Effect of heat treatment on structural and magnetic properties of Li-Ni
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Abstract
Nanocrystalline Li0.35Ni0.3Fe2.35O4 ferrites were prepared at different annealing
temperature by sol-gel auto-combustion method. The effects of the annealing temperature
on the structure and magnetic properties of the synthesized Li-Ni ferrites were
characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), Fourier
transform infrared spectra (FT-IR) and Squid-VSM. Rietveld refinement of the X-ray
diffraction data confirmed the occurrence of phase transition from α-spinel to β-spinel,
from which the ideal cation occupation and lattice parameter can be obtained. The grain
size increased significantly with annealing temperature. The variation of saturation
magnetization can be well explained in terms of the occupation of ions in tetrahedron and
octahedron. The coercivity initially increased and later decreased significantly from 115
to 37 Oe with the increase of annealed temperature which could be attributed the fact that
the 600℃-annealed grain size is close to transition size from single to multidomain region.
Keywords: Annealing temperature; Cation occupation; Microstructure; Sol-gel method;
Magnetic properties
1. Introduction
Nanocrystalline ferrites possess many excellent properties such as high electrical
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resistivity, saturation magnetization and initial permeability. All these excellent properties
make nanocrystalline ferrites show bright future in commercially significant in various
applications and play a vital role in almost every field of technology, such as isolators,
phase shifters, memory core and high-speed digital tapes etc.[1,2].To obtain efficient
magnetic materials for application, the electric and magnetic properties of ferrites can be
modified by changing the occupation of magnetic or non-magnetic cation in the spinel
structure[3,4].
Recently, because of the excellent magnetic and electrical properties such as high
Curie temperature, squareness of hysteresis loop, high and wide range of saturation
magnetization, low dielectric and magnetic losses etc.[5–7], nanocrystalline lithium
ferrites and substituted lithium ferrites have attracted considerable attention and replaced
expensive magnetic garnets and other ferrites gradually. Wherein, the nanocrystalline LiNi ferrites have excellent performance in microwave applications due to their high
resistivity, low eddy current losses, high Curie temperature and magnetic properties[8,9].
However, the performance of nano-scale ferrites is also more sensitive to the effects of
chemical composition, preparation methods, sintering temperature, and sintering time,
etc[10,11]. There are multiple synthesis method to prepare the Li-Ni ferrite systems, such
as hydrothermal, high temperature ceramic technique, co-precipitation, sol-gel etc[12–
16]. In the above preparation methods, sol-gel auto-combustion method can prepare ultrafine crystalline powders exhibiting chemically homogeneous composition, uniform size
and good reactivity. The advantages of this method are processing simplicity, low energy
loss, high production efficiency and high-purity products[17–19]. It was reported that the
high sintering temperature above 1050 °C will lead to the volatilization of lithium and
oxygen and change of stoichiometry for the lithium ferrite, which will cause the
deterioration of the magnetic and electric properties[20,21]. These facts motivated the
authors to synthesize Li-Ni ferrites by the sol-gel auto-combustion method with low
annealing temperature. In present study, we report the structural and magnetic properties
of the Li0.35Ni0.3Fe2.35O4 samples with annealing temperature (Ta) from 500 to 850 ℃.
2. Experiment
The ferrites with composition of Li0.35Ni0.3Fe2.35O4 were prepared by sol-gel auto2

