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Abstract. We synthesized and characterized the colloidal suspensions of FeO ·Fe(2−x)NdxO3 nanoparticles
with x = 0.00, 0.02, 0.04, 0.06 and 0.1. The effect of the Fe3+ ion replacement by Nd3+ on the crystal
structure is in-depth studied. The samples were characterized by the following techniques: X-ray diffrac-
tion (XRD), UV-Vis spectrophotometry, transmission electronic microscopy (TEM), small-angle X-ray
scattering (SAXS), magnetization as a function of applied magnetic field (M -H loops) and magnetization
as a function of temperature in zero-field–cooled and field-cooled regimes (ZFC-FC). From XRD cation
distribution, structural parameters were extracted. The increasing in the bandgap is interpreted as a result
of the higher interatomic separation with the doping. TEM micrographs reveal a polydisperse size and
shape distribution of particles. The results for the volume-weighted average diameter measured by SAXS
are consistent with those determined by XRD. From the M -H loops we found that the superparamagnetic
(SPM) regime contributes with 95–97% for all samples, while only 3–5% contribution comes from the
paramagnetic (PM) regime. The saturation magnetization increases in a steady manner upon increasing
the Nd3+ ion molar ratio from 0.00 up to 0.06, reaching the maximum value of 105.8 ± 0.4 Am2/kg at
x = 0.06. It is worth to mention that the result for the saturation magnetization value are higher than
that of the bulk material.

1 Introduction

There has been an enormous research effort recently in col-
loidal magnetic nanocrystals, so that hundreds of papers
are published per year in this field of scientific research [1].
These nanocrystals can be obtained with controlled size,
shape and composition [2,3]. Colloidal magnetic nanocrys-
tals (CMNs) attract increasing interest both in funda-
mental sciences and in technological applications [4]. Col-
loidal magnetic nanocrystals (CMNs) are suspensions of
magnetic nanoparticles (MNPs) dispersed in a liquid car-
rier [4,5]. When the particle dimension is small (typi-
cally ∼ 10 nm), the particle presents a single magnetic do-
main, with a large magnetic moment called superspin [6–
8]. The surface of MNPs can be modified by several stabi-
lizing agents or functional groups. Once the surface of the
magnetic nanoparticles is modified, they become highly
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functional materials. Some of the MNPs physical prop-
erties can be controlled by external magnetic fields or
magnetic-field gradients [9,10], that is, they are stimuli-
responsive systems. Some applications of ferrofluids are
separation media [1], heat-conduction media [4], gas flu-
idized beds [1], sealants [2,7,11] and hydraulic car suspen-
sions [7]. MNPs can also be used for drug delivery, medical
diagnosis, and cell destruction [4]. One of the peculiarities
of a ferrofluid is how its nanoscopic organization is af-
fected by an applied external magnetic field [10]. In the
field of magneto-optical devices some applications can be
found, for integrated optics [9,11], optical fibers [9,11] and
tunable beam splitter [11].

Magnetic nanoparticles are free to move when dis-
persed in a liquid carrier medium, and a different physi-
cal event may occur as a function of an applied magnetic
field [12]. The blocking temperature (TB) defines when
the system of MNPs passes from blocked to superparam-
agnetic (SPM) state [12,13]. The zero-field–cooled (ZFC)
and field-cooled (FC) technique is widely used to study
granular materials. ZFC-FC curves allows the determina-
tion of the blocking temperature of the system TB [12,13].
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The small angle X-ray scattering is used to study struc-
tural parameters of fluid samples from the analysis of
the experimental scattering pattern [2,9]. For polydisperse
systems, the experimental scattering pattern corresponds
to an average that is performed over the particles in the
solution. Thus, the experimentally reached values corre-
spond to an average over the entire ensemble of particles
rather than a single particle [2,9]. To tackle this prob-
lem, ZFC-FC curves complemented by SAXS scattered
intensities could supply several insights about the MNPs
investigated.

Rare-earth doping significantly alters the nucleation
and growth of nanoferrites, which facilitate magnetic spin
orientation [2,14]. It is known that the magnetic behavior
of spinel ferrite compounds is mostly due to the inter-
action between the iron atoms [14]. Rare-earth ions are
more favorable to enter in octahedral sites of the spinel
structure; this causes 4f -3d interactions that promotes
structural distortion, lattice strain and changes in satu-
ration magnetization [14]. The literature reports the use
of neodymium (Nd) for doping copper nanoferrites [14].
Mixed manganese-neodymium-copper (Mn-Nd-Cu) nano-
ferrites was produced by sonochemical method [14]. Aslam
and co-workers performed a co-doping of Nd3+ and Pr3+
on lithium nanoferrite and reported the effects on the mag-
netic and structural properties of the system [15]. The ef-
fect of Nd+3 doping on Mn-Zn ferrite was reported in the
literature [16,17], and an enhancement of the saturation
magnetization, due to the new cation distribution imposed
by Nd doping was reported. Jain and co-workers studied
the influence of rare earth ions on structural, magnetic and
optical properties of magnetite nanoparticles [18]. Jain
also reported that there is a variation in the saturation
magnetization maximum value, directly proportional to
the number of unpaired 4f electrons in the dopant ele-
ment [18]. Huan and co-workers found similar results for
RE3+-doped Fe3O4 samples (RE3+ = Ln3+, Eu3+ and
Dy3+) [19].

In the present study we report on the synthesis
and characterization of colloidal suspensions of FeO ·
Fe(2−x)NdxO3 nanoparticles with x = 0.00, 0.02, 0.04,
0.06 and 0.1. The samples were synthesized by co-
precipitation method. The characterization was done
by X-ray diffraction (XRD), transmission electron mi-
croscopy (TEM), small angle X-ray scattering (SAXS),
optical bandgap and zero-field and field-cooling magne-
tization (ZFC-FC). Therefore, the effect of the Fe3+ ion
replacement by Nd3+ on the crystal structure is in-depth
studied, through X-ray diffraction (XRD) and the ob-
tained cation distribution. The magnetic properties of the
synthesized FeO · Fe(2−x)NdxO3 nanoparticles were also
investigated and corroborated by other physical methods.

2 Material and methods

2.1 Materials reagents

The materials used to obtain the MNPs were FeCl3 ·6H2O,
≥ 99%; FeCl2 · 4H2O, ≥ 99%; NdCl3 · 6H2O, ≥ 99%; cis-

9-octadecenoic acid (oleic acid), ≥ 99%; NaOH, ≥ 99%;
and kerosene. All primary materials were acquired from
Sigma-Aldrich and used as received.

