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ABSTRACT

We report on the effect of molybdenum (Mo) incorporation on the crystal structure, surface
morphology, Mo chemical valence state and magnetic properties of cobalt ferrite (CoFe20s4,
referred to CFO). Molybdenum incorporated cobalt ferrite (CoFe2-xMo0xOa, referred to CFMO)
ceramics were prepared by the conventional solid-state reaction method by varying the Mo
concentration in the range of x=0.0-0.3. X-ray diffraction studies indicate that the CFMO materials
crystallize in inverse spinel cubic phase. Molybdenum incorporation induced lattice parameter
increase from 8.322 to 8.343 A coupled with a significant increase in density from 5.4 to 5.7 g/lcm?®
was evident in structural analyses. Scanning electron microscopy imaging analysis indicate that
the Mo incorporation induces agglomeration of particles leading to larger particle size with
increasing x(Mo) values. Detailed X-ray photoelectron spectroscopic (XPS) analyses indicate the
increasing Mo content with increasing x from 0.0 to 0.3. XPS confirms that the chemistry of Mo
is complex in these CFMO compounds; Mo ions exist in the lower oxidation state (Mo*#) for
higher x while in a mixed chemical valence state (Mo**, Mo*°, Mo™®) for lower x values. From the
temperature dependent magnetization, the samples show ferrimagnetic behavior including the
pristine CFO. From the isothermal magnetization measurements, we find almost 2-fold decrease
in coercive field (Hc) from 2143 Oe to 1145 Oe with the increase in Mo doping up to 30%. This
doping dependent Hc is consistently observed at all the temperatures measured (4, 100, 200 and
300 K). Furthermore, the saturation magnetization estimated at 4 K and at 1.5 T (from M-H loops)
goes through a peak at 92 emu/g (at 15% Mo doping) from 81 emu/g (pristine CFO), and starts
decreasing to 79 emu/g (at 30% Mo doping). The results demonstrate that the crystal structure,
microstructure, and magnetic properties can be tuned by controlling the Mo-content in the CFMO

materials.



l. INTRODUCTION

Spinel ferrites, which contain iron oxide, are magnetic ceramics with a vast potential for
numerous scientific and technological applications.? Spinel ferrite is chemically represented as
M?*Fe2®" 04, where M and Fe are divalent and trivalent cations, respectively. The chemistry and
physics of M and Fe cations dictate the electrical and magnetic properties of ferrites. Cobalt ferrite
CoFe;04 (CFO), one among these spinel ferrites, is the most useful hard ferrimagnetic material,
which exhibits unigue properties such as strong spin-orbit (L-S) coupling, high Curie temperature,
high coercivity, high magneto-crystalline anisotropy, moderate saturation magnetization, large
Kerr effect and Faraday rotation, good mechanical hardness and chemical stability.”

Cobalt ferrite based materials find attractive applications in microwave and spintronic
devices, solar cells, magnetostrictive sensors, drug delivery, transducers, actuators, lithium
batteries, super capacitors and memory devices for computers.t™*2 Currently, nanoparticles and
nano-architectures of CFO-based materials are gaining tremendous interest in view of their ability
to exhibit tunable electrical and magnetic properties, which could be exploited in numerous
technological applications.23810 Furthermore, higher values of magnetostriction make CFO a
potential candidate material for ‘strain sensor and actuator’ applications.* Cobalt ferrites can be
combined with a piezoelectric/ferroelectric material resulting in the multiferroic/magnetoelectric
hetero-structures for application in multifunctional and tunable magneto-electronic devices.
However, the origin of a wide variety of properties of phenomena of CFO-based intrinsic, doped,
or composite/hybrid materials is primarily associated with the structural arrangement and/or
deliberate modification of the intrinsic structure by the dopant ions or materials at the interface.

