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ARTICLE INFO ABSTRACT

Keywords: Mny sZng sDy,Fes 04 (x < 0.03) nanoparticles (NPs) were fabricated by using Ultrasonic irradiation using UZ
Mn-Zn ferrite SONOPULS HD 2070 ultrasonic homogenizer (frequency of 20 kHz and power of 70 W). Structural and mor-
Rare earth phological analyses were performed via XRD (X-ray powder diffractometer), TEM (Transmission electron mi-
Structure ) croscopy) and SEM (Scanning electron microscopy). XRD presented the formation of Mn-Zn ferrite with average
I?AZZ;ZLZ::;; itles crystal size in 11 to 18 nm range. Direct optical energy band gaps (E,) were specified applying diffuse reflectance
AC susceptibility investigations. E, values are in a small band range of 1.61-1.67 eV. Low (10 K) and room temperature VSM data
ZFC-FC were recorded applying + 90 kOe external magnetic field. All samples exhibit superparamagnetic properties at

RT. Magnetization parameters significantly increase due to coordination of Dy*" rare earth ions. Magnetic
moment per molecule (ng) increases from 0.952 pp to 1.137 pp and from 2.312 pp to 2.547 pp at RT and at 10K
data respectively. 10 K coercivity (H.) values decrease from 260 Oe to 43 Oe. All samples have squareness ratios
(SQR) of 0.231-0.400 range assigning the multi-domain structure at 10 K. ZFC-FC magnetization curves that
were registered for two selected samples exhibit a divergence and a sharp drop below their Tpe.x positions. This
event is typically correlated to the collective freezing of system and spin-glass-like phase. Real part AC sus-
ceptibility data slightly shift toward high temperature regions with increasing frequencies. Critical Slowing
Down (CSD) model explained the spin dynamics of interacting NPs consistently with literature and proved the
spin-glass behavior of samples at low temperatures.

1. Introduction circuitry, spintronic devices [2-7]. In addition, they are ideal candi-

dates for catalysis especially in environmental applications [8,9], and

Nowadays, spinel ferrites are being widely explored because of their
versatile physio-chemical properties. These ferrites have wide range of
applications including telecommunication, microwave absorbers,
magnetic storage, military devices, etc [2,3]. Among those, manganese
zinc ferrite (MZF) nanoparticles (NPs) are soft magnetic materials with
microwave absorption, large initial permeability, high electrical re-
sistivity, great magnetic saturation and low energy loss [1]. Thus, MZFs
are widely used as converters, inductor cores, magnetic electromagnetic
wave absorbers and recording heads in technological applications such
as electromagnetic interference (EMI) suppression, data transmission
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drug delivery and magnetic hyperthermia agents in biomedicine [2,10].
Zn ferrite is a normal ferrite however Mn ferrite displays a mixed spinel
structure. So, as the amount of zinc ion increases, it is expected the
structure to display more characteristics of a normal spinel and vice
versa. So, it is the interactions of cations at the sublattices and inter-
stitial sites which determine the structural, electrical and magnetic
properties of spinel ferrites. Thus, it could tune the magnetic char-
acteristics of MZFs can be changed by the incorporation of different
cations by the crystal structure of MZF NPs.

Rare earth metal (RE) ions with large ionic radii exhibit high
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magnetostriction, magnetic moments and magneto-crystalline aniso-
tropy at low temperatures owing to the higher spin-orbit coupling in
their 4f electrons. Again, the RE ions with bigger ionic radii can give
rise to distortions in the crystal structure and the magnetic coercivity
[11]. Hence, the substitution of trivalent iron ions with RE ions in MZF
can enhance magnetic and optical characteristics of these ferrites. There
have been many studies on the incorporation of RE ions to MZFs in the
literature. In one study, the permeability was enhanced while the
magnetic loss and the coercivity was reduced by the incorporation of
Ce,03, Gd;03, Sm,03, or Y503 to MZFs by solid state synthesis route.
The single phased crystal structure was maintained up to 0.07 wt%
doping. For enhancing the magnetic properties, the optimum doping
amount was 0.01 wt% in Gd,Os and Sm,05, and 0.03 wt% in Ce,O0s3,
and Y,O3; [12]. Angadi et al. stated that an increase in the
Sc* concentration up to x = 0.03 in Mng 5Zng sScyFe, 04 NPs which
were prepared by a solution combustion technique increased magnetic
characteristics such as magnetic moment (ng), magnetic particle size
(Dm), M;, and remanent magnetization (M,); and decreased the fre-
quency dependent dielectric constant as well as the dielectric constant
[13]. Finally, Thakur and co-workers have investigated the effect of
La®* substitution in MZF NPs (Mng sZng sLasFe,_,O4) prepared with
co-precipitation. The Ms and ng of the NPs increased again up to
x = 0.05 while the crystallite size showed a minimum at this con-
centration. When x > 0.05, LaFeO3; phase was observed in XRD dif-
fractograms indicating the solubility limit of the large lanthanum ion in
MZF being x = 0.05 for the above composition and formation of multi-
domains in the structure. In addition, the authors concluded that there
was a maximum tendency of lanthanum ions in Oh sites to substitute
the ferric ions for x = 0.050, at which a superparamagnetic behavior
was observed [14]. All these methods may present some advantages
such as controlling the crystal size and dispersion however, they suffer
from drawbacks which require large amounts of solvents which may be
toxic to the health, or damage the environment, sintering at high
temperatures, and complicated procedures. Therefore, an alternative
synthesis route should be provided to synthesize RE-substituted MZF
NPs without such disadvantages.

