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Lumino-Magnetic YAG:Ce Nanophosphors: Novel
Synthesis Routes For Efficient Luminescence And

Magnetic Properties
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Chemical Technology, Hyderabad -500007, India.

ABSTRACT

Recent efforts in developing spintronic and magneto-optoelectric materials for applications
have relied on the use of magnetic semiconductors doped with transition metals, but these
have met with limited success. Remarkable ferromagnetism from luminescent insulators
with Curie temperature above room temperature (>600K) is an exceptional class of
materials for magneto-optoelectronic and biological applications. A facile and elegant
synthesis methodology is one of the key factors to achieve efficient luminescent and
magnetic properties in nanoscale materials. Different strategies adopted to prepare Ce
doped YAG nanophosphors have been described and their structural, luminescent and
magnetic properties studied. It is anticipated that lattice defects (vacancies) present in the
complex yttrium aluminium oxide lattice are responsible for the observed ferromagnetism
and an explicit correlation emerges between defects/vacancies present in the YAG lattice
with the luminescent and magnetic properties. The luminescence decreased at low

synthesis temperature conditions and magnetization increased due to high
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defects/vacancies and vice versa at high temperature. Interestingly the coercive field is
observed to increase with increase in temperature and the possible mechanisms for these

observations discussed.

Keywords: Lumino-magnetic Nanophosphors, YAG:Ce, ferromagnetism,

Defects/vacancies, magneto-optoelectric devices
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. INTRODUCTION

Multifunctional luminescent - magnetic Nano-Phosphors (NPs) have emerged as a class of important
futuristic materials for a variety of applications starting from Spin-Light Emitting Devices (Spin-
LEDs), data storage, security devices and sensors to biomedical applications'™. In nature, materials
that exhibit significant magnetism at and above Room Temperature (RT) along with efficient
luminescence behavior are very rare’. In semiconductors, transition metal doped luminescent ZnO is
reported to exhibit ferromagnetism at RT and above, while existence of this ferromagnetism is still
controversial and theoretically predicted to be very unstable®’. In our earlier work we have reported
that carrier induced high temperature ferromagnetism is possible from alkali metals (Li/Na) ZnO NPs
even in the absence of any magnetic elements®. On the other hand, band insulators like HfO,, Ca;.

La,Bs are reported to show very strong ferromagnetism at and above RT,”'° for example thin films
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of the band insulator HfO, have been reported to show strong FM up to temperatures >500K but these

materials are not reported be luminescent materials.

Garnet structured Yttrium Aluminium Oxide (Y,03-Al,03) with cubic (YAG) and its tetragonal
modifications (YAT); perovskite (YAP) and Monoclinic (YAM) modifications are well known
luminescent materials in different wavelength regions depending on the dopant used. Particularly
trivalent Cerium (Ce) doped YAG is yellow emitting phosphor materials which produces white light
when used with a blue-LED'"'?. Recently, we reported ferromagnetism from undoped and Ce doped
YAG:Ce, YAT:Ce and YAM:Ce prepared by post heat solidified combustion technique'’. The
present study details the three major synthesis techniques which were adopted to optimize the
luminescent and magnetic behavior of YAG:Ce NPs. From these studies it could be established that

the synthesis conditions play a major role in influencing the luminescent and magnetic properties.

EXPERIMENTAL SECTION

(1) Post Heat Solidified Combustion Technique (PHSCT): Y;_,Ce.AlsO;; [Y2.7Ce3Al501,]
NPs powders were successfully prepared by PHSCT under mild conditions using inexpensive
aluminum and yttrium nitrates as the starting materials and urea as the homogenizing precipitant. The
yttrium nitrate solution was obtained by dissolving Y,0; in diluted nitric acid and 5ml of deionized
water and the reaction continued by heating at 80°C for 30 mins to get a clear solution, followed by
evaporation of the excess acid. Aluminum nitrate and cerium nitrate were added to the above solution

and then 0.1M of urea was added till a clear solution was obtained and this was kept in a preheated



Journal of Materials Chemistry C Page 4 of 29

furnace (550°C) for 20 mins to obtain a fluffy mass. The material obtained was ground and

subsequently fired at 1300°C for 4 hrs in air atmosphere to obtain the product.