Cobalt ferrite offers an excellent platform from solid state, crystallography and structural

chemistry point of view. The cubic spinel structure in which the oxygen atoms are placed in a



cubic close-packed arrangement with the metal atoms residing at tetrahedral and octahedral sites,
labeled as A and B sites, respectively, is the characteristic of CFO.* It is well known that altering
the occupancies of the A and B sites can give rise to slight variations in the spinel structure, which
can affect the corresponding nature and magnitude of super-exchange interactions namely, A—A,
B-B, and A-B, of which the A—B interactions tend to be highly significant.* Furthermore,
especially for magnetic and electrical properties tuning, a wide range of possibilities can arise by
exhibiting reliable control over the distribution of Co?* and Fe®* cations among the A and B sites
resulting in an intrinsically, electrically and magnetically tunable system. For instance, partial
substitution of Fe3* by rare earth (RE) ion, such as Er, Dy, La, Nd, Ho, leads to structural distortion
in spinel structure which in turn induces strain and significantly modifies the electrical and
dielectric properties.>6:91216.17.1926-28 |5 aqditijon, it has been reported in the literature that inclusion
of transition metal (TM) ion, such as Zn, Cu, Co and Cd, in ferrites increase the dielectric constant
due to the formation of excess Fe?* which eventually increase the hopping of electrons between
FeZ+ and F63+.17'21’28

Recently, substitution for Fe** in spinel ferrites has been gaining tremendous importance
to design materials for utilization in high-density magnetic recording, enhanced memory storage,
magnetic fluids, and catalyst applications. 26:912-19.26-28 |n general, the chemical and physical nature
of the ion/dopant into CFO matrix allows tuning the final magnetic, dielectric and electrical
characteristics.’>? Specifically, the degree of modification that can result in the properties and
phenomena of CFO depends on the ionic radius, the electronic configuration of the substituting
ion, its site preference (A versus B site), and the extent of distribution at the specific sites within
the spinel structure.’>" The goal of the present work is to derive a comprehensive understanding

of the molybdenum (Mo), which is a non-magnetic transition metal and with d° electron



configuration, incorporation induced effects on the crystal structure, morphology, magnetic
behavior, and dielectric and electrical transport properties of CFO.

The impetus for the present work is twofold. Understanding the fundamental aspects of
non-magnetic Mo incorporation on the structure and properties of CFO is the first. It has been
already recognized that, among many possible ways of engineering the advanced functional
materials based on ferrites, doping with different RE/TM-ions is a well-adopted, straightforward
and versatile way to tune the structure and properties.>>®°1216-20 Depending on the ionic size and
concentration, incorporation of RE/TM-ions in spinel ferrite results in an improved dielectric
constant, increase in resistivity and a decrease in dielectric and magnetic losses. 2>16-20 However,
understanding the effect of a refractory metal, such as Mo in this case, incorporation on the
structure and the extent to which the electrical, magnetic and dielectric properties of CFO can be
tuned is of primary interest in this work. Such a detailed understanding of Mo incorporation might
allow further opportunities to tailor the CFO-based materials’ behavior for selective applications
where the thermal and chemical stability becomes important. Refractory metals are usually known
for high temperature tolerance and mechanical stability?®3!; thus, their incorporation might
enhance the overall temperature stability of the CFO and could be more attractive for future
applications, such as advanced sensors and photo-catalysis. Especially, Mo is known for its
mechanical, protective, high-temperature stability and heat-resistance capabilities*®®!; therefore,
Mo-incorporation into CFO is ideal for designing materials for memory devices, sensors and
actuators operating at elevated temperatures. The second driving factor for this work, as well as
primary objective, is to derive a fundamental understanding of the ability of Mo-incorporation on
the tunability of the CFO properties. First of all, it should be noted that the overall attention paid

towards Mo incorporation into CFO is meager. There has been only a very little work reported in



the literature on the properties of non-magnetic Mo incorporated CFO.3>3* Furthermore, while
there exists very few efforts, fundamental understanding of the structure-composition-property
relation in Mo-incorporated CFO is missing at this time. Additionally, although still some
unanswered, fundamental scientific questions exists, recently observed and/or predicted
ferroelectric/multiferroic character of Mo incorporated CFO is promising for future applications
in magneto-electronics.33* Thus, a better understanding of the combined structural, magnetic,
dielectric and transport properties of CFMO is highly beneficial to tune the properties for desired
electronic and electromagnetic applications. In this context, efforts in this work were directed to
synthesize Mo incorporated CFO with the chemical formula CoFe2-xMo0xOa (x=0.0-0.3) by solid
state reaction and to study their structure, chemistry, surface morphology and magnetic properties.
Interestingly, as presented and discussed in this paper, the results demonstrate a significant and
remarkable effect of Mo incorporation on the structure and magnetic properties of CFO. Based on
the results, a chemistry(Mo)-structure(CFO)-magnetic property correlation in CFMO compounds

is established.

