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Mg, Nij_Fe,04 (x =0, 0.25, 0.5, 0.75, 1) spinel ferrite material was analyzed to determine its magnetic properties
and structure. X-ray diffraction (XRD), Mdssbauer spectroscopy, and vibrating sample magnetometer (VSM) characteri-
zation were performed on the samples prepared using the sol-gel method. The results from XRD confirmed the existence
of the single-phase cubic spinel structures Fd3m, as well as the evolution of the crystalline size (D), the lattice parameter
(a) and cell volume in compounds. The Mdssbauer spectra showed the distribution of cations and changes in the magnetic
properties of the sample. VSM measurement revealed that the samples were room-temperature ferromagnetic. Moreover,
the saturation magnetization (M) of the samples changed with the MgZ* ion content x, and a maximum occured at x = 0.5.
Doping with Mg?* ions increased the transfer of Ni2T ions to tetrahedral sites, thus increasing the magnetic moment dif-
ference between tetrahedral (A) and octahedral (B) sites. Specifically, doping NiFe,O4 with Mg2+ ions can enhance its
magnetic properties and enhance its saturation magnetization.

Keywords: spinel structure, magnetic properties, ferrite, Mossbauer spectra

PACS: 75.50.—y, 07.55.Jg

1. Introduction

Considerable attention has been given to spinel ferrite,
the ferrite with the general formula MFe,O4 (M are divalent
ions, such as Mn2*, Ba>*, Mg?*, Co?*, Cu®**, Ni?*, Zn**,
Co?").!l Historically, it has been used in many fields due
to its high resistivity, chemical stability, mechanical hardness,
and reasonable cost, including in information storage systems,
magnetic cores, magnetic fluids, microwave absorbers, and
many others. >3]

Spinels belong to the close packing with spatial symme-
try group (Fd3m), which is a relatively complex face-centered
cubic (FCC) structure.*! There are eight tetrahedral sites (A-
sites) formed by four oxygen ions and 16 octahedral sites (B-
sites) formed by six oxygen ions in each unit cell.’>) Within
the spinel ferrite crystal structure, distinct cations exhibit dis-
tinct site selectivity (for example, Ni** ions tend to occupy
octahedral sites, while Zn>* ions tend to occupy tetrahedral
sites). The ionic radius, the bonding type, and the prepara-
tion method determine the site preference.[%! Hence, the chem-
ical formula structure of spinel ferrites is generally expressed
as (Fef;ersz)[MngFegir 5104. where the round brackets ()
mean tetrahedral site coordination and [ ] brackets mean oc-
tahedral site coordination.!”l The & is a parameter that de-
scribes the inversion degree, which is the proportion of Fe3*
cations occupying tetrahedral sites in the spinel ferrite crys-
tal structure.® The spinel crystal structure can be divided

fCorresponding author. E-mail: liuhart@ 126.com
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into three distinct structures based on the variation in the de-
gree of inversion. The normal spinel structure, with ZnFe;O4
as a typical example, is characterized by the complete oc-
cupation of tetrahedral sites by Zn cations within the spinel
crystal structure. Its chemical formula can be expressed as
(Zn2+)[Fe§+]O4.[9] The mixed spinel structure, exemplified
by MgFe,Qy4, is characterized by the partial occupation of
both tetrahedral and octahedral sites by Mg cations within the
spinel crystal structure. Its chemical formula is represented
as (Fe?Mg%f 5)[Mg§+Fe;Jj 5]04.[10] In the inverse spinel fer-
rite structure, as seen in NiFe,Oy, all Ni cations occupy oc-
tahedral sites within the spinel crystal structure, forming an
(Fe3H)[Ni?tFe3+]04 structure.!”l Ferrite’s magnetic proper-
ties are determined by its cation distribution. Depending on
the type and distribution of its cations, ferrite may be ferro-
magnetic, antiferromagnetic, or paramagnetic.!!!]

