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Abstract

MnFe, ,Yb,O, nanoparticles (x=0, 0.025, 0.075, 0.1, 0.15, and 0.2) are synthesized using the co-precipitation method. The
influence of rare earth Yb>* doping on the manganese ferrite is investigated by techniques such as x-ray diffraction (XRD)
and field effect scanning electron microscopy (FESEM). The magnetic properties were measured using vibrating sample
magnetometer (VSM) at temperatures of 5 K and 300 K. XRD results show the formation of undoped and Yb**-doped
manganese ferrite nanoparticles. Crystallite size calculated using XRD reveals that it is doping concentration dependent.
FESEM images reveal the formation of faceted nanoparticles for undoped sample and spherical shape for x=0.025-0.2.
Energy-dispersive X-ray spectroscopy (EDS) shows that Yb>* ions are successfully incorporated into manganese ferrite.
Saturation magnetization, coercivity, retentivity, squareness ratio, thickness of the dead layer, magnetic moment, and anisot-
ropy constant are determined at 5 K and 300 K. These studies show dependence of these parameters on the amount of doping.
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1 Introduction

Spinel ferrites (MnFe,O,, CoFe,0,, NiFe,0,, etc.) have
drawn the attention of numerous researchers due to their
distinctive structural, electrical, and magnetic properties and
they find use in a variety of uses like medical diagnosis,
magnetic resonance imaging, antibacterial activities, tar-
geted drug delivery, microwave devices, transformer cores,
gas sensors, and storage devices [1-6]. Due to its special
characteristics like high coercive field, low eddy losses,
high saturation magnetization (M), high resistivity, etc.,
MnFe,0, is being explored for suitability in these applica-
tions [7-9]. Spinel ferrites are cubic structures with the gen-
eral formula AB,O,, where A represents a divalent transition
metal cation like Zn, Mn, Cu, Co, or Ni, while B represents a
trivalent cation such as Fe. They occupy the tetrahedral (A)
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and octahedral (B) positions, respectively. Each unit cell of
spinel ferrite comprises 56 atoms. The ion balance and site
preference energy determine how the cations are distributed
over these sites [10].

It is known that the substitution of rare earth (RE) in
MnFe,O, manifests into modification of its properties [11,
12]. The numbers of unpaired 4f electrons of RE ions are
reported to affect the microstructure and various properties
of substituted ferrites. In addition, the substitution with larger
radii RE ions can further affect the properties of spinel fer-
rites. RE ions are reported to stabilize at octahedral sites,
which culminates in causing internal stress and altering the
cell symmetry. This causes the variation in structural, electri-
cal, magnetic, and optical properties of spinel ferrites [13—15].

The properties of nanoparticles can be tailored by adjust-
ing synthesis parameters like concentration of reactants,
additives, pH value of reactants in the reaction vessel, stir-
ring speed, duration of synthesis, annealing temperature,
etc. [15, 16]. In the present work, co-precipitation method
is used to synthesize the undoped and Yb-doped manga-
nese ferrites. This method is simple, cost-effective, requires
a low temperature, and produces material with high purity
and yield [16].

The rare earth ytterbium (atomic number — 70 and atomic
mass — 173.04 gmol™!) is being used as a non-hazardous
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and non-polluting catalyst. In a recent work by Ugender
et al. on the temperature dependence of magnetic proper-
ties of NiFe, , Yb, O, (x=0, 0.05, 0.075), it was shown that
the magnetization and anisotropy constant decreased with
increasing temperature [17]. However, it has been noted that
when doping increases, the magnetization decreases and the
anisotropy constant rises. Another study on bismuth ferrite
at room temperature was carried out by Remya et al. [18]. In
this study, an increase in dielectric constant and coercivity
accompanied with a decrease in the dielectric loss, and M
was observed with Yb doping (x=0, 0.1, 0.2).

Bulai et.al. studied the structural, magnetic, and magneto-
strictive properties of undoped and many rare earth dopants
including Yb-doped cobalt ferrites [19]. The magnetostric-
tion coefficient and strain derivative of the Yb-doped sam-
ples prepared by solid-state route were found to be the maxi-
mum which makes them suitable for sensing applications.

Raheem et al. synthesized the nanoparticles by micro-
emulsion technique and examined the influence of Yb on
the properties of Sr,NiCoYbFe,30,, hexa-ferrites. They
observed a decrease in Mg and coercivity was reported to be
in the range 577-671 Oe with Yb doping from x=0-0.15.
[20]. Bibi et al. studied the electric and dielectric proper-
ties of ytterbium substituted magnesium ferrite materials
MgYbFe, O, [21]. Their studies showed a decrease in
dielectric constant with an increase in frequency. They also
observed a decrease in Mg and an increase in coercivity as
well as a decrease in crystallite size with an increase in Yb
doping. Alonzian et al. reported ytterbium-doped manganese
ferrite’s structural and magnetic properties. These studies
indicated a decrease in Mg and an increase in coercivity with
a decrease in crystallite size [22]. In all of the above studies,
coercivity was reported to be higher than 100 Oe.