1. EXPERIMENTAL DETAILS

The CoFe2xMo0xO4 (x=0.0-0.3) ceramics were prepared by the conventional solid-state
reaction method. Cobalt oxide (CoO, 99.5%; NOAH Tech., USA) Iron Oxide (Fe20s, 99.95%);
NOAH Tech., USA) and molybdenum oxide (M00Os3, 99.5%; Alfa Aesar, USA) powders were used.
The powders were mixed by agate mortar and pestle in ethanol for 2 h. After drying, the mixtures
were calcined at 1200 °C for 12 h. Then the powder was mixed with 5 wt% polyvinyl alcohol
(PVA) solution and then pressed into pellets in a Carver press into disk specimens with a diameter

of ~7.8 mm and a thickness of ~1.5 mm under 5-ton pressure. The disks were sintered at 1300 °C



for 6 h in air in a box furnace with heating and cooling rates of 10 “C/min. Phase identification and
crystal structure of the materials synthesized were investigated using X-ray diffraction (XRD)
measurements employing a Bruker D8 Discover X-ray diffractometer. Measurements were made
at room temperature using Cu Ko radiation (A=1.5406 A). Surface morphology of CFMO
compounds was examined by scanning electron microscopy (SEM). The microstructures were
observed with the scanning electron microscope (SEM; Hitachi TM1000). The chemical analysis
of CFMO samples, specifically the chemical state of Mo has been determined using a Physical
Electronics Versaprobe X-ray photoelectron spectroscopy (XPS) system. The system utilizes a Mg
Ka radiation (1253.6 eV) source. The binding energy was calibrated with reference to the C 1s
level of carbon (285 eV). Survey scans as well as high energy resolution scans were obtained for
a detailed chemical analysis of the samples. CasaXPS software was used for atomic composition
and peak fitting analysis. To fit the high energy resolution spectra, Gaussian-Lorentzian line
shapes were used along with Shirley background subtraction for accurate peak area determination.
The superconducting quantum interference device (SQUID) and versalab VSM were employed to

perform magnetization measurements with a sensitivity of 107 emu.

I11.  RESULTS AND DISCUSSION
A. Crystal Structure and Chemical State — XRD and XPS

XRD patterns of pure CFMO (x=0.0-0.3) are shown in Fig. 1. XRD data indicate that the
CFMO crystallizes in the inverse spinel phase without any impurity phase. The peaks observed
and their assignment are as indexed in Fig. 1. The lattice constant determined from XRD for pure
CFO is 8.322 A, which agrees with that of pure CoFe;O4 reported in the literature.>* The

remarkable effect of Mo incorporation is reflected in two important observations in XRD analyses.



An increase in the lattice constant is the first and an increase in the average crystallite size is the
later. Lattice constant increases from 8.322 A (x=0.0) to 8.343 A (x=0.3) with increasing Mo-
content. The corresponding crystallite size increases from ~50 nm (x=0.0) to 85 nm (x=0.3).
Differences in the ionic radii of Co, Fe, Mo ions can result in lattice strain which account for the
lattice parameter and, hence, unit cell expansion. Such effect is mainly due to the larger Mo ion
substitution for Fe** in CFO. The lattice parameter, density and average size values determined
from XRD are listed in Table I.

The variation of lattice parameter (a) with Mo content is shown in Fig. 2. It can be noted
that plot exhibits x-a linear relationship, although almost appears to be saturated for x>0.2. The
observed x-a trend in CFMO indicates the continuous increase in lattice parameter with Mo
content. It is obvious that when some of Fe* ions are substituted by Mo’* ions (y=3,4, 5 and 6),
the lattice is subjected to distortion resulting in an increase or decrease in the lattice parameter.
Note that the chemistry i.e., the chemical state of Mo, is always complex due to the possibility of
Mo ions exist in variable chemical valence states, namely Mo®*, Mo**, Mo®", Mo®*.35-%° Therefore,
the lattice parameter increase or decrease or a reasonable compromise is due to the net result of
two effects. Having large ionic radius than Fe3* (0.645 A), lower valence states of Mo¥* (y=3,4,5)
incorporation into the structure induces distortion leading to the increased lattice parameter. On
other hand, if some of the Mo ions did not substitute for Fe in the cubic structure but formed
another distorted or secondary phase, then the lattice parameter might decrease. The major effect
of Mo-substitution in CFO is, thus, lattice expansion due to the larger ionic radius of Mo ions.
However, note that there are differences in the ionic radius when that of Fe* is compared with
either Mo®* or Mo®*. The ionic radius of Fe%*(0.64 A) is smaller than that of Mo®* (0.69 A) and