2.2 Synthesis procedure by co-precipitation method

The magnetic nanoparticles were synthesized by co-
precipitation of an aqueous mixture of FeCl3 (ferric chlo-
ride) and FeCl2 (ferrous chloride) salts and stabilized at
pH ∼ 12 [11,20–24]. Briefly, ferric chloride (4.00mmol)
and ferrous chloride (2.00mmol) in a 2:1 molar ratio and
8mL of oleic acid are mixed in 25mL of deionized water.
The solution was heated up to 80 ◦C and magnetically
stirred for 30min. Then, 30mL of NaOH was added to
the solution to precipitate the particles at room condi-
tions, under vigorously stirred for more 30min. When the
pH reaches ∼ 11, a severe reaction occurs and the solution
becomes dark brownish. Thereafter, the resultant solution
was cooled to room temperature. At last, the MNPs were
precipitated with a permanent magnet and then washed
ten times with deionized water to remove residual unre-
acted salts. The procedure described above was used to
produce magnetite nanoparticles with x = 0.00 and that
samples was called FF-REF.

The samples FF-ND1, FF-ND2, FF-ND3 and FF-ND5
are labeled according to the molar percentage amount
of substitution of Fe3+ ions by Nd3+ ions. These per-
centages are 1, 2, 3 and 5% (x = 0.02, 0.04, 0.06 and
0.10), respectively. FF-ND1, FF-ND2, FF-ND3 and FF-
ND5 were prepared with an aqueous solution composed
of FeCl3 · 6H2O ((4 − i)mmol), NdCl3 · 6H2O (i =
(0.04, 0.08, 0.12 and 0.20)mmol), FeCl2·4H2O (2.00mmol)
and 8mL cis-9-octadecene. Then, 30mL of NaOH was
added to the solution to precipitate the particles at room
conditions, under vigorously stirring for 30min. The re-
maining procedures were the same used to prepare the
FF-REF sample.

Hereafter, the doped concentration (x = 0.02, 0.04,
0.06 and 0.10) of Nd3+ in magnetite (x = 0.00, Fe3O4)
will be denoted as FF-ND1, FF-ND2, FF-ND3 and FF-
ND5, respectively. All samples were sterically stabilized
with a single oleic acid layer, chemisorbed on the particles’
surfaces. MNPs are dispersed in kerosene.

2.3 X-ray diffraction

Powder X-ray diffraction (XRD) patterns were obtained
to investigate nanoparticles’ crystalline structure. XRD
was done in a Brucker-AXS D8 series 2 diffractometer,
set to a Bragg-Brentano parafocussing geometry. A Cu Ka
source (λ = 1.5414 Å) generated X-rays at room temper-
ature. The difractometer was operated at 40 kV, 30mA.
The experimental pattern data were registered in contin-
uous scan mode, scattering angle 2θ from 15◦ to 80◦, in
steps of 0.02◦.
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2.4 Transmission electron microscopy

The overall form (morphology) and size distribution of the
MNPs were examined by transmission electron microscopy
(TEM). TEM was performed on a JEOL 1010 (Japan)
microscope with an acceleration voltage of 80 kV. TEM
micrographs were acquired by a Gatan Bioscan 782CDD
camera of 1K × 1K pixels. The colloidal suspension of
MNPs were prepared by diluting the original colloidal sus-
pensions 100 times and maintained in an ultrasonic bath
for 30min. A drop of the colloidal suspension was placed
on a FormvarTM coated 200 mesh copper grid. The resid-
ual excessed fluid was blotted and dried until the time that
the grids was examined into microscope. MNPs number-
weighted-size distributions were obtained by measuring
about ∼ 500MNPs with the ImageJ freeware [25]. The
number-weighted size-distribution data were fitted to a
log-normal distribution function given by [2]

p(D)dD =
1

D · s
√

2π
exp

(
− ln2( D

Dm
)

2 · s2

)
(1)

where Dm and s are fitting parameters. The number-
weighted mean diameter, 〈DN 〉 and standard deviation
of particle size, σ, are written as [2]

〈DN 〉 = Dm exp
(

s2

2

)
, (2)

σN = 〈DN 〉
(√

exp(s2) − 1
)

. (3)

2.5 Small angle X-ray scattering

The small angle X-ray scattering (SAXS) patterns of the
solutions were investigated. The setup used to data ac-
quisition was a Xeuss (XenocsTM). The Xeuss is equipped
with a microfocus X-ray source Genix, with radiation of
λ = 1.5414 Å (Cu). The system uses two scatterless slits
for beam collimation and it reaches the sample with a
square cross section of 0.4 × 0.4mm2. The primary and
scattered beams remain in a vacuum (10−2 mbar) cham-
ber to avoid scattering by the air. Each sample were
mounted in a cylindrical Mark-tubes of quartz glass cap-
illary (Hilgenberg, 1.5mm outer diameter) with the prin-
cipal axis in the vertical direction. The measured 2D scat-
tered data were recorded by a Pilatus (Dectris) 300K
20Hz 2D detector. The exposition time was 600 s and
all measurements were performed at room temperature
(∼ 22 ◦C).

The 1D scattering intensity versus scattering vector
module, I(q) and q, defined by q = (4π sin θ)/λ was ob-
tained by averaging the data over a 20◦ slice in horizontal
and vertical directions. The data treatment, blank sub-
traction, and data normalization were performed with the
software SUPERSAXS (C.L.P. Oliveira and J.S. Peder-
sen, unpublished). The contribution of blank (kerosene)
was independently measured and subtracted from the
sample data. To obtain the scattered intensity data in
absolute-scale units, cm−1, water was used as standard.

The sample-detector distance was 839 cm, which allows
measurements with q in the range 0.01 < q < 0.35 Å−1 [2,
9,12].

2.6 Zero-field–cooling and field-cooling (ZFC-FC)

The magnetic properties of the MNPs were measured in a
home-made Hall-effect magnetometer [26,27]. The magne-
tization curves were performed at room temperature and
low temperatures (6K) and under different applied mag-
netic fields from −2.0 to +2.0T. The DC magnetization
as a function of temperature was measured in both zero-
field–cooled (ZFC) and field-cooled (FC) regimes. The
ZFC-FC protocol was performed in a temperature range
from 5K to 300K, applying a 5.0mT magnetic field [26,
27].

3 Results and discussion

3.1 X-ray diffraction (XRD)

XRD patterns of the samples investigated are shown in
fig. 1. These results reveal a single-phase cubic spinel
structure corresponding to the Fd3m space group [28].
The XRD pattern show diffraction peaks corresponding
to the (220), (311), (400), (422), (511), (440), (620) and
(533) crystallographic planes. These results agree with the
XRD pattern of the Fe3O4.