NiFe, Oy is an inverse spinel ferrite that is also a known

(121 Dye to its high-frequency permeability, high

soft ferrite.
resistance, and low dielectric loss, it is widely used in high-
frequency electronics.!®! The electromagnetic properties of
Ni ferrite can be improved by ion doping, making it more
practical.['3] The magnetic moments of Fe3* ions and Ni**
ions are 5 up and 2 ug, respectively. Based on the A-B su-
perexchange interaction, NiFe,O4 has a theoretical magnetic
moment of 2 pg.[1*+13]

Ni—Mg ferrite is a widely used type of soft magnetic ma-

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

127507-1


https://doi.org/10.1088/1674-1056/acca0c
mailto:liuhart@126.com
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B 32, 127507 (2023)

terial, but the structure and electromagnetic properties of Mg
ferrite are different from those of Ni ferrite. This is because
Mg?* cations have a certain preference for octahedral sites,
but this preference is weaker than that of Ni cations.['® Also,
Mg”* ions have a diamagnetic moment (0 ug); therefore, the
superexchange interaction with iron ions is different from that
with Ni>* ions.[!3] It is also important to note that the position
preferences and ionic radii of Ni** ions and Mg?* ions are
also different, which affect the magnetic properties of Mg—Ni
ferrite. In this way, Ni-Mg ferrite can be optimized for out-
standing properties by changing the proportion of Ni>* ions
and Mg>" ions.

We prepared Mg-Ni spinel ferrite materials,
Mg, Ni;_,Fe,04 (x =0, 0.25, 0.5, 0.75, 1), using the sol-gel
method in this study. Tests were performed on samples using
x-ray diffractometers, Mossbauer spectrometers, and vibrating
sample magnetometers. Different properties were fitted and
analyzed based on x-ray diffraction (XRD), Mossbauer spec-
tra, and vibrating sample magnetometer (VSM) data, and the
cation distribution and magnetic changes were determined.

2. Experimental techniques
2.1. Sample preparation

In this work, Mg-Ni spinel ferrites, Mg,Ni;_,Fe;O4
x =0, 025 0.5, 075 1),
the sol-gel method. The raw materials iron(IIl) ni-
trate nonahydrate Fe(NO3)3-9H,0, nickel(Il) nitrate hex-
ahydrate Ni(NO3),-6H,>0O, magnesium(Il) nitrate hexahydrate
Mg(NO3),-6H,O and citric acid C¢HgO7; were purchased
A calculation was made to determine the

were prepared using

from Macklin.
amount of raw materials required for the experiment. One
mole of spinel ferrite requires three moles of nitrate and three
moles of citric acid. The desired quantities of reagents were
dissolved in 150 ml of deionized water and heated at 80 °C.
Ammonia was gradually added to the compound solution
while stirring to maintain a pH of 7-9. The solution was stirred
for 5 h until it evaporated to produce a highly viscous gel. This
gel was then baked at 225 °C for 4 h, resulting in foamy ferrite
powder. A dense ceramic metal oxide is formed by grinding
the oxide into a fine powder, then calcining it at 1000 °C for
9 h in a muffle furnace. Finally, the calcined metal oxide is
ground in a mortar to obtain the finished product.[!?]

2.2. Characterization of the samples

The XRD patterns of samples were recorded using a
Siemens D500 diffractometer with Cu o (A = 1.5418 A) ra-
diation, which is in a Bragg angle range (10° < 6 < 80°).
The patterns were analyzed using MDI-JADE software. The
Mossbauer spectra were obtained at room temperature by a
Seeco W304 Mossbauer spectrometer with a >’Co/Rh source.

Spectra were fitted using Mosswinn 4.0 software, and the
most appropriate parameters were estimated. A magnetization
curve (M—H) for the compounds was determined from VSM
measurements at temperatures of 300 K and 5 K, respectively,
and from —7 T to 7 T external magnetic field.

3. Results and discussion
3.1. X-ray diffraction analysis

The XRD data of Mg—Ni spinel ferrite Mg, Nij_,Fe,O4
(x=0, 0.25, 0.5, 0.75, 1) with different Mg2+ ion contents
are shown in Fig. 1. The XRD patterns of the synthesized
materials are shown in Figs. 1(a)-1(e), respectively, and those
of NiFe;O4 (PDF: # 97-005-2387) and MgFe,O4 (PDF:# 97-
004-0679) in the PDF file are shown in Figs. 1(f) and 1(g).
The patterns of the materials prepared in the experiment are
generally consistent with those of the standard JCPDS cards.
Each sample showed identical peaks of planes (220), (331),
(400), (422), (511) and (440). Therefore, the single-phase cu-
bic spinel structure Fd3m is formed, and all the compounds
are spinel ferrites with a face-centered cubic structure.[!!