(i)  Post Heated Hydrothermal-Homogenous Precipitation Technique (PHHHPT): Clear
precursor solution (Same as PHSCT) was prepared and transferred to a hydrothermal container in a
preheated oven and maintained at 180°C for 24 hrs. The clear liquid was decanted and the YAG:Ce
powder settled at the bottom was repeatedly washed with ethanol ultrasonically. The washing was
necessary to get rid of the surface impurities and minimize the particle agglomeration. Prepared
YAG:Ce powder was dried in an oven and subsequently fired at 1300°C for 4 hrs in air atmosphere.
Any possibility of magnetic contamination accidentally or inclusion of trace impurities has been
meticulously avoided by taking utmost care while choosing the precursors and special care was taken
during the synthesis procedure. Fresh high-purity glass ware without any metallic contamination was

used throughout.

(iii)  Post Heated Auto-Clave Technique (PHACT): Clear precursor solution (Same as in PHSCT)
about 10ml was taken, made up to 70 ml using DI water and placed in a high pressure (30 Torr)
auto-clave with continuous stirring at 180°C for 2.5 hrs. The prepared YAG:Ce powder was washed

with ethanol and dried in an oven and subsequently fired at 1300°C for 4 hrs in air atmosphere.

. CHARACTERIZATION

(i) Structure and morphology studies: The synthesized materials were characterized for their

structure and morphology by powder X-Ray Diffraction (XRD) on a Siemens D5000 (Cheshire, UK)
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instrument over a 20 range of 2° to 60" using CuKa radiation (A=1.5406A) at 40 kV and 30mA with a
standard monochromator using Ni filter and the TEM on a Philips Technai G2 FEI F12 system
operating at 80—120 kV). The average crystallite size of the samples was estimated by applying the
Scherrer equation to the major diffraction peaks. For Transmission Electron Microscopy studies
(TEM, Philips Technai G2 FEI F12), the samples were dispersed in ethanol by ultra-sonication and
then loaded on to formvar-coated copper grids. The grids were air-dried before recording the
micrographs. The morphology of the products was observed on a Scanning Electron Microscopy

(SEM) HITACHI S-3400N system.

(i) ?7Al solid state MAS-NMR study: Solid state Magic Angle Spinning - Nuclear Magnetic
Resonance (MAS-NMR) is used as an effective tool to establish the chemical composition especially
to distinguish the different structures with similar chemical entities. MAS-NMR is very important
where there is short range order and is a complementary tool to XRD which is effective when there is
long range order. The MAS-NMR measurements were performed on a Bruker ultra shield S00MHz
WB NMR spectrometer in an 11.75 T field producing °’A! Larmor frequency at 130.31 MHz. The
samples were placed in a 3.2 mm rotor and the spinning rate was set at 10 kHz. The applied pulse
width corresponding to an angle of m/2 for /Al is 4 ps with a pulse delay of 10s and the pulse
sequence applied is the normal single pulse. The chemical shift reference was set at 0 ppm

corresponding to the Aluminium Nitrate single peak.

(iii)  X-Ray Photo Electron Spectroscopy (XPS): XPS spectra were obtained using SPECS XPS

system (M/s.SPECS Surface Nano Analysis GmbH, Germany) equipped with twin anode X-ray
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source and a hemispherical analyzer with a single-channel detector. The spectra were obtained with

150W non-monochromatic Al Ka radiation (1486.6 eV).

(iv)  Photoluminescence studies (PL): The RT PL spectrum was recorded in double
monochromator based Cary Eclipse luminescence spectrometer (AGILENT Technologies) with

xenon flash lamp as a source of excitation.

) Magnetic studies: Magnetization (M-H) of the YAG:Ce NPs powder samples was measured
at RT using a Micro-sense Vibrating Sample Magnetometer (VSM) using a glass rod wrapped with
aluminium foil as the sample holder. Variation in magnetization and coercive field with temperature
was recorded using VSM for Curie temperature determination. The results of magnetic measurements

were reproducible for all the samples.