combustion method and annealed at temperature (Ta) of 500 ℃, 600 ℃, 700 ℃, 800 ℃
and 850 ℃ respectively. The stoichiometric amounts of analytical grade lithium nitrate
[LiNO3], nickel nitrate [Ni(NO3)2·6H2O], iron nitrate [Fe(NO3)3·9H2O] and citric acid
[C6H8O7·H2O] were weighed according to the designed composition. The ratio of metal
ions to citric acid is 1:1. Stoichiometric amounts metal nitrate and citric acid were
dissolved in deionized water to form an aqueous solution. The pH of the resulting solution
was adjusted to 6 by aqueous ammonia. Then the solution was heated at 80 ℃ for 2 hours
to be viscous liquid with continuously stirring. The obtained sol was dried at 180 ℃ until
burning to dendritic ash flakes. Then the burned ashes were grinded to a very fine powder
using a glass mortar and pestle. The grinded powders were subsequently annealed at 500
- 850 ℃ for 4 h in a muffle furnace with a fixed heating rate of 5℃/min and then cooled
to room temperature naturally. Finally, the powder samples were used for structural and
magnetic measurements.
The phase identification of annealed powders was characterized by a D/MAX-2500 Xray diffraction (XRD) using Cu Kɑ radiation ( = 1.5405 Å). The Nanosem 430 field
emission scanning electron microscopy (FESEM) examination was carried out to analyze
the surface morphology of the annealed powders. Rietveld's refinements of all the
samples were carried out using HighScore X′Pert Plus and Fullprof softwares. Fourier
transform infrared spectra (FTIR) analysis was performed on a BIO-RAD FTS3000 IR
spectra scanner. Magnetic behaviors of the samples were determined using a Vibrating
Sample Magnetometer (VSM) at room temperature.
3. Results and Discussions
3.1 XRD analysis
Fig. 1 represents the Rietveld refined XRD patterns of Li0.35Ni0.3Fe2.35O4 powders
annealed at 500 - 850 ℃. All the parameters collected through the refinement including
Profile factor (Rp), weighted profile factor (Rwp), expected R-factor (Rexp), and reliability
factors (χ2 = (Rwp/Rexp)2) are presented in Table 1. The lower Rp and χ2 indicate the
goodness of the refined XRD patterns. It is evident that the negligible difference between
observed and calculated data indicate an extreme accuracy of calculated data. It is well
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known that Lithium ferrite, (Fe1)A[Li0.5Fe1.5]BO4, displays an inverse spinel structure with
Fe at tetrahedral 8a positions and a 1:3 mixture of Li and Fe at octahedral 16d positions.
The latter are 16d Wyckoff’s positions for disordered (Fd-3m) form, and 4b + 12d for the
ordered (P4132/P4332) form[22]. From the figure 1, it is clearly seen that the appearance
of additional reflections (210 and 211) on the X-ray diffraction patterns of (a) and (b)
show that the ferrites annealed at 500 ℃ and 600 ℃ have α-phase spinel structure
belonging to the space group P4332 with order forms. And structure parameters of
Specific occupation of ions annealed at 500 ℃ and 600 ℃ observed from refinement
results are given in Table 2. It can be noticed that Li+ ions only occupy octahedral 4b
position, Ni2+ ions occupy at octahedral 4b and 12d sites in 1:1 ratio for the sample
annealed at 500 ℃. As the temperature increases, a small amount of Ni2+ ions transfer
from octahedron to tetrahedron. The compositions of ferrites with the ideal cation
occupancy values, lattice parameter obtained by averaging the higher-order peaks are
tabulated in Table 3. The increase of lattice parameter with annealing temperature below
600 ℃ can be attributed to the larger Ni2+ ions (0.55 Å) in place of smaller Fe3+ ions (0.49
Å) at tetrahedron. For the samples annealed above 600 ℃, the spinel phases have β-phase
spinel structure belonging to space group Fd-3m in disordered forms. It is found that Ni2+
and Li+ ions mainly occupy the octahedral position, and a few of them migrate to the
tetrahedron position. A small amount of Ni2+ (0.55 Å) and Li+ (0.59 Å) ions substitute Fe3+
(0.49 Å) in the tetrahedron, which results in the increase of lattice parameters. It is evident
that the annealing temperature can result in the order-disorder transition of the
Li0.35Ni0.3Fe2.35O4 ferrites analyzed by the Rietveld structure refinement method. The
crystallite size (D) was calculated using Williamson-Hall equation:
βcosθ = 𝑘λ⁄D + 4εsinθ