Manganese ferrite is more biocompatible than other ferri-
tes, which makes it better suited for biomedical applications
which includes magnetic resonance imaging (MRI) [10, 23].
This work aims to provide a detailed investigation of the
effect of Yb doping of MnFe,0, on the structural, morpho-
logical, and magnetic properties which could be helpful in
exploring their use for various applications.

2 Experimental
2.1 Synthesis

The undoped and Yb-doped manganese ferrite nanoparticles
were synthesized using the co-precipitation method. In this
synthesis process, the stoichiometric amount of MnCl,.4H,0
was mixed in de-ionized (DI) water to form a 1.0 M solution
and the measured quantities of FeCl; along with YbCl;.H,O
were mixed in DI water to form a 2.0 M solution. Both the
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solutions were ultrasonicated at room temperature for 5 min,
mixed and then the resultant solution (solution 1) was heated
up to 60 °C while continuously stirring on a magnetic stir-
rer. The solution of NaOH with 1.3 molarity was prepared
in deionized water (solution 2). This was boiled and then
added to solution 1. The mixture was maintained at 85 °C
for 2 h under magnetic stirring. The resultant precipitate
of synthesized nanoparticles was washed thoroughly in DI
water several times followed by an ethanol wash. Vacuum-
drying was used to dry the sample, which was then ground
using a mortar and pestle to obtain the black-coloured pow-
der of MnFe,_, Yb,O,. This procedure was repeated to obtain
MnFe, ,Yb, O, nanoparticles for various values of x=0,
0.025, 0.075, 0.1, 0.15, and 0.2. The chemical reaction for
the formation of MnFe,_ Yb, O, can be represented as follows:

MnCl, + (2 — x)FeCl; + xYbCl;,

+ 8NaOH — MnFe,_.Yb O, + 8NaCl + 4H,0 M

2.2 Characterizations

The X-ray diffraction (XRD) patterns were recorded on a
Bruker, D8 Discover High-Resolution X-ray Diffractometer
using CuK,, radiation (1=1.5406 A) at 45 kV and 40 mA
and was used to investigate the crystal structure, as well as
phase purity of all the samples. XRD patterns were recorded
for 26 values from 10 to 80°. The crystallite size (cs) and
phase of various samples were determined using the XRD
data. The surface morphology, crystallite size, and micro-
structure of the samples were studied using Zeiss Gemini
SEMS500 equipped with energy-dispersive x-ray spectros-
copy (EDS). The magnetic properties were inferred from the
hysteresis loop obtained using a Cryogenic Limited manu-
factured Physical Properties Measurement System (PPMS)
with the magnetic field varying from — 10,000 to 10,000 Oe
at 300 K and 5 K. The values of saturation magnetization
(M), coercivity (H ), and remnant magnetization (M,) were
obtained. Furthermore, other parameters like squareness
ratio (S = M,/Ms), magnetic moment (), and anisotropy
constant (K,) were estimated.

3 Results and Discussions
3.1 XRD Studies
Crystallite size is calculated from the XRD data using the

Debye—Scherrer formula [24]:

s = 0.9Mn )
- p cos O @)




Journal of Superconductivity and Novel Magnetism (2023) 36:1033-1041

1035

where A (=1.5406 A) is the wavelength of x-ray, f is the full
width at half maximum of the main diffraction peak expressed
in radian, and 6 is the Bragg angle of the strongest peak.

The lattice constant a was calculated for different samples
using the Eq. (3) applied at the strongest peak (311). Here,
(hkl) represents the Miller indices [24]:

MR+ k2 + 12 3)

2 sin 6

The XRD patterns of the prepared MnYb, Fe, ,O, (where
x=0, 0.025, 0.075, 0.1, 0.15, 0.2) measured at 300 K are
shown in Fig. 1.