Ultrasonic cavitation chemistry or sonochemical method has been
presented as a greener and faster technique for the preparation of MZF
NPs as well as other magnetic materials. The ultrasonic irradiation of-
fers a much shorter reaction time by reaching extremely high pressures
(20 MPa) and temperatures (~5000K) in addition to a rapid cooling
rate (~10'° per second) by the creation and downfall of cavitation
bubbles in liquid systems [15]. Furthermore, the hydrolysis rate is
highly enhanced, and the sonochemical synthesis route can obtain NPs
with a more uniform size distribution and higher phase purity [16].

Therefore, in this study, we accounted on the synthesis of
Mng sZng sDysFes _xO4 (x < 0.03) NPs obtained with ultrasonic irra-
diation. The goal of our research is to explore the influence of Dy>*
doping on magnetic and optical properties of MngsZngsFe;O4 NPs
fabricated by sonochemical method.

2. Experimental and instrumentation

Ultrasonic  irradiation = was implemented to  synthesis
Mng sZng sDyFes _xO4 (x < 0.03) NPs. Series of metal salts: manganese
(ID) chloride (MnCl,4H,0), zinc(II) nitrate (Zn(NOs),), dysprosium(III)
nitrate hydrate (Dy(NOs3)3) and iron (III) nitrate nonahydrate ((Fe
(NO3)39H,0) were mixed together in deionized water and the pH was
adjusted to 11 by adding a drop wise of 3M NaOH solution, then the
final solution was subjected to ultrasonic irradiation (UZ SONOPULS
HD 2070; 20 kHz and 70 W) with high-intensity for 45 min. After that,
the solution was washed several times with deionized water and the
magnetic solid part was parted magnetically. Finally, powdered sample
was dried at 80 °C for further analysis.

Rigaku Benchtop Miniflex X-ray diffraction (XRD) powder dif-
fractometry with CuK, radiation (\. = 1.5406 }0\) has been employed to
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Fig. 1. XRD powder patterns of Mn, sZng sDy,Fe,_,O4 (x < 0.03) NPs.

verify the structure of prepared compositions. XRD patterns were done
in 20 angle range of 20 —70° with a step of 0.02°. The microstructure
was evaluated by SEM (FEI Titan ST) along with EDX system and TEM
(FEI Morgagni 268). The Bruker FT-IR was utilized for spectral in-
vestigation. Quantum Design-PPMS Dyna Cool system worked in tem-
perature range between 2 and 400 K was utilized for, magnetization, AC
magnetic susceptibility, and ZFC-FC magnetization measurements.

3. Results and discussion
3.1. Structural identification

The spinel phase of MngsZngsDysFes_xO4 (x < 0.03) NPs have
been authenticated by X-ray diffractometer as shown in Fig. 1. All XRD
patterns of the compositions are clearly belong to Mn-Zn cubic spinel
ferrite without presence to any unidentified peaks. The X-ray diffraction
peaks exhibited a broaden indicative of smaller crystalline size. The
structural constants are executed via Rietveld refinement with Fullproof
software method. It is apparent that there is a remarkable increasing in
lattice constants with increasing the Dy** ratio resulted from the ex-
pansibility in unit cell of spinel crystal by subtitling larger ionic radii
ions that caused a lattice micro-strains which generates internal stresses
[17]. The average crystallites size was calculated by means of Debye—
Scherrer equation as follow [18]:

0.94
Beosd @

Dxrp =

where A is the wavelength of CuKa radiation and g is the peaks width at
half maximum intensity. The crystallites sizes are found in the range 11
to 18 nm.

