ecreased when the non-magnetic La3+ ions replaced Fe3+ ions on
sites, meanwhile the superexchange interactions would decrease
ith the increase of doped La3+ ions content. Besides, spin cant-

ng is usually caused by rare earth ions. The colinear ferrimagnetic
rder transforming into non-colinear arrangement and disruption
f ferrimagnetic order occurs because of introducing La3+ into the
ctahedral site, leading a decrease in Ms. As a result, the saturation
agnetization decreased as the non-magnetic La3+ ions content

ncreased. Moreover, the symmetry of crystal would be lower after
he samples were substituted by La3+ ions. On the one hand, the
ower symmetry of crystal would lead to strong magnetocrystalline
nisotropy, inducing the high coercivity [27]. On the other hand,
he coercivity depended on the crystallite size. It was known that
here was no domain wall in the single-domain grains. The magne-
ization mechanism was a domain rotation process. The Hc was
n direct proportion to the size of single-domain grains. There-
ore, Hc gradually increased with the size of single-domain grains.
owever, when the size arrived to the critical diameter of a single
omain, the grains became multi-domains, the coercivity started

ecreasing [28]. One of the main reasons was that the domain-wall
isplacement was dominant in the magnetization process of the
ulti-domain grains. Therefore, the coercivity decreased with the

rowing of multi-domain grains. It can be seen from Fig. 5 that
he crystallite size of La-substituted Ni–Zn–Cr ferrites was smaller

able 1
he values of Ms and Hc for samples

he composition of samples Magnetization
(Ms) (emu g−1)

Coercivity
(Hc) (Oe)

i0.6Zn0.4Cr0.5Fe1.5O4 45.884 15.545
i0.6Zn0.4Cr0.5La0.02Fe1.48O4 40.925 18.187
i0.6Zn0.4Cr0.5La0.04Fe1.46O4 36.037 27.637

F
N
(

ig. 7. Frequency dependence of permeability loss (tan ım) for
i0.6Zn0.4Cr0.5LaxFe1.5−xO4 as a function of La content: (a) x = 0.00, (b) x = 0.02,

c) x = 0.04, (d) x = 0.06 and (e) x = 0.08.

han the noumenon ferrites, and the crystallite size of as-obtained
amples was larger than the critical size of a single domain at
igher sintering temperature, so the coercivity increased with the
ecrease of the crystallite size for the multi-domain grains. Namely,
he coercivity increased with the La content. The value of coercivity
ndicated that the La-substituted Ni–Zn–Cr ferrites were suitable
or soft magnet applications.

Figs. 7 and 8 represented the magnetic loss and dielectric
oss of the ferrites with different La contents calcined in 1200 ◦C.
t is well known that the spinel ferrites possessing the charac-
eristics of dielectric loss and magnetic loss is one of excellent

icrowave absorbent. As was seen from the figures, in the range
f 1 MHz–1 GHz, the magnetic loss tangent (tan ım) increased first,
nd then decreased with the increase of La content, while the
ielectric loss tangent (tan ıe) at first decreased, and then trend
owards gentleness. Obviously, the magnetic loss and dielectric loss
ig. 8. Frequency dependence of permittivity loss (tan ıe) for
i0.6Zn0.4Cr0.5LaxFe1.5−xO4 as a function of La content: (a) x = 0.00, (b) x = 0.02,

c) x = 0.04, (d) 0.06 and (e) 0.08
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elaxation of magnetic domains [29]. The colinear ferrimagnetic
rder transforming into non-colinear arrangement and disruption
f ferrimagnetic order occurs because of introducing La3+ into the
ctahedral site, leading a decrease in electron transferring between
e2 and Fe3 the dielectric loss decreased with the increase of La con-
ent. Meanwhile, spin relaxation of magnetic domains increased,
he crystallite size of multi-domain grains decreased with the
ncrease of La content, movements of magnetic domains become
asier, leading a increase in electromagnetic wave loss. Therefore,
he microwave absorption ability could be improved by adjusting
he components of the ferrites.

. Conclusions

In summary, the La-substituted Ni–Zn–Cr ferrites had prepared
uccessfully by the rheological phase reaction. XRD patterns con-
rmed that the amount of Fe3+ ions substituted by La3+ ions had
limit (x < 0.06) for Ni0.6Zn0.4Cr0.5Fe1.5−xLaxO4. Lattice parameter
ecreased with the increase of zinc and lanthanum content. Satura-
ion magnetization decreased with the increase of La substitution
ontent, whereas crystallite size and coercivity increased. The value
f coercivity indicated that the La-substituted Ni–Zn–Cr ferrites
ere suitable for use as a soft magnetic material. Moreover, the
icrowave absorption ability can be improved by adjusting the

omponents of the ferrites.
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