XRD peaks were observed to be at 29.9°,35.1°,42.7°, 56.3°,
and 61.8° for the undoped sample. The peaks are indexed as
(220), (311), (400), (422), (333), and (440). The peaks match
well with the data from JCPDS card no. 74-2403 for cubic
MnFe,O, having Fd-3 m space group [7, 9, 12]. There are no
peaks due to any other impurity or secondary phases. The lack
of such extra phases in the current study demonstrates that the
Yb** ions are soluble in the host material and validates the
effectiveness of the synthesis method in incorporating Yb ions
into the manganese ferrite matrix in spite of wide difference in
the ionic radii. Good crystallinity of the samples can be con-
cluded from the sharp and XRD peaks. The peak shifting was
observed in all the XRD patterns of the doped samples. These
shifts in peak position indicate the incorporation of Yb** ions
into MnFe,0, in the samples. The variation of crystallite size
(cs) with Yb doping is shown in Fig. 2a.

In the present work, crystallite size is observed in the
range of 24.8-34.7 nm. Though the ionic radius of the Yb**
ion (0.86 1&) is more than the ionic radius of the Fe** ion
(0.63 10%), it is observed that the incorporation of Yb** ions
results into crystallite size (cs) in the range of 24.8-28.9 nm,
which is smaller than cs of the undoped sample, for lower
values of dopant concentration x (x < 0.1). Such variations
were also observed in the literature [18, 19, 25]. As Yb>*
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Fig. 1 X-ray diffraction (XRD) pattern of MnYb,Fe, O, nanoparti-
cles (where x=0, 0.025, 0.075, 0.1, 0.15, 0.2)

doping is initiated (x=0.025), it may give rise to a large
number of seeds for crystal growth and lead to more num-
ber of smaller crystallites forming in the solution. Further
increase in the amount of doping of Yb>* leads to an increase
in cs which may be due to the incorporation of a larger radii
dopant Yb** as compared to Fe**. Such variations in cs with
doping x have also been reported in the literature.

The incorporation of Yb>* into the spinel crystal structure
has its significant effect also on lattice constant as is evident
in Fig. 2b.

Both decrease and increase in lattice constant with dop-
ing were observed. The incorporation of Yb>* in the spinel
structure may cause iron vacancies, distortion in tetrahedral
and octahedral symmetry, and has an impact on the lattice
parameter and bond length. Hence, it makes sense that fer-
rites with Yb** dopiong have a drop in lattice parameter.
However, a rise in the lattice parameter is also seen, which
is a result of the large size Yb** ions replacing the smaller
transition metal ions. Such variations have been reported in
the literature [26—-28]. In the present work, the lattice param-
eter of undoped MnFe,0, is calculated to be 8.455 A and
lattice parameters for the doped samples were in the range
8.423-8.469 A.

3.2 FESEM Analysis

Figure 3 shows the FESEM images for all the samples from
which the morphology of synthesized nanoparticles can be
investigated.

Figure 3a indicates that most of the particles of undoped
MnFe,0, have a faceted shape. Figure 3b—e show spherical-
shaped nanoparticles with agglomeration. As Yb>* substi-
tutes for the lighter and smaller Fe3* ions, it introduces strain
in the lattice which leads to isotropic growth as is evident in
the FESEM images [29].

In Fig. 4, EDS spectra of representative samples (x=0
and 0.1) are shown. The detailed data for all the samples is
given in Table 2. The characteristic x-ray peaks of Mn, Fe,
Yb, and O atoms evident in EDS of MnFe,_, Yb,O, are shown
in Fig. 4. It shows the peaks of Fe, Mn, O, and Yb elements
and does not show peaks corresponding to any other element
which established the purity of the samples. Table 1 shows
the weight and atomic percentages of elements O, Mn, Fe,
and Yb in MnFe, ,Yb,O, (x=0, 0.025, 0.075, 0.1, and 0.2)
obtained from EDS analysis.

The obtained percentages and the initial stoichiometric
ratios in these samples may vary due to a number of instru-
ment and process software settings like the data acquisition
time, dead time, work distance, and acceleration voltage.
However, the atomic ratios of Mn/Fe or Mn/(Fe + Yb) are
nearly 0.5. The relative percentages of Yb/Fe may vary from
expected values arising due to the mismatch between the
ionic radii of Fe and Yb ions. However, an increase in the
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manganese ferrite.

3.3 Magnetic Studies

Magnetic characterization of MnFe, ,Yb,O, nanoparticles
was carried out using VSM and magnetization curves as
shown in Fig. 5 at temperatures of 300 K and 5 K with the
insets showing the magnified plots highlighting the variation
in the coercivity with temperature.

The magnetic moment (u) per formula unit is calculated
by Eq. (4) [30]:

(d)

Fig.3 FESEM images of MnYb Fe, , O, nanoparticles. a x=0, b x=0.025, ¢ x=0.075,d x=0.1, and e x=0.2
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where Mg, M, g, and N, are the saturation magnetization,
molecular weight, Bohr magnetron, and Avogadro’s number,
respectively.