(vi)  ZFC-FC studies: Low temperature (less then 130K) magnetic measurements were performed
using a Superconducting Quantum Interference Device (SQUID) magnetometer MPMS-5P, operating
between 5 to 300K for dc-applied fields ranging from —5 to 5 T. Zero-field cool/field cool and
hysteresis measurements were performed on centrifuged and dried nanophosphor samples that were
all wrapped in polyethylene membrane. The Zero-Field Cooled/Field Cooled (ZFC/FC)
measurements were taken between 5 to 300K, with an applied field of 100 Oe, and the hysteresis

measurements were performed at RT.

(vii)  Atomic Force and Magnetic Force Microscopy (AFM-MFM) measurements: To confirm

the RT ferromagnetism of the samples, as well as to study their magnetic domain structure, MFM
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measurements were performed at RT. The surface topography and magnetic phase shift profiles of the
NPs were mapped by using MFM module in scanning probe microscopy from NT-MDT (Russia,
Model-Aura), in semi-contact mode. Silicon cantilevers (NSG-01/Co, from NT-MDT) coated with
cobalt/chromium film having coating thickness 30-40 nm, tip radius ~40 nm, and resonance
frequency 222 kHz, were used. All the results reported in the present work were carried out under the
external magnetic field of 1000 Gauss. The samples for the measurements were prepared by
compacting the nanophosphor particulate powder. Throughout this work, a nonmagnetic SMENA
head (the AFM head was used, which acts as a probe holder as well as scanner) and sample holder

that were made up of nonmagnetic materials to minimize the errors in the measurements.

(ix) Electron Paramagnetic Resonance (EPR) Studies: The EPR spectra were acquired with a
JEOL (JES-FA 200) X-band spectrometer operating at 9.45 GHz (Microwave Frequency) and 100

kHz (Modulation Frequency) at room temperature.

. RESULTS AND DISCUSSION

Structural Studies of YAG:Ce NPs. The YAG phase formation under various synthesis
conditions was studied by XRD and the results are found to be in good agreement with reported data
(JCPDS Card No0:33-0040), establishing that each final product consists of the single phase of
corresponding crystalline YAG nanocrystalline structure without presence of any byproduct phase
(YAP, YAM) as shown in Figure 1. Prior to annealing, the NPs prepared by all the techniques are
found to be amorphous [Supplementary Information (SI) Figure 1]. However on heating to 1300°C,

highly crystalline NPs with YAG structure are formed. From the line width of the XRD peaks, the
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average crystallite size D is calculated using the Scherrer equation D = KA/BCos0, where K is the
shape factor, A the wavelength of the X-rays used, B is the FWHM of the peak and 0 is the Bragg
angle. The crystallite size is found to be ~20-25 nm. 0.1M% Ce doped YAG NPs prepared by PHSC
technique does not show any phase related to dopant atoms, however samples prepared by PHHHPT
and PHACT at similar mole percentage shows precipitated secondary phase of Ce,O3 (marked as * in
XRD) confirming that the dopant has reached optimum incorporation in the host lattice. To confirm
the solubility limit of dopant in PHSC technique, experiments with different Ce concentration were
carried out and the results are shown in SI Figure 2. Secondary precipitated phase of Ce,O; are
visible from 0.2M% of Ce doped YAG NPs that increases with increase in Ce concentration
(0.5M%). The results indicate that synthesis conditions are playing a major role in incorporation of
activator in to the host lattice. The lattice parameters were calculated from the XRD peaks and found
to be 12.0613 A for NPs prepared by PHSCT and 12.0511 and 12.0498 A for PHHHPT and PHAC
techniques. To confirm the effect of dopant at high Ce concentration we calculated lattice parameters
of undoped and different Ce concentration doped YAG NPs prepared by PHSC technique and the
results are tabulated in Table 1. Lattice parameters increased with increasing Ce concentration up to
0.1M% and were stable with increase in Ce concentration (0.2M%) and decreased with further
increase in Ce to 0.5M%. The increase in lattice parameter for the Ce doped samples prepared by all
the techniques compared to the undoped one has been attributed to higher ionic radii of Ce*" (1.15A°)
compared toY>" ions (1.04A°)'*. Lattice parameters increased with increasing Ce concentration up to
0.1M% and were stable with increase in Ce concentration (0.2M%). With further increase in Ce to
0.5M%, a decrease in the cell parameters was observed. The increase in lattice parameter for the Ce
doped samples compared to the undoped can been attributed to higher ionic radii of Ce® (1.15A°)

