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ARTICLE INFO ABSTRACT

Co-Tm nano-spinel ferrite with chemical formula CoTmFe,_,O4 (0.0 < x < 0.08) NPs were prepared via so-
nochemical approach. X-ray powder diffraction patterns, microscopic images (SEM and TEM) and infrared
spectra proved the formation of Co spinel ferrite. The effect of Tm>™ substituted on spinal structure was eval-
uated by lattice parameters, tetrahedral and octahedral bond length and cationic distribution. The band gap
energy (Eg) of samples were estimated by performing UV-Vis percent diffuse reflectance (% DR) and applying
the Kubelka-Munk theory. Eg values are in an interval between 1.33 eV and 1.64 eV. The analyses of magneti-
zation were performed at room (300K; RT) and low (10K) temperatures. Different magnetic parameters in-
cluding coercivity H,, saturation magnetization M, remanence M,, squareness ratio (SQR = M,/M;) and mag-
netic moment ng were deduced and discussed. The results showed superparamagnetic (SPM) nature at RT for
x = 0.00 and 0.02 samples. However, the other products exhibit ferromagnetic (FM) nature. At 10K, all syn-
thesized NPs display FM behavior. An amazing increase in the magnitudes of Mg, M, and H. was observed at 10 K
in comparison to RT, which is principally due to the reduced thermal fluctuations of magnetic moments at lower
temperatures. The Tm>®* substitution affects considerably the magnetizations data. An enhancement in the M,
M,, and np was detected on increasing the Tm3* concentration. The SQR values at RT are found to be smaller
than 0.5 postulating a single domain nature with uniaxial anisotropy for all produced ferrites. However, SQRs
are in the range 0.66-0.76 at 10K, suggesting the multi magnetic domain at low temperature, except the
x = 0.02 product where the SQR = 0.47 indicating the single magnetic domain. The obtained magnetic results
were investigated deeply with relation to structural and microstructural properties.
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1. Introduction

All spinel ferrites are scientifically and technologically important.
CoFe,04 spinel is an attractive material due to its good chemical-
thermal stability (even under corrosive conditions), high coercivity,
large magneto-crystalline anisotropy, adequate M;, and high Curie
temperature and electrical resistivity [1-5]. They are frequently used in
microwave devices, high frequency data storage, memory core and

recording media, biotechnology, catalysis, targeted drug delivery sys-
tems, sensors, high frequency devices and magnetic fluids [6-11].
Unpaired 4f electrons along with the strong spin-orbit coupling exist
in rare earth (RE) elements. So, rare earths ions substitution into spinel
ferrite structure can create 3d—4f coupling which may alter their var-
ious properties (electrical, spectral, structural, and magnetic) [12,13].
Furthermore, the electromagnetic properties of spinel ferrites are gov-
erned by ions nature, their distribution between the octahedral (B) and
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tetrahedral (A) sites, their oxidation states and ionic sizes [4,14-15].

There are many different routes for preparation of spinel ferrites.
Each of them has both advantages and disadvantages. Among these
approaches, ultrasonication is different because the chemical effects
occur from acoustic cavitation. The implosive collapse of bubbles in
solution causes a promptly pressure pulse and high temperature in the
solution [16,17]. As a result of this acoustic cavitation, local intense
micro-mixing attained [18,19]. The advantages of sonochemical
synthesis can be given as: the rate of the ultrasonic chemical reaction is
so high due to high number of collisions between reactant molecules.
This approach does not need the usage of any other external reagents
like surfactant or capping reagents. Besides, it is due to that sono-
chemical synthesis products have high purity and the reaction en-
vironment is “greener”. Furthermode, just by varying the ultrasound
frequency and power, the size distribution of products can be easily
controlled. Bimetallic alloys and core-shell materials can be synthesized
sonochemically at RT, otherwise it would require high reaction tem-
peratures and longer times [20,21].

In this study, we aimed to explore the influence of Tm®* substitu-
tion on the structural, microstructural, magnetic and optical properties
of CoFe,0,4 NPs produced via ultrasonic irradiation.