(1)

where  is the observed FWHM, θ is the Bragg angle, k is the Scherer's constant, λ is the
wavelength of the X-ray used, D is the crystallite size, ε is the strain present in the crystal.
The observed results are shown in table 3. The crystalline size increases from 29.4 nm to
47.6 nm with annealing temperature, which may be due to the faster movement of
molecules accelerating the solid reaction with the increase of annealing temperature[22].
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The observed crystallite size is smaller than that reported by others [2,13].
3.2 morphology
Fig. 2 shows the SEM micrographs of Li0.35Ni0.3Fe2.35O4 powders with different
annealing temperature. The particle size of sample annealed at 500 ℃ is obviously
smaller than that of the sample annealed at 850 ℃. So, the particle size increases with
annealing temperature. The ferrite samples annealed below 800 ℃ are the spherical
aggregates and the sample annealed at 850 ℃ gradually show irregular hexagon. These
indicate that the microstructures of the samples can be easily controlled by annealing
temperature.
3.3 FT-IR studies
Fig. 3 depicts the FT-IR spectra of Li0.35Ni0.3Fe2.35O4 ferrite annealed at 500 - 850℃ in
the spectral region 375 - 900 cm-1. The absorption bands for synthesized ferrites with
different annealing temperatures are given in Table 4. The exhibited three vibration bands
of all samples can be ascribed to tetrahedral (Td) and Octahedral (Oh) coordination
compounds [23]. Absorption band v1 is characteristic for the stretching of tetrahedral
metal ion and oxygen bond, and v2 is characteristic for the vibrations of oxygen in the
direction perpendicular to the axis joining the tetrahedral ion and oxygen, which indicate
the formation of spinel ferrite structure[24]. Absorption band v3 is attributed to the Li+ O2- complexes at octahedral site[23]. It is reported that the frequencies of the vibrations
depend on cation oxygen bonding, lattice parameters and cation mass[25]. The shift of
absorption peak position lead by the increasing annealed temperature indicate the change
in the bond length of cation and oxygen ion at the tetrahedral and octahedral sites.
3.4 Magnetic measurements
The magnetic hysteresis loops of Li0.35Ni0.3Fe2.35O4 ferrites annealed at different
temperatures are shown in Fig. 4. Table 5 shows the observed magnetic parameters such
as saturation magnetization (Ms), remanence magnetization (Mr) and coercivity (Hc) etc.
Generally, soft magnetic behaviors are shown in all samples and the magnetic hysteresis
loops become narrower and longer with increasing annealing temperature as can be seen
from the inset of Fig. 4. The variation in lattice parameters and saturation magnetization
as function of annealing temperature is presented in Fig. 5. It is clearly seen that the
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variation of saturation magnetization is irregular. However, the changes in behavior of
lattice parameters and saturation magnetization with annealing temperature are almost
similar. It is well known that magnetization of the samples can be explained on the basis
of cation distribution and Neel’s model. According to this model, the A-B super-exchange
interaction is predominant over B-B and A-A exchange interactions. For the spinel ferrites
the cations in tetrahedral (A site) and octahedral sublattices (B site) have opposite aligned
magnetic moment, where the net magnetic moment defined as [26]
𝑛𝑡ℎ = 𝑀𝐵 − 𝑀𝐴

(2)

In the present study, the probable cation distribution can be written as
(𝐹𝑒 3+ (1−𝑥−𝑦) 𝑁𝑖 2+ 𝑥 𝐿𝑖 1+ 𝑦 )[𝑁𝑖 2+ 0.3−𝑥 𝐿𝑖 1+ 0.35−𝑦 𝐹𝑒 3+1.35+𝑥+𝑦 ]

(3)

It is known that the Li+ is nonmagnetic in nature and does not contribute to the
magnetization. Ni2+ and Fe3+ ions have magnetic moment of 2 μB and 5μB, respectively.
Therefore, the net magnetic moment can be given by [26],
M𝐵 = 7.35 + 3𝑥 + 5𝑦

(4)

𝑀𝐴 = 5 − 3𝑥 − 5𝑦

(5)