compared to the Y** ions (1.04A°).
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On the other hand above 0.2M% which is the solubility limit of Ce in the YAG lattice, some of the
incorporated Ce ions could possibly convert into Ce*" with a smaller ionic radius and this could be
responsible for the observed decreased cell parameters. This type of conversion from Ce** to Ce*" is
possible under the conditions of calcinations which were carried out in air atmosphere. There are

(15 161 Furthermore, the lattice parameters of

several earlier reports on similar such observations
0.1M% Ce doped YAG NPs prepared by PHSC technique is found to be higher than that of other two
techniques indicating that there is maximum incorporation of Ce in Y site in this sample. In YAG
lattice, Y*" ions are having an eight coordinated dodecahedral symmetry'’ and Ce’" ions when
incorporated in the lattice occupy the Y*" sites due to similar radii compared with smaller radii of
AP’" (0.67A). In addition, the patterns of YAG:Ce NPs prepared by PHSCT showed clear shifts to
lower 26 angles up 0.2M% (SI Table 1) compared to undoped NPs prepared by same technique,

18,19

attributed to the dopant incorporation and nanosize effect and further shift to lower angle at

0.5M% Ce ascertained that the dopant reached an optimum solubility limit at 0.2M%.

Morphology studies. Drastic change in morphology has been observed in YAG:Ce NPs
depending upon the synthesis conditions as shown in the TEM images [Figure 2a, b, c]. Uniform
nanowire formation with width of about 5 nm and length varying from 20 to 200 nm has been
observed in samples prepared by PHHHP technique and spherical formation with size of about 20 to
30 nm has been observed in samples prepared by PHAC technique, where as honeycomb like
agglomerated spherical structure formation few hundred nanometer in size with individual particle
size of about 10-15 nm with PHSC technique. SEM images of NPs samples prepared by combustion
technique further reconfirmed the honeycomb formation (Figure 2d). Results clearly indicate that the

same precursor solutions under different synthesis conditions and temperature could affect the size
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and morphology of the YAG:Ce NPs. Such variation in the morphology due to temperature and

dopant effect has been reported in our earlier work on ZnO NPs*’. Spherical morphology is an

important factor for reducing the amount of light scattering at the surfaces and increasing the packing
21-23

density and for this reason the materials obtained by PHACT and PHSC techniques would be

ideally suited for better device performance.

Photoluminescence studies. PL excitation and emission spectra of Ce doped YAG NPs
prepared at different conditions are depicted in Figure 3a. Figure 3b shows the variation of
luminescence efficiency with Ce concentration (0.05M% to 0.5M%). PL intensity increased up to
0.1M% of Ce and maintained almost same intensity at 0.2M% and decreased from 0.3M% of Ce
doped YAG. Hence, 0.1M% was chosen as an optimum concentration and further experiments were

performed with this Ce molar ratio.

The emission spectra of YAG:Ce NPs prepared under various synthesis conditions show
characteristic emission of Ce’” at 555 nm that corresponds to the 4f to 5d transition level of Ce*" ***°
which is excitable by 460 nm (inset of Figure 3a). YAG:Ce NPs prepared by PHSC techniques show
maximum emission intensity compared with other two techniques taken at identical conditions.
Results are in good agreement with XRD results that indicate that the NPs prepared by PHSCT show
maximum incorporation of Ce (no precipitated phase of Ce observed at 0.1M% Ce) compared to
other two techniques which shows precipitated secondary phase of Ce at 0.1M% leading to high
efficiency in PL results. Besides the absence of longer wavelength emission (~780-800 nm) which is