2. Experimental

The series of CoTmFe,_,04 (0.0 < x < 0.08) NPs were synthesized
by sonochemical approach. All chemicals obtained from commercial
sources (Merck and US Research Nanomaterials, Inc). For the typical
synthesis, iron (III) nitrate nonahydrate ((Fe(NO3)39H,0), cobalt ni-
trate hexahydrate (Co(NO3)2'6H50), Thulium oxide (Tm,03,) were used
as a source material for Fe, Co and Tm, respectively. In beaker A,
stoichiometric amount of Co and Fe nitrates were dissolved in DI water.
The stoichiometric amount of Tm,03 was dissolved in 10 ml conc. HCl
(beaker B). Then beaker A and B were mixed together. And then pH of
the mixed solution was arranged to 11 via using 2M NaOH solution.
Finally, solution was exposed to high-intensity ultrasonic irradiation
(Ultrasonic homogenizer UZ SONOPULS HD 2070; frequency: 20 kHz
and power: 70 W) for 60 min. At the end of the ultrasonication, the
reaction temperature was measured as 90 °C owing to high number of
collisions between the reactants. The received product was washed
several times with DI water. The magnetic solid product was separated
from the liquid by simple external magnet. It was dried at 60 °C for
12h.

The composition structure is verified via Rigaku Benchtop Miniflex
X-ray powder diffraction (XRD) with CuKa radiation. The morphology
was performed by a scanning electron microscope (SEM; FEI Titan ST)
coupled with EDX system and transmission electron microscopy (TEM;
FEI Morgagni 268). Fourier transform infrared (FT-IR, Bruker) spectra
were recorded using a spectrometer over the wavelength range
4000-400 cm 1. The magnetic properties were measured using a
Quantum Design SQUID with vibrating sample magnetometer (VSM)
head.

3. Results and discussion
3.1. Structural identification

The structure of CoTm,Fe, 04 (0.0 < x < 0.08) NPs were depicted
in Fig. 1. All compositions are exhibited the characteristic peaks of
major phase of Co spinel ferrite. However, there is a minor phase of
Fe,0s. The substituted Tm>* ion was dissolved successfully in the
spinel structure [20]. It is remarkable that the single phase of Tm
substitution cobalt ferrite is prepared only by sonication of metals so-
lution without calcination by pressure using amplitude shock wave
produced by the cavitation bubble [21]. The structural parameters are
determined by Rietveld refinement for XRD patterns through full proof
program. Moreover the tetrahedral and octahedral bond length
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Fig. 1. XRD powder patterns of CoTm,Fe,_,O4 (0 < x < 0.08) NPs.

Table 1
Tm content, refined structural parameters for CoTmyFe, .04 (0.00 < x < 0.08)
NPs.

Tm a @A) V(A%  Dxgp (im)  x°(chi®) Rprage dax (A)  dpx (A)
content (x) + 0.05

0.00 8.342(1) 580.52 11.08 1.79 3.75 1.87 2.044
0.02 8.380(0) 588.47 44.61 2.86 2.72 1.88 2.053
0.04 8.381(1) 588.71 30.33 1.91 8.60 1.89 2.054
0.06 8.384(5) 589.43 29.26 1.97 3.61 1.89 2.055
0.08 8.388(0) 590.16 35.87 2.51 10.65 1.89 2.056

(dax,dpx) are displayed in Table 1 and determined by the following
formulas.

dﬂzaﬁ(u—i)

dpx = a3 [3u2 — (11/4)u + 43/64]"/2

where, a is a lattice parameter and u the oxygen positional parameter
(0.38 A) [22]. It is obvious that the significant increasing in dpx com-
pared to dax with increments of Tm due to the larger radius. The lattice
parameter “a” is found to increase with increasing the Tm content due
to the expansion into spinel crystal in addition to the lattice micro-
strain that creates internal stress [23]. Furthermore, the crystallites size

is in the range from 11 to 44 nm.