Well-known Bertaut approach [19] was used to determine the ca-
tions distribution in Mng sZny sDy,Fe,_,O4 ferrite system. The ratio of
I550/I440 and I425/I400 XRD lines were used for the calculations since
they are assumed to be sensitive to the cation distribution (Table 1)
[20,21]. Mn?* ions are considered to occupy 20% and 80% of the Oy,
and Ty sites, respectively [20], which is not true in the present case
where Mn?" ions are distributed as 60% and 40% over the O}, and T4
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Table 1
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Structural parameters and Cation distribution of Mng sZng sDy,Fe, 04 (x < 0.03) NPs.

x a ) v (A)? Dxgp (nm) = 0.10 1 (chi®) Rerage Cation distribution

Tq A-site Oy, B-site
0.00 8.4119 595.22 11.0 1.85 23.3 Mno »Zno sFeo 3 Mny sFe; 7
0.01 8.4121 595.25 11.9 1.59 33.3 Mnyg »Zno sFeq 3 Mno 3Dyo.01Fe1.60
0.02 8.4281 598.67 15.8 1.01 16.6 Mny »Zno sFeo.3 Mny 3Dyo.02Fe1 68
0.03 8.4410 601.42 18.2 2.5 31.1 Mny »Zno sFeg 3 Mny 3Dyo.03Fe1 67

Fig. 2. SEM micrographs of Dy>* ions substituted MZF NPs.

sites, respectively. This is due to the dominancy of Zn?" ions to occupy
the Ty site. The Fe™ ions content at the O, site reduced with the in-
crease in “x” which occupy Oy, site as well.

3.2. SEM, TEM and EDX analysis

Fig. 2 displayed the SEM images of MngsZngsDyxFes_xO4
(x < 0.03) NPs. The images revealed a regular size and uniform dis-
tribution of cubic particles with aggregation. The average particles size
is less than 20 nm and is growing with increasing the Dy content. Si-
milarly, the TEM images of Mng 5sZng sDyxFe,_4O4 (x = 0.01 and 0.02)
NPs as seen in Fig. 4 showed an agglomeration of cubic nanoparticles
because of the magnetic interaction among nanoparticles. SAED pat-
terns and size distribution histograms established the formation of Mn-
Zn spinel ferrite structure with a particle size below 20 nm, which ac-
cord with XRD analyses. Fig. 3 presented the EDX and elemental
mapping of Mng sZng sDy,Fe, 04 (x = 0.01 and 0.03) NPs. It showed
the characteristic peaks of the following elements Mn, Zn, Dy, Fe and O
without any impurities. EDX presented the values of weight percentage
experimentally and theoretically that confirmed the formation of the
desired compositions. These data support the XRD data that the main
composition is constructed.

3.3. FT-IR

FT-IR spectra of MngsZngsDysFes_O4 (x < 0.03) NPs were

presented in Fig. 5. FT-IR spectra of spinel ferrites consist of two
characteristic stretching vibrations corresponding to intrinsic vibration
of the metal complex; including bonds between oxygen ions and metal
cations in tetrahedral (T4) and octahedral (Oy,) sites in the range of
400-600 cm ! [22]. The band observed at the higher wave number v,
(~600cm™Y) is assigned to Miey,—O stretching vibration, while the
band at the lower wave number v, (~410 and 460 cm ™ ') is attributed
to the stretching vibration of M,.,—O bonds of spinel ferrite. The bands
in the range of 400-410cm™! are related to octahedral-metal
stretching vibration of Co-O bonds. While, the bands at ~460 and
~600cm ™! are attributed to octahedral- and tetrahedral- metal
stretching vibrations of Fe-O bonds [23].

3.4. Optical study

Percent diffuse reflectance UV-vis (PDR-UV-vis) spectroscopic
measurements were conducted to reveal the optical properties of
Mng 5Zng sDyFes 404 (x < 0.03) NPs. Fig. 6.a shows the PDR (or also
abbreviated as DRS) data that were documented in the 200-800 nm
range of incident light. Photon energies from 1.55 to 6.2 eV correspond
to a whole sweep region of applied radiation. Reflectance intensities of
spectra form narrow band between 13% and 15% for the initial half of
whole sweep region that is between 200 nm and 500 nm. Sharp in-
creases are observed at all reflectance intensities until a maximum 25%
for the second half of sweep range.