26,27

associated with iron impurities™”" this observation also confirms the purity of YAG:Ce NPs.
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To establish the emission properties of pure YAG, undoped YAG NPs were synthesized by all three
methods while maintaining all experimental conditions similar to the doped samples. An interesting
observation is that the undoped YAG NPs prepared by PHACT technique exhibits maximum
luminescence efficiency followed by PHHHPT compared with samples prepared by PHSC technique
which shows maximum efficiency related to Ce emission [SI Figure 3]. Compared to Ce doped NPs,
undoped samples exhibit lower efficiency as shown in SI Figure 3. Intrinsic defects, predominantly
oxygen vacancy (Vo) could be responsible for observed high efficiency from NPs prepared by
PHACT technique at low temperature (180°C for PHACT and PHHHP techniques compared with
550°C for PHSC technique) as the most convenient to form and more stable than other charged
species at low temperature™ which has been observed from XPS and EDS analysis. Observed low
efficiency from pure YAG NPs compared with Ce doped YAG is well known and trap levels related
to Vo act as luminescence quenchers®’ because the excited electrons would recombine or get trapped

at the nearest defective sites and cause the non-radiative relaxation.

NMR and XPS studies. The sensitivity of MAS *’Al NMR chemical shifts towards the co-
ordination state of Al"™ is increasingly being used for identifying the different phases and co-
ordination states of Al centers and phases related to impurity atoms in aluminum containing
materials®®*'. The 2’ Al MAS NMR spectra of the YAG:NPs prepared by PHSC technique is shown in

31,3 2, the solid state structure of Y3Als;0, consists of a network

Figure 4a. According to several studies
of four, five and six- fold co-ordinated aluminum atoms. Chemical shifts of different coordination
states of Al atoms are well recognizable: octahedral AlOg sites resonate between 15 —30 ppm, the

much less common AlOs sites between 40 - 25 ppm and tetrahedral AlO4 between 80 -50 ppm. On

this account, the 9.916 ppm major resonance in the spectrum corresponds to six-coordinate
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aluminum™”. Besides, other distinct broad peaks located at about 39.645 ppm and 87.896, 67.398
ppm can be assigned to five and four-fold coordinated aluminum atoms. It can be noticed that the
resonance at 39.645 ppm can also be consistent with a tetrahedral site distorted due to the presence of

313335 ‘Mackenzie et al”, suggested that the AlOs site could give rise to transient

oxygen defects
hexagonal YAIOs. In our sample, this process does not occur, as shown in XRD spectra where no
diffraction peak associated with the perovskite structure was observed (Figure 1) leading to conclude
that presence of oxygen defects are responsible for this phase. As for the chemical valence state of Ce
ions in Ce-doped YAG NPs, an XPS analysis was carried out and results are shown in Fig. 4b. It can
be noted that the XPS of the Ce-doped sample gives two distinct characteristic peaks at the binding
energies of 886 and 903eV, which exactly correspond to the Ce*3ds;; and Ce®*3dsp, respectively due

to the 3d orbital split of Ce’" ions™ by the spin-orbit coupling effect. Therefore, it can be concluded

that the Ce ions in Ce-doped YAG NPs exists in a single chemical valence of +3.

Magnetic studies. Magnetic properties of the undoped and Ce doped YAG NPs were determined
from VSM and SQUID magnetometry analysis. Magnetization measurements carried out at RT for
undoped and Ce doped (0.1M%) YAG NPs prepared by above mentioned synthesis routes shows
typical hysteresis loops as shown in Figure 5 (a, b). Compared to doped NPs, undoped YAG
synthesized in exactly identical experimental conditions show slightly high magnetization (M) and
coercive field (H¢) as shown in Table 2. Maximum M value observed was 78.14 memu/g with H¢ of
17.29 Oe with NPs prepared by PHAC technique. Similarly, high Hc obtained with NPs prepared
with PHSCT (54.50 Oe) with magnetization value of 31.83 memu/g as shown in inset of Figure Sa.
RT M-H value of YAG:Ce NPs prepared by PHSC technique by changing the dopant concentration