3.1.1. Cation distribution

The site occupancy of cations in CoTm,Fe; 04 (0 < x < 0.08) fer-
rite system was determined from the well-known Bertaut method based
on XRD data. Precisely the following pairs of XRD reflections are ex-
press for the Bertaut method.

Obs. Calc.
Ihkl Ihkl

Obs. Calc.
Ih’k’l’ Ih’k’l’

where, I35 stand for observed and IS3“ for calculated intensities for

reflection (hkl). respectively. Intensities of (220), (400) and (440)
planes were taken into consideration while determining the cation
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Table 2
Cation distribution calculations of CoTmFe,,04 (0 < x < 0.08) NPs.

X Tetrahedral A-site Octahedral B-site
0.0 Fe(.5Cog.2 Fe; 2Cops

0.02 Feo.gC0o.2 Feq.18C00.8Tmo 02
0.04 Feo.8C00.2 Fey.16C00.8Tmo.04
0.06 Feg 8C0o.2 Fe;.14C00.8Tmo 06
0.08 Feg.5C0o.2 Fey.12C00.8Tmo,08

distribution, since these planes are sensitive to the cation distribution.
The cation distribution calculations are independent of temperature
and absorption factors [24,25]. Spinel ferrites oxides consist of two
crystallographic sites of sublattices namely tetrahedral (A) and the oc-
tahedral (B). The cation distribution of CoTm,Fe,_,0,4 system is pre-
sented in Table 2 The cation distribution for each value of x, indicated
that the Fe>* and Co®* ions occupy both tetrahedral A-site and octa-
hedral B-site, whereas Tm>* cation occupy octahedral B-site only.

3.2. Microstructural analysis

The morphologies of CoTm,Fe,_,04 (x = 0.00, 0.02 and 0.06) NPs
are performed and presented in Fig. 2. The images displayed an ag-
glomeration of spherical particles with homogeneous distribution
caused by the magnetic interaction amongst these particles. The grains
size is around 20 nm and increases with rising the amount of substitu-
tion. For proving the effectiveness of preparation method of our sam-
ples, the EDX and elemental mapping are employed for CoTm,Fe,_,O4
(x = 0.00, 0.02 and 0.06) NPs as listed in Fig. 3. The samples contain
the Co, Tm, Fe and O elements with the correct stoichiometry. In order
to verify the particles size and the morphology of CoTmyFe,_ ,O4
(x = 0.00, 0.02 and 0.06) NPs, HRTEM and SEAD are carried out as
depicted in Fig. 4. The HRTEM analysis indicated the spherical shape. It
is revealed that the particles size is less than 50 nm. The SAED patterns
offered a continuous ring that confirmed the atomic planes of X-ray
patterns. Moreover, these continuous rings are defined well crystalline
of the products.
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3.3. Infrared spectra

FT-IR spectra of CoTmyFe;_xO4 (0.00 < x < 0.08) NPs are pre-
sented in Fig. 5. The two characteristic vibration bands of spinel ferrites
are presented at 571.76 and 405.4 cm ™! related to the vibrations band
v1, v2 of A and B sites, respectively [26]. All samples exhibited identical
FT-IR absorption bands performance, which approve the spinel ferrite
formation. Moreover, there is no existence of unreacted chemical in the
samples. It is obvious that the vibration band at 571.76 cm ™! is shifted
toward the lower at x = 0.02 then to higher frequencies at the rest of
ratios while the 405.4 cm ! mostly remind in the same position for the
substitution samples. This variation as a consequence of the deference
in length of Fe-O bands at both tetrahedral (A-site) and octahedral (B-
site) due to the Tm substituting, as a result of an inverse spinal nature of
cobalt ferrite [27,28]. Force constant of FT-IR using characteristic vi-
bration bands have been evaluated for A and B sites by using
Fe = 4m*C%m, whereas C is velocity of light, m reduced mass of Fe>™*
and O~ ions which is 2.061 x 10~2 g and vis vibration bond as listed in
Table 3 [29]. It was found that the force constant of tetrahedral (A-site)
Fcr is fluctuating while the octahedral (B-site) Frpis almost stable due
to the transfer of Fe>* ion from B-site to A-site [30].

