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The (Nd3+) substituted M-type Barium hexaferrite (BaFe12-x NdxO19) with (Nd3+) concentration (x = 0,
0.25, 0.50, 0.75, 1.00) is prepared using citrate precursor based sol gel process. The X-ray intensity pattern
confirms that synthesized nanomaterials were in the pure phase and they possess hexagonal crystal
structure having P63/mmc space group. Crystallite size and lattice strain values decreased with increment
in concentration of Nd3+ in Barium Hexaferrite lattice. The Williamson-Hall plot is utilized for calculating
these structural parameters. The Saturation Magnetization and Anisotropy values are highest for (0.25)
mole (Nd3+) in Barium Hexaferrite lattice. All the prepared nanomaterials shows pure phase with good
magnetization (43.11 emu/g–56.90 emu/g), retentivity (21.41 emu/g–29.02 emu/g) at room temperature.
Curie temperature was found to be shifted to 429 �C from 446 �C with respect to increasing molar con-
centration of Neodymium.
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1. Introduction

Ferrite nanomaterials possess high commercial value due to its
significant magnetic properties along with its prominent uses in
electronics industries, as radar absorbing, in high frequency power
applications, hydroelectric cell, information storage etc.[1–5]. Fer-
rite materials have been classified into 3 categories: Spinel, Garnet
and Hexaferrite. The industrial demands for hexaferrite nanomate-
rials is more due to suitability of hexaferrite as high density record-
ingmedia andmicrowave absorption properties. Based on chemical
nature and unit cell structure Hexa ferrite are subdivided into five
sections. M-type (BaFe12O19),W–Type(BaT2Fe12O27),X-Type
(Ba2T2Fe28O46),Y-Type (Ba2T2Fe12O22) and Z- type (Ba3T2Fe24O41).
Where ‘T’ stands for any divalentions, trivalent ions or tetravalent
metal ions [6].The M-type Barium hexaferrite (BaFe12O19) possess
magneto plumbite structure with hexagonal crystal system and
have (P63/mmc) space group. Bariumhexaferrite lattices have c- axis
to be the magnetically prefered axis. There ported Coercivity and
magnetization values for such hexaferrite materials are 6700 Oe
and 72 emu/g respectively and its curie point is 450 �C, which is
quite above the room temperature [7]. Therefore such exceptional
behaviours make hexaferrite material to gain widespread attention
of researchers in recent years [8–11]. The crystal structure of
(BaFe12O19) have Sblock andRblock superimposed. Its unit cell have
the order RSR*S*. Here S* and R* possess same atomic arrangements
but they are 180� rotated with reference to S and R blocks [12–14].
Themagnetic behaviour of BaFe12O19 is dependent on theplacement
of Fe3+ ions in the crystal geometry, annealing temperature, substi-
tuted element and method of preparation [15–17]. Numerous
researchers have mentioned about enhanced physical characteris-
tics of BaFe12O19 bymanipulating the cation distribution of different
ionic radii such as with Sm3+, Mn3+,Ce2+,Ni2+,Al3+ etc. [18–29]. The
detailed literature works reveals that researchers are concentrating
upon the cation placement on atomic sites and consequent alter-
ations on magnetic behavior. Along with cation distribution, the
developed lattice strains are found to be affecting magnetic proper-
ties. Therefore the crystal structural effects and its correlation with
room temperature magnetism and Curie temperature dependent
magnetic responses for (BaFe12-x NdxO19)with Neodymium varying
concentration has been explored in the present research. The mag-
netic nanomaterials were prepared using low cost chemical based
citrate precursor method in low temperature range of 200�celcius,
which is economical and convenient for mass production for
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numerous uses. To the best of our knowledge very few research
works have been reported on Nd3+ substitutedM-type Barium hexa
ferrite nanomaterials.
Fig. 2. Peak shift for planes [107] and [211] towards higher Bragg’s angle.
2. Experimental details

The pure phase Barium Hexaferrite (BaFe12O19) and four differ-
ent molar concentration of Nd3+ substituted BaFe12O19(BHF) was
prepared using low cost chemical based citrate precursor sol–gel
method. Chemicals used were of high purity grade namely, Ba
(NO3)2,Nd(NO3)3, and Fe(NO3)3.For chelation in the synthesis pro-
cedure, citric acid was used. The stoichiometric ratio of citric acid
to metal cations were kept to be 1:3. After stirring the mixture con-
taining stiochiometric ratio of chemical nitrates in deionized water
on hot plate for 3–4 h, a gel like substance is obtained. Which was
then kept in hot air oven throughout the night to dry. Finally a
voluminous like ash powder is obtained, further grinded to fine
powder with Mortar and Pestle. The powdered nanomaterial was
further put for annealing at 800 �C for 2hr. The room tempera-
ture X ray diffraction pattern were obtained at wavelength
(k = 1.5406 Å) using Bruker D8 advance X ray Diffractometer. Mag-
netic hysteresis loop (M-H)loops and Curie points (M-T) graphs
were calculated at room temperature using Lakeshore(7500,USA)
vibrating sample magnetometer capable with magnetic field upto
(3.2 Tesla). The arrangement of particles and surface morphology
of the samples were examined with FESEM (Carl Zeiss) and func-
tional group were found using Fourier Transform infrared spec-
troscopy (FTIR, Perkin Elmer).
3. Results and discussion

