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ABSTRACT

Ni0.4Zn0.2Mn0.4Fe2O4 ferrites were synthesized via sol–gel auto-combustion

process under different sintering conditions. By supplying N2 flux or high

sintering temperature, pure NiZnMn complex ferrites can be obtained, and the

magnetic properties are also optimized. Cooling in vacuum after annealing in

air has the best effect on the improvement of the magnetic properties. Its initial

permeability is twice that of the sample cooled in air, up to 95. Its saturation

magnetization and coercivity are 76 emu/g, 55Oe, respectively, which have big

particle size and more Fe ions at B-site. The average thermal coefficient of the

samples annealed at 950 �C in N2 atmosphere is less than 0, maybe due to the

compensation of Fe2?. And its thermal stability and Curie temperature are the

highest. It is worthy noticed that the Curie temperature of all samples is higher

than 315 �C and the cut-off frequency is between 38 and 220 MHz, indicating

that these samples can be used in short-wave antenna, high frequency inductor

core, filter inductor core, and pulse transformer core, etc.

1 Introduction

Spinel ferrites are widely used in aerospace area,

transportation region, medical field, electric power

and normal domestic appliance because of excellent

soft magnetic and high frequency properties with

high resistivity(up to 108X m), low residual magnetic

flux density and coercivity, excellent chemical and

temperature stability [1]. It is well known that MnZn

ferrites exhibit high initial permeability (li) due to

magnetocrystalline anisotropy constant (K) close to

zero and was used in low frequency range. They

need to be prepared in reducing atmosphere [2].

There are lots of reports about the preparation of

pure Mn-containing ferrites and improvement of

magnetic properties. Guohua Wu [3] prepared pure

spinel Mn0.67Zn0.21Fe2.12O4 ferrites at 1150� C in

controlled partial pressure of oxygen for 5 h. Its core

loss is ultra-low at high frequency. The resonant

frequency is about 8 MHz and can be enhanced by

adding nano-BaTiO3. Akhlaq Hussain [4] prepared

pure Co2O3 and SnO2 doped Mn0.705Zn0.165Fe2.13O4
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spinel ferrites at 1170 �C in controllable oxygen’s

partial pressure for 4 h, which have high initial per-

meability (li = 600) and can be for applications at

3-5 MHz. Shilpa V. Bhandare [5] found that in air

atmosphere, it is easy to obtain single CoMnZn ferrite

phase when Zn content and the annealing tempera-

ture are low. Zhanyuan Xu [6] obtained pure Mn0.5-

Zn0.5Fe2O4 ferrites after calcining at 1060 �C -1080 �C.

Some second phases (Mn2O3 and a-Fe2O3) appear

when sintering temperature is below 1060� C, and the

maximum value of the saturation magnetization is

53.49 emu/g in the sample annealed at 1060 �C.

S. Mallesh [7] demonstrated that there were no

impurity phases in MnxZn1-xFe2O4 with x\ 0.8 in an

air atmosphere of 1200 �C. Ar gas treatment and

liquid nitrogen quenching are beneficial to form pure

MnZn ferrites. At the same time, the crystalline

structure and magnetic properties were also

improved.

Proper doping can enhance the application fre-

quency. NiZn ferrites have high Curie temperature

and cut-off frequency. For example, JinAh Hwang [8]

prepared the toroidal Ni1-xZnxFe2O4 (x = 0.5, 0.6,

0.7)ferrite at 1250 �C for 2 h in air and found that the

cut-off frequency is about 20 MHz. The real magnetic

permeability (l’) increased with increasing Zn con-

tent, showing l’ = 217 for x = 0.7. So, NiZnMn com-

posite ferrites are expected to have high cut-off

frequency and initial permeability. However, this is

not the fact. U.B. Gawas [9] reported that the exis-

tence of a second phase in the Zn0.5Mn0.5Fe2O4 ferrite

annealed at 1100 �C, while all Ni1-xZn0.5MnxFe2O4(-

x = 0–0.5) ferrites annealed at 1250 �C have single

spinel structure with high resistivity (107-108X cm).

The maximum initial permeability was about 280 in

the sample with x = 0.2. The curie temperature can be

adjusted from 320 to 360 �C. But their cut-off fre-

quency is not higher that reported in reference 8.