3.4. % DR measurements

Percent Diffuse Reflectance (% DR) investigations were conducted
in the range of 200-800 nm to determine optic properties of Tm sub-
stituted Co spinel ferrite samples (Fig. 6). The remarkable increases in
reflectance from 15% until 42% is observed at the spectrum belongs to
CoTmy g2Fe; 9804 NPs above the wavelength of 600 nm. Other samples
have reflectance between 10% and 25% in the near UV and visible
region of light. The Kubelka-Munk theory is most widely used to ana-
lyze the % DR spectra. The function F (R,,) that was derived by Kubelka
and Munk, has direct proportionality with the absorption coefficient

(a):

(- Ry _ 2303cC _

F(Ry) =
(€ R S

where R, is the absolute remittance, ¢ is the absorptivity, C is the
analyte concentration and S is the twice the scattering coefficient of the

Fig. 2. FE-SEM images of CoTmyFe,_O4 (x = 0.00, 0.02 and 0.06) NPs.
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Fig. 3. EDX spectra and elemental mapping of CoTmyFe,_,O4 (x = 0.00, 0.02 and 0.06) NPs.

sample. Band gap energy (E,) of the nanoparticulate samples could be
determined utilizing Kubelka-Munk function. The correlation between
a and the E; is known as Tauc relation [31-33]. Further, David and
Mott indicated that the strength of optical absorption depends on the
difference among photon energy (hv) and E, as follow [34,35]:

(ahv)''" = A(hv — Ey)

where h is Planck constant, v is the photon’s energy frequency, A is a

proportionality constant and n denotes the nature of electronic transi-
tions:

n = 3/2, transition is direct and forbidden
n = 1/2, transition is direct and allowed
n = 3, transition is indirect and forbidden
n = 2, transition is indirect and allowed.



M.A. Almessiere, et al.

Ultrasonics - Sonochemistry 54 (2019) 1-10

Fig. 4. HR-TEM and SEAD images of CoTm,Fe,_,O4 (x = 0.02 and 0.06) NPs.

Fig. 7 presents Tauc plots of CoTm,Fe,_,O4 (0 < x < 0.08) NPs
with n = 1/2. In the Tauc plots, the absorption is strong and exhibits a
linearity near E,;. Therefore, it is used to extrapolate to the x-axis in-
tercept to determine E, values. The extrapolated Ej for pristine CoFe,0,
NPs is 1.33 eV and substituted CoTmg goFe; 9s04 NPs has 1.64 eV. As
seen from Table 1, crystallite sizes of 11 nm and 44 nm are also be-
longing to these two samples, respectively. All the others have close
crystallite sizes around 32nm and band gap values around 1.50eV.
Tm®" ion substitution caused significant increase at crystallite sizes of
NPs. The important role of crystallite size on the band gap values is also
reported in the literature [36,37]. Pristine CoFe,O, NPs with 11 nm
crystallite sizes are in the quantum confinement regime. In other words,
the quantum size effect (QSE) plays the major role for E, value. Tm>"*
ion substituted NPs with 29.26 nm or larger crystallite sizes are beyond
this regime. However, the effect of decrease at crystallite size from
44 nm to average 32 nm seems to be main reason to observe decrease
from 1.64 eV to average 1.50 eV optical band gap values. In the lit-
erature, there are reported optical band gap data mainly for pristine or
substituted CoFe,O4 NPs with different elements except Tm>* ion
[38-41]. They report E; values in a wide interval of 1.90-3.85eV.
However, the results reported by Quinonez et al. are in great ac-
cordance with our data [42].

