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ABSTRACT: The effect of Er** and Y>* ion-co-substituted
Mn ZnyEr,Y,Fe, ,. O, (MZErYF) (x < 0.10) spinel nanoferrites
(SNFs) prepared by a sonochemical approach was investigated.
Surface and phase analyses were carried out using SEM, TEM, and
XRD. Hyperfine parameters were determined by fitting room-
temperature (RT) Mossbauer spectra. Magnetic field-dependent
magnetization data unveiled the superparamagnetic nature at RT
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and ferrimagnetic nature at 10 K. RT saturation magnetization (M) ga E /i
and calculated magnetic moments (ng) are 34.84 emu/g and 1.47 = SN

Ug, respectively, and have indirect proportionalities with increasing
ion content. Mg and ny data have a similar trend at 10 K including
remanent magnetizations (M,). The measured coercivities (H) are
between 250 and 415 Oe. The calculated squareness ratios are in the range of 0.152—0.321 for NPs and assign the multidomain
nature for NPs at 10 K. The extracted effective magnetocrystalline constants (K.;) have an order of 10* erg/g except for
Mny sZnysErg 1Y, 10Fe; 5004 SNEs that has 3.37 X 10° erg/g. This sample exhibits the greatest magnetic hardness with the largest
magnitude of H: = 415 Oe and an internal anisotropy field H, = 1288 Oe among all magnetically soft NPs.
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1. INTRODUCTION sites, the additives or substitutions, and grain size.'*™"® The
inhomogeneous cation distribution and rare earth (RE)
substitution can produce a lattice enlargement due to the
differences in the Fe**—Fe®" superexchange interactions and

Spinel ferrite with formula AB,O, has a cubic structure, where
A and B indicate the tetrahedral and octahedral sites,
respectively.' Spinel ferrite contains 56 atoms in each unit

cell distributed among A and B sites.”’ The significance of maintain the symmetry of the spinel crystal lattice.* The larger
spinel ferrite is because of its wide range of industrial and ionic radii and the stable 3+ charge of RE ions can give rise to
scientific applications; chemical stability; and the engineering distortions in the crystal structure and the magnetic coercivity
feasibility of tuning its electrical, magnetic, and optical and enhance the structural, magnetic, and electrical features.'”
properties. MnZn nanoferrites are a significant category of When spinel ferrites are doped by RE ions, 4f—3d coupling
soft magnetic materials, and their importance has been determines the magnetocrystalline anisotropy of the products.
increasing because of their good electrical, magnetic, and The Mn—Zn ferrites doped by RE ions show high resistivity
optical properties; high magnetization, resistivity, and initial and enhanced magnetic features. However, special attention
permeability; permittivity; low power losses; and coercivity. must be paid to the procedure of synthesis. It is essential that
Due to these advantages, MnZn ferrites are fit for use in the spinel crystal structure suffers major deformation because
transformers/transducers, information storage systems, multi- of the solubility limit of the large amount of RE substitution;

layered chip inductors, sensors, biosensor magnetic fluids,
refrigerators, mobile chargers, TVs, desktops, printers, micro-
waves, ovens, LED bulbs, laptops, juicer mixers, washing
machines, mobile phones, drug delivery, MRI, etc.*™?

The doping of Mn—Zn ferrites, which have a mixed spinel
structure, by transition metal ions remarkably influences the
structure and optical, electrical, and magnetic attributes. These
features depend on the method of preparation, chemical
composition, distribution of cations between two interstitial

accordingly, specific ratios of dopant were chosen. The effect
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of neodymium (Nd**) on the magnetic and electrical features
of MnZn ferrite was studied by Naik et al.'®'” Angadi et al.'®
studied the magnetic properties of Sm- and Gd-doped MnZn
nanoparticles. Jadhav et al."” studied Gd-doped MnZn NPs as
magnetic carriers for magnetic fluid hyperthermia (MFH). A
comparison study of ultrasonic and sol—gel synthesis of Dy-Y-
co-substituted MnZn ferrites was performed by Almessiere et
al.”® There are many synthesis methods for the synthesis of
MnZn ferrites, such as solid-state, sol—gel, hydrothermal, co-
precipitation, microwave, ultrasonic synthesis, etc. During the
ultrasonic synthesis of MnZn ferrites, the following advantages
are obtained: the decrease of the reaction time, enhanced
reaction rate, the crystal size distribution control, avoidance of
agglomeration of nanoparticles, and so on.”'

