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Functional magnetic oxide particles offer exceptional GHz frequency capabilities, which can significantly
enhance the utility of communication and signal processing devices. In the present work, we have
investigated the structural and magnetic properties of rational multifunctional oxide Y, _,Ce,Big1FesO;n
particles — a full series with x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1 via a conventional solid-state route. The X-
ray diffraction pattern validated the /a3d cubic garnet phase in all samples. From Rietveld refinement, it is
observed that the ceric oxide (CeO,) impurity increases with an increase of Ce concentration, evincing
a partial substitution of cerium (Ce) element into the garnet structure. The magnetic oxide particles with
Ce concentration x = 0.4 showed a better crystallite size, dodecahedral site occupancy and solubility of
cerium in the garnet phase. The morphological visualization of random shaped grains in the micrometer
range was performed using the scanning electron microscopy (SEM) technique. The static magnetic
properties showed that the saturation magnetization (M) decreases up to 43% and coercivity increases
up to 59% with the increase of Ce concentration. The dynamic investigation on these oxide particles
exhibits various intriguing and novel properties. Various intrinsic material parameters such as saturation
magnetization (M), gyromagnetic ratio (y), Gilbert damping constant («) and extrinsic contribution (AH,)

to linewidth were determined from the fitting of resonance field (H,) and field linewidth (AH,) data. We
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Accepted 25th August 2021 ascertained that the damping constant increases with the increase of Ce concentration, which can be

explained in terms of two magnon scattering and local defects caused by CeO, inhomogeneity. The
proposed doped garnets can be a potential candidate for high frequency microwave applications and
spin-transfer-torque devices.
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. Introduction

Multiferroics is a well known subject of next generation multi-
functional materials, which amalgamates simultaneously
magnetic, electric and elastic properties.'* Multifunctional
materials have attracted a lot of interest due to their fascinating
electric, magnetic and optical properties."**® This has led to
a variety of technological applications such as microwave
devices, spintronics, sensors, transducers, energy harvesting,
random access multi-state memories, data storage recording
technologies and communication systems.**' Since the last
three to four decades, yttrium iron oxide (YIG) has been estab-
lished as one of the promising multifunctional materials due to
its potential electromagnetic properties such as high saturation
magnetization, low damping constant (order of 10~%), longer
spin-wave propagation length, high resistivity (~10"® Q cm),
moderate thermal expansion coefficient, low ohmic losses and
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high Faraday rotation, which are very important for magnetic,
spintronic, magnonic and high frequency microwave
devices.*™?

In recent years, doping of rare earth (RE) and transition
metals in YIG has attracted tremendous interest due to their
modified magnetic, optical and electrical properties suitable for
new applications such as 5G telecommunication and drug
delivery systems.>**® The performance of rare earth substituted
garnets (RE:YIG) relies upon the dopant type, amount of dopant
and preparation technique.®~* Specifically, the study of bismuth
and cerium substituted YIG has attracted a lot of interest due to
their high Faraday rotation and strong magneto-optical activity at
near infrared telecommunication wavelengths.>>**%% Cerium
(Ce) element has amazing quality as it can be effortlessly
exchangeable between the 4+ valence state and 3+ valence state.®
Also, cerium substituted yttrium iron oxide has attracted much
attention due to its remarkable multiferroic (MF) properties such
as magneto-dielectric (MD) and strong magneto-optical (MO)
effects.®””*® Soumah Lucile, et al. demonstrated that bismuth
substituted yttrium iron oxide (Bi:YIG) leads to extremely low
Gilbert damping together with perpendicular magnetic anisot-
ropy (PMA).”® Goto Taichi, et al reported that enhanced
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magneto-optical properties with very low optical losses can be
accomplished with the cerium substitution in YIG.” Higuchi and
the co-workers have achieved Ce:YIG thin films for magnetic
sensor application.”” Fu Chen et al reported the enhanced
magneto-dielectric response with increase of cerium content.® A.
Tkesue et al. showed that the Faraday rotation increases from 144
deg. em™ ! for 1 at% of Ce to 990 deg. cm " for 8 at% of Ce
substitution in YIG.” They also reported that Faraday rotation for
Ce doped garnet was around 5 times higher than that of 1 at% of
Bi substitution. Elhamali et al. investigated the influence of
erbium (Er) on the structural, magnetic and optical properties of
Ce:YIG films.” M. R. Khalifeh reported recently the effect of Dy**
incorporation on the structural and magnetic properties of
Y..sxDyxCeg 1Bi 1Fes01, garnet.” In spite of the fact that cerium
strongly manipulates the magnetic, dielectric, thermal and
optical properties of YIG,****7* its solubility inside the garnet
phase is still a challenging task.