By summary, it is easy for the second phase to

appear in Mn-containing ferrites. High annealing

temperature and protective gas treatment can help to

form pure Mn-containing ferrite and improve their

magnetic properties. The most NiZnMn ferrites were

prepared by annealing in air at high temperature. In

this paper, Ni0.4Zn0.2Mn0.4Fe2O4 formula with less Zn

content was selected to obtain high cut-off frequency

and high-permeability. Various heat treatment

methods are used. Except for N2 atmosphere treat-

ment and high-temperature sintering, sintering at

high temperature ? cooling in vacuum is used to

further improve the magnetism of NiZnMn ferrite.

Their effects on the structure, magnetic properties

and thermal stability of Ni0.4Zn0.2Mn0.4Fe2O4 ferrites

are compared. The Sol–Gel auto-combustion method

is used to prepare the sample. Because in this

method, component adjustment is easy and the

products have high homogeneity [10].

1.1 Experiments

The Ni0.4Zn0.2Mn0.4Fe2O4 ferrites were prepared via

the Sol–Gel auto-combustion method. The raw

materials includes analytically pure Ni(NO3)2�6H2O,

Zn (NO3)2�6H2O, Mn (NO3)2�4H2O, Fe (NO3)3�9H2O,

citric acid, and ammonia. Detailed synthesis process

of gel was reported in an earlier work [11] and pro-

cess flow diagram was shown in Fig. 1. The powders

obtained after auto-combustion at 200 �C were mixed

with polyvinyl alcohol (PVA) binder. Then the

ground mixture was pressed into toroidal specimens

under a pressure of 20 MPa. Finally, these toroids

were sintered in air at 950 �C for 2 h, named Air950;

in air at 1200 �C for 2 h, named Air1200; with N2 at

950 �C for 2 h, named N2950; in air at 1200 �C for 2 h

and then cooled in vacuum from 1200 �C to room

temperature, named Vac1200, respectively. The

heating rate is 2 �C/min.

Thermogravimetric (TG) and differential thermal

(DSC) analysis were performed with heating rate of

10 �C/min in air atmosphere using NETZSCH STA

449F3. X-ray diffraction (XRD) studies were per-

formed by D8 ADVANCE to determine the crystal

structure of the samples; Fourier transforms infrared

spectra (FTIR) were recorded in the range of

4000 cm-1 to 300 cm-1 using VERTEX70 FTIR spec-

trometer (Bruker); The surface morphology of the

synthesized rings was analyzed by scanning electron

Fig.1 Preparation route of ferrite by sol–gel auto-combustion

method
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microscope (SEM) (VEGA), and the chemical ele-

ments of typical sample Air1200 was analyzed by

energy dispersive spectrometer (EDS); The initial

permeability and Curie temperature were measured

with the LCR digital bridge (TH2828); The magnetic

hysteresis loops of NiZnMn ferrite were measured at

room temperature by the vibrating sample magne-

tometer (VSM) (BKT4500Z); The chemical states of

the species present were determined using X-ray

photoelectron spectroscopy (XPS) on thermo escalab

250XI; The real part of complex permeability (l0) was

measured using a vector network analyzer (Agilen-

t16454A) in the frequency range of 1 MHz -1 GHz

under the condition that the bulks were broken and

mixed with paraffin (20% mass ratio) and pressed

into a toroid mold with an outer diameter of 7.0 mm

and inner diameter of 3.04 mm; The temperature

dependence of saturation magnetization was mea-

sured at 5000Oe using Quantum Design PPMS-9.

2 Results and discussion

Thermogravimetric (TG) and differential thermal

(DSC) analysis of the powders obtained after auto-

combustion at 200 �C shown in Fig. 2 was carried out

in air to discuss the formation process of ferrite. The

main mass loss is about 11% from RT to 367 �C with

an endothermic peak at 342 �C in DSC curve. It is far

less than the 40% and 60% mass loss reported by

Zhanyuan Xu [6] and Prajyoti P. Gauns Dessai [12],

indicating that most carbon, hydrogen and nitrogen

were removed after auto-combustion to form ferrite.