Accordingly, no reports have been found on erbium- and
yttrium-co-doped Mn—Zn ferrites to date. Therefore, in this
study, the structural, magnetic, and Mossbauer parameters of
nanocrystalline RE Er**- and Y*'-co-substituted manganese
zinc nanospinel ferrites were deeply investigated.

2. RESULTS AND DISCUSSION

2.1. Structure. XRD patterns of MZErYF (x < 0.10) spinel
nanoferrites (SNFs) are represented in Figure 1. All patterns
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Figure 1. XRD powder patterns of MZErYF (x < 0.10) SNFs.

indicated the formation a pure phase of cubic Mn—Zn spinel
territes according to ICDD card no. 00-010-0319, devoid of
any impurity. Broad peaks were noticed in all XRD patterns.
Due to the nature of the sonochemical synthesis approach, all
XRD patterns presented broad XRD peaks, which confirmed
the small crystallite sizes of all products. The cell constants are
determined via refinement with Match3! and Full-proof, as
listed in Table 1. Moreover, the XRD patterns showed the
effective incorporation of Er** (~0.103 nm) and Y** (~0.104

Table 1. Refined Cell Parameters for MZErYF (x < 0.10)
SNFs

x a (A) V(A’)  Dyp (nm) 2004 47 (chi®) Ry
0.00 8.390(1) 590.62 723 1.19 1.06
0.02 8.394(6) 591.57 9.67 1.36 0.63
0.04 8.396(7) 592.00 11.14 1.36 221
0.06 8.396(8) 592.02 11.33 1.22 4.78
0.08 8.401(1) 592.93 12.59 1.20 1.18
0.10 8.407(6) 594.31 10.87 1.07 1.59
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nm) ions into the spinal lattice. The average crystallite sizes
were computed by means of the Debye—Scherrer relation and
were found to be in the range of 7—13 nm. The cell constant
“a,” increases with increasing “x” value. This increase in the
lattice constant of “a,” is due to the nonconformity in the ionic
radii of the Er** (~0.103 nm) and Y** (~0.104 nm) ions and
the host Fe** (~0.064 nm) ions in the octahedral sites, which
caused the exgansion of the unit cell due to the induced strain
in the lattice.””**

The cation distribution in spinel ferrite can be obtained from
the analysis of the X-ray diffraction pattern. In the present
work, the Bertaut method is used to determine the cation
distribution.”>*° This method selects a few pairs of reflections
according to the expression

obs.

calc.

L
obs. ~  jcalc.
Ly Wk (1)

where IS and I74 are the observed and calculated intensities
for reflection (hkl), respectively. The best information on
cation distribution is achieved when comparing experimental
and calculated intensity ratios for reflections whose intensities
(i) are nearly independent of the oxygen parameter, (ii) vary
with the cation distribution in opposite ways, and (iii) do not
differ significantly.

In the present work, the (220), (400), and (440) planes
were used to calculate the intensity ratio. These planes are
assumed to be sensitive to the cation distribution. The
temperature and absorption factors are not taken into account
in our calculations as they do not affect the intensity
calculation. If an agreement factor (R) is defined as in eq 2,
the best-simulated structure that matches the actual structure
of the sample leads to a minimum value of R and the
corresponding cation distribution is obtained for each hkl and
h'k'l’ reflection pair considered

obs. calc.
R = h T
- Iobs. Icalc.
Wkl Wk ()

For the calculation of the relative integrated intensity (I;)
of a given diffraction line from powder specimens as observed
using a diffractometer with a flat-plate sample holder, the
following formula is valid

2
Ly = |FlyPLy (3)

where F is the structure factor, P is the multiplicity factor, and
Ly is the Lorentz-polarization factor, and
1 + cos® 20
Lp=—F"7""—
sin” fcos 260 4)

The obtained cation distributions of the MZErYF (x < 0.10)
SNFs are tabulated in Table 2. Mn preferred the Td