The instrumental broadening (βhkl) was corrected, us-
ing Warren’s relation β2

hkl = β2
measured−β2

instrumental [23].
The average crystallite size (CS) of all the samples has
been estimated using the full width at half-maximum
(FWHM) of each diffraction peak and the Debye-Scherrer
formula CS = 0.9λ

βhkl cos(θ) [23,28–30], where λ is the X-
ray wavelength (Cu Kα, λ = 1.5414 Å), 2θ is the Bragg
angle and βhkl is the FWHM of the diffraction peaks.
The lattice parameter was investigated using the equa-
tion a = dhkl ·

√
h2 + k2 + l2 [23,28]. The observed XRD

patterns of all the samples were analyzed by the Rietveld
method [31], using the MAUD 2.80 software [32] to get the
refinement parameters [23,28–31]. The peak shape was fit-
ted with a pseudo-Voigt (pV) function in the refinement
procedure [29]. The cation distribution was evaluated by
refining the changes in the diffraction intensities, while
locating the cation in an appropriate position. The back-
ground of each pattern was fitted by a polynomial function
of order 5 [29]. The densities of the samples were estimated
by XRD, using the relation ρXRD = 8MW

a3Na
, where 8 refers

to the number of atoms per unit cell of the spinel struc-
ture, MW is the molecular weight of the sample. The
quantities Na and “a” are Avogadro’s number and the
lattice parameter of the sample, respectively. The fitting
parameters, as well as the lattice parameter (aexp), unit
cell volume V (Å3), crystallite size (CS) and evaluated
density ρXRD (g/cm3) are reported in table 1.

In the XRD pattern of doped samples (FF-ND1, FF-
ND2, FF-ND3 and FF-ND5) we did not observe any
peaks corresponding to NdFeO3. The ReFeO3 (RE3+ =
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Fig. 1. XRD patterns of the magnetic nanoparticles investigated. (a) x = 0.10, (b) x = 0.06, (c) x = 0.04, (d) x = 0.02 and (e)
x = 0.00. The solid lines are the best fits of a pseudo-Voigt (pV) function [32].

Table 1. Average lattice parameter (aexp), unit cell volume V (Å3), crystallite size (CS), evaluated density ρXRD (g/cm3) and
results of Rietveld analysis for FeO · Fe(2−x)NdxO3 nanoparticles.

Comp. Sample aexp V CS ρXRD Rwp Rexp GoF

(x) (Å) (Å3) (nm) (g/cm3) (%) (%)

0.00 FF-REF 8.39 590.59 23.9 5.18 2.23 1.29 1.73

(0.09) (1.31) (8.7) (0.01)

0.02 FF-ND1 8.41 594.82 18.3 5.24 2.26 1.24 1.81

(0.02) (0.29) (2.7) (0.01)

0.04 FF-ND2 8.42 596.94 15.6 5.27 2.60 1.26 2.06

(0.03) (0.44) (2.2) (0.01)

0.06 FF-ND3 8.44 601.21 16.2 5.39 1.58 1.32 1.19

(0.03) (0.44) (4.6) (0.01)

0.10 FF-ND5 8.46 605.49 14.9 5.56 1.83 1.23 1.48

(0.03) (0.44) (6.4) (0.01)

Rare-Earth) peak was observed elsewhere due to the rare-
earth–doped ferrite [23,29].

Figure 2 shows the relationship between the crystal-
lite size and lattice parameter. As the lattice parameter
increase with increasing content of Nd3+ ions the crystal-
lite size decrease following a linear decreasing trendline
relationship, as shown in fig. 2.

The ionic radius of Nd3+ is 0.098 nm while the ionic ra-
dius of Fe3+ is 0.067 nm, which is about 1.46 times smaller

than the dopant radius. Therefore, replacement of Fe3+

by larger Nd3+ ions causes an expansion of unit cell [29].
This causes an increase of the lattice parameter (aexp),
as shown in table 1, for FF-ND samples as compared
with FF-REF sample. The robustness of fit (GoF), the
weighted profile factor (Rwp) and expected weighted pro-
file factor (Rexp), assure the reliability of the fits, since,
low values of GoF were obtained [33,34].
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Fig. 2. Relation between the crystallite size and lattice pa-
rameter. The solid line corresponds to a trending line of linear
type.

3.2 XRD cation distribution

Several physical properties of a crystal can be accessed
through the knowledge of the cation distribution. Ex-
perimental techniques such as: X-ray diffraction (XRD)
pattern [29,35–37], X-ray magnetic circular dichroism
(XMCD) [38] and X-ray absorption spectroscopy [38] can
be used to estimate the cation distribution for spinel fer-
rite materials. The cation distribution in the present work
was obtained from X-ray diffraction pattern analysis. Ex-
perimental intensity ratios were compared with the cal-
culated intensity ratios, according to Bertaut et al. [39]
method. In this method, pairs of reflections are selected
according to the expression [39]:

Iexp
hkl

Iexp
h′k′l′

=
Icalc
hkl

Icalc
h′k′l′

, (4)

where Iexp
hkl and Icalc

hkl are the experimental and calcu-
lated intensities for reflections (hkl), respectively. We used
the intensity ratios corresponding to the planes (220),
(400), (440), which are known to be sensitive to the
cation distribution [29,35–37]. In order to obtain the best-
simulated/evaluated structure, the R-factor was defined
according to

R =
∣∣∣∣
(

Iexp
hkl

Iexp
h′k′l′

)
−

(
Icalc
hkl

Icalc
h′k′l′

)∣∣∣∣ . (5)

The determination of the structure is attained by vary-
ing the cation distribution in the calculated intensity in
such a way that the R-factor will be minimized [29,35–37].

The relative integrated intensity of the XRD lines can
be calculated using

Ihkl = Lp(θ) · |Fhkl|2 · P, (6)

where Ihkl corresponds to the relative integrated intensity.
The quantity Fhkl is the structure factor, while P is the

multiplicity factor for the plane (hkl), and Lp is a Lorentz
polarization factor (eq. (7)), and it will be a function of
the Bragg diffraction angle. The multiplicity factor was
obtained from the literature [40]:

Lp(θ) =
1 + cos2(θ)

sin2(θ) cos(θ)
. (7)

The structure factor of the spinel ferrite has 24 diva-
lent and trivalent cations and 32 oxygen anions [41]. The
structural factors were calculated by using the equation
proposed by Furuhashi et al. [42]:

|Fhkl|2 = A2
hkl + B2

hkl, (8)

where A2
hkl and B2

hkl are related to crystal planes hkl and
can be determined with

Ahkl =
∑

i

fi cos(2π(hxi + kyi + lzi)), (9)

and
Bhkl =

∑
i

fi cos(2π(hxi + kyi + lzi)). (10)

For the evaluation of the atomic scattering factor we
used the values reported in the International Tables for
X-ray crystallography [43]. The temperature and absorp-
tion factors were neglected in our evaluation because at
room temperature these factors do not affect the rela-
tive XRD intensity calculations [35]. In general, spinel
structures have a high melting temperature. So, a small
thermo-vibrational effect of the spinel on XRD patterns
is expected [44].