The only magnetic ion in yttrium iron oxide (YIG) is Fe*". In
each molecular formula unit, Y** ions occupy dodecahedral
sites surrounded with eight oxygen ions, namely the “c” site,
whereas three out of five Fe*" ions occupy the tetrahedral “d”
site surrounded with four oxygen ions and the rest of the two
Fe*" ions are present at the octahedral “a” site surrounded with
six oxygen ions. The controlling super-exchange interaction
renders the magnetic moments of the “a” and “d” site positions
antiparallel.”®

In the present investigation, engineered and custom-
modified garnet based multifunctional oxides having the
representative formula Y,o ,Ce,Big1Fe;01, (or Ce,Bij1:YIG
with x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1) have been synthesized by
a conventional solid-state reaction method. We systematically
investigated the phase identification with crystal structure
analysis and cerium solubility inside the garnet structure. Also,
we studied elemental analysis, morphological/microstructural
analysis, and static and dynamic magnetic properties. Mao
Tze-Chern, et al. reported the maximum solubility of cerium in
YIG for 2% cerium content.”” However, in the present investi-
gation we successfully observed that the solubility of cerium
element in the garnet phase can be achievable up to 4% cerium
concentration and decreases with a further increase. It is also
confirmed by the maximum value of dodecahedral site occu-
pancy for the x = 0.4 sample. The magnetic squareness
increases with Ce increment. From the ferromagnetic reso-
nance (FMR) measurements we have observed the magnetic
damping constant to increase with Ce-content. It has to be
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mentioned here that the increased damping ameliorate for
spin-transfer-torque devices.

Il.  Experimental details

The investigated garnet based oxides were synthesized by the
conventional solid state reaction method from the oxide
powders of Y,0; (yttrium(m) oxide), Bi,Oz (bismuth(ur) oxide),
CeO, (cerium(v) oxide), and Fe,O; (iron(um) oxide) from Sigma
Aldrich with purity >99%. The fine oxide powders were mixed at
a stoichiometric proportion with an accuracy of 1 mg and mixed
well by grinding in a pestle-mortar with the addition of ethanol
for 12 hours at room temperature. This synthesis method is
advantageous as it is cost-effective, reduces pollution, requires
less synthesis steps, simple in handling and gives a homoge-
neous product for commercial purpose. The benefit of using
this method is to obtain a large particle size so that the number
of grain boundaries and corresponding losses can be mini-
mized.” After that, the completely dried mixture was annealed
at 1250 °C for 10 hours under an air atmosphere.” Thereafter,
uniform pellets were formed with 0.3 g of sintered oxide
powders and 5 wt% polyvinyl alcohol (PVA) aqueous solution as
a binder under 450 MPa pressure. The size of the obtained
pellets was about 10 mm in diameter and 1 mm in thickness.
Pressed pellets were sintered at 1350 °C for 6 hours under an air
atmosphere.” Fig. 1 shows the schematic representation of the
synthesis process. The studied samples with compositions
Y, »Ce,Bip1Fes05, (x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1) were
labelled as S1, S2, S3, S4, S5 and S6 respectively.

The X-ray diffraction (XRD) technique was used to examine
the phases and crystal structure of the synthesized samples.
Room temperature XRD analysis of powdered samples was
carried out with a Miniflex 600 X-ray diffractometer from Rigaku
with an X-ray radiation source CuKo. (1 = 1.54181 A) at 40 kv
and 15 mA in the diffraction angle (26) range of 20°-80°, with
a step size of 0.02° and a scanning speed of 5° min~". All the
observed XRD profiles were fitted with the pseudo-Voigt peak
profile function using Rietveld analysis on FullProf Suite soft-
ware. The Raman spectra were recorded using an Enspectr
Raman spectrometer in the range 150-800 cm ™" using a green
laser source with a power of 300 mW and a wavelength of
532 nm. The rigorous analysis of Raman spectra has been per-
formed using the Gaussian peak profile function for multiple
peak fitting. Scanning electron microscopy (SEM) (ZEISS EVO40
electron microscope) was used to visualize the surface
morphology and analyze the grain size distribution of gold