A mass loss of 5% from RT to 247 �C was due to the

removal of adsorbed water and incompletely reacted

carbon containing group. The rest of mass loss

occurred due to the decomposition of remaining

nitrate. From the end of nitrate decomposition to

490 �C, the increase in mass (0.7%) corresponds to an

oxidative decomposition reaction of ferrite into Fe2O3

and Mn2O3. Another endothermic peak at 589 �C was

observed in DSC curve, and there are other small

amount of mass loss when temperature is higher than

934 �C. Other research teams also report the similar

results. S. Mallesh [7] reported that mass loss corre-

sponding to reduction processes occurs above

1000 �C. Zhongxia Duan [13] reported a mass loss

from 800 to 1000 �C corresponding the formation of

MnxZn1-xFe2O4. Zhanyuan Xu [6] observed an

endothermic peak at 1000 �C due to the formation of

MnZn ferrites and a mass gain at 1070 �C. These

references and our data indicate that the synthesis

temperature of manganese-based ferrite is about

1000 �C.

SEM patterns of the four samples are shown in

Fig. 3a-d. It can be seen that the particles of Air950

and N2950 agglomerate seriously and their shape is

not clear. All ferrites sintered at 1200 �C have rela-

tively well-defined particle shapes. The particle size

ranges from a few hundred nanometers to 3um. The

mean particle size of Air1200 and Vac1200 (Fig. 3e–f)

reaches about 1.3 lm.

The EDS spectrum of the sample Air1200 is shown

in Fig. 4. The presence of all the expected elements

was confirmed, and the atomic ratio of Mn, Fe, Ni,

and Zn is 0.41:2.04:0.36:0.19, which is nearly consis-

tent with the formula.

Figure 5 presents the XPS analysis of Ni0.4Zn0.2-

Mn0.4Fe2O4 samples sintered under different condi-

tions to check the chemical states of Fe and Mn

elements on the material surface. The Fe 2p spectra

show two peaks for Fe2P3/2 and Fe2P1/2 with binding

energy at 710.4 eV and 724.2 eV, respectively. In

addition, two satellite peaks appear at 718.9 eV and

732.8 eV, indicating the presence of Fe3? [14]. The

peak shape of Fe2P3/2 spectra was fitted using the

Lorentian-Gaussian [15], which also can be divided

into two peaks at 710.8 eV and 712.8 eV. Most

researchers [16, 17] believe that they correspond to

octahedral Fe3?(Oh) and tetrahedral Fe3?(Th). The

integrated area under each peak is a measure of the

corresponding cation concentration in the measure-

ment area [18]. The relative concentrations ofFig. 2 TG and DSC curves performed in air of the products after

auto-combustion
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octahedral Fe3? species is 59.4%, 61.8%, and 68.5% in

the samples N2950, Air1200, and Vac1200,

respectively.

In Fig. 5b, the binding energy of Mn2P3/2 and

Mn2P1/2 is 641.1 eV and 652.9 eV, respectively. The

same deconvolution method is used to analyze Mn2p

spectra. A peak with binding energy of 639.5 eV was

observed only in Vac1200, which corresponds to the

characteristic peak of Mn metals. For the two fitting

peaks at 640.9 eV and 642.5 eV, some researchers

[19, 20] reported that they are associated with Mn2?

and Mn3?. Other researchers [17] thought they are

related to octahedral and tetrahedral Mn2? species.

Because the samples are sintered in air, some Mn2?

ions will be oxidized to high valence Mn ions. And

the impurity (Mn2O3 detected by XRD (Fig. 5a) in the

sample Air950 did not result in the appearance of

new peaks in Mn 2P spectra (Fig. 4b), indicating that

Fig.3 a-d SEM patterns of

Air950 a, N2950 b, Air1200 c,

and Vac1200 d; Fig. 3 e–

f Particle size distribution of

Air1200 and Vac1200,

respectively
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the ions states of some Mn in ferrite are similar with

them in impurities. So Mn2? and Mn3? coexist in the

NiZnMn ferrites.

Figure 6 shows XRD patterns of Ni0.4Zn0.2Mn0.4-

Fe2O4 samples annealed under different conditions. It

can be seen that in the sample Air950, a small amount

of impurity phases, such as Fe2O3 (JCPDS card no.