Table 2. Cation Distribution of MZErYF (x < 0.10) SNFs

0 Td site Oh site
0.00 Mng 35Zng sFeq s Mng,;sFe; g5
0.02 Mny3Zn, sFeg, Mny,Er0,Yo02Fe 176
0.04 Mng;Zn, sFeg, Mny,Ero04Y004Fe172
0.06 Mng3Zn, sFeg, Mny,Erg06Yo06F€1.68
0.08 Mn3Zn sFeg, Mny,Er 05Yo.08F€1.64
0.10 Mny;Zn, sFe, Mny,Ery ;Yo 1Fe; 6

https://doi.org/10.1021/acsomega.1c03416
ACS Omega 2021, 6, 22429—-22438


https://pubs.acs.org/doi/10.1021/acsomega.1c03416?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03416?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03416?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c03416?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c03416?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

(tetrahedral) site as compared to the Oh (octahedral) site,
which is in accordance with the preference to Td sites.”” As
anticipated, Zn ions occupy the Td site only. As expected, Fe®"
ions occupy the Oh site, and its occupancy linearly decreased
with Er and Y substitution. Er and Y ions occupy the Oh site
because of their higher ionic radii.

2.2. Morphology. Figure 2 displays a high-magnification
SEM analysis of MZErYF (x < 0.10) SNFs. The SEM images

Figure 2. SEM micrographs of MZErYF (x < 0.10) SNFs.

demonstrated nonuniform clusters of fine spherical particles. It
is observed that the aggregation changed with increasing
dopant ions as a result of the behavior of nanosized ferrites.

The EDX spectra exhibited the weight percentage of the
elements in MZErYF (x < 0.10) SNFs in the absence of
undesired elements, as shown in Figure 3. TEM images of
MZErYF («x < 0.10) SNFs are shown in Figure 4. The particles
exhibited a cubical structure and appeared aggregated. The
histograms show the size distribution between 6 and 24 nm,
and the average particle size was estimated to be in the range of
12—20 nm, respectively. The SAED patterns exhibited six well-
divided bright rings. These rings are the counterpart of the hkl
values of (220), (311), (400), (422), (511), and (440) planes,
in agreement with the XRD patterns of Mn—Zn spinel ferrite.

2.3. Magnetic Properties. 2.3.1. Mossbauer Study. The
room-temperature (RT) Mossbauer spectra of MZErYF (x <
0.10) SNFs are depicted in Figure S, which were fitted to
obtain various parameters included in Table 3. The variation of
some Mossbauer parameters by x is given in Figure 6. The
spectra of all samples were fitted using two doublets. The
doublet, which has a smaller isomer shift value, is due to Fe**
ions in the Td site, while the others are due to Fe’" ions in the
Oh site.

The doublets in the structure show that the samples exhibit
a superparamagnetic (SPM) nature.”® The isomer shift is
caused by the electron interaction among the nucleus and the
density of s electron. The isomer shift (IS) of the Oh site is
more than that of the Td site as a result of a larger bond length
between Fe®" and O in cubic spinel ferrites as compared with
tetrahedral sides. According to the reported data, the IS of Fe®"
varies between 0.6 and 1.7 mm/s, while that of Fe** lies in the
range of 0.1—0.5 mm/s at RT.””*° Our results show that the IS
values belong to the Fe®" charge state. The variation of some
Mossbauer parameters by x is given in Figure 6, which shows
that the IS value of the Td site increases while that of the Oh
site decreases with substitution. The increase of the IS value
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Figure 3. EDX spectra of MZErYF (x < 0.10) SNFs.
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Figure 4. TEM images, SAED patterns, and particle size histograms (x < 0.10) of SNFs.
illustrates the decrease of the s-electron density at the iron lattice and its local distortions can be gathered from the value
nucleus or vice versa. Therefore, the s-electron density of the of QS. Chemical disorder in the crystal structure is provoked
iron nucleus at the Td site increases, while that of the Oh site by nonzero quadrupole splitting (QS). The variations of QS
decreases. The isomer shift is also affected by the site reflect distortion of symmetry at Td and Oh sites. According to
volume.”" The information on the symmetry of the crystal Table 3, the B/A ratio decreases with increasing Er** and Y*?