Ce,Biy :YIG

Pellet
Annealed Sintered
—_—
1250 °C 1350 °C

Fig. 1 Schematic representation of Y, ¢_xCe,Big1FesO1, magnetic oxides.
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coated sintered pellets. The grain size statistical distribution
was obtained from Gaussian fitting of histograms (for approx-
imately 150 grains) showing different grain sizes present in the
respective samples. In order to analyze more accurately the
grain size distribution, the histogram has been plotted with
three to four SEM images of each sample. EDX measurements
were also used to identify the desired proportion of elemental
compositions. High resolution transmission electron micros-
copy (HRTEM) was performed at 200 kV using a JEOL 2100F
transmission electron microscope (TEM) and sample prepara-
tion was done by drop-casting the ethanol dispersed powdered
samples on carbon grid mesh. Room temperature magnetic
hysteresis loops of the powder samples were measured using
VSM (Cryogenics, UK.) by the application of DC magnetic field
up to 10 kOe. The coercivity (H.) was calculated precisely from
the M-H curve. Moreover, the saturation magnetization (M)
and first order magneto-crystalline anisotropy constant K; were
calculated from linear fitting of the law of approach to satura-
tion or LAS (i.e. M vs. 1/H” plot) using saturated data points of
the first quadrant of the M-H loop. Room temperature dynamic
magnetic properties of the studied samples have been studied
using the conventional ferromagnetic resonance (FMR) tech-
nique in field sweep mode using a flip-chip geometry. FMR is
a magnificent dynamic technique to study the microwave
absorption (MA) properties of the magnetic materials.>****" A
vector network analyzer (VNA) was used to generate microwave
energy, whereas a coplanar waveguide (CPW) was used as
a device for propagation of EM-waves. The samples were placed
on a CPW in flip-chip geometry. In this technique, microwave
energy interacts with the magnetic oxide samples before being
dissipated as heat to the lattice. In the FMR technique, the
external magnetic field leads to the precession of magnetic
moments in the ferromagnetic material and was applied at right
angle to the radio frequency (RF) magnetic field of the signal
line which satisfies the FMR condition. In the field sweep mode,
frequency (f) was kept fixed, whereas external DC magnetic field
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was swept from 0 to 12 kOe range in a step of 20 Oe. The
measurements were performed for a broad range of frequencies
from 6 GHz to 22 GHz. The S,, parameters (scattering matrix
transmission parameters) were recorded for each DC magnetic
field using computer controlled software. The S,; data show
a resonance dip at FMR and the precise resonance field (H,) and
field linewidth (AH,) were obtained from Lorentzian fitting to
the FMR data. Also, the various intrinsic and extrinsic contri-
butions to field and linewidth were determined from the fitting
of resonance field (H,) and field linewidth (AH,) plots.

1. Results and discussion
A. XRD results

Fig. 2(a) shows the powdered XRD patterns of the investigated
multifunctional magnetic oxides. The XRD pattern confirms the
formation of Ja3d cubic symmetry of the yttrium iron oxide (YIG)
phase (JCPDS data no. 43-0507). Also, additional secondary
phase of CeO, (JCPDS card no. 81-0792) is observed in doped YIG
samples as denoted by the symbol *. The existence of CeO,
impurities reveals the partial substitution of cerium element into
the garnet structure.”” Rietveld refinement of the crystal structure
from the experimental XRD profile is performed in a two phase
model using FullProf Suite software and the goodness of fit
parameter (x°) is refined to the acceptable limit. The refinement
of XRD data is performed by minimizing the difference between
observed and calculated diffraction peaks of substituted YIG
samples. The crystal structure is drawn using VESTA software
after refinement of XRD profiles as shown in Fig. 2 (b-e). Also,
the experimental and refined diffraction patterns of all the oxide
samples are shown in Fig. 3(a—f). All the refined parameters using
FullProf Suite software are tabulated in Tables 1-4. It is observed
from the results (Table 1) that the lattice constant depends upon
ionic radii of doped elements (i.e. Ce*" and Bi*"). Also, lattice
constant is inversely related to the dodecahedral site occupancy
and directly related to the ionic radii. From the refined results,
we observed that the density increases with Ce-content in
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Fig. 2
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(a) Room temperature XRD patterns, and (b) zoom out of the most intense peak. (c—e) Show the refined crystal structure of Ce,Big 1:YIG