Structural properties- X ray diiffraction peaks confirmed that
synthesized nanomaterials were in pure phase and all possess
hexagonal crystal structure and belongs to space group
P63/mmcare shown in Fig. 1. X ray intensity peaks are in agreement
to that of earlier reports [30]. There is a gradual shifting in the XRD
peaks towards a greater Bragg’s angle with the increment in molar
concentration of Neodymium in Barium hexaferrite. It can be
observed precisely that (107) peak shifts from (32.12) degree for
(BaFe12O19) to (32.23) degree for (BaFe12-X NdXO19) as shown in
Fig. 2. Such observation may be due to bigger ionic radius of
Nd3+ (1.12 Å)with respect to Fe3+ ions (0.64 Å).

Further substitution of neodymium at iron site results into sys-
tematic increment of lattice parameter(c) only and so increment in
Fig. 1. X ray spectrum of BHF (BaFe12-X NdXO19) for � = 0.0 to 1.0).
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cell volume (Table 1). The lattice parameters(a) is almost constant.
The crystalline size and strains in nanomaterial were obtained
byWilliamson-Hall method. The Williamson-Hall relation is
defined as [31]

Bcosh ¼ Kkþ 4eSinh ð1Þ
In the above Eq. (1) k denotes x-raywavelength incident on

samples, h is the Bragg’s diffraction angle. Further D is used for
crystalline size and b is full width at half the intensity maximum
plotted versus 2h Bragg’s angle. The term (4e Sin h)is strain and
intercept (Kk\D) on the ordinate(Βcosh) helps to find the crystalline
size. The W-H plots for XRD patterns of (BaFe12-X NdXO19) for
� = 0.0 to 1.0) are shown in Fig. 3(a–e). The plots are linealy fitted.
Intercepts on the y axis is helpul in finding the value of crystallite
size while inclination of the straight line gives amount of lattice
strain present. Both crystallite size and strains in the lattices are
mentioned in the Table 1. It is clearly observed that there is decre-
ment of lattice strain with the increment in the Neodymiun con-
centration. Larger atomic radius of Nd3+ions as compared to Fe3+

ions may be one of the reason. The crystallite size obtained using
W-H plot may differ from that of the particle size [31].

Therefore surface morphology in FESEM micrographs are uti-
lized for justifying the crystallite size obtained using W-H plots.
As such a high resolution micrograph of (BaFe11.25 Nd0.75O19) is also
shown in Fig. 4(a–b). Particles are visible to be uniformly dis-
tributed. Surface area and crystalline size are linked to each other.
As the crystallite size decreases systematically, there is increment
in the number of atoms appearing at the surface. Agglomerated
nanocrystalline materials can be seen in Fig. 4. Lattice constants
for this very hexagonal crystal system is calculated using Eq. (2).
Planes which were utilized in this equation are [110],[107],[114],
[217],[220] and [2011]. Once the lattice constants are determined,
we can easily calculate the lattice volume for this crystal system
using Eq. (3).There is a increment in the lattice constants(c) and
lattice volume. Presence of a-Fe2O3 in the synthesized sample
may be a probable reason but the intensity of this peak is very
small. Such observances have been also reported by Ping Xu
et al. research groups [32]. Crystalline size was found to decrease
systematically instead of increases with increase in molar concen-
tration of Nd. This may be because of systematic decrement of
strain in the prepared materials.

1

d2 ¼ 4
3

h2 þ hkþ k2

a2

 !
þ l2

c2
ð2Þ

V ¼ 3ð Þ1=2
2

a2c ð3Þ
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Table 1
Structural parameters details of crystallite size and Lattice strain.