show similar values'® and Hc continuously increased with decrease in temperature (200, 130K) and
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vice versa above RT (400, 500 and 600K) while maintaining M nearly constant. The Hc of 42.12 Oe
and M of 8.93 memu/g at 600K shows that Curie temperature (T¢) will be higher than 600K as we
could not probe further due to instrumental limitation. In order to exclude any origin other than
intrinsic to the observed magnetic behavior of YAG samples, sample synthesis, handling process, and
measurements were done with utmost care. Since extreme precautions were taken to avoid any
magnetic contamination during different steps involved in experimental process, the only probable
suspect could be trace magnetic impurities present in the precursor materials. Hence highly pure
Yttrium (III) Oxide (Y203 99.99% pure) and Aluminium Nitrate Nonahydrate (Al(NOs); 9H,0,
99.997% pure) were used as a precursors and the observed high stable ferromagnetism and T, stable
at 130 and 600 K cannot be attributed to any trace impurities. XRD, EDS, PL and XPS analysis also
clearly reveals the absence of any magnetic elements. Another justification to support our claim for
the absence of any magnetic impurity is that, in case magnetic impurities are present their effect
would be consistent throughout the temperature range but as observed the coercive field has a
characteristic temperature response.

Formation of magnetic domains is basic to the origin of ferromagnetism, hence the topography and
magnetic phase mapping of YAG;Ce magnetic structure was investigated by high resolution AFM
and MFM on pellets of NPs. The contrast/brightness profile in magnetic phase map and topography
clearly shows the internal nature of the ferromagnetism and magnetic domains with a near uniform

distribution at RT.

For a further insight into the magnetic properties of YAIO NPs at low temperatures (less than 130K),
The magnetization versus temperature properties were studied using Quantum Design’s SQUID

magnetometer equipped with a 5-T magnet in the temperature range of 5 to 300 K. Figure 6 shows
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the magnetization of undoped and 0.1M Ce doped YAG NPs prepared by PHSC technique as a
function of temperature obtained at the ZFC and FC conditions with an applied magnetic field of 100
Oe. Superimposition of ZFC/FC plots® between 150 to 300 K as well as clear separation between the
FC and ZFC processes at low temperature without blocking temperature®®*! indicate that YAG:Ce
NPs are ferromagnetic in nature. Measuring ZFC/FC curves is also an effective method for
determining the presence of any magnetic impurities*>. Magnetic impurities, if present show up as a
blocking temperature that can be observed in the ZFC/FC curves. No signal for blocking temperature
was observed in the ZFC curves, which implies that no magnetic nanoparticles exist in all the samples
within the measured temperature range. In addition, presence of magnetic hysteresis loops with
saturation magnetization and coercive field values of approximately 1.19 memu/g and 168.50 Oe
observed at RT SQUID measurements taken for Ce doped YAG (inset of Fig 6) further supports our
claim.

To further confirm the existence of oxygen vacancies, EPR spectra of the undoped and 0.1M% Ce
doped YAG NPs has been carried out and results are shown in Fig. 7. It is observed that all samples
exhibit the broad strong symmetric EPR peak with g = 2.06 (Undoped YAG) and 2.14 (YAG:Ce)
with sharp peaks appeared at g value of 3.01 for both the NPs. A broad signal that appears at the
lower field is attributed to ferromagnetic-resonance which arises from transition within the ground

43,44

state of the ferromagnetic domain™", and a narrow ESR signal arising from the paramagnetic states

45,46

of surface defects™". However, it is believed that this narrow signal is not involved in the