33–0664) or Mn2O3 (JCPDS card no.33–0900), are

detected by XRD, which are marked by symbol * in

Fig. 6. However, in the samples prepared in N2

atmosphere or at higher temperature, the impurity

phases disappear (Fig. 6b-d). The three groups of

samples (N2950, Air1200, and Vac1200) reveal single-

phase cubic spinel structure (JCPDS card no.47–0023)

with all indexed peaks.

Rietveld refinement is fulfilled using Fullprof soft-

ware. The lattice parameters, bond length, and bond

angle are obtained from Rietveld refinement. These

results are shown in Table 1 with the fitting accuracy

parameters: Bragg R-factor and v2. The refinement

results show that Air950 contain ferrite phases with a

mass fraction of 70%. From Table 1, it can be seen that

the change of lattice constant (a) follows the following

rules: Vac1200[Air1200[N2950[Air950. N.I.

Abu-Elsaad [21] studied the effect of annealing tem-

perature on structure of LiZn ferrites and found that

with significant growth of crystal grains at higher

annealing temperature, the lattice parameter can be

enlarged by reducing surface disorder. The growth of

crystal grains can be confirmed by SEM patterns

(Fig. 3). In addition, the increase in the number of

Mn2?with a radius (0.83 Å) larger than Mn3? (0.645 Å)

is another reason. N2 atmosphere, high annealing

temperature and cooling in vacuum can provide an

anoxic atmosphere, which is conducive to the forma-

tion of MnZn ferrite and prevent Mn2 ? oxidation.

S. Mallesh also reported [7] that MnZn ferrites with

larger lattice constant when they were annealed in Ar

atmosphere and quenched in liquid nitrogen.

From Table 1, the change of cation occupation with

annealing condition was simply analyzed. The bond

length A–O and B–O of N2950 is slightly larger than

that of Air950, showing that a small amount of Mn3?

at A-site and B-site are transformed into Mn2? when

the sample is annealed in N2. The samples annealed

at 1200 �C have greater bond length A–O and smaller

B–O, indicating that more Mn ions occupy A-site and

some Fe3? ions are squeezed to B-site. Cooling in

vacuum can enlarge the bond length A–O and B–O,

which means more Mn2?. The bond angle A–O–B

and B–O–B are affected slightly by the annealing

condition.

The FTIR spectra can also demonstrate these

results, as shown in Fig. 7. There are two main

absorption bands t1 and t2 at about 580 cm-1 and

400 cm-1, which are corresponding to tetrahedral (A-

site) and octahedral (B-site) cations [22], respectively.

The position of t1 and t2 peak is shown in Table 1. t1
shifts gradually toward lower frequency for the four

samples. It can be explained by the increase of bond

length A–O (Table 1) resulting in the decrease of

Fig.4 EDS spectrum and elemental mapping of the sample

Air1200

710 720 730 740

Fe3+(Th)

Binding Energy(eV)

Vac1200

Air1200

N2950

Air950

(a)Fe2P

Fe3+(Oh)

635 640 645 650 655 660

Mn3+

Mn2+

Satellite

Binding energy(eV)

Vac1200

Air950

N2950

Air1200

(b)Mn2P Mn

Fig.5 Fe2P (a) and Mn2P

(b) XPS spectra of

Ni0.4Zn0.2Mn0.4Fe2O4 samples
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chemical bond strength. However, the change of the

absorption band t2 is not obvious. U.B. Gawas [9]

found that in Ni0.5- xMnxZn0.5Fe2O4 ferrites, the fre-

quency of t2 did not change noticeably, because Mn

substitution has hardly any effect on octahedral bond

length. Yassine Mouhib [23] found no difference in

absorption band t2 between the samples annealed at

400 �C and 500 �C because the crystallite size of the

two samples is close. Obviously, here octahedral

bond length and crystal size can’t explain absorption

band t2. In G.M. Shweta’s paper [24], the irregular

displacement of t2 is attributed to both reduced mass

and bond length. According to spring model of

atomic vibration, the absorption band is also inver-

sely proportional to
ffiffiffiffi

m
p

, in which m is the reduced

Fig.6 Rietveld refinement of

XRD patterns for

Ni0.4Zn0.2Mn0.4Fe2O4 samples

Table 1 The structural parameters from Rietveld refinement and IR parameters

a(error)(Å) Bond length(Å) Bond angle(8) Bragg R-factor v2 t1(cm
-1) t2(cm

-1)