Samples BaFe12-x NdxO19 Crystallite size (Williamson Hall) nm (-+Error) Strain � 10�3 Crystal structure details

a = b(Å) c(Å) cell volume (Å3)

x = 0 82.9 (-+1) 2.03 5.8847 23.15 694.252
x = 0.25 76.2 (-+1) 1.97 5.8878 23.18 695.884
x = 0.50 74.6 (-+1) 1.85 5.8921 23.20 697.503
x = 0.75 67.1 (-+1) 1.67 5.8947 23.21 698.419
x = 1.00 64.9 (-+1) 1.54 5.8981 23.23 699.828

Fig. 3. W-H plots for(b cos h) versus (4 sine h) to estimate crystallite size and lattice strain. (a) BaFe11Nd1 O19(b) BaFe11.25Nd0.75 O19(c) BaFe11.50 Nd0.50 O19 (d) BaFe11.75 Nd0.25

O19(e) BaFe12O19.
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3.1. FTIR measurements

The FTIR absorption spectra for (BaFe12-X NdXO19)is shown in
Fig. 5, For (x = 0.25 to 1) at room temperature with wave number
(400 cm�1–700 cm�1). For Barium hexaferrite, two prominent IR
modes are noticed at (439 cm�1) and (602 cm�1) for bonds at the
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octahedral sites and tetrahedral sites respectively [33]. The fre-
quency limit (439–459) cm�1, peak (m1) is helpful in finding octahe-
dral bond length.

The lighter frequency range (602–616) cm�1, peak(m2) is useful
in finding tetrahedral bond length of (Fe-O) and (Nd-O) [33]. The
vibrational frequency of tetrahedral is greater than octahedral
ow temperature synthesis and influence of rare earth Nd3+ substitution on
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Fig. 4. FESEM micrograph for (BaFe12-X NdXO19 for x = 0.75) samples.

Fig. 5. FTIR spectrum for Barium hexaferrite doped with Neodymium (BaFe12-X
NdXO19).

Fig. 6. MH loops for (BaFe12-X NdXO19) with (x = 0 to 1.0) at room temperature.
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due to larger bond length of octahedral sites. The absorption peak
shifts towards the lower wavenumber due to substitution of bigger
neodymium ions in place of iron atoms. Such observations has
been also mentioned by other reseachers [34].

3.2. Magnetic properties

Magnetic Hysteresis loop for neodymium substituted BHF
(BaFe12-X NdXO19) for (x = 0.0–1.0)is depicted in Fig. 6. Magnetisa-
tion curves showing ferromagnetic behavior, high coercive field
values are found. It appears that it has not achieved saturation at
2 Tesla. The coercivity (HC), Magnetization values (Ms), Retentivity
(Mr), anisotropic constant and magnetization vs 1/H2(Oe)2 plot
have been enlisted in Table 2 and Fig. 7.

The remanant magnetization and saturation magnetization
both magnetic parameters first increases and then decreases with
increment in neodymium amount. The Coercivity value are highest
for 0.75 mol Nd doped Barium hexaferrite and with increment in
Nd concentration Coercivity values decreases irregulary. This
reveal about formation of single domain particles with uniaxial
anisotropy. It may be due to lattice strain developed with the neo-
dymium doping at iron site. The saturation magnetization is calcu-
lated with help of Law of approach.

This is fruitful in finding out two useful parameters, first one
Magnetization (Ms) and second one, Anisotropy constant denoted
by (K1) such nanomaterials [35]. The magnetization value and
magneto crystalline anisotropy values are highest for 0.25 mol
Neodymium doped Barium hexaferrite. The law of approach is
expressed as [36].
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M ¼ Ms 1� A=Hð Þ � B=H2
� �h i

þ vH ð4Þ

Here Msis for magnetization, and A is a material constand B is mag-
neto crystalline anisotropy field. Further ,H is high field differential
susceptiility countable in high temperature analysis only [33]. Also
A/H is not a significant value. Finally Eq. (4) reduces as

M ¼ MS 1� B=H2
� �h i

ð5Þ

The anisotropy is expressed as equation [34]

B ¼ Ha
2=15 ð6Þ

The magneto anisotropy is calculated using expression

Ha ¼ 2K1ð Þ=Ms ð7Þ
The intercept on the ordinate of the linearly fitted curve of the

Magnetization versus (1/H2) plot helps us to determine the value of
magnetization (Ms) which is shown in Fig 7(a) to 7(e). The amount
of magneto anisotropy field B1 can be found from the slope of lin-
early fitted curve. Further Eqs. (6) and (7) is utilized for finding out
magneto crystalline anisotropy (K1) value. All the concerned mag-
netic parameteres are mentioned in Table 2. As shown in Table2,
Saturation magnetization as well as Magneto anisotropy constant
value is greatest for (BaFe11.75Nd0.25O19). Therefore there is a con-
tinual decrement in both these magnetic parameters(Msand K1)
for higher molar concentarion of neodymium in Barium hexaferrite
lattice. It may be because, change in super exchange interaction of
ow temperature synthesis and influence of rare earth Nd3+ substitution on
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Table 2
Magnetic propertydetails of(BaFe12-X NdXO19) with (x = 0 to 1.0).