22432 https://doi.org/10.1021/acsomega.1c03416
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Figure 5. RT Mossbauer spectra of MZErYF (x < 0.10) SNFs.
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Table 3. Mossbauer Parameters of MZErYF (x < 0.10)
SNFs”

assignment IS (+0.001) QS (+0.002) T (+0.01)
x of sites (mm/s) (mm/s) (mm/s) R, (%)
0.00  Db-A:Fe** 0.340 0.754 0.464 59.529
Db-B:Fe’* 0.347 0.416 0.361 40.471
0.02  Db-A:Fe’* 0.318 0.726 0.778 60.375
Db-B:Fe3* 0.349 0.520 0.373 39.625
0.04  Db-A:Fe** 0.328 0.681 0.705 77.478
Db-B:Fe** 0.348 0.487 0.284 22.522
0.06  Db-A:Fe** 0.329 0.687 0.592 79.290
Db-B:Fe** 0.346 0.452 0.268 20.710
0.08  Db-A:Fe** 0.331 0.688 0.595 81.619
Db-B:Fe** 0.342 0.455 0.268 18.381
0.10  Db-A:Fe** 0.331 0.822 0.467 51.502
Db-B:Fe** 0.336 0.464 0.323 48.498

“1S, isomer shift; QS, quadrupole splitting; I, line width; and R,,
relative area.

content up to x = 0.08 and then increases at x = 0.1. These
results are in agreement with the XRD results. These results
also show that the Er™> and Y™ ions occupy the Oh site.
2.3.2. Magnetization Investigation. Magnetic investiga-
tions were performed for MZErYF (x < 0.10) SNFs using a
vibrating sample magnetometer (VSM) device by recording
the field (M—H)- and the temperature (M—T)-dependent
specific magnetizations. M—H data were alsoobtained at 300
and 10 K to collect information about the temperature-
dependent dominating magnetic phases. Figure 7 presents the
M—H curves recorded at 300 K and under an externally acting
DC field of (a) +70 kOe and (b) enlarged views for the range

22433

of +5 kOe. The typical S-shape spectra, which have a negligible
amount of coercivities (H¢) or remnant magnetizations (M,),
are not observed even in enlarged views. This case identifies
the presence of a SPM phase for all NPs at 300 K. The single-
domain nature is the characteristic feature of nanoparticles that
exhibit the SPM phase. All magnetic moments align in a
preferential direction determined by the leading type of
anisotropy in the structure. That is, a single-domain structured
nanoparticle behaves like a single giant magnetic moment
having a net spontaneous magnetization M. The existence of
the SPM phase not only necessitates a critically small
dimension of nanoparticles (or grains) but also requires the
absence of an adequate magnitude of exchange interactions
needed for internal spontaneous magnetization. Further, the
absence of interparticle interactions, which stimulate different
magnetic phases, is another obligation for a conventional SPM
phase. The critical size for Mn, sZn, sFe,O4 SNFs to exhibit a
SPM nature is reported to be ~25 nm in the literature.’”
Some recorded TEM images reveal the dimension of fabricated
SNFs to be smaller than this maximum limit.

Although a 70 kOe applied external field is a rather strong
field, spectra do not depict a horizontal alignment assigning the
obtained saturation magnetizations (M) for NPs. This is why
Mg magnitudes were estimated from linear fits to M vs 1/H>
plots, as shown in Figure 8. Undoped MnsZn,Fe,O, SNFs
among ultrasonically fabricated samples have an Mg ., value of
34.84 emu/g. The co-doping process with Er** and Y** ions
decreases the saturation magnetizations, exhibiting almost an
indirect proportionality with the increasing ratio of two ions.
Hence, it is estimated that Mn,sZn, Er; Y, 0Fe; 5004 SNFs
that have a maximum doping content have a M, value of

https://doi.org/10.1021/acsomega.1c03416
ACS Omega 2021, 6, 22429—-22438
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Figure 6. Variations in (a) isomer shift, (b) quadrupole splitting, and
(c) relative area with Er—Y substitution in MZErYF (x < 0.10) SNFs.

19.35 emu/g. The magnetic moment per chemical formula
(ng) was calculated in units of Bohr magneton using the
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Figure 8. M vs 1/H? plots for MZErYF (x < 0.10) SNFs at RT.

molecular weight (My)- and Mg-dependent equation as given
below?>3435

o = (M) ()

5585 ()

The maximum and minimum magnetic moments of 1.47
and 0.87 up belong to MngysZn,Fe,O, NPs and
Mny sZny sEry 1Yo 10Fe; 5004 SNFs, respectively. Due to co-
doped ions, the changing content of cations at both tetrahedral
and octahedral sites plays a significant role in the resultant
magnetic moments. A similar indirect proportionality as
observed for the magnetization data is also valid for the
experimentally evaluated magnetic moments as a function of
the increasing content (x) of co-doped Er’* and Y*' ions. In
the literature, the experimentally observed magnetic moment
values of Zn>*, Mn?*, Fe**, Er’*, and Y ions are reported to
be 0, 4.6, 4.1, 9.5, and 0 g, respectively.sé_38 The increasing
content of Er’* ions that are located at the octahedral B site in
the reverse direction with a large experimentally observed ny of
9.5 pp might be the main reason for the decreasing magnetic
moment and magnetization of the doped samples. All derived
magnetic parameters from the M—H spectra that were
obtained at 300 K are presented in Table 4.