The analyses on reflectance spectra are based on Kubelka-Munk (K-
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Fig. 3. EDX spectra and elemental mapping of x = 0.00 and 0.03 compositions.

M) theory and a function, F (R,,) is demarcated as below:

(1 — Rw)* _ K _ 2.303C

F(Ry) =
(Res) 2R S S

@

where, reflectance of infinitely thick sample, R.; absorptivity, ¢; ab-
sorption coefficient, K; scattering coefficient, S; analyte concentration,
C. It is understood from Eq. (2) that K-M theory is a two-constant
theory: reflectance characteristics are related to the ratio of the ab-
sorption to scattering coefficients (K/S) that are the two constants [24].
Optical energy band gap (Eg) of samples are estimated via Tauc equa-
tion that correlates the F(Ry) and E; [25-27],

(F (R)hv)" = A(hv — E)

3

here, A is a constant, hv is the energy of incident radiation, and power
n = 2 represents the direct electronic transition. E; values can be esti-
mated by plotting (F(R,)hv)? versus (hv) graphs. An extrapolated
straight fit line to the linear part of graph intercepts the energy axis for
(F(Rs)hv)? = 0, then the corresponding value on energy axis is as-
cribed as Eg in units of eV. Fig. 6(b-e) contains the Tauc plots and es-
timated E, values of all products. Dy** undoped Mng 5Zng sFe,0, has
1.67 eV Eg value. Doped samples have band gap magnitudes of 1.64 eV,
1.64 eV and 1.61 eV corresponding to Dy>* ion ratios of x = 0.01, 0.02,
and 0.03, respectively. Hence, the Dy>* ion doping does not cause
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Fig. 5. FT-IR spectra of Mng 5Zng sDyxFe;_,O4 (x < 0.03) NPs.

significant changes at the direct E; of mixed spinel ferrite sample. All
assessed data are in the semiconductor band gap range. Nam and Ashok
groups stated the 1.98 eV and 1.99eV of direct E; values for mixed

Mng 5Zng sFe,0O4 NPs which were synthesized via hydrothermal and
sonication assisted microwave irradiation methods, respectively
[28,29]. Reported average Dxgrp sizes by these two groups are 14 nm
and 9.4 nm, respectively. One can say that there is the same magnitude
of band gap although different sizes. In addition, our group had re-
ported E; data between 1.86 eV and 2.80 eV for varying concentrations
of mixed Mn, _,Zn,Fe,0, (x = 0.2-0.8) ferrites which were produced
by citric acid assisted sol-gel and thermal decomposition processes
[30,31]. We also reported E, data for SiO, coated Mn; _,Zn,Fe,0,4 na-
noparticles [32]. According to our investigations, we cannot see a direct
correlation between crystallite sizes and band gaps. That is why, we
interpret as that in addition to particle size, geometry, synthesis method
and coated shell types also play significant role at band gap of Mn-Zn
including ferrite samples. However, there is no reported E, data directly
about Dy>* doped Mng sZng sFe,04 NPs in the literature.

3.5. Magnetization

Hysteresis loops M(H) versus applied magnetic field were recorded
as initial phase. The magnetic measurements are implemented at RT
and at 10 K with magnetic field of + 90 kOe. Fig. 7 presents magne-
tization curves belong to all samples at RT. The curves at RT have S-like
shape assigning the superparamagnetic nature of mixed and doped
samples [33]. Although very high magnitude of applied external field,
M, data were extrapolated from the linear fits of M vs. 1/H? plots and
they were presented in Fig. 7 as inset [34,35]. It was found that the Mg
of undoped sample increases with increasing Dy>* ratios from 22.51 to
26.59 emu/g at RT. When the magnetic moments of ions are compared,
the substitution of Dy>*(10.63 pg) for Fe>* (5 ug) is expected to en-
hance the magnetization as we observed. Additionally, the substitution
of Fe** (0.62A) ions by Dy>* (1.07 A) ions having larger ionic radii
reduces the distances between magnetic ions, which causes to
strengthening of A-B exchange interactions. Moreover, all rare-earth
ions cannot enter into the spinel lattice, because of their larger radii.
Consequently, some RE3* ions might accumulate at grain boundary
and form isolating ultra-thin layer around the grains during the sin-
tering process [36]. This may increase the magnitude of magnetic
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Fig. 6. (a) PDR spectra (b), (c), (d) and (e) Tauc plots of Mng sZng sDyxFes_,O4 (x = 0.03) NPs.

interactions and cause the increase of M. Furthermore, the variation in
the values of the magnetic moment (ng) could explain the behavior of
M;. It is well known that the strengthening of the exchange interactions
among the A and B sites in ferrites lead to an increase in ngp values.