(a) NiFe,Oy

- T W |
(b) Nig.7sMgp.25Fea0y

1 L | l .
l (c) NigsMgo.5Fe204
|

1 | l
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L i N
(e) MgFeoOy

L
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PDF:#97-|005—2387
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L
(g) MgFe;O4
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o~ o~ (=}
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Fig. 1. Powder XRD patterns of spinel Mg,Ni;_,Fe,O4 (x =0, 0.25,
0.5, 0.75, 1) powers.

Using the type of diffraction peak and intensity of the
diffraction ray, it is possible to calculate the crystallite size
(D), the lattice parameter (a), and cell volume of the samples.
Based on the Scherrer equation, the crystallite size (D) of the

samples was estimated by!!”]

D=kA/(BcosO), (D

where k is a constant (the value is usually 0.9), 3 is the half in-
tensity width of the different peaks, A is the x-ray wavelength,
and 0 is the angle of diffraction.
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The lattice constant a (A) is calculated from the Nelson—
Riley correction and Bragg equation!'®!

a=AVh+k*+12/(2sin0), )

where A is the x-ray wavelength, &, k, and [ are the Miller
indices, and 0 is the angle of diffraction.

Based on the calculated microcrystalline size (D), lattice
parameter (a) and cell volume of the samples. The lattice
constant increases from 8.3 A to 8.4 A, within the range of
spinel ferrite lattice constants. Grain sizes range from 10 nm
to 100 nm, which are larger nanoparticles. The cell volume
ranges from 580 A3 to 600 A3, which is within the normal
range of Ni-Mg spinel ferrites. The preparation of Ni-Mg
spinel ferrite appears to be successful.

8.40 |
—a— EXP

8391 MgFe0, (#97-004-0679)
----NiFe,0, (#97-005-2387)

8.38
8.37r

8.36 [

Lattice constant (a)

8.351

0 02 04 06 08 10

8.34 - :
Mg ion content x

Fig. 2. The evolution of the lattice constant of the samples and standard
lattice constants of NiFe,O4 and MgFe;04.

As it appears on the standard JCPDS cards (NiFe;Ojy:
#97-005-2387; MgFe,04: #97-004-0679), NiFe, 04 has a lat-
tice constant of a = b = ¢ = 8.34577 A, and MgFe,04 has a
lattice constant of ¢ = b = ¢ = 8.3998 A. Standard cards are
compared with the calculated results of the experimental data
for lattice constants. The lattice constants of the samples and
the standard NiFe,O4 and MgFe;O4 are shown in Fig. 2. It
can be seen that the samples’ lattice constants increase as the
amount of Mg”* increases. The lattice constant of the samples
increases with increasing Mg?* ion content since the radii of
Ni?* ions and Mg?* ions at octahedral positions are 0.069 nm
and 0.072 nm, respectively.!'’! The lattice constants of syn-
thesized NiFe, 04 and MgFe,04 differ slightly from those of
the standard JCPDS card. According to Msomi et al.’s 1201
study on Co-Ni spinel ferrite, lattice constants have a relation-
ship with annealing temperatures. The lattice constant first
increases (200-700 °C) and then decreases (700-1100 °C) as
the annealing temperature increases (200-1100 °C). Thus, it
is speculated that the higher annealing temperature may have
caused the difference in lattice constants between the sample
and the standard JCPDS cards. An increase in lattice constant
is observed with changes in Mg ion content, which is consis-
tent with the results reported by Rosnan ef al. This implies
successful Mg>* ion doping.[?!]

3.2. Mossbauer spectroscopy analysis

Due to the strong preference of Ni?t ions for octahedral
sites, two sextets were used to fit the Mossbauer spectrum data
of the NiFe,O4 sample. The results of the fitting and the as-
sociated parameters are shown in Table 1 and Fig. 3(a). The
obtained results indicate that the peak area of iron ions in the
tetrahedral sites (/) is 47.5%, while that in the octahedral sites
(Ig) is 52.5%. The positions of cations can be calculated by /5
and Ig using the following formula:[??]