Molar ratio Magnetic properties

BaFe12-x NdxO19 Magnetization (Ms) (emu/g) Retentivity (Mr) (emu/g) Coercivity Hc(Oe) Anisotropy field B 108(Oe2) Anisotropic constant K1 (106 erg/cm3)

x = 0.00 56.90 28.54 4477.9 11.8 3.78
x = 0.25 58.24 29.02 4289.5 12.1 3.92
x = 0.50 48.47 23.70 3086.1 8.78 2.78
x = 0.75 49.81 24.86 5234.4 10.9 3.18
x = 1.00 43.11 21.41 4819.1 8.95 2.49

Fig. 7. (a-e) Magnetization versus 1/H2 plot of BaFe12-xNdxO19(for x = 0 to 1 mol).
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Fig. 8. Curie point measurement for sample (BaFe12-X NdXO19).
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Fe-O-Fe in all concerned crystal directions [34].Ms ranges from
(58.24 emu/g) to (43.11)emu/g, whereas K1 is ranging between
(3.92 and 2.49) � 106 erg/cm3. This may be because of lesser mag-
netic moment value (3mB) of Nd ion with respect to Fe3+ ion (5mB).
Such behavior is in agreement with work reported by research
groups[37]. Lattice strain shows regular decrement in its value
with the increase in the neodymium concentration. The strain
reaches to a minimal value (1.54 � 10�3) for 1 mol neodymium
concentration. It may be due to greater ionic radii of neodymium
with respect to iron ions radii. As also observed by research groups
[38]. However coercivity is in agreement as enhancement of aniso-
tropic constant and is highest for 0.75 mol Nd concentration in Bar-
ium Hexaferrite. The coercivity of the order of (5234.4) Gauss is in
agreement with research groups [33,34]. This shows the prepared
materials is magnetically hard at nanoscale. But the degree of hard-
ness decreases by substitution of Nd3+ ions. In this present work
local strain produces disorderness. More ever spin–orbit coupling
(3d-4f) may be responsible for change in super exchange
interaction.

3.3. Magnetization and temperature(M-T) measurements

Curie point measurement has been done for sample (BaFe12-X
NdXO19 for X = 0.00, 0.25, 0.50, 0.75 and X = 1.00) using vibrating
sample magnetometer and are shown in Fig. 8. It helps us to ideal-
ize the transition of a magnetic materials. The temperature depen-
dent magnetization measurement were carried out from range 45–
550�celcius. The curie point is observed to be shifted to a lower
temperature value (429 �C) from 446 �C with Neodymium substi-
tution. The decrease in the Fe3+ ions may be one reason guided
by decrement in exchange interactions between iron ions. Such
observation with the Bigger ionic radii dopant has been also
reported by research groups [36,39]. All the prepared materials
shows pure form with good magnetization (43.11 emu/g–
56.90 emu/g), retentivity (21.41 emu/g–29.02 emu/g) at room
temperature, which may be useful in magnetic storage data appli-
cations. However Curie temperature was shifted to 429 �C from
446 �C for pure phase, which suggests that it favours low energy
loss in the prepared material. So it may be fruitful in high density
magnetic recording purpose. Some research group also reported
low temperature synthesis rare earth substituted ferrite for high
frequency applications and others sector [40].
Please cite this article as: H. Kumar Satyapal, R. Kumar Singh, N. Kumar et al., L
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4. Conclusions

The Neodymium substituted barium hexaferrite nanomaterials
((BaFe12-X NdXO19) for (x = 0.0 to 1.0) has been synthesized using
low cost citrate precursor based sol gel method in low temperature
range. All nanomaterials synthesized possess hexagonal in nature
belonging to space group P63/mmc. There is an increment in the
edge parameters(c) and lattice volume steadily because of incre-
ment in the molar concentration of Nd in barium hexaferrite lattice
at iron site. But there is asystematic decrement in crystallite size
and lattice strain with the increasing concentration of Neodymium.
Saturation magnetization values are highest for 0.25 mol doped
Barium hexaferrite and of the order of 58.24 emu/g. Whereas max-
imum coercivity values are found for 0.75 mol Nd doped barium
hexaferrite. The maximum coercivity value is (5234.4) Gauss. It is
observed that magnetization and anisotropy values are maximum
for 0.25 mol Nd doped Barium lattice but both these magnetic val-
ues decreases for higher concentration of Nd in a similar fashion
with minimum values for 1 mol Nd concentration. The curie point
is observed to be shifted to a lower temperature value (429 �C)
from 446 �C with Neodymium substitution. The decrease in the
Fe3+ ions may be one reason guided by decrement in exchange
interactions between iron ions.
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