If magnetic anisotropy of each particle in the assembly has no ani-
sotropy, then the magnetic moment of each particle can point in any
direction, and the classical theory of paramagnetism applies. Hence,
magnetization curves of samples in the superparamagnetic state can be
correlated with the size dependent Langevin function. It is also possible
to estimate the diameter of magnetically active core of nanoparticles
[351.

M(d. H) = ), Mf ()L (@) @

where, M; magnetization of i particle, and f (d;) log normal distribu-
tion function, which is expressed as:

Fd) = _(Ind, — lnd,,,)Z}

1
J2rlno oP { 2’ o 5)

where, d,,statistical median, d; diameter of it particle, o geometric
standard deviation. The Langevin function is given
M,VH

kBT

L i) = h i —1 i h i =
(et;) = [coth(a;) /a; [witha, ©)

This expression takes the log-normal particle size distribution into
account; not the diameter of nanoparticles [37].
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_ 2 dif(d)
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V is the volume of fully magnetic core assumed to have spherical shape,

V= @ while D, is the value of average magnetic diameter that is
calculated using fit parameters and Eq. (7). Magnetic core sizes are
between 15.64 and 20.87 nm as listed in Table 2. These dimensions are
in accordance with the Dygpvalues. We calculated experimental mag-
netic moment per molecule, ng in units of pg for samples by using the
general expression ng = Molecularweightxo,/5585. np values increases
from 0.952 p to 1.137 y with increasing Dy>* content because of the
direct correlation with increasing M; at RT.

When ferro or ferrimagnetic NPs have a size smaller than critical
diameter then coercivity is zero and thermal effects are strong enough
to prevent spontaneous magnetization. Magnetization measurements
performed at very low temperatures (like 10K) could elucidate the
internal anisotropic properties of NPs. Such as, NPs can exhibit internal
coercivities (H;) in the case of enough magnitude of magneto-crystal-
line anisotropy constant (K) due to excluded negative effects of heat.
Here H,; (or H,) is a particular value of the true field H acting on the
nanocrystal, where H is the sum of the externally applied field and the
demagnetizing field. Hence, magnetic hysteresis curves recorded at
10K are given in the Fig. 8(a) and (b). The detected M, (remanent
magnetization) and H. (coercivity) data exhibit the ferrimagnetic
nature of measured samples at 10 K, especially clear view in Fig. 8(b).
M; values were estimated as increasing from 54.77 emu/g to
59.55 emu/g, inset data in Fig. 8(a). Whereas, M, and H, at 10K are in
range (12.67-22.03) emu/g and (260-43) Oe, respectively. The incre-
ment at np values from 2.312 pp to 2.547 pp at 10K with increasing
content of Dy*>* was determined. Theoretical values of magnetic mo-
ments were calculated as increasing from 2.50 to 2.77 pp due to in-
creasing Dy>* content and in good accordance with the experimental

Table 2

Magnetic parameters of Mng sZng sDyFe,_xO4 (x < 0.03) NPs at RT.
X Mw M; Dinag ng

(emu/g) (nm) (up)

0.00 235.74 22.51 15.64 0.952
0.01 236.80 22.56 15.97 0.954
0.02 237.87 24.25 19.0 1.032
0.03 238.93 26.59 20.87 1.137
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Fig. 8. Magnetic hysteresis curves of Mng sZng sDyyFe, 04 (x < 0.03) NPs (a)
in magnetic field of = 10kOe, (b) in magnetic field of + kOe at 10 K.

Table 3
Magnetic parameters of Mng sZng sDyxFe;_x04 (x < 0.03) NPs at 10K.
X M, M; H. ng ng SQR Kegr H,(Oe)
(emu/g) (emu/g) (Oe) (up)  (up), M,/M; (Erg/g)

theo.