A–O B–O A–O–B B–O–B

Air950 8.3967(0.0013) 1.9168 2.0437 123.0 93.2 2.38 1.23 583 400

N2950 8.4010(0.0013) 1.9193 2.0439 123.0 93.2 4.01 1.20 580 401

Air1200 8.4024(0.0007) 1.9385 2.0340 122.5 93.8 3.15 1.10 577 400

Vac1200 8.4373(0.0007) 1.9509 2.0401 122.4 94.0 3.55 1.19 575 401

Fig. 7 FTIR spectra of all sintered samples
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mass. The decrease of bond length and the increase of

average mass lead to the invariance of t2. In the IR

spectra of Air950, there is a new absorption band t2’
at 470 cm-1 corresponding to Ni2?–O2-, which is also

reported by U.B. Gawas [9]. It is because the forma-

tion of the second phase results in high nickel content

in the ferrite phase. The weak peak t1’ at 730 cm-1 in

Air1200 and N2950 can be assigned to the stretching

vibration of the tetrahedral Mn3?–O2- bonds.

Because the intensity became low, it is invisible in

Air950 and Vac1200. Two weak peak t1’’ at 633 cm-1

and t2’’ at 342 cm-1 in Vac1200 with high Mn2?

content can be assigned to the stretching vibrations of

the Fe3? (A)–O2-–Mn2? (B) group.

Figure 8 shows the typical magnetic hysteresis

loops of the four samples. All hysteresis loops display

soft ferromagnetic behavior. The saturation magne-

tization (Ms) and coercive field (Hc) are presented in

Table 2. It is noticed that for the four samples: Air950,

N2950, Air1200, and Vac1200, Ms increases in turn

and Hc decreases in turn. Ms of Vac1200 is 76 emu/g,

close to the value (83.14 emu/g) in Ni0.55Zn0.3Co0.15-

Fe2O4 reported by Xiao-Hui Wu [25]. It is larger than

that of Mn0.5Zn0.5Fe2O4 [6] and Ni0.5Zn0.5Fe2O4 [26].

Certainly, the formation of non-magnetic second

phase is a reason for the worst magnetic properties of

Air950. The redistribution of cations is a main factor

affecting Ms as an intrinsic physical quantity.

According to Neel’s two sub-lattice model [27], Ms is

proportional to the difference between the magnetic

moment of octahedral ions (MB) and the magnetic

moment of tetrahedral ions(MA). The Magnetic

moment of Mn2? is 5lB, larger than that of Mn3?

(4lB). According to the above cation distribution

analysis, Mn2? at A-site and B-site in N2950, Air1200

and Vac1200 increases gradually. And after high

temperature annealing, some Fe3? ions (5lB) migrate

from A-site to B-site. Other factors, such as grain

integrity, can also affect the saturation magnetization

of the material. Raghvendra Singh Yadav [28] and

N.I. Abu-Elsaad [21] reported that with the increase

of particle size (D), the development of multi-domain

particles and limited number of grain boundaries can

induce an increase of Ms and decrease of Hc. From

Fig. 3 and Table 2, the change of saturation magne-

tization is consistent with that of particle size. Coer-

civity depends on the microstructure of the material.

So the change of coercivity can be attributed to the

particle size (SEM images (Fig. 3)).

The initial permeability (li) is an important

parameter of soft ferrite materials, which depends on

the magnetization mechanism, involving domain

rotation and domain wall displacement. The initial

permeability is related to the intrinsic properties of

ferrite as follows [4]

li a
M2

s

K

In the low frequency range (1 K-1 MHz), perme-

ability hardly changes with frequency, showing well

frequency stability and a wide application frequency

range, as shown in Fig. 9. The initial permeability at

100 kHz is obtained, as shown in Table 2. Obviously,

the largest li is 95 in Vac1200, which is larger than the

permeability of Ni0.8Zn0.2Fe2O4 ferrite reported by T.