3.5. Magnetization investigations

The plots of magnetization against an applied magnetic field up
to = 70 kOe, M(H), for different CoTm,Fe,_,04 (0.00 < x < 0.08)
NPs performed at RT are illustrated in Fig. 8a. Fig. 8b shows magnetic
hysteresis loops in the range + 6 kOe. The various deduced magnetic
parameters for all prepared NPs at RT are summarized in Table 4. The
detailed analyses revealed that the Tm®* substitution in Fe®* sites
cause remarkable changes at magnetization characteristics of hysteresis
loops. The My« values (magnetization at maximum field of 70 kOe) are
ranging from 48.96 to 78.63 emu/g at RT. The Stoner-Wohlfarth (S-W)

theory is used to extract the saturation magnetization (M) [43-45].
Fig. 9 shows the plots of M versus 1 /H? for all CoTm,Fe,_,O4
(0.00 < x < 0.08) NPs performed at RT. The extrapolation of these
plots, at high fields, in approaching 0 offers the M, values. The different
Tm substituted Co ferrite NPs exhibit M; values varying between 49.56
and 79.64emu/g at RT. The non-substituted CoFe,O, sample
(x = 0.00) display M, and H. values at RT equal to 0.81 emu/g and
15.06 Oe, respectively. The substituted Co ferrite with Tm content of
0.02 exhibit M, and H. values at RT equal to 1.97 emu/g and 20.23 Oe,
respectively. The obtained M, and H, values at RT for x = 0.00 and 0.02
samples are very small, which indicates that these two products exhibit
superparamagnetic (SPM) nature at RT. Except the x = 0.00 and 0.02
ones, the other synthesized CoTmFe,_,04 NPs with Tm content ran-
ging between 0.04 and 0.08 revealed higher M, and H, values at RT.
These CoTm,Fe,_,04 (0.04 < x < 0.08) NPs display M, ranging from
21.45 to 23.61 emu/g. The H. is in the 840.61-894.94 Oe range. Ac-
cordingly, one can affirm that the Tm substituted Co ferrite NPs with
0.04 < x < 0.08 present soft ferromagnetic (FM) nature at RT.

The M(H) were also performed for all CoTm,Fey_ 04
(0.00 < x < 0.08) NPs at 10K and H = =+ 70 kOe (Fig. 10a). The re-
gistered hysteresis curves are given in Fig. 10b between — 30 kOe and
+30 kOe. The deduced magnetic parameters at 10K are listed in
Table 5. H, varies between 1168.99 and 10908.5 Oe. M, is in the range
48.79-68.79 emu/g. The M, values are in 62.88-145.03 emu/g
range. M are determined also using S-W approximation and found to
vary between 63.85 and 146.32 emu/g. The obtained magnetic results
at 10 K are non-negligible, which reveal the hard FM nature of all Tm>"*
substituted Co ferrite NPs at 10 K. The M;, M, and H. magnitudes show
an amazing increase at 10 K compared to those at 300 K. The increment
is principally due to the reduced thermal fluctuations of magnetic
moments [46,47]. Furthermore, the anisotropy contribution of rare-
earth ions is reported in previous studies to be via spin-orbit coupling
when they occupy B sites [44,48]. This is one of the causes to observe
higher coercivities at Co ferrites doped with rare-earth ions.
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Fig. 5. FT-IR spectra of CoTmyFe,_ 404 (0 < x < 0.08) NPs.
Table 3

FTIR vibration bands and force constant at tetrahedral and octahedral positions
of CoTm,Fe,_,04 (0.00 < x < 0.08) NPs.