larger than that of Mo®*(0.59 A). Therefore, the lattice parameter increase with increasing Mo



content indicates the characteristic of Mo ions entering into CFO must be in their lower valence
state than Mo®* state because that is the only way that lattice expansion can occur. Thus, the present
data clearly indicate that the Mo exists in lower chemical state(s) while replacing/substituting for
Fe3* in the CFO lattice. The trend of lattice expansion or contraction with progressive Mo content
is, however, not very clear in the literature. For instance, Mohamed et al. reported lattice constant
increase from 8.3813 A to 8.3991 A in Mo substituted CFO, where Mo content was varied from 0
to 30% (x=0.00-0.30).% On the other hand, Heiba et al. reported a lattice parameter contraction
from 8.360 A to 8.323 A for Mo incorporated CFO (CoFezxMoxOs) for a similar range of
composition (x=0.00-0.30).>* However, the effect of Mo incorporation is evident from XRD
analyses of CFMO materials in this work; CFMO exhibit lattice parameter enhancement from
8.322 A (x=0.0) to 8.343 A (x=0.3) due to the larger ionic radius of lower valence state Mo ions
compared to Fe3*. In order to further validate this hypothesis and also to confirm the chemical state
of Mo ion in these CFMO compounds, chemical analysis has been made by the Mo core-level XPS
data. The detailed XPS spectra of Mo 3d region of the CFMO samples are shown in Fig. 3. While
the peak intensity is not appreciable for samples with low Mo content (x) and also due scattering
losses due to powdered sample nature, the intensity Mo 3d peak increases with increasing x. It is
evident that, for highest Mo concentration i.e., CFMO (x=0.30), the Mo 3d doublet (due to spin-
orbit splitting; j=5/2 and j=3/2) are clearly resolved with a spin-orbit splitting energy separation,
AE(Mo 3d), of 3.2 eV. Both the Mo 3ds/2 and Mo 3ds/2 peaks show a weak but pronounced shoulder
contribution from the lower binding energy (BE) side. Therefore, the component analysis was
performed by considering the peak as superposition of two doublets shifted in energy but with the
same intensity ratio of the components and spin-orbit splitting. Most notable feature is the fact that

the evolved Mo 3d scan is rather broad in nature, which is due to Mo ions existing in multiple



valence states.®® Note that the Mo chemistry is complex due its ability to take chemical valence
states ranging from 2+ to 6+.3% The peak fitting procedure confirms that the Mo ions indeed
exists in Mo®*, Mo®" and Mo** states. The Mo 3ds» component located at a BE of 232.51 eV
corresponds to Mo*® while the Mo3ds, component located at 231.17 eV is assigned to Mo*®. The
Mo 3d doublet components (Mo 3ds,2 and Mo 3dsy2) resolved and their respective peak positions
can be assigned to Mo*® and Mo™*® without any ambiguity. However, the other doublet component,
which evolves only for samples with higher Mo content is the Mo peak at a much lower BE which
is due to the presence of Mo in lower oxidation state (Mo**) at the expense of Mo*. In all the
CFMO samples, presence of Mo*™ evolves at higher Mo concentration or as Mo concentration
increases steadily to higher values (>0.2). According to literature, the component peaks at 230.1
eV and 233.1 eV, respectively, are assigned to Mo 3ds;> and Mo3dsy., respectively, characterizing
the chemical state of Mo*4.33 Thus, the XPS analyses confirm the presence of Mo in lower
valence states, namely Mo** and Mo*°, which we believe are primarily responsible for the observed
lattice expansion in XRD studies of CFMO compounds.