The M—H hysteresis loops that were recorded at 10 K and
their enlarged views for the field range of +4 kOe are
presented in Figure 9ab, respectively. Figure 9a clearly
illustrates that MngZnyErg o, Yo 0Fe; 9604 SNFs have the
largest magnetization ability among all samples at 10 K.
However, Figure 9b reveals that magnetic NPs do not
perpetuate their SPM characteristics at 10 K, and, instead, a
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Figure 7. (a) M—H curves of MZErYF (x < 0.10) SNFs recorded at RT and (b) enlarged view of the magnetization curves.
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Table 4. Magnetic Parameters of MZErYF (x < 0.10) SNFs

300 K 10 K
x My (g/mol) Mg (emu/g) ng () M (emu/g) ng (up) M, (emu/g)  Hc (Oe) SQR (M,/Ms) K (x10* erg/g)  H, (Oe)
0.00 235.854 34.84 1.47 62.35 2.63 20.00 361 0.321 3.52 1128
0.02 238.744 33.86 1.45 66.14 2.83 17.20 284 0.260 2.93 888
0.04 241.633 26.88 1.16 55.37 2.40 14.88 250 0.269 2.16 781
0.06 244.523 24.76 1.08 57.95 2.54 13.00 409 0.224 3.72 1284
0.08 247.412 20.84 0.92 51.99 2.30 11.75 378 0.226 3.07 1181
0.10 250.302 19.35 0.87 56.88 2.55 8.63 415 0.152 33.70 1288
(a) (b)
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Figure 9. (a) M—H hysteresis loops of MZErYF (x < 0.10) SNFs recorded at 10 K and (b) enlarged view of these loops.

ferrimagnetic phase as expected from the ferrite NPs is
observed. Low-temperature conditions exclude the demagnet-
izing effect of heat energy on the magnetization process and
enable magnetic materials to exhibit their magnetic phases that
originate due to moment alignment in the host crystal
structure. Undoped Mn,sZn,sFe,O, NPs have the largest
remnant magnetization (M,) of 20 emu/g and a remarkable
magnitude of coercivity (Hc) of 361 Oe. Co-doped samples
have a decreasing magnitude of M, values on increasing the
ratio of Er’* and Y* ion contents.

The coercivity field range has a narrow band with Hc 1, =
250 Oe (belonging to MngsZngsErg04Y004Fe; 0,04 SNFs) and
He e = 415 Oe (belonging to MnygsZng sEry 10Yo 10Fe; 8004
SNFs). However, one can easily claim that the order of the
measured coercivities categorizes all pristine or co-doped
samples as a member of magnetically soft spinel ferrites.
Although ferrimagnetic phases were observed, none of the
samples could reach saturated magnetization even under a 70
kOe acting field. Therefore, the order of Mg magnitudes was
specified by the intercept of the fitting lines at the
magnetization axis as for 1/H> equal to zero, as depicted in
Figure 10. Pristine MnysZn,sFe,O, NPs have the second
largest saturation magnetization of 62.35 emu/g among the 10
K data despite being first among the 300 K saturation data.
This determination stimulates the interpretation of the ratio of
estimated saturation magnetizations (Mg ;o x/Ms 300 ) for all
samples by assuming that cationic distributions or lattice
defects due to co-doped ions are stable at both 300 and 10 K.
Disordered surface spin layers are other mainly observed
defects that affect negatively the total magnetic moment and
magnetization of Mn,sZn,sFe,O, NPs. The magnitude of the
ratio for pristine ferrite is 1.79. On the other hand, the
determined ratios are 1.95, 2.06, 2.34, 2.50, and 2.94
corresponding to co-doped ion contents of x = 0.02, 0.04,
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Figure 10. M vs 1/H” plots for MZErYF (x < 0.10) SNFs.