IE _ 2-96 > fFeB
In 0 frea’

3

where & is the inversion degree in (Fej"Mgi'y)
[Mgfgix,lNilfoeifa]Oét, and fpep and frea are the recoil-
less f-factors for the tetrahedral (A) and the octahedral (B)
sites. The value of fres/ frea in Ni ferrite is 1.09. The calcu-
lation results suggest that 99.3% of Ni ions occupy octahedral
sites, indicating the nearly perfect inverse spinel structure of
the sample, which is consistent with the results reported in
other studies.>’!

Mg,Ni;_,Fe,04 (x =0.25, 0.5, 0.75, 1) has a more com-
plicated cation distribution due to the addition of Mg>* ions.
Some approximations are introduced to simplify the calcula-
tion. For the octahedral sites of Fe3* ions, a sextet (labeled
as sextet A) was used for fitting. For the tetrahedral sites of
Fe3* ions, a study found that the dominant superexchange in-
teraction for Fe’* ions at octahedral sites is the interaction
between A-sites and B-sites: (A)-O—[B]. Because it is 15—
20 times stronger than the interaction between B-sites and B-
sites, only the superexchange between B-sites and A-sites is
considered.!?’! Tetrahedral sites are considered to contain no
nickel ions, since Ni>* ions prefer octahedral sites. Due to
the trivalent Fe ions in the sample, the structure has extremely
high symmetry, quadruple splitting (QS) =0 mm/s and iso-
mer shift (IS) = 0-0.5 mm/s. Many studies?*>3! have reported
that the Mossbauer spectroscopic parameters of Fe ions at the
B site are influenced by the six nearest tetrahedral sites of
cations. Depending on the fraction of Mg?* ions at these tetra-
hedral sites surrounding the Fe ions, different sextets can be
observed, denoted as B, By, ..., B,, where n is the number of
Mg?* ions among the six nearest tetrahedral sites. The proba-
bility of observing a certain sextet at the octahedral site P(n,a)
can be expressed as a function of the number of Mg?* ions
among the six nearest tetrahedral sites (n) using the following
equation:

p(n,a) =Clxad" x (1—a)®™", 4)

where a is the Mg?* ion content of the A-site. P(n,a) values
lower than 5% contribute very little to Mossbauer spectra and
can be omitted.”) Some papers!'®! define a as the total amount
of Mg ions x, but many studies have shown that MgFe,Oy is
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a disordered spinel ferrite and the value of a does not equal
x.[19:26] Therefore, in this study, the fitting of the Mdssbauer
spectra for B-sites is not solely based on Eq. (4). Mossbauer
spectrum data of Mg, Ni;_,Fe,O4 with x =0.25, 0.5, 0.75, and
1 were fitted starting from two sextets. The value of (1 — 1)
from the fitting was used as the actual Mg?>* ion content a
for the A-sites, which was then substituted into Eq. (4). The
probability given by Eq. (4) was compared with the fitted peak
areas (1), and a set of better fitting results was chosen as the
final results. This results in four, five, five, and six sextets in
the samples with x = 0.25, 0.5, 0.75, and 1, as shown in Fig. 3
and Table 1.

There was substantial agreement between the fitted curve
and the experimental data. The crystal blocking temperature
is a size-dependent parameter.[>”! When the blocking tempera-
ture of the crystal falls below test temperature, the thermal en-
ergy exceeds the anisotropic energy, and the samples display
superparamagnetic behavior. It appears that the Mossbauer
spectrum is a doublet or a collapse of the Mdssbauer spec-
troscopy. The absence of these appearances suggests the syn-
thesized sample has a large grain size, which is consistent with

the XRD data. The values of the isomer shift are between

0.1 mm/s and 0.5 mm/s, with the B-site generally higher than

the A-site, consistent with other studies.20]

Relative transmission

— Sextet A
— Sextet Bo

Sextet Bi [
— Sextet By

— Sextet By
— Sextet By

—15

(C)XiIMgFOQO4I
—10 —5 0 5 10 15
Velocity (mm-s~!)

Fig. 3. Room-temperature 5'Fe Mossbauer spectra of spinel
Mg,Ni;_,Fe, 04 (x =0, 0.25, 0.5, 0.75, 1) powers. Here, EXP and
CAL are experimental and computational Mossbauer data, respectively.