The density of the samples was also calculated from XRD data. The following equations

were employed:

a = [d?(h? + k? + [?)]/? (1)
V=ad )
Pefr = ;—g 3

where M is the molecular weight, N is the Avogadro number, n is the number of formula units per
unit cell, m is the mass, r is the radius and h is the thickness of the pellet. The density variation of
CFMO compounds with Mo context (x) is shown in Fig. 4. It is evident that px increases with

increasing Mo content (x). The two important general remarks that can be derived from density
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variation of CFMO compounds are as follows. Effective incorporation of Mo into CFO and
completeness of the sintering process to the best possible extent is the first. Later is the density
increase with Mo concentration. The density and atomic weight of Mo®*are 10.28 g/cm? and 95.94,
which are greater than those of Fe®* 7.874 g/cm? and 55.845. Thus, the overall density increase of
CFMO compounds can attributed to the fact that the density and atomic weight of Mo are higher
than those of Fe for which the Mo ions are substituting/replacing in CFO. Rahman et. al. reported
similar behavior with the incorporation of Gd into CFO and interpreted such density increase are
due to density and atomic weight of Gd is larger than that of Fe.'> However, on the other hand, it
can be noted that there is a difference in theoretical density and effective density (Table I) of the
CFMO compounds which might be due to the small percentage of pores and/or atomic scale
defects, which cannot be avoided in ceramics fabricated by high temperature solid state ceramic
processes. Finally, to understand the effect of Mo on the crystal growth and Kinetics, the variation
in average crystallite size of the CFMO samples was considered. The crystallite size (d) was
calculated from the integral width of the diffraction lines using the Scherrer’s equation after
background subtraction and correction for instrumental broadening.*® The Scherrer equation*® is:
d = 0.91/BcosH 4)
where d is the grain size, A is the wavelength of X-rays, B is the width of a peak at half of its
intensity, and 0 is the angle of the peak. The variation of crystallite size with x(Mo) is presented
in Fig. 5. It can be noted that the crystallite size is in the range of 40-54 nm for CFMO materials.
It is important to recognize that the Mo incorporation induces the crystallite size increase, which
can be due to difference in the ionic radius of Mo compared to Fe in CFMO. Since the difference
in ionic radius Mo replacing or substituting for Fe in CFO is relatively large, higher content (x) of

Mo doping results in mobility differences, which results in the average size increases as well as
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agglomeration of smaller crystallites to contribute to the grain growth as noted in SEM analyses

as presented below.

B. Morphology — SEM

The SEM data of CFMO ceramics are shown in Fig. 6 as a function of Mo content. It is
evident from these images that grain size increases with increasing Mo content. Perhaps, Mo
incorporation facilitating the more number of particles joining together leading to the formation of
larger size particles. The particle size was estimated by the linear intercept method (ASTM
method), which showed that increasing Mo content increases the size from ~4 to 11 um. We
speculate that the chemistry behind the observed increase in grain size with Mo incorporation may
be due to the difference in ionic radii of Mo and Fe ions. In addition, Mo existing in variable
chemical valence states may also contribute such enhancement in particle size. Since the difference
in ionic radius Mo replacing or substituting for Fe in CFO is relatively large, higher content (x) of
Mo doping results in mobility differences, which results in the observed growth. Perhaps, digestion
of Mo ions into CFO in place of Fe atoms causes the distortion within the grain as well as at grain
boundaries for higher doping concentration causes the lattice expansion and grain growth. Such
differences in morphology evolution were also noted in Hf-Zr mixed oxides, where the distortion
due to Zr** ions replacing the Hf** ions was noted.*! In addition, Venkata Ramana et al. have
recently reported the effect of Fe-doping on the grain growth behavior of of
(Bap.ssCao.15)(Tio.eZro.1)Os synthesized by a chemical route.*? The difference in the ionic radii of

Ti** and Fe** ions was accounted for the differences in grain growth behavior upon Fe doping.*?