where x = 0.0 (S1), 0.4 (S3) and 1.0 (S6) respectively. (f) shows all three polyhedrons present in the garnet structure i.e. Y3* ion attached with eight
oxygen in the dodecahedral site, three Fe** attached with four oxygen (Fee) in the tetrahedral site and rest of the two Fe** attached with six

oxygen (Feocta) in the octahedral site respectively.
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Table 1 Refined XRD parameters at room temperature (300 K)

Sample name Lattice constant (A) Volume (A*) X-ray density (g cm™?)

S1
S2
S3
S4
S5
S6

12.3835
12.3945
12.3918
12.3924
12.3929
12.3884

1899.03 4.988 + 0.01
1904.07 4.999 + 0.01
1902.87 5.244 £ 0.01
1903.12 5.199 £ 0.01
1903.33 5.255 £ 0.01
1901.29 5.415 £ 0.01

investigated oxide samples. Further, the value of dodecahedral
site occupancy (Table 2) is found to be maximum for the x = 0.4
sample which interprets the better solubility of cerium element
in the garnet phase and decreases further. The improvement of
cerium solubility in the garnet structure is better as compared to
previous reports.”” Table 3 presents the refined bond lengths of
R-O*, R-O** (R-Y, Bi, and Ce), Fe™-0 and Fe!®-0 in all the
samples. In yttrium iron oxide, the Y*" ion is bonded to the Fe**
ion by oxygen, resulting in a creation of two different length R-

© 2021 The Author(s). Published by the Royal Society of Chemistry

40 S
Angle (26 — Degree)

(a—f) The Rietveld refinement of Ce,Big 1:YIG magnetic oxides using FullProf Suite software.

O* and R-O** bonds. Consequently, two different angles are
formed for each Fe*" ion located in the tetrahedral and octahe-
dral sublattices corresponding to two oxygen bond lengths.****

Fig. 4(a) shows the average crystallite size (D) and lattice
strain (&) of doped magnetic oxides which are calculated using
the size-strain plot (SSP) from eqn (1);*

KA

(d x B x cos 0)° = (D) x (d* x B x cos 0) + (%)2 (1)

Table 2 Refined site occupancy

Site occupancy (R =Y, Bi, Ce)

Sample name (o} R Fe® Fe©
S1 1 0.924 0.908 0.965
S2 1 0.909 0.904 0.967
S3 1 0.948 0.962 0.991
S4 1 0.910 0.935 0.983
S5 1 0.896 0.933 0.977
S6 1 0.931 0.973 0.973
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Table 3 Refined bond length

Bond length (A) (R =Y, Bi, Ce)

Sample name R-O* R-O** Fe®-0 Fe©-0
S1 2.38353 2.39364 1.9083 2.00031
S2 2.35747 2.41445 1.88898 2.02289
S3 2.36407 2.42665 1.87094 2.02619
S4 2.40746 2.40195 1.9074 1.98647
S5 2.35796 2.44368 1.84448 2.04432
S6 2.34886 2.42924 1.87056 2.03048

Here, d is the interplanar spacing which is calculated using
Bragg's law (2d sin 6 = n2), 8 is the full-width at half-maximum
(FWHM), 6 is the Bragg angle, « is the shape factor (~0.9), and 2
is the X-ray wavelength (Cu Ko, ~1.54181 A). The results showed
that with the increase of Ce concentration in Ce,Big:YIG
magnetic oxides, the lattice strain increases up to x = 0.4 Ce

Table 4 Refined bond angle
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concentration. The positive sign of lattice strain signifies the
tensile nature, which is perhaps due to larger ionic radii of Ce**
and Bi*" ions as compared to the Y** ion [i.e. Y*' (1.02 A), Ce*"
(1.14 A) and Bi*" (1.17 A)].* The crystallite size in all the samples
is in accordance with the value of strain. Fig. 4(b) shows the
variation of lattice constant and dodecahedral site occupancy
with cerium concentration and Fig. 4(c) shows the behaviour of
crystallite size and strain with cerium concentration. The
calculated values of crystallite size and lattice strain from the
size-strain plot are tabulated in Table 5.*> One of the major
findings from the XRD confirms that cerium element solubility
increases inside the garnet structure up to x = 0.4 at. wt%.