Table 1. Mossbauer parameters of spinel Mg, Ni;_Fe,O4 (x = 0, 0.25, 0.5, 0.75, 1) powers. Here, IS is isomer shift, I" is the Lorentzian
linewidth, Heg is the hyperfine magnetic field, I is relative areas and cations at A and B sites.

X Site I' (mm/s) IS (mm/s) Hege (T) L Cations at A site Cations at B site
0 A 062 017 2032 47.50% Feo.993Ni0.007 Fe1.007Nio.993
B 0.62 0.20 53.96 52.50%
A 0.66 0.11 49.85 43.00%
0.25 B 0.70 0.21 54.80 22:00% Feo.903Mgo.097 Fe1.097Nio.75Mgo.153
B, 0.52 0.20 52.41 29.50%
B, 0.34 0.45 50.39 5.50%
A 0.59 0.15 49.17 36.90%
B 0.37 0.18 54.89 7.80%
0.5 B, 0.89 0.20 5293 2970% Feo.779Mgo 221 Fe; 221 Nig.sMgo 279
B, 0.38 0.16 51.20 14.90%
B3 0.48 0.14 46.89 10.70%
A 0.69 0.17 47.62 40.00%
B 0.76 0.20 50.40 24.00%
0.75 B, 0.53 0.18 50.62 20.50% Feo 842Mgo.158 Fe 158Nig.25sMgo.592
B, 0.57 0.20 44.67 10.20%
B3 0.37 0.24 53.17 5.30%
A 0.83 0.17 45.36 40.40%
B 0.58 0.21 50.51 23.20%
1 By 078 0.19 48.05 18.10% Feo.850Mgo.150 Fey.150Mgo.s50
B, 0.32 0.18 47.85 6.10%
B3 0.54 0.06 42.25 6.10%
By 0.48 0.27 41.29 6.20%

Based on the relative areas of the tetrahedral site /5 and
octahedral site Iy, we can calculate the distribution of Fe3t
ions. As a result, it gives the cations at A and B sites of
Mg, Ni;_,Fe,04 (x =0, 0.25, 0.5, 0.75, 1), as shown in Ta-
ble 1. As is evident, Ni** ion content influences Mg>* ion
proportions in tetrahedral sites. When Ni** ions are abun-

dant, Mg?" ions tend to occupy tetrahedral sites. Furthermore,
the distribution of different cations causes different magnetic
properties; therefore, it is possible to calculate the saturation
magnetic moments of a whole series of samples.”®! The re-
lationship between the saturation magnetic moment and the
cation distribution can be calculated using the following for-
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mula for each chemical formula of the sample:>!

pEAL = {(1—x) x i + (2 — 8) X ppe}
—[6 x ure], 5)

where the notation { } represents the magnetic moment at the
B site, and [ ] represents the magnetic moment at the A site.
Here, pn; and Ug, are 2 g and 5 ug, respectively, and 0 is the
inversion degree in (Fef{LMg%“_L 5)[Mg§:x_1Nil_xFegf 5104
The calculation results are presented in Table 2 and Fig. 4.
CAL. With increasing x, the sample’s saturation magnetization
first increases and then decreases. The trend of the variation
of the saturation magnetization is similar to the trend of the
doping non-magnetic ion Zn in CoFe;04.13° When the value
of x is between 0.25 and 0.5, the results of the Mossbauer
spectroscopy show a significant number of Mg ions located
in the tetrahedral position, which is consistent with previous
studies: ') Ni>* ions prefer octahedral positions more than
Mg?* ions, resulting in more non-magnetic Mg>* ions occu-
pying tetrahedral positions. Consequently, the total magnetic
moment of tetrahedral sites decreases, and the saturation mag-
netic moment difference between tetrahedral and octahedral
sites becomes greater. As x reaches 0.5, the saturated mag-
netic moment reaches its maximum value. Afterwards, with
the continued increase in Mg>" ions, the non-magnetic Mg+
ions occupying octahedral sites increase and the Ni>* ions de-
crease, leading to a rapid decrease in the total saturated mag-
netic moment within octahedral sites. The difference in the
saturation magnetic moment between A and B sites decreases,
which makes the saturation magnetic moment of the samples
drop continuously. A sample’s saturation magnetic moment
ceaselessly decreases before its Ni>™ ion content reaches zero.
The evolution of the saturated magnetic moment and Mg ion
content x clearly demonstrates the correlation between struc-
ture and magnetic properties.