0.06, 0.08, and 0.10, respectively. The steadily increasing ratios
might be attributed to thicker disordered surface layers with
increasing co-doped ion content. One can expect better
ordering of these disordered surface spins at 10 K when the
demagnetizing effect of heat is excluded at a high ratio. In the
literature, strengthening of superexchange interactions is also
reported as a reason for increasing magnetization parameters.22
Another kind of division, that is, M,/Mj, is described as the
dimensionless squareness ratio (SQR), which gives informa-
tion particularly about the domain feature of the host magnetic
material. SQRs start from 0.321 and steadily decrease to 0.152.
This range of SQRs is attributed to the multidomain nature of
NPs according to the Stoner—Wohlfarth theory.””*”

The internal magnetocrystalline anisotropy field, H,, is
directly responsible for the detection of the coercivity and the
degree of magnetic hardness of the material. Once the effective
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magnetocrystalline anisotropy constant (K.) is specified, then
the order of the anisotropy field for the fabricated nanoparticle
samples can be easily extracted. The following equation relates
three magnetic parameters: K. measured H¢ values, and
estimated saturation magnetizations

Keff
H, = 0.64—=
Mg (6)
Therefore, we determined K. values for all samples by
substituting the already determined 10 K magnetic data in eq
2. K g values are in the range of 2.16—3.72 X 10* erg/g, except
for the MnysZn,Ery Yo 0Fe; 3004 SNFs. Since this sample
has the largest coercivity, the determined magnitude of K
concludes the largest magnitude to be 3.37 X 10° erg/g among
all NPs too. The internal anisotropy field can be calculated
from the following equation:
o = 2K (o)
Mg (7)

Among calculated internal magnetocrystalline anisotropy
fields, H, i, = 781 Oe belongs to Mny sZn sErg04Y004Fe; 9,0,
SNFs and H, ,,, = 1288 Oe belongs to
Mn sZngy sErg oY 10Fe; 5004 SNFs due to their minimum and
maximum coercivity magnitudes as expected. Other samples
have internal anisotropies between these two limiting values.
Hence, the presence of disordered spins on the surface of
nanoparticles and an internal magnetocrystalline anisotropy
field (causing coercivity and magnetic hardness) are the main
perpetrators in the magnetic host that prevent the observation
of saturation magnetization even under high acting fields and
at low-temperature conditions. All magnetic parameters
derived from 10 K hysteresis loops are reported in Table 4
with 300 K magnetization data.

Figure 11 presents the zero-field cooling (ZFC) and field
cooling (FC) magnetization spectra of some previously
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Figure 11. Temperature dependence of ZFC and FC magnetizations
for MZErYF (x = 0.00, 0.02, 0.06, and 0.10) SNFs.

determined MZErYF (x < 0.10) SNFs. For ZFC measure-
ments, samples were first cooled in the zero field until 10 K,
and then magnetization data were recorded on increasing the
temperature up to 325 K by simultaneously exposing them to a
static dc field of 100 Oe. For FC measurements, the same
selected samples were cooled in the same field until 10 K and
then the FC data were recorded by increasing the temperature
up to 325 K without removing the acting static field. The
maxima observed in the ZFC spectra provide the magnitude of
blocking temperature (Tg) for magnetic NPs. Ferrimagnetic

phases are observed below Tp, and above Ty, NPs exhibit a
SPM phase consistent with the Cure—Weiss law.” In the SPM
phase, the coercivity and remnant magnetizations disappear.

The corresponding blocking temperatures for our NPs are
68.6, 66.1, 57.5, and 53.4 K. We observe a slight red shift in T
values with increasing co-doped ion concentrations. When the
temperature decreases below Ty, the antiferromagnetic
interactions become stronger in octahedral B sites of spinel
ferrite. This case concludes collective spin freezing and an
intensive decrease in the magnitude of magnetization. On the
other hand, the FC magnetization curve is expected to keep its
increasing trend and maximum magnetization should be
recorded at a minimum cooling temperature. However, our
recorded FC magnetization curves exhibit some decreases
below their peak temperature positions. This type of behavior
is attributed to the presence of spin-glass-like phases in
temperature ranges below Ts."' According to XRD and TEM
investigations, the particle/crystallite sizes increase with
increasing Er’* and Y®' ion ratio. However, a reverse
correlation between the increasing particle/crystallite size
and the decreasing blocking temperature is observed.