47,48

ferromagnetic ordering” ™. The EPR signal with g=2.00 to 2.15 was reported and referred to as due

to oxygen vacancy ' *" * Similar values are reported for TiO, and ZnO and reported to be due to

oxygen vacancies Vo'’
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As yttrium and aluminium are non-magnetic elements, the origin of ferromagnetism of these
nonmagnetic oxides could be attributed solely to the defects and/or oxygen vacancies similar to that
in the thin films of HfO2’, TiO2*', CaBg™% Ca0™, SiC** and In,05°". We strongly believe that unpaired
spins have their origin in the oxygen vacancies that could be responsible for the observed magnetic
moment of undoped and Ce doped YAG NPs as evidenced from PL and XPS analysis which shows
presence of Vo The strong evidence of magnetic properties due to Vo comes from PL studies of
undoped YAG NPs prepared by PHACT that show maximum emission which could have been
caused by oxygen defects giving maximum magnetization and this decreased with increase in
temperature and supported by EPR analysis of these samples which shows strong symmetrical signal
at g=2.06 and 2.14 suggesting some sort of exchange interactions among the localized electron spin
moments from single electron trapped in oxygen vacancies (F center) are polarized to give room-

temperature ferromagnetism as suggested by M. Venkatesan’ and S. Tsunekawa et al”.

. CONCLUSIONS

The present study established that yellow emitting Y AG:Ce NPs exhibits stable ferromagnetism up to
and above 600K. The discovery of ferromagnetism from undoped and doped insulator materials like
YAG:Ce NPs prepared by different synthesis routes has directed our attention to a new, nevertheless
not so uncommon phenomena of d° magnetism, or magnetism due to defects and/or oxygen vacancies
that has been experimentally validated by magnetic hysteresis loop, ZFC-FC studies and EPR
analysis. Such novel ferromagnetic phenomena based on multifunctional materials such as YAG:Ce
could pave the way for a new class of magnetooptic and spintronic materials for a wide variety of

applications.
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Figure 1. Structural properties of YAG:Ce NPs. An XRD pattern of the Ce doped YAG (0.1M) prepared

under various synthesis methods shows purity and crystalline nature of the samples.
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Figure 2. Morphology of the YAG:Ce NPs. TEM images of YAG:Ce NPs prepared by PHHHPT (b) PHACT

(c) PHSCT. SEM images of NPs prepared by PHSCT is shown in Figure d
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Fig 3. (Colour online) Spectroscopic investigation of the YAG:Ce NPs. (a) PL studies of the
YAG:Ce NPs prepared by various synthesis techniques, (b)Variation in the PL intensity of YAG:Ce

NPs prepared by PHSCT.
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Fig 4. (Colour online) Phase investigation of the YAG:Ce NPs. (a) *’Al solid state MAS-NMR studies of

the YAG:Ce NPs prepared by PHSC technique, (b) XPS analysis of YAG:Ce NPs prepared by PHSCT.
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Figure 5. (Colour online) Magnetic properties of undoped and Ce doped YAG NPs. RT VSM plots
of undoped (a) and Ce doped YAG (b) prepared under various synthesis condition shows similar
Hysteresis loops behavior. The inset of Figure 5a shows magnified view of corresponding undoped

YAG NPs to show coercive field and Figure 5b shows the AFM and MFM images of corresponding NPs
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Figure 6. (Colour online) Temperature dependence of the magnetization for YAG:Ce NPs.
Zero-field-cooled and field-cooled magnetization (applied field 100 Oe). The inset shows the

hysteresis loops at RT for the same NPs.
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Figure 7. (Colour online) ESR spectra of undoped and Ce doped (0.1M %) YAG NPs.

Origin of the ferromagnetism [oxygen vacancy] has been confirmed through EPR taken at RT.



Crystalline parameters of undoped and Ce doped YAG NPs prepared by PHSC technique
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Table 1

Sample Details 20 Values Cell
parameter
A)
Undoped YAG 33.289 12.0328
0.025M 33.257 12.0380
0.05M 33.248 12.0411
Ce
Concentration | 0.1M 33.191 12.0613
0.2M 33.187 12.0618
0.5M 33.212 12.0541
Table 2

RT Hc & M values of undoped and 0.1M% Ce doped YAG NPs

Sample Details PHSCT PHHHPT PHACT

Hc M Hc M Hc M

(Oe) memu/g | (Oe) memu/g | (Oe) memu/g
YAG 54.50 31.83 17.54 62.27 17.29 78.14
YAG:Ce 41.14 28.79 14.77 61.81 14.23 77.23
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