The magnetic anisotropy constant K, is determined using
the following relation [31]:

_ Mg+ Hc

“7 096 )

It has been reported that a magnetic dead layer is formed
at the surface of the magnetic nanoparticle which can be
attributed to the presence of highly anisotropic layer, surface
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Fig.4 EDS spectra of MnYb,Fe, O, nanoparticles. ax=0and b x=0.2

spin canting, or disruptions of the long-range order [32].
The saturation magnetization M of nanoparticles, that of

6t
Mg=Mg(l—-—
S Sb( CS)

the related bulk material M, the thickness of the dead layer

t, and the crystallite size cs are related by Eq. (6) [33, 34].

Table 1 Weight % and atomic
% of the elements O, Mn, Fe,
and Yb in MnYb,Fe, O, (x=0,
0.025, 0.075, 0.1, and 0.2)
obtained from EDS analysis

(6)

The saturation magnetization (My), coercivity (Hc),

retentivity (Mr), the ratio t/cs, squareness (S = M, /M),

Element x=0 x=0.025 x=0.075 x=0.1 x=0.2

Wt% At % Wt% At% Wt% At% Wt%  At% Wt%  At%
(6] 2540 5424 2526 5440 1429 3740 17.18 43.00 2322 53.34
Mn 2476 1540 2423 1520 28.02 21.36 27.04 19.71 2337 15.63
Fe 49.51 3029 48.69 30.04 5374 4029 5022 36.01 44.19  29.07
Yb - - 1.81 0.36 3.94 0.95 5.55 1.28 9.22 1.96
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Fig.5 Magnetisation curves of MnFe, , Yb, O, (x=0, 0.075, 0.1, 0.15, an

magnetic moment (), and anisotropy constant (K,) are
recorded in Table 2.

The values of magnetic parameters in Table 2 are depicted
in Fig. 6.

The magnetic moments of Fe**, Mn**, Fe** ions, and Yb**
ionsare 5 pp, 5 pg, and 4 pp, and 4.53 pj (1 is Bohr magnetron),

Table 2 Saturation magnetization (M), coercivity (H), retentivity (M,)
MnFe, ,Yb,O, samples at 300 K and at 5 K

Magnetic Field(Oe)
d 0.2) nanoparticles at 5 K and 300 K

respectively [17, 35]. When Yb?* ions of bigger size with mag-
netic moment 4.53 i replaces Fe>* ions of smaller size with
magnetic moment 5 y5, then magnetic properties vary from the
properties of the undoped MnFe,O,.

Figure 6 depicted the variation of Mg, H., and M, at
temperatures 300 K and 5 K. The magnetic behaviour of

, squareness (S), magnetic moment (), and anisotropy constant (K,) of

At room temperature 300 K

X Mg(emu/g) Hc(Oe) M (emu/g) t/cs S=M,/M; 1(ug) K (emug™'Oe)
0.00 64.4 52.00 7.84 0.03 0.12 2.66 3417

0.025 53.5 48.81 6.05 0.05 0.11 2.24 2720

0.075 44.7 45.09 5.27 0.07 0.12 1.92 2057

0.10 43.0 45.95 4.75 0.08 0.11 1.87 2016

0.15 30.1 44.86 3.25 0.10 0.11 1.34 1376

0.2 26.5 43.00 2.59 0.11 0.09 1.21 1163

At temperature 5 K

X M(emu/g) H(Oe) M (emu/g) t/cs M, /M H(up) K (emug~'Oe)
0 88.1 154.0 13.75 0.16 0.16 3.64 14133

0.075 76.2 167.0 22.00 0.29 0.23 327 13255

0.1 75.5 145.3 10.50 0.14 0.29 3.28 11207

0.15 65.5 155.5 12.00 0.18 0.14 291 9825

0.2 58.3 144.0 10.06 0.17 0.18 2.65 8532
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Fig.6 Variation of saturation magnetisation, coercivity, and retentivity of MnFe, ,Yb,O, nanoparticles at 300 K and 5 K

Yb3**-doped manganese ferrite can be attributed to various
reasons such as rearrangement of the cations, crystallite size,
deficiency of oxygen anions, exchange interactions between
cations, and ionic radius of dopant. The incorporation of
Yb>* ions in manganese ferrite creates two new types of
interactions in addition to Fe>*-Fe" interaction. These are
Yb**- Fe ** interactions and Yb>* -Yb>" interactions. Both
these interactions are weaker as compared to Fe’*-Fe’*
interaction culminating in a decrease in M at temperatures
300 K and 5 K with increase in x [36, 37]. Table 2 shows
the calculated values of #/cs for all these samples and further
supports the fact that M decreases with the increase of the
ratio #/cs. This can be attributed to the increased effects of
an inactive magnetic layer on the surface of nanoparticles
with an increase in dopant concentration X.