Jahanbin [29] and Ni0.5Zn0.3Cd0.2Fe2-xLaxO4 ferrite

reported by S. Ikram [30]. This value even reached

the value of the samples with high Zn content

annealed in air [31]. But it still much smaller than the

initial permeability of MnZn ferrites [32] and

NiZnMn ferrites prepared by standard solid-state

reaction technology [33], shown in Table 2. The

change rule of li can be explained by the magneti-

zation mechanism, which is consistent with that of

MS for the four samples. In addition, the

microstructure affects the dynamic balance of mag-

netization, thus affecting li. For Air950 and N2950,

the particle size is small, so the blocking effect of

grain boundary on domain wall displacement

increases, resulting in small li. The presence of

impurity for Air950 further reduces li. This reduction

of the permeability is thought as the reason of the

improvement of cut-off frequency (fr). From Fig. 10

and Table 2, the change rule of fr is opposite to that ofFig. 8 The hysteresis loops of all samples
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li for the four samples. The cut-off frequency of

Air950 is higher than 220 MHz, and the cut-off fre-

quency of Air1200 is higher than 70 MHz. These

values are higher than the reported cut-off frequency

of ZnMn ferrites [4] and the NiZnMn ferrites [33].

The thermal variation of the initial permeability of

the NiZnMn ferrites is donated in Fig. 11. The change

of magneto-crystalline anisotropy constant K with

temperature is faster than that of MS with tempera-

ture. So there is a sharp peak near Curie temperature,

corresponding to the temperature point with mag-

neto-crystalline anisotropy constant K = 0. This can

be confirmed by the MS-T and li –T curves, as shown

in Fig. 11. With the increase of temperature, Ms

decreases due to thermal effect. Near the Curie tem-

perature point, MS drops slowly to 0. However, the

peak disappears in li-T curves for the samples

annealed at lower temperature (Air950 and N2950)

and the curves become more flat.

In a certain temperature interval (T2-T1), average

thermal coefficient (al) can be calculated by the

equation.

al ¼
lT2

� lT1

lT1
T2 � T1ð Þ

where lT2 and lT1 are the initial permeability at

temperature T2 and T1, respectively. Between room

temperature and 310 �C, al is 8 9 10–4, -5 9 10–4,

Table 2 the magnetic parameters of Ni0.4Zn0.2Mn0.4Fe2O4 samples and other systems

Ms (emu/g) Hc(Oe) li fr(MHz) Tc(�C) Refs

Air950 58 107 6 220 349 This work

N2950 66 77 13 123 408 This work

Air1200 71 60 46 70 366 This work

Vac1200 76 55 95 38 319 This work

Ni0.55Zn0.3Co0.15Fe2O4 83.14 13.66 48 – – [25]

Mn0.5Zn0.5Fe2O4 53.49 28.03 – – – [6]

Ni0.5Zn0.5Fe2O4 72.07 1.85 65 – 256 [26]

Co2O3 and SnO2 doped Mn0.705Zn0.165Fe2.13O4 – – 326 21 – [4]

Ni0.8Zn0.2Fe2O4 – – 18 23 – [29]

Ni0.5Zn0.3Cd0.2Fe2O4 40.31 70.85 36.4 – – [30]

Ni0.2Zn0.4Mn0.4Fe2O4 54 70 100 – 281 [31]

MnZn ferrite – – 12,254 – 124 [32]

Ni0.3Mn0.2Zn0.50Fe2O4 – – 677 1 179 [33]

Ni0.2Mn0.3Zn0.5Fe2O4 65 22 362 – 277 [36]

Fig. 9 The true part of permeability via frequency curves

measured from 1 kHz to 1 MHz
Fig. 10 The normalized true part of permeability via frequency

curves of these samples
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2 9 10–3, and 7 9 10-3for Air950, N2950, Air1200,

and Vac1200, respectively. Obviously, the samples

annealed in air (Air950, Air1200, and Vac1200) show

a positive thermal coefficient of permeability. The li
rises with temperature, indicating a better adapt-