2.23 x 10* 814.31
1.93 x 10* 674.82
1.57 x 10* 540.82
0.4 x 10*  134.34

0.00 54.77 12.67 260 2312 2.50 0.231
0.01 57.20 13.26 216 2425 2.58 0.232
0.02 58.06 22.03 173 2473 2.66 0.379
0.03 59.55 23.83 043 2.547 277 0.400

moment values as seen in Table 3. In addition to ion doping, increasing
magnetization parameters at 10 K are mainly caused by excluded ne-
gative effects of heat [38,39]. In another words, there are too many new
aligned spins to participate in the total magnetization [39]. In the lit-
erature, increments in Mg and M, are also attributed to the growth in
grain size, strengthening at super-exchange interactions and increasing
the ng [40,41].

The squareness ratio (SQR = M,/M;) was calculated for all samples.
A theoretical limit of 0.50 determines single-domain structure with
uniaxial anisotropy according to Stoner-Wohlfarth theory [35]. How-
ever, all samples have smaller SQR values (between 0.231 and 0.400)
than theoretical limit at 10 K. Those significant variations confirm the
multi-domain nature for samples [42,43]. Furthermore, H. values at
10K significantly decrease with increasing the ratio of Dy** that refer
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to the influence of multi-domain nature and decreasing magneto-crys-
talline anisotropy [44]. We mentioned in Section 3.2 that average
particle size is growing with increasing the Dy>* content. Hence, larger
particle size means more domain and more soft magnetic material with
smaller coercivities and magneto-crystalline anisotropy.

The magnetic hardness of most NPs is due to the influence of
magneto-crystalline anisotropy. In a multi-domain ferrite without any
externally applied field, the magnetic moments are still precessing
about the easy axis, which is the My direction, in each domain. The
precession frequency depends on how strongly the magnetization is
bound to the easy axis; the stronger the coupling, the higher is the
natural frequency of precession. The strength of this coupling is de-
scribed by the value of the magneto-crystalline anisotropy K or by the
anisotropy field H,, which is proportional to K.

Eq. (8) gives an expression between H., M; and the effective mag-
neto-crystalline anisotropy constant (Keg) [45,46]:

K,
H, = 0.64-%

M, (8
We employed Eq. (8) to estimate K. magnitudes for all products
using 10 K magnetization data only since RT data do not have measured
H, magnitudes. All magnitudes are in the order of 10°-10* Erg/g.
The 2K, M; ratio is directly proportional to the magneto-crystal-
line anisotropy field as mentioned above [47,48]:

2K o
==L
M (C)]

H, values decrease from 814.31 Oe to 134.34 Oe with increasing
Dy®* content. All measured or calculated magnetic parameters from
10K data are listed in Table 3. In Table 3, theoretical values of ng were
calculated by using the magnetic moment data belonging to each ion
(by taking their alignment and concentrations into account) as stated by
Cullity [48].

3.5.1. ZFC and FC measurements

Fig. 9(a) and (b) present ZFC and FC magnetization vs temperature
(10-325K) curves obtained at 100 Oe DC field for two selected
Mnyg 5Zng.sDyo.01F€1.09004 and Mng sZng sDyo.03Fe1.9704 nanoparticle
samples, respectively. Low field ZFC and FC measurements are applied
to investigate the spin-glass or spin-glass-like phases as usual. It is
clearly seen in both figures that curves separate at a temperature (bi-
furcation temperature), which is very near to peak temperature of the
ZFC curves, indicating the collective spin-glass-like behavior below
Tpeax values [49,50].

Peak temperature values of ZFC magnetization curves occur at 71.2
and 78.8K for both samples, respectively. Even FC curves exhibit a
sharp drop below their Tpea positions. This is generally correlated to
the collective freezing of system and assigned as proof of spin-glass-like
phase [51]. However, spin-glass behavior requires the strong interac-
tions between NPs. The higher ZFC peak temperature (78.8K) be-
longing to MngsZng sDyo.0sFe;.0704 which has higher Dy** con-
centration indicates, first of all, a higher intensity in interparticle
interactions, since the ZFC maximum signals a “superspin glass” tem-
perature determined by those interactions. These increasing interac-
tions are due to larger size ferrite NPs [49]. To investigate the effective
interactions in the nanoparticle powders in detail, reciprocal suscept-
ibility (x ') versus temperature graphs were plotted as shown in the
insets of Fig. 9. Linear part of plots in high temperature region are
extrapolated to y ~! = 0. The corresponding characteristic temperature,
Ty reflects qualitative measure of interparticle or intercluster interac-
tion energy [51]. Estimated T, values are 207.2K for
Mnyg 5Zng.sDyo.01F€1.9904 and 253 K for Mng 5Zng sDyo.03F€1.9704 NPs.
Such high positive values are assigned as proof of strong magnetic
especially ferromagnetic-like interactions [50-53]. Ty increases drasti-
cally from 207.2K to 253K assigning the stronger ferromagnetic in-
teractions for Dy>* ion including mixed ferrite with x = 0.03. This
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Fig. 9. ZFC-FC magnetization vs temperature curves for (a)
Mny sZng sDyo.01Fe1.0904 and (b) Mng sZng sDyo o3Fe1.9704. The insets show the
%! vs T graphs for both samples.

determination in low temperature region is in well accordance with the
10K VSM data as seen in Table 3.