It is evident from Fig. 6 that M increased as temperature
was decreased from 300 to 5 K. This increase in M can be
attributed to a decrease in thermal energy, and thereby low-
ering the thermal fluctuations in magnetic moment. At low
temperatures, “surface spin freezing” effect is reported to be
manifested in case of MnFe,O, nanoparticles [38].

Figure 6 also indicates that the coercivity values (H)
decrease with Yb>* doping in manganese ferrite at 300 K.
The value of room temperature H ranges between 52 and
30.1 Oe in MnFe,_,Yb, O, (for x=0 to 0.15). These results
match well with the reported literature [39]. The coercivity
is known to be controlled by various factors like grain size,
magnetic particle shape, stresses, and different exchange
couplings present in the core and at the surface. Such mate-
rials are being used for hyperthermia treatment [40].

The critical diameter for a MnFe,O, particle at 7=300 K
was determined to be 42.9 nm by Rafique et al., below which
the particle exhibits superparamagnetism [41]. The parti-
cle size limit for MnFe,O, particles is 42 nm, according to
Gnanaprakash et al. [42]. The crystallite size of synthesized
MnFe,0, particles ~24.8-34.7 nm, which is smaller than
the calculated critical size limit demonstrating the samples’
superparamagnetic properties. However, finite coercivity

(~43-52 Oe) values indicate near superparamagnetic nature
of these nanoparticles.

As the temperature is lowered from 300 to 5 K, coerciv-
ity H is found increase from 52 to 152 Oe for undoped
MnFe,0,. The same trend for H,. is also observed for all the
doped MnFe, ,Yb,O, nanoparticles. Table 3 indicates that
coercivity H has higher values in the range of 167-140 Oe
at 5 K for all the doped samples. At lower temperatures, the
surface spins of synthesized nanoparticles freeze in random
states and are cannot align along the field direction resulting
into increased the coercivity. The coercivity is 167 Oe for the
sample x=0.075 at 5 K which is the highest among all the
samples. A rise in coercivity at low temperature enhances
hysteresis loss and hence, the nanoparticles can be explored
to make a permanent magnet.

It can be noted from Table 2 that the magnetic moment
u, which is proportional to the M, decreases with increase
in dopant concentration x at 300 K and 5 K. In the present
work, both M and y have the largest value for the undoped
sample at 300 K and 5 K. These values decrease with an
increase in doping. A rise or fall in magnetic moment
value indicates the enhancement or reduction of the super-
exchange interactions [30].

As revealed from the data in Table 2, the magnetic ani-
sotropy constant K, reduces with the increase in doping both
at 300 K and 5 K. The lowering of anisotropy constant with
doping can be attributed to lower concentration of Mn>* ions
at the octahedral site [43].

However, K|, is higher for all the samples at a 5 K as com-
pared to at 300 K. This is can be directly correlated to the
enhanced values of saturation magnetization and coercivity
at lower temperature.

According to the Stoner—Wohlfarth (S—-W) theory, the
squareness S has two possible values: ~0.83 and ~ 0.5 related
to cubic and uniaxial anisotropies, respectively [30, 31].
Table 2 shows that S has values ~0.1 (i.e. <0.5), which may
be due to surface spin disorder effects. The smaller value
of the squareness S(less than 0.5) suggests a multi-domain
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structure with uniaxial anisotropy and incomplete coupling
in these samples [28]. An increase in the squareness ratio as
compared to 300 K has been observed at 5 K; however, it is
also lower than 0.5.

4 Conclusions

In the present work, MnFe, _, Yb, O, nanoparticles (x=0-0.2)
are prepared using the co-precipitation method. The effect
of rare earth Yb>* doping on the structural and magnetic
properties is studied by various techniques like x-ray dif-
fraction (XRD), field effect scanning electron microscopy
(FESEM), and vibrating sample magnetometer at 5 K and
300 K. The crystallite sizes estimated are in the range of
24-35 nm. Crystallite size at 300 K depend on the amount
of dopant Yb*. Different magnetic properties obtained at
300 K and 5 K show the dependence on the amount of dop-
ing and temperature. The values of calculated squareness are
in the range of 0.09-0.29 suggesting a multi-domain struc-
ture with uniaxial anisotropy and incomplete coupling. As
the doping is increased, the saturation magnetization and
coercivity decrease; however, at lower temperatures, coer-
civity and saturation magnetization both increase. These
nanoparticles can be explored to make a permanent magnet
at low temperature.
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