In the present evaluation all possible cation configura-
tions were considered with 0.01 stoichiometric sensitivities
that Nd3+ and Fe3+ ions can locate in both tetrahedral
and octahedral sites, according to [29]

(
Fe3+

(1−δ)Nd3+
δ

)A [
Fe2+Fe3+

(1−γ)Nd3+
γ

]B
O4, (11)

where x = γ+δ and x are the molar stoichiometric amount
of replacement of Fe3+ ions by Nd3+. The closest corre-
spondence with the actual sample structure was achieved
by varying the cation distribution of the calculated inten-
sity, which will provide a minimum R-factor (eq. (5)) [29].
The cation distribution, the corresponding relative inten-
sities of experimental and calculated XRD lines are given
in table 2.

The mean ionic radii in the tetrahedral (rA) and oc-
tahedral (rB) sites were calculated by using eqs. (S1)
and (S2) from the Electronic Supplementary Informa-
tion (ESI) file. The values of the ionic radius for rNd3+ ,
rFe3+ and rFe3+ were taken from the literature [45],
0.98 Å, 0.67 Å, and 0.49 Å, respectively. The value of the
oxygen positional parameter u can be determined with
eq. (S3) (ESI), where RO is the radius of the oxygen ion
(1.32 Å) [25,30,38]. The theoretical lattice constant (ath)
is calculated by using eq. (S4) (ESI) [29,35,41].

The structural parameters: tetrahedral bond length
(dAL); octahedral bond length (dBL); tetrahedral edge
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Table 2. Cation distribution of FeO ·Fe(2−x)NdxO3 nanoparticles, experimental and calculated ratios between peak intensities.

Comp. (x) A-site B-site I220/I440 I220/I400

Exp. Calc Exp. Calc

0.00 (Fe3+
1.00) [Fe2+

1.00Fe3+
1.00] 0.54 0.52 1.15 1.03

0.02 (Fe3+
1.00) [Fe2+

1.00Fe3+
0.98Nd3+

0.02] 0.70 0.66 1.50 1.33

0.04 (Fe3+
1.00) [Fe2+

1.00Fe3+
0.96Nd3+

0.04] 0.73 0.71 1.38 1.29

0.06 (Fe3+
0.95Nd3+

0.05) [Fe2+
1.00Fe3+

0.99Nd3+
0.01] 0.65 0.61 1.62 1.57

0.10 (Fe3+
0.94Nd3+

0.06) [Fe2+
1.00Fe3+

0.915Nd3+
0.05] 0.89 0.83 2.04 2.03

Table 3. Theoretical parameters based on the proposed cation distribution. See text for the symbols.

Comp. rA rB ath u dAL dBL dAE dBE dBEU LA LB

(x) (Å) (Å) (Å) (Å) (Å) (Å) (Å) (Å) (Å) (Å) (Å)

0.00 0.630 0.560 8.400 0.384 1.950 2.022 3.184 2.745 2.969 3.631 2.965

0.02 0.630 0.564 8.409 0.384 1.950 2.030 3.184 2.761 2.976 3.641 2.973

0.04 0.630 0.567 8.418 0.384 1.950 2.034 3.184 2.769 2.980 3.646 2.977

0.06 0.648 0.562 8.432 0.385 1.968 2.031 3.213 2.752 2.987 3.653 2.983

0.10 0.651 0.573 8.468 0.384 1.971 2.039 3.219 2.767 2.997 3.665 2.993

length (dAE); shared (dBE) and unshared (dBEU) octa-
hedral edge length; the tetrahedral and octahedral jump
length (LA and LB) were calculated using eqs. (S5)–(S11)
(ESI). The results are given in table 3.

Table 3 shows that the theoretical lattice parameter
(ath), tetrahedral bond length (dAL), octahedral bond
length (dBL), tetrahedral edge (dAE), octahedral edge
(dBE), unshared octahedral edge (dBEU) increase with an
increase in Nd-content. Table 3 also shows that tetrahe-
dral radius (rA) and octahedral radius (rB) increase as
the Nd-content increases, while the oxygen parameter u
remains unchanged. The anions in the spinel structure,
O2− ions, in this case, are not in general located at a
fixed position of the FCC sublattice. The anion is allowed
to translate and this translation is measured by a quantity
named oxygen positional parameter or anion parameter.
If we assume the center of symmetry at (3/8, 3/8, 3/8)
position that corresponds to the origin at A-site, the ideal
value of u is expected to be 0.375. Therefore, changes in
the value of u can be interpreted as a relaxation of the
structure to accommodate the cations of different radius
in the A and B sites [29,46]. The jump (hopping) lengths,
LA and LB between the magnetic ions at A-site and B-
site respectively, were calculated (table 3). Since the Fe3+

radius (0.65 Å) is smaller than that of the Nd3+ (0.98 Å),
the replacement of Fe3+ leads to an increase in rA and rB.
Moreover, LA and LB increase with an increase in the Nd-
content. The results showed that Nd3+ ions are present in
both sites at different concentrations, with the displace-
ment of Fe3+ ions. Therefore, it was possible to observe
changes in structural parameters like bond lengths; shared
and unshared edges, among others.

The magnetic properties of the particles depend on
the exchange interactions between metal ions. The bond

Table 4. Theoretical bond angles between metal ions based
on the cation distribution. All angles are given in degrees (◦).

Comp. (x) θ1 θ2 θ3 θ4 θ5

0.00 122.14 138.45 94.33 126.06 70.91

0.02 122.28 138.63 94.14 126.03 71.10

0.04 122.35 138.72 94.05 126.02 71.19

0.06 121.99 138.28 94.52 126.08 70.74

0.10 122.10 138.41 94.38 126.06 70.87

angle and inter-ionic bond length between metal ions are
the most important in the overall magnitude of the mag-
netic exchange interaction. The magnitude of the mag-
netic exchange interactions is proportional to the bond
angles and inversely proportional to the inter-ionic bond
lengths. The inter-ionic bond lengths i.e., cation-cation
distances and cation-anion distances (fig. S1 (ESI)) were
calculated using equations eqs. (S12)–(S25) (ESI). The
values obtained for inter-ionic bond lengths were used for
the evaluation of bond angles between the metal ions us-
ing eqs. (S21)–(S25). The values for bond angles are given
in table 4.