C. Magnetism — SQUID and VSM

12



The magnetization measurements were performed using a SQUID magnetometer on a
small speck (of known weight) of a pellet made from the polycrystalline samples of CFO, in which,
the Mo is doped up to 30% on Fe site. Figure 7 plots the temperature dependent zero-field cooled
spontaneous magnetization data measured (at 200 Oe) from 0, 10, 15, 20 and 30 % Mo doped CFO
samples. These measurements were made during the heating cycle after the samples were cooled
down to 4K. For all the samples, we noticed that the magnetic moment decreases while samples
are being cooled. The data infer that these samples show ferrimagnetic behavior, consistent with
the previous published work.%?

Figure 8 (a-f) presents the isothermal magnetic behavior (M-H) collected at 4,100,200 and
300K of all the samples (0, 5, 10, 15, 20, 30% Mo doped CFO) studied in this work, as a function
of Mo doping, ranging from 0-30%, respectively. Three salient features can be noted: (a) the
hysteresis loops are in agreement with the ferrimagnetic behavior, i.e.) the magnetization increases
linearly at high field, (b) the M-H loop starts decreasing as the temperature increased (4-300 K)
for all the samples, (c) the coercive field starts decreasing monotonically as a function of increasing
temperature and Mo doping, (d) the saturation magnetization shows non-monotonic behavior
peaking at 15% Mo doping. It can be readily noted that the ferrimagnetic nature retains up to room
temperature in all the samples, though the magnetic hysteresis decreased as the samples warmed
up. In addition, it is observed that the saturation magnetization (Ms) is almost independent of
temperature, unlike the coercive field (Hc), which is strongly temperature-dependent. This is
consistently noted in all the samples studied here. These are the hallmark signatures of
ferrimagnetic materials®.

In Fig. 9, we show the variation of coercive field H¢ (left Y-axis) and saturation

magnetization Ms (right Y-axis) collected from M-H data at 4K as a function of Mo doping (0-
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30%) in CFO. As stated before, the Hc is found to decrease with the increase in Mo doping. This
is expected for any ferrimagnetic material due to the dilution of magnetic lattice as a function of
doping with non-magnetic element such as Mo. Also, most likely, the decrease in coercivity is
associated with the reduction in anisotropy with the increase in Mo doping in CFO. Interestingly,
on the other hand, Ms shows a non-monotonic behavior as a function of Mo doping. First, Ms
decreases marginally from 83 to 82 emu/g (upon 5% Mo doping) and then increases strongly
showing a peak (at 91 emu/g) at around 15% of Mo doping before it decreases again as the doping
increases further. The same trend in He and Ms has been observed at all the temperatures measured.
The observed Hc in our sample is consistent with previous observations reported (~ 2000 -2500
Oe) on CFO powders and thin films.* In the case of RE element (Er, Nd) doped CFO, Hcincreased
sharply at the low doping and stayed constant at further higher doping level (0-4%), and argued to
be due to strong spin-orbit coupling of rare-earth elements.®44-6 Similar to the present work, the
Zn doped CFO shows decrease in coercivity (525-165 Oe) as a function of doping (0-10%).%’
While we do not have a definite experimental evidence to show whether Mo enters into tetrahedral
or octahedral site in CFO lattice, this issue is still under discussion in the literature®2“®, In their
previous work, the authors in ref [32] reported that Mo occupies tetrahedral position in CFO lattice.
After about 5 years later, in contradiction, the same group reported*® that it goes into octahedral
site using neutron diffraction study. This is partly due to the complex substitutional nature of Mo
cations. While it is hard to pinpoint the exact mechanism(s) for the doping dependent magnetic
behavior, our combined experimental findings led us to believe that the complex magnetic
exchange interactions between the guest (Mo*™*, Mo*®, Mo0*®) and the host (Fe3*, Co?*) transition
metal ions could be at play. In addition, one has to consider their strong spin-orbit coupling, and

corresponding magneto crystalline anisotropy to account for doping dependent magnetic behavior.
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To get additional insights, neutron diffraction measurements are being planned. The present study
coupled with literature works shows that CFO exhibits distinct magnetic properties when CFO is
doped with transition metal elements such as Mo, Zn and rare-earth elements such as Er, Nd and

Dy.