B. Raman spectroscopy

Fig. 5(a) shows the Raman spectra of magnetic oxide pellets.
According to the group theory, the cubic symmetry of the garnet
based crystal structure represents 25 Raman modes (3 A+ 8 Eg
+ 14 F,,).*”*® The Raman spectra of the doped YIG pellet

Bond angle (deg.) (R =Y, Bi, Ce)

Sample name R-O-R Fe™-0- Fe© R-O*-Fe( R-O**-Fe R-O*-Fe© R-O**-Fe©
s1 105.066 124.623 91.648 123.224 103.946 103.588
S2 105.357 124.616 93.061 123.272 104.276 102.295
S3 104.737 125.390 93.293 123.465 103.907 101.751
S4 104.175 125.621 91.025 122.995 103.642 103.838
S5 104.405 125.856 94.199 123.876 103.554 100.658
S6 105.083 125.102 93.757 123.287 104.263 101.495
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Fig. 4

(a) The size—strain plots for average crystallite size ‘D" and lattice strain ‘¢’ of all the complex oxide samples. (b) The variation of lattice

constant and dodecahedral site occupancy for different cerium (Ce) concentrations. (c) The variation of average crystallite size ‘D" and strain ‘¢’

with Ce concentration.
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Table 5 The strain size plot (SSP) results

Sample name D (nm) Strain x 107° Adj. R?
S1 104.29 1.23 0.999
S2 106.64 1.27 0.996
S3 115.59 1.69 0.999
S4 105.68 1.49 0.999
S5 103.55 1.44 0.993
S6 112.74 1.57 0.999

demonstrate peaks around 154, 168, 190, 235, 269, 338, 368,
415, 441, 502, 580, 675, 700, and 727 cm™ " respectively. The
ferrimagnetic nature can be linked with the most intense peak
at 269 cm~'. The partial substitution of Ce element in the
garnet phase can be depicted by CeO, degenerated vibrational
mode near 462 cm ™" for higher Ce-content samples. The Raman
spectra of Ce,Biy ;:YIG (x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1.0) garnets
clearly show peak shifting due to induced lattice strain. It is
observed that the Raman shift of the most intense T mode (or
translational mode) around 269 cm ™" depends upon the Fe-0
bond length of doped YIG crystal as shown in Fig. 5(b).** In
addition, the full width at half maximum (FWHM) can be
directly related to the doping at the dodecahedral site as shown
in Fig. 5(c). The intensity variation of T + T; + T, and T modes
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present at 190, 235 and 269 cm ' with Ce concentration is
presented in Fig. 5(d), where Ty, T, and T translation refer to
Feoeras', R*' and [FewwaOs]’” respectively. These results
confirmed good crystalline nature for x = 0.4 Ce concentration
and generation of lattice strain due to cerium doping.

C. Microstructural/morphological study

Morphological visualization and statistics of grain size distri-
bution were studied by scanning electron microscopy (SEM).
The SEM images of investigated samples S1, S3 and S6 are
presented in Fig. 6(a-c). The SEM snapshots unveiled the
random shaped grains. The grain size distribution study has
been performed using Gaussian fitting of histograms as shown
in the inset of Fig. 6(a-c). Digimizer software was used to
analyse the grain size distribution. From Gaussian fitting, the
average grain size is observed in the micrometer range and that
is comparatively bigger than that from previous studies.”** It
is clear from the SEM micrographs that, for higher cerium
concentration the primary particle order gets densified along
with lattice diffusion which can be correlated with the ionic
radii of the doped elements (i.e. Ce*" and Bi**).”> As observed
that the density increases with Ce concentration there are
chances of grain boundary diffusion causing enhanced grain
size. SEM images reveal that the grain size increases from 5 pm
to 12 um for samples S1 to S6. Also, the agglomeration increases
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(a) Raman spectra of the investigated oxide samples; here, different colour curves represent the individual peak fitting with Gaussian

profile function where the red colour curve represents the cumulative fitting of Raman spectra. (b) The variation of Raman Shift of T-mode at
269 cm~tand Fe-0 bond length at different cerium (Ce) concentrations. (c) The variation of FWHM of T-mode at 269 cm ™ and dodecahedral
site occupancy for various Ce concentrations in doped YIG samples. (d) Histogram showing intensity variation of Raman modes present at