Tm content (x)  (v1) em™! 2) em™! Ferx 10° (dynes/ Feo x 10° (dynes/
) ami

0.00 571.76 405.40 2.456 1.231

0.02 543.48 401.38 2.219 1.210

0.04 563.68 401.47 2.387 1.211

0.06 559.60 401.47 2.353 1.211

0.08 559.64 401.42 2.353 1.211

At RT, the H, values are lower than 25 Oe for x < 0.02 and are in
the range of 840.61-894.94 Oe for 0.04 < x = 0.08. At 10K, the
coercivity is minimum for x = 0.02 samples with value of 1168.99 Oe.
The maximum H. magnitude at 10K is observed for the x = 0.00
sample with value equal to 10908.5 Oe. Largely, various parameters
influenced the coercivity like morphology, grains size, shape and
magneto-crystalline anisotropy, etc [49,50]. At both measurement
temperatures, the x = 0.00 one has the lowest magnitudes of M, which
are about 49.56 and 63.85emu/g at 300 and 10K, respectively. It is
found that the Tm®* substitution content lead to increase in a re-
markable way the M, The M; values are in the range of
66.19-79.64 emu/g at RT and 83.81-146.32 at 10K for all substituted
CoTm,Fe;_,04 (0.02 < x < 0.08) NPs. The highest M; magnitudes
with values of about 79.64 and 146.32 emu/g at 300 and 10K, re-
spectively are noted for the x = 0.02 one. The magnetization magni-
tudes found in the present study for x = 0.02 sample greater than those
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Fig. 6. %DR spectra of CoTm,Fe,_,0,4 (0 < x < 0.08) NPs in the near UV and
visible region.

reported in many other substituted Co ferrites such as rare-earth
(RE = Nd, Sm and Gd) substituted Co ferrite NPs, Cr substituted Co
nano-ferrites, Al substituted Co-ferrite NPs, In doped Co ferrites, etc
[51-54]. Moreover, it was observed that the evolutions in the M, values
show practically the similar trend of M, with respect to the Tm>*
concentration. It is reported previously that evolutions in M, depends
predominantly on evolutions in My and also on the net alignment of
magnetization grains derived from super exchange interactions be-
tween MNPs [49,55-61]. It is well known that numerous factors can
affect the magnetization of spinel ferrites including the crystallites size
change, variations in magnetic moments (np), variations in the nature
and concentration of different sites, and favorite site occupancy of
different ions, etc [48-50,62]. As well, the local strains and the super
exchange interactions between different ions might have an influence
on magnetic parameters [46,48]. Principally, the magnetic moment in
spinel ferrites is derived from iron ions and their distribution in the
crystal sites. Moreover, the B-B and A-A interactions are unimportant,
however, the A-B exchange interactions are the dominant. Conse-
quently, any factors affecting the strength of various exchange inter-
actions will modify the magnetization. In our case, the observed in-
crease in magnetization values with Tm®* substitution is attributable to
the exchange interactions strengthening in Fe sites. We remind that the
ions of host Fe*>* (0.62 A) display smaller ionic radius compared to that
of Tm®* (0.87 A). This contrast might engender non-collinear ferro-
magnetic arrangement and local strains that lead to a disorder and
variations of electronic states [46,50,63,64].

In addition, the contrast of ionic radii results in reducing the dis-
tance separating the magnetic ions and therefore increasing the
strength of A-B super exchange interactions. The relation between
magnetic moment (1) and M is given by [65]:

_ Molecular Weight X M;
- 5585

np

The estimated np values of all CoTmyFe,_,0,4 (0.00 < x < 0.08)
NPs at 300 and 10K are summarized in Tables 4 and 5, respectively. It
is well-known that the increase in np values is resulting from the
strengthening of the superexchange interactions among various sites. In
this study, compared to x = 0.00, np is found to rise for x = 0.02 and
then decrease with further increasing Tm®* concentration. One should
note that the values of nj for various substituted samples at RT and 10 K
are higher than those of non-substituted one. It is noticed that the
x = 0.02 sample in which M; value is the highest, displays the greatest
ng. Also, the x = 0.00 sample in which M; value is the lowest, displays
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Fig. 7. Tauc plots of CoTm,Fe,_,04 (0 < x < 0.08) NPs. The fitting of linear region at the x-axis intercept determines the value of optical band gap.

the lowest ng. This indicates that the super-exchange interaction is
strengthened with Tm substitution.