𝑛𝑡ℎ = 𝑀𝐵 − 𝑀𝐴 = 2.35 + 6𝑥 + 10𝑦

(6)

It can be seen that the net magnetic moment increases with the increase of Li+ and Ni2+
contents in tetrahedron, which can be calculated from the compositions of ferrites with
the ideal cation occupancy values observed by refinement XRD patterns. Furthermore,
the experimental magnetic moment (nB) can be expressed as:
𝑛𝐵 = [ 𝑀𝑤 × 𝑀𝑠 ]/5585

(7)

where MW is the molecular weight of the sample, Ms is the saturation magnetization of
sample and 5585 is magnetic factor [11]. According to the observed magnetic moment,
the Yafet-Kittel (Y-K) angles can be calculated by the formula as follow:
𝑛𝐵 = 𝑀𝐵 𝑐𝑜𝑠𝛼𝑌−𝐾 − 𝑀𝐴

(8)

The values of theoretical magnetic moment (nth), experimental magnetic moment (nB),
and Y-K angle are shown in table 5. It is evident that there are similar trends between
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theoretical magnetic moment (nth) and saturation magnetization (Ms) with annealing
temperature below 800 ℃, which illustrate that the change of Ms can be ascribed to the
cation distribution in tetrahedron and octahedron. The abnormal Ms for the sample
annealed at 850 ℃ can be attributed to the larger Y-K angle. The larger Y-K angle of
magnetic ions shows the decrease in the overlap of the wave functions between the two
nearest neighboring magnetic ions and also between the magnetic ions and oxygen anions
[13]. Therefore, the decrease in super exchange interactions between the magnetic ions
and oxygen anions caused by the larger Y-K angle leads to a smaller Ms.
Fig. 6 shows the variation in average crystallite size (D) and coercivity (Hc) for
Li0.35Ni0.3Fe2.35O4 ferrites as function of annealing temperature (Ta). The coercivity first
increases and then decreases with the increase in crystallite size. It is well known that the
change of Hc with the grain size can be explained on the basis of domain structure, critical
diameter and the magneto-crystalline anisotropy. The value of the magneto-crystalline
anisotropy was calculated by using the following relation:
K1 =

𝐻𝑐 ×𝑀𝑠
0.96

(9)