190 cm™?, 235 cm ™t and 269 cm ™! as a function of Ce concentration.
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Fig. 6 (a—c) SEM micrographs of S1, S3 and S6 oxide samples (inset: Gaussian distribution of grain sizes). (d—f) EDX spectra of S1, S3 and S6
samples.

because of different compositions and their presence may the EDX analysis which discloses the presence of elemental
depend upon magnetic interaction and the chemical reaction compositions. We interpreted from the morphological analysis
during the sintering process at a particular temperature which that the oxide particles show a large grain size for the x = 0.4 Ce
shows better alignment between the grains.® Fig. 6(d-f) shows sample like a monocrystalline phase.
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Fig.7 (a—c) HRTEMimages of S1, S3 and S6 oxide samples (inset: inverse FFT of the selected region). (d—f) SAED pattern of S1, S3 and S6 samples.
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Fig. 7(a-c) shows the HRTEM images of S1, S3 and S6
samples. It can be seen that samples S1 and S3 show clear
fringes, which reflects good crystallinity, and for sample S6,
blurred fringes are observed on account of accentuated ceric
oxide impurity. The d-spacing of HRTEM micrographs is
calculated by inverse finite Fourier transform (FFT) method and
is in accordance with the planes indexed in the XRD pattern.
The maximum portion in each HRTEM image corresponds to
the (400) crystal plane, confirming the mono-crystalline
behaviour which is also confirmed by the SAED pattern as
shown in Fig. 7(d-f). The SAED patterns are indexed by calcu-
lating d-values using the distance between the central spot and
investigated spot. The calculated d-values of the SAED pattern
are very well matched with the d-values calculated using Bragg's
law and support most of the planes indexed in the XRD pattern.
It is observed from the SAED pattern that S1 and S3 show good
monocrystalline nature of studied garnet structures. With
a further increase of Ce concentration (>S3 sample), due to the
increase of CeO,, distortion increases, resulting in poly-
crystalline nature as shown in Fig. 7(f).

D. Static and dynamic magnetization study

Static magnetic properties. Fig. 8(a) shows the room
temperature magnetic hysteresis loop (M-H curve) of the
studied magnetic oxide powders. It is clear that all the samples
show soft magnetic nature. The saturation magnetization and

View Article Online
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magneto crystalline anisotropy are determined from the LAS
method using eqn (2).**

8K,>

M = MS 1— PP p——
105102 M2 H>

—xH (2)
where M is the magnetization, M is the saturation magnetiza-
tion, K; is the first order anisotropy constant, u, is the free space
permeability, H is the applied magnetic field and yH is the
paramagnetic part. Fig. 8(b) shows the M vs. 1/H> plot formed
with saturated data points of the first quadrant of the M-H loop.
It is observed that the saturation magnetization (M;) decreases
from 26.316 emu g~ to 14.999 emu g with the increase of Ce
concentration. The behaviour of saturation magnetization can
be explained by Neel's theory,”*** which claims that super-
exchange interaction renders the magnetic moments of “a”
and “d” sites in antiparallel positions. Here, Fe*" sublattices are
antiferromagnetically coupled to the R*" (i.e. Y**, Ce*" and Bi*")
sublattices.”*®® As a result, the net magnetic moment can be
written as eqn (3);

Mo = |M(3Fetelra3+) - M(ZFeocta3+)| - M(RE3+) =
M(Fera™) — M(RE™)  (3)