The squareness ratios (SQR = M,/M;) were calculated for all
CoTm,Fe,_,04 (0.00 < x < 0.08) NPs at 300 and 10K (Tables 4 and
5). According to S-W theory, the SQR can take two values: one around
0.83 associated to cubic anisotropy and another around 0.5 correspond
to uniaxial anisotropy [43,44]. Furthermore, it is reported that the
SQR = 0.5 suggests that nanoparticles are in a single magnetic domain
and SQR < 0.5 mostly ascribed to the development of multi-domain

structure [66]. As can be seen from the tables, the SQRs for all
CoTm,Fe,_,04(0.00 < x < 0.08) NPs at RT were found in the range of
0.016-0.324 suggesting the single magnetic domain with uniaxial an-
isotropy. Furthermore, the SQR values at RT are less than 0.50, which
could be accredited also to the effects of surface spin disorder. At 10K,
except the x = 0.02 sample which display SQR of about 0.470 sug-
gesting the single magnetic domain with uniaxial anisotropy in this
sample, the other products exhibit SQRs in the range of 0.662-0.764
indicating the formation of multi magnetic domain.
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Fig. 8. (a) M(H) hysteresis loops under an applied field up to + 70 kOe of
CoFe,_,TmyO4 (0.00 < x < 0.08) NPs at RT. (b) An enlarged view of M(H)
curves in H = * 6 kOe.

Table 4
The deduced magnetic parameters of all CosFe,_,Tm,O,4 (0.00 < x < 0.08)
NPs at RT.

X Max (emu/g) M; (emu/g) M, (emu/g) SQR H, (Oe) np(ug)
0.00 48.96 49.56 0.81 0.016  15.06 2.08
0.02 78.63 79.64 1.97 0.025  20.23 3.38
0.04 7253 73.25 23.61 0.322  894.94 3.14
0.06  69.67 70.51 22.06 0.313  840.61 3.05
0.08  65.47 66.19 21.45 0.324  886.54 2.89

4. Conclusion

Tm substituted Cobalt spinel ferrite NPs are synthesized by sono-
chemical method. The XRD approved the creation of the cubic structure
of spinel ferrite. The crystallites size is in the range of 11 to 44 nm.
Cationic distribution is employed to confirm the occupation B-site by
Tm ions. FE-SEM and HR-TEM showed the spherical morphology with
high rate of agglomeration. % DR investigations assign the direct E,
values between 1.33 and 1.64 eV. Crystallite size play more significant
role with respect to ion content at E; values. These magnitudes lie in the
semiconductor band gap range. Tm ion substitution, especially x = 0.02
ratio, cause significant changes at Eg values. The M(H) analyses per-
formed at RT show an almost SPM comportment for x = 0.00 and 0.02
samples and a FM behavior for x = 0.04. At 10K, a FM behavior is
observed in various Tm®* substituted Co ferrite NPs. The magnetic
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Fig. 10. (a) M(H) hysteresis loops under an applied field up to + 70 kOe of
CoFe,_,Tm,04 (0.00 < x < 0.08) NPs performed at 10 K. (b) An enlarged view
of M(H) curves in H = * 30 kOe.

parameters strongly depend on temperature and on Tm substitution
contents. An amazing increase in the magnitudes of Mg, M, and H. was
observed at 10K in comparison to RT. The Tm®* substitution leads to
enhance the magnetization. The deduced M; values at both tempera-
tures are maximum for x = 0.02 sample. This effect is due to the
strengthening of super-exchange interactions, the creation of local
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Table 5

The deduced magnetic parameters of all CosFe,_,Tm,O,4 (0.00 < x < 0.08)

NPs at 10K.
X Mgy (emu/g) M, (emu/g) M, (emu/g)  SQR H. (Oe) ng(ug)
0.00 62.88 63.85 48.79 0.764 10908.5 2.68
0.02 145.03 146.32 68.79 0.470 1168.99 6.21
0.04 87.81 90.01 63.41 0.704 8783.64 3.85
0.06 86.43 88.68 61.48 0.693 5983.85 3.83
0.08 81.02 83.81 55.51 0.662 6206.67 3.66

strains, the preferred site occupancy and the increase in the magnetic
moments (np) with respect to Tm®™* content. The SQR values at RT are
found to be smaller than 0.5, which postulate the single domain nature
with uniaxial anisotropy for all produced ferrites. At 10K, the x = 0.02
product display SQR values equal to 0.47, which indicate the single
magnetic domain. The other products display SQRs in the range
0.66-0.76 at 10K suggesting the multi-magnetic domain in these
samples.
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