ability of environment. Kaiqi Jiang [32] reported that

the MnZn ferrite sintered in elevator furnace at

1380 �C for 4 h with 3.0% partial pressure of oxygen

and cooled at equilibrium conditions in a N2/O2

atmosphere has also a positive thermal coefficient. In

Ni-Zn-Me(Cu, Mn, Co, Mg, Cd, Ca) ferrites prepared

by conventional ceramic processing [34] and LiZn

ferrites prepared by a sol–gel auto-combustion pro-

cess [21, 35], the same results was observed. Among

the three samples, Vac1200 has the worst thermal

stability, and Air950 has the best thermal stability. It

is consistent with the microstructural variety. From

Fig. 3, Vac1200 has the most uneven size distribution

and the largest grains. However, the thermal coeffi-

cient of N2950 is less than 0, different with other

samples. The coefficient value is also the smallest. It

should be due to the compensation effect of Fe2? ions

with positive K. In fact, Fe2? ions were not detected

by XPS (Fig. 5), indicating that the amount of Fe2?

ions is very small. Air1200 and Vac1200 with higher

Mn2? content has lower Fe2? content, because Mn2?

will inhibit the formation of Fe2?. So if the annealing

atmosphere is well controlled when the samples are

prepared at high temperature, the coefficient can also

be reduced, even close to 0.

The Curie temperature (Tc) of the material is

obtained by the intersection of the tangent line at the

maximum slope and the temperature axis (li = 0),

shown in Table 2. By the way, the Curie temperature

obtained from Fig. 12 is consistent with that obtained

from Fig. 11, which proves the correctness of the

experiment. Curie temperature is an intrinsic char-

acteristic, which is determined by the composition of

ferrite. The general rule is that the stronger the super-

exchange interaction of magnetic ions between A

sites and B sites, the higher the Curie temperature. It

can be seen that the Curie temperature of all the

sample is between 319 and 408 �C, higher than that of

Mn-Zn ferrite whose Curie temperature is 124 �C
[32], mixed Ni0.5-xMnxZn0.5Fe2O4 (x = 0.1–0.4) ferrites

whose Curie temperature is about 475-675 K [36] and

mixed Ni0.5-xMnxZn0.5Fe2O4 (x = 0.1–0.2) ferrites

whose Curie temperature is about 235–245 �C [33]. Tc

of Vac1200 is the lowest, which may be due to the

increase of bond length and Mn2? at A-site. It is

known that the super-exchange interaction of Mn–O-

Fe is smaller than Fe–O–Fe. Tc of Air950 is not high

because the formation of the second phase leads to

the high Zn content in ferrite composition. For N2950,

li slowly drops to 0 near Curie temperature, which

leads to higher Tc. This behavior is as if the compo-

sition of the material is uneven. It is possible that

some particles contain more Mn and less Zn, while

others do the opposite.

3 Conclusion

Ni0.4Zn0.2Mn0.4Fe2O4 ferrites have been prepared by

sol–gel auto-combustion method. The effect of sin-

tering condition on the structure, thermal stability

Fig. 11 The temperature dependence of the initial permeability of

all synthesized samples

Fig. 12 Ms-T and li-T curves for Air1200
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and magnetic properties has been investigated. From

above discussion, following conclusion are obtained.

1. A single spinel structure can be obtained when

the samples were annealed in N2 or at higher tem-

perature with the increase of particle size. More Mn2?

ions appear and prefer to occupy A-site in the sample

cooled in vacuum.

2. The magnetic properties of the samples can be

explained by microstructure and distribution of

cations. The specimens annealed at 1200 �C and

cooled in vacuum have the best magnetic properties

with the largest Ms, the lowest Hc, and the largest li,
because of large grains and more Fe3? ions in B-site.

The samples annealed at 950 �C in air have the worst

magnetic properties due to the second phase and

small grains.

3. The samples annealed at 950 �C in N2 atmo-

sphere have the excellent thermal stability, maybe

due to the compensation of Fe2? ions. The samples

annealed at 1200 �C in air and cooled in vacuum have

the worst thermal stability due to the uneven particle

size distribution.

4. All samples show excellent frequent stability

below 1 MHz. The samples annealed at 950 �C in air

have the largest cut-off frequency which is higher

than 220 MHz.

Sintering conditions have a great impact on mate-

rial properties. More work about controlling the

annealing atmosphere needs to be done to obtain

materials with high permeability and thermal stabil-

ity at the same time.
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