The M decreases in view of the fact that Ce®" paramagnetic
ions have a magnetic moment of 1 ug and there is no contri-
bution either from Y** or Bi** diamagnetic ions (each having
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(@) The room temperature magnetic hysteresis loop of Ce,Bip1:YIG magnetic oxides. (b) LAS plot. (c) The variation of saturation

magnetization (M) and first order anisotropy constant K; at different Ce concentrations. (d) The variation of coercive field and magnetic

squareness with Ce-content.
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a magnetic moment of 0 ug).”” The saturation magnetization
also decreases with the increase of non-magnetic CeO, phase
which results in oxygen reduction leading to the conversion of
Fe*" jons to Fe®" ions. The variation of saturation magnetization
(M;) and first order magneto-crystalline anisotropy constant K,
at different Ce concentrations is shown in Fig. 8(c). The
magneto-crystalline anisotropy results from the interaction of
the electron orbitals with the potentials of the lattice. So, it is
directly affected by lattice distortion due to the increase of Ce
content.”® It is observed that the coercive force (H.) increases up
to 59% with the increase of Ce-content which may be attributed
to lattice strain and ceric oxide inhomogeneity.

The magnetic squareness (M,/M;) is also showing similar
behaviour with a Ce content from 0.243 to 0.386 respectively. This
increase in squareness can be related to the transformation of the
magnetic oxide phase to monocrystalline nature and inclined
orientation towards the magnetic easy axis. The variation of H,

Table 6 Room temperature magnetic parameters from VSM and FMR
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and M,/M; with Ce-content is demonstrated in Fig. 8(d). The
observed magnetic parameters are tabulated in Table 6.

Dynamic magnetic parameters. Standard ferromagnetic
resonance (FMR) spectroscopy is a well-established technique
to explore the dynamic magnetic properties of ferromagnetic
materials. In this technique, interaction between the ferro-
magnetic material and microwave energy is measured before
the energy is dissipated in the form of heat. Field sweep
broadband FMR measurements of all the samples are per-
formed in flip-chip geometry on a CPW. The scattering param-
eters (S,1) are measured from the VNA. The external magnetic
field is applied in order to satisfy the FMR condition.** The FMR
spectra of sample S1 as a function of externally applied biasing
field for various frequencies in a 3D colour map surface with
projection are shown in Fig. 9(a).

From the FMR spectra, we determined the resonance field
(H,) and field linewidth (AH) as a function of frequency for all

Static magnetic parameters

Dynamic magnetic parameters

Sample Mg (emug ') H.(Oe) MJ/M, K, x10*(ergem™®) M, (kOe) v/ (GHzkOe ')  Huy (kOe) AH,(Oe) «
S1 26.316 67.656 0.243 3.53 1.648 2.78 0.191 378 1.3 x 107
S2 24.783 77.631 0.275 3.05 1.556 2.86 0.187 450 1.4 x 103
S3 21.570 86.657 0.332 2.90 1.42 2.9 0.186 535 1.9 x 1073
S4 19.355 92.946 0.333 2.82 1.263 2.93 0.224 615 2.0 x 1073
S5 17.940 107.346 0.378 2.72 1.184 2.97 0.229 668 2.5 x 1072
S6 14.999 106.392 0.386 2.38 1.02 2.86 0.231 562 1.9 x 10
D
/..,,..//
IA'Q/
//""//
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Fig. 9 (a) The field sweep 3D colour map surface with projection of microwave absorption at various frequencies of the S1 sample. (b) The

applied operating frequency (f) as a function of resonance field (H,) for S1, S3, and S6 samples. (c) The FMR linewidth (AH) versus applied operating
frequency (f) for all the investigated samples. (d) Intrinsic («) and extrinsic contribution (AHo) of linewidth as a function of Ce concentration.
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Table 7 Comparison with other literature works
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Parameters Big 1:YIG 047106

Ce,:YIG®*77:92,107,108 Ce,Bi(1:YIG (present work)

Cerium solubility —

Crystallite size (nm) 65

Grain size (um) —

M (emu g™ ") 21.81

H, (Oe) 17.72
MM, 0.063

a 2.0 x 1077

the samples using Lorentzian fitting. Fig. 9(b) shows the oper-
ational frequency as a function of resonance field for samples
S1, S3 and S6 respectively. For spherical nanoparticles, we can
use the Kittel expression as given in eqn (4) for determining the
intrinsic material parameters;**'*

f: 'Y,(Hr + Heff) (4)
Heff = HD + Hani + Him (5)

Here, f is the microwave frequency, v = 27y’ = gug/h is the
gyromagnetic ratio, H, is the ferromagnetic resonance field, He¢
is the effective field and it is a combination of many fields
represented by eqn (5), where Hp = —(47Ms)/3 is the demag-
netizing field for spherical nanoparticles, H,y; is the anisotropy
field and Hj,, represents the internal field which is negligible for
soft magnetic materials. The saturation magnetization, gyro-
magnetic ratio (y) and anisotropy field of the multifunctional
oxide samples were obtained from the fitting of eqn (4) and
their values are tabulated in Table 6.