3. CONCLUSIONS

The sonochemical technique was applied for fabrication of
MZErYF (x < 0.10) SNFs. The pure structure of MZErYF
SNFs was confirmed via the analyses of XRD patterns. The
crystal size was found to be within the range of 7—12 nm. It
was found that the cell parameters increased with increased
dopant ions due to the enlargement the lattice. The cubic
morphology and chemical compositions were revealed using
SEM, TEM, EDX, and elemental mappings. According to
Mossbauer results, all of the samples exhibit superparamag-
netism at RT. The s-electron density of iron nucleus at A and B
sites is affected by substitution. The doped ions occupy the
octahedral B site. According to M—H investigations, MZErYF
(x < 0.10) SNFs exhibit a single-domain nature at 300 K, and
in the ferrimagnetic phase, they exhibit a multidomain nature
at 10 K. The co-doping process with Er’* and Y*' ions tunes
magnetic data remarkably and mainly results in reduced M,
and Mg values. An indirect proportionality is observed for
experimentally detected magnetization parameters as a
function of the increasing content (x) of co-doped Er’* and
Y** ions. MnysZngsErg Y00 Fe 060, SNFs have the largest
magnetization among all samples according to 10 K M—H
investigations. However, all samples are members of magneti-
cally soft ferrite materials, although
Mny sZny sErg ;oY 10Fe; 8004 SNFs are the magnetically hardest
among them. The fraction between 300 and 10 K saturation
magnetizations indictaes the presence of disordered surface
spin layers that become thicker with increasing ion
concentration. The characteristics of ZFC and FC spectra
revealed the presence of collective spin freezing and spin-glass-
like behavior below the blocking temperature in M-—T
investigations. The blocking temperature has indirect propor-
tionalities with increasing co-doped ion content and particle/
crystallite size.

4. EXPERIMENTAL SECTION

4.1. Instrumentation. The structure of the products was
analyzed using a Benchtop Rigaku Miniflex X-ray diffrac-
tometer. Mossbauer spectra were recorded using a spectrom-
eter with a constant acceleration mode of a 10mCi *’Co (Rh
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matrix) radiation source. The nanoparticles’ morphology was
obtained using FEI Titan ST SEM and TEM linked with EDX
spectroscopy for elemental analysis. The SAED (selected area
electron diffraction) patterns were obtained to study the
crystalline structure. The magnetic measurements of samples
were performed using a Quantum Design North America
PPMS DynaCool-9 system coupled with a VSM.

4.2. Nanomaterial Synthesis. A series of MZErYF (x <
0.10) SNFs were synthesized using the sonochemical
approach. All chemicals were obtained from commercial
sources (Merck and US Research Nanomaterials, Inc.). For
the typical synthesis, iron(III) nitrate nonahydrate (Fe(NO;):
9H,0), manganese(Il) nitrate hexahydrate (Mn(NOs;),
6H,0), zinc nitrate hexahydrate (Zn(NO,),-6H,0), erbium
nitrate pentahydrate (Er(NO,);:SH,0), and yttrium nitrate
hexahydrate (Y(NO;);6H,0) were used as the source
material for Fe, Mn, Zn, Er, and Y, respectively. Stoichiometric
amounts of metal nitrates Mn(NO;),-6H,0, Fe(NO;);-9H,0,
Zn(NO;),-6H,0, Er(NO;);-SH,0, and Y(NO,);-6H,0 were
thawed in 50 mL of deionized (DI) H,O, and the pH was set
at 11 using a 2 M NaOH solution; then, they were irradiated
using a UZ SONOPULS HD 2070 ultrasonic homogenizer at
20 kHz and 70 W for 40 min (Table 5). At the end of

Table 5. Number of Moles of Each Element Used during the
Synthesis of Each Product

i Mn Zn Er Y Fe
0.00 0.5 0.5 2
0.02 0.5 0.5 0.02 0.02 1.96
0.04 0.5 0.5 0.04 0.04 1.92
0.06 0.5 0.5 0.06 0.06 1.88
0.08 0.5 0.5 0.08 0.08 1.84
0.1 0.5 0.5 0.1 0.1 1.80

ultrasonication, the reaction temperature was measured to be
90 °C owing to the high number of collisions between the
reactants. The obtained product was washed several times with
DI water. The magnetic solid product was separated from the
liquid using a simple external magnet and was then dried at 60
°C for 12 h.*"** No calcination process was applied to the
products. This was the main advantage of this synthesis
procedure.
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