The observed values are given in table 5. The change in the magneto-crystalline
anisotropy constant can be attributed to the shape effect of the samples synthesized at
different annealing temperature [11]. Furthermore, it is well known that in the single
domain region, the coercivity increase with the particle size, which is attributed to the
magnetic domain rotation. The highest coercivity of 115 Oe is observed at the annealing
temperature of 600 ℃ with the grain size of 35.6 nm. However, the coercivity gradually
decreases with annealing temperature increasing from 600 ℃ to 850 ℃, indicating
multidomain nature for the sample annealing above 600 ℃, which is decided by domain
wall displacement[14]. The ratio R of the remanence to the saturation magnetization
(Mr/Ms) listed in Table 5 is derived from the hysteresis loops. The low value of R (below
0.2) also certifies the existence of multidomains in the ferrites. In present research, the
coercivity reaches a maximum at 600 ℃ which can be considered as the critical size from
single-domain to multi-domain transition behavior of the ferrites.
4. Conclusions
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The Li0.35Ni0.3Fe2.35O4 ferrites have been synthesized with annealing temperature of
500 ℃, 600 ℃, 700 ℃, 800 ℃ and 850 ℃ using the sol-gel auto-combustion technique.
Rietveld analysis of XRD data showed the structural transition from the α-spinel (Fd-3m)
to β-spinel (P4332) structure with the annealing temperature increasing, from which the
ideal cation occupation of ferrites was also observed. The goodness of fit values indicated
the goodness of refinement of diffraction data for ferrites. Three characteristic FTIR
absorption bands confirmed the formation of tetrahedral (Td) and Octahedral (Oh)
coordination compounds including Li+-O2- complexes. The magnetic hysteresis loops
become narrower and longer with higher saturation magnetization and lower coercivity,
which indicated that the ferrites have better soft magnetic properties with increase of
annealing temperature. The change of saturation magnetization is almost similar to that
of lattice parameters, which verified the correctness of the occupation of cations. The
coercivity initially increased and then decreased with the increase of crystallite size,
which demonstrated that the 600℃-annealed grain size is close to transition grain size
from single to multidomain region.
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Figure captions
Fig. 1. Rietveld refined X-ray diffraction patterns of Li0.35Ni0.3Fe2.35O4 soft ferrites
annealed at (a) 500 ℃, (b) 600℃, (c) 700℃, (d) 800℃ and (e) 850℃. red points:
the experimental data, black lines: the calculated pattern, blue ticks: Bragg
position, green lines: the difference between the experimental and the refined
curves.
Fig. 2. Micrographs for Li0.35Ni0.3Fe2.35O4 soft ferrites annealed at (a) 500 ℃ (b) 600 ℃
(c) 700 ℃ (d) 800 ℃ (e) 850 ℃.
Fig. 3. FT-IR spectra for Li0.35Ni0.3Fe2.35O4 ferrites annealed at 500 - 850 ℃.
Fig. 4. Magnetic hysteresis loop for Li0.35Ni0.3Fe2.35O4 ferrites annealed at 500-850 ℃ and
the inset is showing the magnified view.
Fig. 5. Variation in lattice parameters (a) and saturation magnetization (Ms) for
Li0.35Ni0.3Fe2.35O4 ferrites as function of annealing temperature (Ta).
Fig. 6. Variation in average crystallite size (D) and coercivity (Hc) for Li0.35Ni0.3Fe2.35O4
ferrites as function of annealing temperature (Ta).
Table 1. The agreement factors Rp, Rwp, Rexp and χ2 after the Rietveld refinement of XRD
data for Li0.35Ni0.3Fe2.35O4 soft ferrites.
Table 2. Structural parameters for Li0.35Ni0.3Fe2.35O4 ferrites annealed at 500 ℃ and 600 ℃
from the Rietveld refinement in P4332 space group.
Table 3. The lattice parameter (ax-ray) and average crystalline size (D) of
Li0.35Ni0.3Fe2.35O4

ferrites

with

different

annealing

temperatures.

The

compositions of ferrites are listed with the ideal cation occupancy values.
Table 4. Fundamental vibrational frequency bands of Li0.35Ni0.3Fe2.35O4 ferrites.
Table 5. Saturation magnetization (Ms), remanence magnetization (Mr), coercivity (Hc),
experimental magnetic moment (nB), theoretical magnetic moment (nth), R
(Mr/Ms), magneto-crystalline anisotropy constant (K1) and Yafet-Kittel angles (YK) of the Li0.35Ni0.3Fe2.35O4 ferrite as function of annealing temperature (Ta).
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Fig. 1. Rietveld refined X-ray diffraction patterns of Li0.35Ni0.3Fe2.35O4 soft ferrites
annealed at (a) 500 ℃, (b) 600℃, (c) 700℃, (d) 800℃ and (e) 850℃. red points: the
experimental data, black lines: the calculated pattern, blue ticks: Bragg position, green
lines: the difference between the experimental and the refined curves. (For interpretation
of the references to color in this figure legend, the reader is referred to the Web version
of this article.)
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Fig. 2. Micrographs for Li0.35Ni0.3Fe2.35O4 soft ferrites annealed at (a) 500 ℃ (b) 600 ℃
(c) 700 ℃ (d) 800 ℃ (e) 850 ℃.

Fig. 3. FT-IR spectra for Li0.35Ni0.3Fe2.35O4 ferrites annealed at 500 - 850 ℃.
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Fig. 4. Magnetic hysteresis loop for Li0.35Ni0.3Fe2.35O4 ferrites annealed at 500-850 ℃
and the inset is showing the magnified view.