The bond angles θ1, θ2, and θ5 are associated with
the A-B and A-A exchange interactions, while θ3, and
θ4 are associated with the B-B exchange interactions
(fig. (S1) (ESI)). The observed increase in θ1, θ2, and θ5,
corresponding to x = 0.00 and x = 0.04 (table 4) sug-
gests the strengthening of the A-B and A-A interactions,
while θ3 and θ4 decrease indicates a weakening of the B-B
interaction. Comparing the systems with x = 0.06 and
x = 0.00, the B-B exchange interactions are enhanced (θ3
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and θ4), while A-B (θ1, θ2) and A-A (θ5) exchange interac-
tions present the lowest values, suggesting the weakening
of A-B and A-A exchange interactions. For x = 0.10 all
bond angles have values similar to x = 0.00. This result
suggests that, beyond x = 0.06, we have a decreasing on
the B-B interaction and strengthening of the A-B and A-A
interactions.

3.3 Optical bandgap

The optical bandgaps of the FeO ·Fe(2−x)NdxO3 nanopar-
ticles were obtained by UV-Vis spectrophotometry at a
temperature of 25 ◦C. The wavelength range from 350 nm
to 850 nm using DH-2000-BAL (Mikropack) equipped
with deuterium and tungsten halogen lamps. Attached
to a DH-2000-BAL, an Ocean Optics� spectrometer
USB4000 was used to measure the UV-Vis spectra [43–45].
The band gap of the nanoparticles is related to the optical
gap (Eg) and photon energy (hν) according to eq. (12) [18,
47–49]:

[αhν]n = C(hν − Eg), (12)

where C is a constant, and α is the linear absorption coef-
ficient. The linear absorption coefficient α was calculated
from the absorbance measurement A(hν) as a function of
the photon energy using eq. (13) [47–49]:

α(hν) = [A(hν) − Ascatt(hν)] ln(10)/L, (13)

where Ascatt(hν) is related to the Rayleigh-scattering con-
tribution to the extinction measured data. Ascatt(hν) was
estimated as having a λ−4-dependence, more details can
be found elsewhere [43,45].

The value of n will be given according to the type of
the electronic transition responsible for the absorption: for
allowed indirect transition is n = 1/2; n = 3/2 for forbid-
den indirect transition; for allowed direct transition n = 2;
n = 3 for forbidden direct transition [18,47–49]. The op-
tical gap for both direct and indirect allowed transitions
was studied in this work.

Here, A(hν) is the experimental absorbance measured
for each sample. The absorbance was measured using the
UV-Vis spectrophotometry, and L = 1 cm is the width
of the cuvette cell. The optical bandgap was obtained by
extrapolating the linear region of the Tauc plot (plot of
[αhν]n versus hν) to a value of hν = 0 [18,47–49]. The
Tauc plots obtained for FF-REF and Nd+3 substituted
samples FF-ND1, FF-ND2, FF-ND3, FF-ND5 are shown
in fig. 3.

Fontijn et al. reported [50–52] that, for magnetite
electronic transitions, Fe2+ [t2g] → Fe3+ [e] occurring
in the tetrahedral sites, the bandgap is 3.11 eV, while
Fe2+ [t2g] → Fe3+ [eg] transitions occurring in the octa-
hedral sites the bandgap is 1.94 eV. Their results were ob-
tained through magneto-optical polar Kerr measurements
for bulk single-crystalline Fe3O4 and Mg2+ or Al2+ sub-
stituted Fe3O4. These values are consistent with those ob-
tained here. One can see in table 5, that for all samples
with x �= 0.00, both Ed and Ei increase as x increases.
We also point out that Ed reaches the maximum value

Fig. 3. Tauc plots for (a) [αhν]2 and (b) [αhν]1/2 versus the
photon energy for the determination of direct and indirect op-
tical gaps, respectively.

Table 5. Band-gaps of magnetic nanoparticles studied.

Sample Comp. (x)Nd Ed (eV) Ei (eV)

FF-REF 0.00 3.00 (0.01) 2.03 (0.01)

FF-ND1 0.02 3.12 (0.01) 2.09 (0.01)

FF-ND2 0.04 3.05 (0.01) 1.98 (0.01)

FF-ND3 0.06 3.16 (0.01) 2.10 (0.01)

FF-ND5 0.10 3.13 (0.01) 2.20 (0.01)

for x = 0.06 (FF-ND3) rather than Ei that reaches the
maximum value for x = 0.10.

Anghel and co-workers showed that a strong correla-
tion exists between modifications in the lattice parameters
and the bandgap energy for Zn(1−x)MxO (M = Cr, Mn,
Fe, Co, or Ni) samples [53]. In their studies they observed
that the unit cell volume (obtained by XRD) and bandgap
(obtained by spectrophotometry) reached the highest val-
ues of Fe3+ substitution [53]. For the series of metals M
that they studied, iron was the one with larger ionic ra-
dius, that leads to a higher lattice parameter and hence,
unit cell volume. A similar trend was also observed else-
where [54,55]. From XRD we found that the lattice param-
eter increases with increasing Nd-content and hence, unit
cell volume, bond lengths (dAL, dBL) and hopping lengths,
LA and LB between the magnetic ions at A-site and B-
site. In this way, the increasing in the bandgap observed
here, may be understood since the bandgap is directly pro-
portional to the interatomic separation, although it is also
possible that new electronic states may exist due to the
presence of the dopant [54].

3.4 Transmission electronic microscopy (TEM)

Typical TEM micrographs of the samples investigated
are shown in figs. 4 and 5 for FF-REF and FF-
ND3 samples, respectively. Typical TEM micrographs
for FF-ND1, FF-ND2 and FF-ND5 samples are given in
figs. (S2), (S3) and (S4) (ESI), respectively. These results
reveal a polydisperse size and shape distribution, as ex-
pected for the co-precipitation synthesis method, with a
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Fig. 4. (a) Typical TEM micrography and (b) number-
weighted diameter distribution of the FF-REF sample. The
solid line is the log-normal fitting of size distribution given by
eq. (1).

Fig. 5. (a) Typical TEM micrography and (b) number-
weighted diameter distribution of the FF-ND3 sample. The
solid line is the log-normal fitting of the size distribution given
by eq. (1).

broad number weighted-size distribution. The size dis-
tribution ranges from 5 to 30 nm and follows the log-
normal distribution. The mean-number–weighted diame-
ters are given in table 6. The polydispersity index (PDI
= σ(DTEM )/〈DTEM 〉) was also evaluated and given in
table 6.