3.5.2. AC susceptibility measurements

Fig. 10(a) and (b) display real parts of AC susceptibility ()(v) mea-
surements recorded from the selected MngsZng sDyg 01Fe1.0904 and
Mng 5Zng 5Dy 03Fe1.9704 NPs, respectively. Five different applied fre-
quencies range between 100 Hz and 10 kHz as noticeable in the figure.
AC susceptibility measurements are usually conducted to analyze the
dynamics of collective spin freezing in spin-glass samples in which
temperature magnitude is associated with a maximum value of y and
corresponds to spin freezing temperature (Ty). Peak temperature or spin
freezing temperature positions vary marginally with respect to sharply
increasing magnitude of measuring frequencies. This slight shift to
higher temperature region is easily observed in the Fig. 10.

Tpeak (=Tg) positions for Mng 5Zng sDyo 01Fe1.0904 NPs start from
74.80K corresponding to 100 Hz and increases until 78.40K corre-
sponding to 100 kHz measuring frequency magnitudes. Similarly, Tpeax
positions for Mng sZng sDyg g3Fe1.9704 NPs increases from 94.30K
corresponding to 100-102.0K corresponding to 100 kHz measuring
frequency. The peak shift per frequency decade is quantified in the
phenomenological parameter ¢ = AT,/(T,Alogf). The calculated ¢ va-
lues are 0.0153 and 0.0252 for MngsZng sDyo 01Fe1.99004 and for
Mng 5Zng sDyo 03Fe1.9704 NPs, respectively. Those values are outside
the expected range for superparamagnetic materials (c = 0.100-0.130)
but in the range of many spin glass systems (¢ = 0.005-0.06), sup-
porting the idea of spin-glass-like behavior for our NPs [51]. Further,
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Fig. 10. Real part of AC susceptibility curves as function of temperature, X (T)
for (a) Mng sZng sDyo.01F€1.0904 and (b) Mng.sZng.sDyo.03Fe1.0704 NPs.

the intensity of peaks is higher for low measuring frequencies. Those
entire characteristic features are observed not just at spin-glass but also
at superparamagnetic systems [54-56].

In the last few decades, many models were developed to specify the
AC susceptibility characteristics of magnetic NPs. The magnetic mo-
ment of superparamagnetic NPs has usually two stable orientations that
are antiparallel to each other because of internal magnetic anisotropy.
Those directions define the magnetic easy axis of nanoparticle and se-
parated by an energy barrier, E, = K7V, where V is the volume of
nanoparticle. At finite temperature, there is a finite probability for the
magnetization to flip and reverse its direction. The mean time between
two flips is called the Néel relaxation time ty and is given by the Néel-
Arrhenius equation. Hence, Néel -Arrhenius (N-A) model is consistent
to analyze the independent or non-interacting particles and relates
magnetic properties to anisotropy barrier and relaxation time (t = 1/f).
E, separates the magnetization reversal between two metastable states
that arise from the spin frustration caused by the mixed valency in the
system.

T = Tp€Xp
0
kpT peak (10)

where, the 7 is the time between relaxation attempts, kg is Boltzmann
constant and 1¢ is a constant. By taking the natural logarithm of both
sides in Eq. (10), we get,

1 1 E,
In— =In—+
f fo kB Tpeak (11)
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Fig. 11. In(1/f) versus 1/Tpeax plots and N-A fits for Mng 5Zng sDyo.01Fe1.9904
and Mnyg 5Zng.sDyo.03F€1.9704 NPs.