The derived FMR linewidth (AH) is a combination of the
intrinsic and extrinsic contribution. The intrinsic contribution
arises due to material properties and extrinsic contribution is
due to defects and inhomogeneous broadening. It is observed
that AH increases with the increase of Ce-content up to sample
S5 and further addition decreases AH for sample S6. This can be
explained as the lattice distortion and dodecahedral site occu-
pancy increase up to S5 (as shown in Fig. 4(b)) and decrease
further for sample S6. Fig. 9(c) shows the FMR linewidth (AH) as
a function of applied operating frequency (f) for all the magnetic
oxide samples. The observed data were fitted to a line by
considering the Landau-Lifshitz-Gilbert (LLG) model repre-
sented by eqn (6);'"**

AH = AH, + Z;Lf (6)

where « is the Gilbert damping constant known as the intrinsic
damping parameter. AH, is the frequency independent (f = 0)
contribution to AH produced by inhomogeneous broadening
also called as extrinsic contribution to linewidth. Extrinsic
contribution can be explained by a two-magnon scattering
mechanism.'” Two magnon scattering results when uniform
mode magnons are scattered into degenerate spin wave states
with wave vector k # 0. This scattering is caused by the presence
of magnetic inhomogeneities such as defects and non-

© 2021 The Author(s). Published by the Royal Society of Chemistry

0.2 at. wt% 0.4 at. wt%
93 104-115

0.3 5.5-12.6
25.12-20 26.32-15.0
12 67.66-107.35
0.0-0.05 0.24-0.39
2.8 x 1073 1.3 x 107°

uniformity. AH, is extracted from the intercept and « from
the slope by the fitting to LLG eqn (6). It is seen that the Gilbert
damping constant and AH, increase with the increase of Ce-
content which may be ascribed to two magnon scattering and
ceric oxide inhomogeneity."*

The deteriorating values of AH, and « for x = 1.0 cerium
concentration can be decoded by the increase in dodecahedral
site occupancy value as shown in Fig. 4(b). The studied prop-
erties of the present investigation have been compared with
other literature works in Table 7.

From the ensemble of Table 7, we like to emphasize that the
observed parameters like cerium solubility, crystallite size,
grain size, saturation magnetization, coercivity, squareness
ratio and magnetic damping are better than the earlier reported
data. Hence, the present investigated series, especially x = 0.4
cerium concentration composition, can be a good candidate for
spin-transfer torque MRAM (STT-MRAM) devices and magnetic
sensor applications.

IV. Conclusion

Succinctly, a meticulous study for the fabrication of doped
magnetic oxides has been successfully carried out using a solid
state reaction method. The detailed analysis of the phase and
crystal structure was performed using Rietveld refinement of
XRD data. We demonstrated that with the increase of Ce
concentration lattice distortion increases due to lattice strain
and CeO, impurities. SSP results showed the tensile nature of
strain together with large crystallite sizes (>100 nm). The SEM
micrographs asserted the existence of very large grain size in the
micrometer range (5-12 pm). Saturation magnetization
decreased up to 43% due to Ce*" paramagnetic ions and coer-
civity increased up to 59%. The generation of strain-induced
anisotropy was clearly evident from the de magnetic measure-
ments, whereas the magnetization dynamic study clearly
showed that the microwave absorption decreases with the
increase of Ce content. It was also observed that the Gilbert
damping parameter («) and extrinsic contribution (AH,)
increase with Ce concentration. In conclusion, we demon-
strated that the cerium substitution maneuvers the saturation
magnetization, anisotropy field and Gilbert damping together
with large crystallite and grain sizes. Such observed properties
will be good for new generation microwave devices, spin-
transfer-torque devices such as spin-transfer torque MRAM

Nanoscale Adv, 2021, 3, 6074-6087 | 6083
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(STT-MRAM), and magnetic sensors with multi-functional
features.
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