3.5 Small angle X-ray scattering (SAXS)

The direct obtained experimental scattering pattern by
small angle X-ray scaterring (SAXS) can provide several
characteristic properties of the sample irradiated by the
X-ray beam [2,9]. For polydisperse systems, the experi-
mental scattering pattern corresponds to an average that
is performed over the particles present in solution [2,9].

In the analysis of the scattered intensity data, it was
assumed that I(q) was produced by a system composed

Table 6. Particles’ mean diameter (D), distribution width (σ)
and polydispersity and index (PDI) of the magnetic fluids in-
vestigated.

Sample diameter D (σ) [nm] PDI

FF-REF 12.81 (9.15) 0.71

FF-ND1 12.50 (3.55) 0.28

FF-ND2 11.67 (3.53) 0.30

FF-ND3 7.99 (3.67) 0.46

FF-ND5 9.06 (2.83) 0.31

Table 7. Nanoparticles’ Mean diameter 〈DV 〉 determined by
SAXS and width of the log-normal volume distribution func-
tion (σV = 3σD).

Sample Comp. (x)Nd 〈DV 〉 (nm) σV

FF-REF 0.00 18.48 1.83

FF-ND1 0.02 28.74 1.86

FF-ND2 0.04 29.15 1.83

FF-ND3 0.06 20.32 2.07

FF-ND5 0.10 28.84 1.77

of globular nanoparticles. Therefore, I(q) has a contribu-
tion from the particles’ form-factor and the interaction be-
tween them (structure-factor). Assuming a model of poly-
disperse hard spheres with radius r, the scattered intensity
is given by [12]:

Is(q) = Sc

∫
fV (r)[V (r)]Isph(q, r)dr. (14)

In this model, the scattering elements are considered
an ensemble of polydisperse non-interacting spheres. The
quantities r and V are the radius and volume for each
sphere from the ensemble. fV (r) is the normalized-volume
weighted-radius distribution function. Isph is the normal-
ized scattering intensity owing to a sphere of radius r and,
Sc stands for a scaling factor [12]. The Gnom software was
used to analyze the scattering intensity Is versus the scat-
tering vector q (modulus of q) [56,12]. This approach was
used to determine the volume-weighted size-distribution
function fV (r) from the adjustment of the experimental
scattering intensity data to Is(q), given by eq. (14). The
solid lines in figs. 6 and 7 for FF-REF and FF-ND3 repre-
sent the best fit of eq. (14) to the experimental data. For
the remaining samples, namely FF-ND1, FF-ND2 and FF-
ND5, the experimental data and the best fit are shown in
figs. (S5), (S6) and (S7) (ESI), respectively. The volume-
weighted mean particle’s diameter 〈DV 〉 was calculated
according to [12]:

〈DV 〉 =
2

∫
rfV (r)dr∫
fV (r)dr

. (15)

The results given in table 7 for the volume-weighted
average diameter measured by SAXS are consistent with
those determined by XRD.
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Fig. 6. (a) X-ray scattering intensity versus the scattering vec-
tor q (modulus). The solid line corresponds to the best fit with
eq. (15); (b) particle’s radius numerical distribution function
of sample FF-REF.

3.6 Magnetization as a function of the applied field

Figures 8(a) and (b) show the measured magnetization
(M) versus the applied field (H) for FeO · Fe(2−x)NdxO3

samples, at 6K and 300K, respectively. From these curves,
the saturation magnetization (Ms), coercivity field (Hc)
and remanence magnetization (Mr) are obtained and are
given in table 8. The saturation magnetization increases
in a steady manner upon increasing the Nd3+ ion molar
ratio from 0.00 up to 0.06, reaching the maximum value of
105.8±0.4Am2/kg at x = 0.06. It is worth to mention that
the result for saturation magnetization value are higher
than that of the bulk material. In this case, suggesting
the existence of a highly ordered spin configuration dis-
tributed across the volume of the magnetic nanoparticles.

The M(H) curves for magnetic nanoparticles in su-
perparamagnetic (SPM) regime (fig. 8(b)) are fitted
with a Langevin function (eq. (16)), weighted with the
particle-size distribution function (PDF) [57,58]:

M(H,T ) =

Nsc

∫ ∞

0

xkBT

μ0H

[(
coth(x)− 1

x

)
+cH

]
PDF (DV )dDV ,

(16)

Fig. 7. (a) X-ray scattering intensity versus the scattering vec-
tor q (modulus). The solid line corresponds to the best fit with
eq. (15); (b) particle’s radius numerical distribution function
of sample FF-ND3.

where M(H,T ) is the magnetization of the magnetic
nanoparticles at the temperature T (300K), Nsc is a
scaling constant, Ms represents the saturation mag-
netization of the magnetic nanoparticles and x =
μ0MsVvH/kBT [58]. The quantity VV , stands for the
volume-weighted average volume of the nanoparticles
given by Vv = π

6 〈DV 〉3 [51]. Here we used, 〈DV 〉 from
the volume-weighted average radius and hence diameter,
measured by SAXS [12].

In the model expressed by eq. (16), the magnetization
M as a function of the field H has contributions from
superparamagnetic (SPM) and paramagnetic (PM) parti-
cles [30]. The quantity c is the paramagnetic contribution
(linear with the magnetic field, H [35]). We found that
the SPM regime contributes with 95–97% for all samples,
while only 3–5% comes from the PM regime [35].

The MNPs are expected to have a nonmagnetic layer
around the magnetic core (core-shell model) [59,60]. The
thickness of this magnetically inert shell was evaluated
from the volume-weighted size distribution function, ac-
cording to [59,60]:

Ms = MSbulk

(
1 − 6δ

〈DV 〉

)
, (17)
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Table 8. Magnetic parameters extracted from M(H) curves.

Sample Comp. Saturation Remnant Coercivity Squareness Magnetic Bohr Neel’s

(x) magnetization magnetization (Hc) mT ratio (S) anisotropy magneton Bohr

(Ms) Am2/kg (Mr) Am2/kg energy number magneton

density (μB) exp. number

(Keff ) 103 J/m3 (μB) XRD

FF-REF 0.00 81.9 (0.8) 30.4 (0.2) 156 0.37 33.1 3.40 (0.01) 4.00 (0.44)

FF-ND1 0.02 86.1 (0.3) 28.3 (0.1) 156 0.33 35.1 3.60 (0.01) 3.96 (0.44)

FF-ND2 0.04 87.7 (0.3) 38.6 (0.2) 121 0.44 27.9 3.69 (0.01) 3.92 (0.43)

FF-ND3 0.06 105.8 (0.4) 24.3 (0.1) 157 0.23 44.8 4.49 (0.02) 4.08 (0.45)

FF-ND5 0.10 91.0 (0.3) 32.8 (0.2) 156 0.36 40.2 3.97 (0.02) 3.95 (0.42)

Fig. 8. Magnetization curves of FF-REF, FF-ND1, FF-ND2,
FF-ND3 and FF-ND5 nanoparticles (a) at 6 K and (b) at
300 K, the dots are experimental results and solid lines are
their size-weighted Langevin fits.

where δ is the thickness of the shell, Ms is saturation mag-
netization of the nanoparticles

MSbulk
stands for the saturation magnetization of the

bulk material [59–61] and the reciprocal of the volume-
weighted average diameter (1/〈DV 〉) of the particles [59,
60]. From eq. (16) we found that the thickness of the mag-

netically inert layer of the materials studied here, ranges
from 0.5 Å to 7.8 Å.