IV. SUMMARY AND CONCLUSIONS

The effect of molybdenum (Mo) incorporation on the crystal structure, surface
morphology, and magnetic properties of cobalt ferrite has been investigated in detail. The intrinsic
and Mo-incorporated CFO crystallizes in inverse spinel cubic phase. Significant increase in density
from 5.4 to 5.7 g/cm® with Mo-incorporation is attributed to the higher atomic mass of Mo. The
chemistry of Mo is complex. The Mo ions exist in the lower oxidation state (Mo**) for higher x
while it exists in mixed chemical valence state (Mo**, Mo*™, Mo*®) for lower x values. The
difference in ionic radius between Mo, especially those in lower valence states, and Fe ions in the
host CFO lattice causes the lattice parameter increase from 8.322 to 8.343 A. The ionic and atomic
mass difference also induces the agglomeration of particles leading to larger grain size with
increasing x(Mo) in CFMO. The temperature dependent magnetization data indicates that the
studied samples show ferrimagnetic nature. The isothermal magnetization measurements indicate
almost a 2-fold decrease in coercive field (Hc) from 2143 Oe to 1145 Oe with the increase in Mo-
content. The Mo-induced effect on He of CFMO samples is also evident and consistent in the
temperature (4-300 K) dependent measurements. The saturation magnetization exhibits a peak
value of 92 emu/g at x(M0)=0.15 and finally decreases to 79 emu/g at x(M0)=0.30. The results
demonstrate that the crystal structure, morphology, and magnetic properties can be tuned by

controlling the Mo-content in the CFMO ceramics.
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Figure Captions

Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

Figure 6

Figure 7

XRD patterns of the CoFe>xMoxOs (CFMO) ferrites as a function of x. The peaks
identified and their assignment are as indicated. The data indicate that the CFOM
crystallize in inverse spinel structure.

Variation of lattice parameter with Mo concentration (x). Molybdenum
incorporation induced lattice expansion compared to that of pure CFO (x=0) is
evident.

XPS core-level scans of Mo 3d in CFMO samples. The Mo peak is absent in
CFO(x=0). The peak intensity is not appreciable at the beginning of Mo
incorporation but evolves into broader peak with increasing Mo content. The
broader peak can be resolved into components, which can be assigned to Mo in 4+,
5+ and 6+ valence states.

Density variation of CFMO ceramics with Mo content. The linear increase in
density is due to the incorporation of heavier Mo substituting for Fe in the CFO.
The variation of average crystallite size in CFMO. The crystallite size increase with
increasing Mo content in CFMO is evident.

Surface morphology of CFMO samples. Molybdenum incorporation induced
agglomeration to increase grain size with x is evident in these micrographs.

The temperature dependence of spontaneous magnetization (M-T curve, 4-350 K)
collected from CFMO, with Mo percentage of 0, 10, 15, 20, and 30 %. The
measurements were made during the heating cycle after the samples were cooled
down to 4K under zero magnetic field, measured at 200 Oe. The data infer the

ferrimagnetic nature of the samples.
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Figure 8

Figure 9

The isothermal magnetization response measured at 4, 100, 200, and 300K from
CFMO polycrystalline samples prepared with Mo = 0% (a), Mo = 5% (b), Mo =
10% (c), 15% (d), 20% (e), and 30% (f). It can be readily noted that the
ferrimagnetism is retained in all the samples as it is reflected from the high
magnetic field liner slope.

The variation of coercive field Hc (left Y-axis) and saturation magnetization Ms
(right Y-axis, measured from M-H curves) at 4K as a function of Mo doping (0-
30%) in CFO. The Hc is found to decrease with the increase in Mo doping.

Interestingly, Ms shows a peak at around 15% of Mo doping.
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Figure 1
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Figure 2
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Figure 3 (XPS)
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Figure 4
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Figure 5
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Figure 6

30



Figure 7
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Figure 9
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Table |

Lattice constant and density of CFMO compounds as function of Mo concentration (x).

Mo concentration Lattice Unit Cell Volume  Effective

(x) in CFMO Constant (A) (cm3/cell) Density (g/cm®)
0.00 8.3207 5.7607 5.4097

0.05 8.3257 5.7712 5.4561

0.10 8.3352 5.7909 5.4927

0.15 8.3375 5.7915 5.5532

0.20 8.3399 5.8009 5.5934

0.25 8.3416 5.8045 5.6508

0.30 8.3424 5.8059 5.6985