Fig. 5. Variation in lattice parameters (a) and saturation magnetization (Ms) for
Li0.35Ni0.3Fe2.35O4 ferrites as function of annealing temperature (Ta).
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Fig. 6. Variation in average crystallite size (D) and coercivity (Hc) for Li0.35Ni0.3Fe2.35O4
ferrites as function of annealing temperature (Ta).

Table 1
The agreement factors Rp, Rwp, Rexp and χ2 after the Rietveld refinement of XRD data for
Li0.35Ni0.3Fe2.35O4 soft ferrites.
Rietveld parameters
Ta (℃)
Rp

Rwp

Rexp

χ2

500 ℃

10.9

13.4

9.24

1.45

600 ℃

19.1

19.9

9.37

2.13

700 ℃

21.3

22.9

10.48

2.18

800 ℃

19.9

21.7

10.03

2.16

850 ℃

17.9

21.2

9.47

2.23
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Table 2
Structural parameters for Li0.35Ni0.3Fe2.35O4 ferrites annealed at 500 ℃ and 600 ℃ from
the Rietveld refinement in P4332 space group.

Coordinates
Atom

Occupancy determined for sample

Site
x

y

z

500 ℃

600 ℃

Li(1)

4b

0.625

0.625

0.625

0.35

0.35

Ni(1)

4b

0.625

0.625

0.625

0.15

0.01

Fe(1)

12d

0.125

0.3661

0.8839

1.35

1.41

Ni(2)

12d

0.125

0.3661

0.8839

0.15

0.23

Fe(2)

8c

-0.0036

-0.0036

-0.0036

1.0

0.94

Ni(3)

8c

-0.0036

-0.0036

-0.0036

-

0.06

O(1)

8c

0.3869

0.3869

0.3869

-

-

O(2)

24e

0.1177

0.1268

0.3806

-

-

16

Table 3
The lattice parameter (ax-ray) and average crystalline size (D) of Li0.35Ni0.3Fe2.35O4 ferrites
with different annealing temperatures. The compositions of ferrites are listed with the
ideal cation occupancy values.
Ta (℃)

composition

ax-ray (Å)

D (nm)

500 ℃

(Fe1.0)[Ni0.3Li0.35Fe1.35]O4

8.2910

29.4

600 ℃

(Ni 0.06Fe0.94)[Ni0.24Li0.35Fe1.41]O4

8.3126

35.6

700 ℃

(Fe1.0)[Ni0.3Li0.35Fe1.35]O4

8.2790

37.4

800 ℃

(Ni 0.1Li0.05Fe0.85)[Ni0.2Li0.3Fe1.5]O4

8.2903

45.8

850 ℃

(Ni 0.1Li0.1Fe0.8)[Ni0.2Li0.25Fe1.55]O4

8.3134

47.6

Table 4
Fundamental vibrational frequency bands of Li0.35Ni0.3Fe2.35O4 ferrites.
Ta (℃)

ν1 (cm-1)

ν2 (cm-1)

ν3 (cm-1)

500

583

398

473

600

590

402

471

700

586

401

474

800

588

401

475

850

587

402

475
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Table 5
Saturation magnetization (Ms), remanence magnetization (Mr), coercivity (Hc),
experimental magnetic moment (nB), theoretical magnetic moment (nth), R (Mr/Ms),
magneto-crystalline anisotropy constant (K1) and Yafet-Kittel angles (Y-K) of the
Li0.35Ni0.3Fe2.35O4 ferrite as function of annealing temperature (Ta).
Ta

Ms

Mr

Hc

nB

nth

K1

Y-K

R=Mr/Ms
(erg/m3)

angle (°)

0.21

5002

30.15

2.71

0.24

5704

33.51

1.35

2.35

0.19

3829

30.27

44

1.44

3.45

0.11

2154

41.78

37

1.33

3.95

0.09

1673

47.24

(℃)

(emu/g)

(emu/g)

(Oe)

(μB)

(μB)

500

45.11

9.66

109

1.36

2.35

600

48.52

11.49

115

1.46

700

44.84

8.64

84

800

47.96

5.28

850

44.37

4.16
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