Neel’s theory for collinear ferro/ferrimagnetism of two
sub-lattices models, predicts the net magnetic moment per
formula unit (f.u.) according to:

nNeel = Mocta − Mtetra, (18)

where Mocta and Mtetra are the magnetic moments of B
(octahedral) and A (tetrahedral) sites in μB units (Bohr
magneton) [35,30]. Based on the site occupancy obtained
from the XRD cation distribution and magnetic moment
of 5, 4 and 3.2 μB [62] for Fe3+, Fe2+ and Nd3+ ions, re-
spectively, the nNeel values were calculated using eq. (18)
and are given in table 8. On the other hand, the mag-
netic moment per formula unit in Bohr magneton unit
nexp (experimental) can be calculated from the saturation
magnetization Ms according to

nexp =
Ms · MW

5585
, (19)

where MW is the molecular weight. The calculated nNeel

magneton number using the XRD data agrees with the
experimentally obtained magneton number from the M -H
loops. The results are comparable to those determined by
eq. (19). The calculated values of magneton number nNeel

and nexp are comparable. Furthermore, the values of nNeel

and nexp show same trend, that is, they increase with x =
0.00 to x = 0.04, reach the maximum value at x = 0.06
and decrease for x = 0.10.

The Yafet-Kittel angles (αY-K) described by eq. (20)
can give us insight about the type of magnetic order-
ing for FeO · Fe(2−x)NdxO3 samples [29,35]. The quan-
tity nexp is given by eq. (19) while Mtetra and Mocta are
given by eq. (18). The Yafet-Kittel angles (αY-K) ob-
tained were 21.6◦, 16.3◦, 14.1◦, 0.0◦ and 0.0◦ for x = 0.00,
0.02, 0.04, 0.06 and 0.10, respectively. From x = 0.00 to
x = 0.04 αY-K decreases with increasing Nd3+ substitu-
tion. The decrease in αY-K for this samples is due to a
noncollinear type of magnetic ordering, since the Yafet-
Kittel angles are different from zero. The existence of
nonzero αY-K suggests a model of canted-spin magnetiza-
tion, which should have a triangular spin arrangement and
is suitable on the B-site that leads to a reduction in the
A-B exchange interaction and enhancement in the B-B ex-
change interaction [29]. For x = 0.06, there is a transition
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to the Néel-type magnetic ordering. This result suggests
a reinforcement of a dominant A-B super-exchange inter-
action and these results are corroborated by those found
in the inter-ionic bond angles of table 4:

αY K = cos−1

(
nexp + Mtetra

Mocta

)
. (20)

For magnetite (Fe3O4), below the Verwey tempera-
ture (TV ), the magnetocrystalline anisotropy is expected
to be uniaxial [61,63]. Therefore, the experimental coer-
civity field and saturation magnetization are related to the
effective anisotropy constant Keff through [61,63]:

Keff =
HCMs

2
. (21)

To determine the squareness ratio (S), eq. (22) was
employed [64,14]:

S =
Mr

Ms
. (22)

The evaluated values of the magnetocrystalline
anisotropy constant (Keff ) and S are given in table 8. For
all samples S < 0.5, which indicates uniaxial anisotropy
contribution in the FeO ·Fe(2−x)NdxO3 nanoparticles [59,
61–64]. The overall values of Keff obtained are of the
same order of magnitude as that from the magnetite bulk
(1.1–1.3 104 J/m3) [61–64] however, we have obtained val-
ues 3 to 4 times higher.

3.7 Zero-field–cooled and field-cooled (ZFC-FC)

Figures 9(a)–(e) show the temperature dependence of the
magnetization in low external applied field, the zero-field–
cooled curve (ZFC) and field-cooled curve (FC) for FF-
REF, FF-ND1, FF-ND2, FF-ND3 and FF-ND5, respec-
tively. In the ZFC-FC protocol the MNPs were frozen in
the absence of the magnetic field, fast enough that the ran-
dom orientation of their easy axis is preserved [12,13]. The
system was superparamagnetic (SPM) at room tempera-
ture, and the magnetization curves M(T ) were collected
in ZFC and FC modes. The overall shape of the ZFC-
FC curves indicate weak interaction between particles.
Within the ambit of the non-interacting particles’ model,
the blocking-temperature distribution function f(TB) is
expected to be broad [12]. One can use the Stoner-
Wohlfarth model to describe uniaxial, single-domain [8]
and non-interacting particles to obtain the blocking-
temperature distribution function given by eq. (23) [12].
Figures 9(f)–(i) show f(TB) for FF-REF, FF-ND1, FF-
ND2, FF-ND3 and FF-ND5, respectively. A log-normal
distribution function was used to fit these results and ob-
tain the mean blocking temperature 〈TB〉 and standard
deviation σT [12]. For FF-REF, FF-ND1, FF-ND2, FF-
ND3 and FF-ND5 samples, the average blocking temper-
atures were 40.2K, 28.8K, 23.6, 25.1 and 41.7K, respec-
tively, at an applied field of 5mT. Note that figs. 9(a)–(e)
also show that the maximum of ZFC curve for all cases is

Table 9. Width of volume and blocking temperature distribu-
tion σV , σT . Number of interacting particles Ni. The correla-
tion volume (Λ3) and correlation length (Λ).