4.0

—— EXP

35k —— CAL

3.0f

2.5

2.0

1.5

Saturation magnetization (Ms)

0 02 04 06 08 1.0
Mg ion content x

Fig. 4. The experimental (EXP) and computational (CAL) saturation
magnetic moment of spinel Mg, Ni;_,Fe,04 (x =0, 0.25, 0.5, 0.75, 1)
powers.

Table 2. The experimental and computational saturation magnetic mo-
ment of spinel Mg,Nij_,Fe;04 (x =0, 0.25, 0.5, 0.75, 1) powers.

X 0 0.25 0.5 0.75 1
CAL (ug) 2.04 247 3.22 2.08 1.5
EXP (up) 221 2.05 2.79 1.95 1.44

3.3. Vibrating sample magnetometer analysis

Data on the magnetization of the compounds were col-
lected using VSM and are plotted in Figs. 5 and 6. The data
show typical ferromagnetic behavior at 5 K and 300 K, sug-
gesting that the Curie temperature of the sample is higher than
300 K. The maximum saturation magnetization (M) was cal-
culated using the following equation by using the hysteresis

loop: 31

EXP _

My O X UB, (6)

X
5585
where oy is the saturation magnetization intensity in the hys-
teresis loop at 5 K, and M, is the relative molecular weight
of the material. The calculated results are shown in Table 2
and Fig. 4. EXP. As the Mg ion content increases, the satu-
ration magnetization decreases from 2.21 pg to 2.04 ug, then
increases to 2.79 ug, and finally decreases to 1.44 ug. The ex-
perimental and computational saturation magnetic moments of
the compounds are compared in Fig. 4. It is evident that both
sets of data show a similar change trend, even though the theo-
retical data is higher than the experimental data when Mg and
Ni ions coexist. The discrepancy between the experimental
and theoretical data at x =0, 0.25, 0.5, and 0.75 may arise from
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the incomplete consideration of the distribution of Ni ions.
Some Ni’>* ions may occupy tetrahedral sites, especially when
the concentration of Ni** ions decreases. Some Ni** ions in
octahedral sites may potentially exchange with Mg?* ions in
tetrahedral sites. As a result, the magnetic moment at tetrahe-
dral sites increases, while the magnetic moment at octahedral
sites decreases, leading to a smaller total magnetic moment.

4. Conclusions

In this work, Mg,Ni;_,Fe;O4 (x =0, 0.25, 0.5, 0.75, 1)
spinel ferrite materials were successfully prepared using the
sol-gel method, and their structure and magnetic properties
were analyzed. Based on the results, it can be concluded that
the structure and magnetism of the samples are affected by the
Mg?* ion content x. Extensive XRD analysis showed that the
sample remained a cubic spinel structure Fd3m with an in-
crease in Mg>" ion content x. Because the Mg ion radius of
octahedral sites is larger than the Ni ion radius, the crystal-
lite size (D), lattice parameter (a), and cell volume gradually
increase. According to the Mdssbauer spectrum analysis, the
distribution ratio of Fe*>* ions between octahedral sites and
tetrahedral sites changes with a change in Mgt ion content
x. Cations are distributed differently in different materials, re-
sulting in different magnetic properties. Mossbauer spectral
analysis data are used to calculate the saturation magnetiza-
tion of the sample. The results indicate that with the change in
Mg?* ion content x, the saturation magnetization of the sam-
ple first increases from 2.04 up to 3.22 ug, and then decreases
to 1.5 up. Based on the M—H curve at 5 K and 300 K, it is
demonstrated that the sample is a ferromagnetic at room tem-
perature. With an increase in Mg?* ion content, the satura-
tion magnetization decreases from 2.21 ug to 2.04 ug, then
increases to 2.79 ug, and finally decreases to 1.44 ug. Exper-
imental data and data calculated by structure show the same
evolution trend, and the error may be caused by an incomplete
consideration of Ni ion distribution.
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