Fig. 11 shows the In(1/f) versus 1/Tpeax plots and N-A fits applying
the Eq. (11). The intercept values (In(ty)) are —62.05 and —64.58
belonging to both selected samples. Corresponding relaxation time
constant, to, magnitudes were intercepted as 1.13 X 10%s and
9.04 x 10 2s. These magnitudes are unphysically small and show a
fast divergence of response times with decreasing temperature. It is well
known that for non-interacting particles that is for superparamagnetic
systems relaxation times take values in a range (10~ °— 10725 [51].
Hence, we can be sure that our selected samples do not exhibit a su-
perparamagnetic behavior at low temperature region.

A collective glassy magnetic state might occur in ensembles of single
domain nanoparticles in that the interparticle interactions are effective.
A magnetic sample which exhibits spin-glass-like transition is supposed
to show critical slowing down (CSD) and characteristic relaxation time
T correlates with T according to formula of CSD model [56],

T, —z9
T=T [—f - 1}
I 12

where Tyhad been defined as spin freezing temperature, T, is spin-glass
transition temperature, z$ is the dynamic critical exponent and varies
between 4 and 12 representing the strength of magnetic interaction. If
we take the logarithm of both sides of Eq. (12), we get,

Ty
logt = logry — z%log T 1

g (13)

Fig. 12 shows the logr = log% versus log[% — 1| plots and CSD fits
for two selected samples applying the Eq. (13). Employing T, as fit
parameter, the best fit of equation yields the data logry = —12.98,
7o = 1.047 x 10713, z% = 10.0 and T, = 69, 45K for
Mng 5Zno.sDyo.01Fe1.99004 NPs. Similarly, we obtained the best fit data
for Mng sZng 5Dy osFe;.0,04 NPs as logry = —10.30, 7, = 5.02 X 10~ !s,
z% = 11.2 and T, = 79.90K. We can easily notice that z9 values of both
samples are in the typical range of [4-12] and are close to the value of a
3D Ising spin glass [57,58]. Spin flip time values of 1.047 x 10~'3s and
5.02 x 10~ !5 are also in the typical range between 10~ ° and 10~ s for
3D frustrated systems like spin-glasses [57,58].

4. Conclusion

Nanoparticles of Mng sZng sDyxFes_xO4 (x < 0.03) were prepared
by using Ultrasonic irradiation. XRD, SEM, TEM and FTIR confirmed
the formation of doped Mn-Zn ferrites. Replacement of Dy>* for Fe®™"
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Fig. 12. Analysis of CSD of the relaxation time for Mng 5Zng sDyo 01Fe1.99004 and
Mnyg 5Zno 5Dyo.03Fe1.9704 NPs.
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ions with increasing the ratio causes to lattice micro-strains due to
larger ionic radius. SEM images revealed a regular size and uniform
distribution of cubic particles. TEM images of Mng sZng sDyyxFes_xO4
(x = 0.01 and 0.02) NPs showed an agglomeration of cubic nano-
particles due to magnetic interaction among them. PDR measurements
revealed the strong light absorption in the UV-vis region. Estimated
direct E; magnitudes, which are in the semiconductor band-gap range
for whole products, did not change significantly because of Dy>* ions
doping. RT magnetization curves and 10K DC field hysteresis loops
exhibit the superparamagnetic and the ferrimagnetic features of all
measured samples, respectively. About increasing magnetization, VSM
results are consistent with the theoretical magnetic moment increment
due to Dy>* ion substitution. SQRs calculated using 10 K magnetization
data are smaller than the theoretical limit of 0.50 and point to the
multi-domain structure for all NPs. The replacement of dopant ions
with Fe*™ causes to decrement in intrinsic anisotropy field and coer-
civity magnitudes. Again, at 10 K, the replacement of dopant Dy®* ions
with Fe* causes to decrease in H, and H. magnitudes. The extra-
polated very high characteristic temperature, T, values of 207.2 K and
253K from ZFC and FC measurements reveal the existence of inter-
particle ferromagnetic-like interactions. Higher Dy** including sample
has the higher interparticle interaction. CSD model explains the fre-
quency dependent AC susceptibility data consistently. That is, char-
acteristic relaxation time t correlates with T providing meaningful
physical data. The phenomenological ¢ parameter values of 0.0153 and
0.0252 belonging to Mng sZng sDyxFes_x04 (x = 0.01 and 0.03) sam-
ples supported the idea of spin-glass-like behavior for our doped NPs.
The theoretically estimated data, such as z$ values of 10.0 and 11.2 and
7o values of 1.047 x 10713s and 5.02 x 10~!s are assigned to 3D fru-
strated systems proving the spin-glass-like behavior of mixed ferrites
doped by Dy>* ions at low temperatures.
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