Sample σV σT Ni Λ3 (10−23 m3) Λ (nm)

FF-REF 1.83 0.37 5 5.4 37.9

FF-ND1 1.86 0.76 3 10.1 46.6

FF-ND2 1.83 0.41 5 19.3 57.8

FF-ND3 2.07 0.46 5 6.6 40.4

FF-ND5 1.77 0.60 3 12.4 49.8

close to the temperature which the ZFC-FC curves split.
This effect is due to particle dipole-dipole interaction.

f(TB) ∝ −d[MFC − MZFC ]
dT

. (23)

The log-normal width σT , obtained from the fitting to
the experimental data (figs. 9(f)–(i)) were used to evaluate
the number of interacting particles (Ni) and the correla-
tion volume (Λ3), defined according to [12,13]:

Ni =
(

σV

σT

)2

, (24)

Λ3 =
Ni〈V 〉

φ
, (25)

where σV , σT are the width of the volume and blocking
temperature distribution functions. The quantity 〈VV 〉 is
the average volume defined as

〈VV 〉 =
π

6
〈DV 〉3, (26)

where 〈D〉 is the volume-weighted average diameter mea-
sured by SAXS. It is worth to mention, that according to
El-Hilo [57], the volume-weighted diameter distribution
fV (D) should converts to volume-weighted distribution
fV (V ) with σV = 3σD and average volume-weighted by
volume given by eq. (26). The quantity φ is the volumetric
fraction of particles in the solution [8,12,13], ∼ 0.3% for
all the samples investigated.

Table 9 shows the estimation of the number of interact-
ing particles (Ni) inside the correlation volume (Λ3) and
correlation length (Λ) [12]. The results did not show the
correlation between Ni and the size of the particles. How-
ever, the correlation volume (Λ3) and correlation length
(Λ) are smaller for FF-REF and FF-ND3, which are those
with a smaller volume-weighted average diameter mea-
sured by SAXS. The correlation volume (Λ3) and corre-
lation length (Λ) also are larger for those particles with
larger volume-weighted average diameter (FF-ND1, FF-
ND2 and FF-ND5). This is due to the fact that for larger
particles, the interparticle distance increases, as the mean-
particle diameter increases [12].
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Fig. 9. (a)–(e) ZFC-FC magnetization curves, where blue circles (◦) represent the FC susceptibility, whereas red circles (◦)
represent the ZFC susceptibility for FF-REF, FF-ND1, FF-ND2, FF-ND3, and FF-ND5, respectively. (f)–(j) Temperature
derivative [−d(MFC − MZFC)/dT ] of the difference between FC and ZFC magnetization curves for samples FF-ND, FF-RC
and FF-REF, respectively.
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4 Conclusions

Magnetic fluids based on magnetite were synthesized and
XRD patterns of the samples investigated revealed a
single-phase cubic spinel structure of the Fd3m space
group. From the cation distribution, the theoretical lat-
tice parameter (ath), tetrahedral bond length (dAL), octa-
hedral bond length (dBL), tetrahedral edge (dAE), octahe-
dral edge (dBE), unshared octahedral edge (dBEU) increase
with the increase in Nd-content. Since the Fe3+ (0.65 Å)
is smaller than Nd3+ (0.98 Å), the replacement of Fe3+

leads to an increase in rA and rB. Moreover, LA and LB

increase with higher Nd-content. The results showed that
Nd3+ ions are placed in both sites at different concen-
trations. Therefore, it was possible to observe modifica-
tions in structural parameters like bond lengths; shared
and unshared edges. The increasing in the bandgap may
be interpreted as a result of the higher interatomic separa-
tion with the doping. Nd3+ is antiferromagnetic in nature
but when it is incorporated into the nanoparticles struc-
ture it affects mainly the cation distribution. Moreover, as
studied here, the changes in the cation distribution causes
changes to several different physical properties, namely
optical bandgap, saturation magnetization and exchange
interaction relation. It also has an impact on nanopar-
ticles’ size which is directly proportional to the blocking
temperature of MNPs. Other authors [19,65] also observed
the same impact in their system of MNPs. TEM micro-
graphs reveal a polydisperse size and shape distribution
of particles, as expected for co-precipitation method, with
a broad number-weighted size distribution. The results
for volume-weighted average diameter measured by SAXS
are consistent with those determined by XRD. From the
M -H Loops we found that the SPM regime contributes
with 95–97% for all samples, while only 3–5% contribu-
tion comes from the PM regime. The saturation magneti-
zation increases in a steady manner upon increasing the
Nd3+ ion molar ratio from 0.00 up to 0.06, reaching the
maximum value of 105.8 ± 0.4Am2/kg at x = 0.06. It is
worth to mention that the result for saturation magneti-
zation value are higher than that of the bulk material. In
this case, suggesting the existence of a highly ordered spin
configuration distributed across the volume of the mag-
netic nanoparticles. The squareness values for all samples
are less than 0.5, which indicates uniaxial-anisotropy con-
tribution in the FeO · Fe(2−x)NdxO3 nanoparticles. The
overall values of Keff obtained for all samples studied
have the same order of magnitude of that from the bulk
magnetite (1.1–1.3 104 J/m3) however, we have obtained
values 3 to 4 times higher. The magnetic measurements in-
dicate the existence of low interaction between the MNPs
at the concentrations investigated.
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47. D. Espinosa, E.S. Gonçalves, A.M. Figueiredo Neto, J.
Appl. Phys. 121, 043103 (2017).

48. M. Dongol et al., Optik 126, 1352 (2015).
49. D. Espinosa, L.B. Carlsson, A.M. Figueiredo Neto, S.

Alves, Phys. Rev. E 88, 032302 (2013).
50. W.F.J. Fontijn, P.J. van der Zaag, L.F. Feiner, R. Metse-

laar, M.A.C. Devillers, J. Appl. Phys. 85, 5100 (1999).
51. W.F.J. Fontijn, P.J. Van der Zaag, M.A.C. Devillers,

V.A.M. Brabers, R. Metselaar, Phys. Rev. B 56, 5432
(1997).

52. P.J. van der Zaag, W.F.J. Fontijn, P. Gaspard, R.M. Wolf,
V.A.M. Brabers, R.J.M. van de Veerdonk, P.A.A. van der
Heijden, J. Appl. Phys. 79, 5936 (1996).

53. J. Anghel, A. Thurber, D.A. Tenne, C.B. Hanna, A. Pun-
noose, J. Appl. Phys. 107, 09E314 (2010).

54. Thurber et al., Phys. Rev. B 76, 165206 (2007).
55. W. Luo, S.R. Nagel, T.F. Rosenbaum, R.E. Rosensweig,

Phys. Rev. Lett. 67, 2721 (1991).
56. L.A. Feigin, D.I. Svergun, Structure Analysis by Small-

Angle X-Ray and Neutron Scattering (Plenum Press, New
York, 1987).

57. M. El-Hilo, J. Appl. Phys. 112, 103915 (2012).
58. Tamion et al., Appl. Phys. Lett. 95, 062503 (2009).
59. D. Caruntu, G. Caruntu, C.J. O’Connor, J. Phys. D: Appl.

Phys. 40, 5801 (2007).
60. J.P. Chen, C.M. Sorensen, K.J. Klabunde, G.C. Hadji-

panayis, E. Devlin, A. Kostikas, Phys. Rev. B 54, 9288
(1996).
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