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Abstract

Various concentrations of Lithium-Europium doped Gadolinium Oxide powders are
synthesized by a high-temperature solid-state reaction method. X-ray diffraction pattern of
the compounds revealed single-phase crystal formation, consistent with the predominant
monoclinic phase of Gd>0s. The scanning electron micrographs and their analysis showcase
dense growth of microparticles with average sizes ranging between 1.5 to 2 um. The presence
of constituent elements was identified using X-ray photoelectron spectroscopy. Eu3d, Lils,
Gd4d, and Ol1s, spectra were detected using the narrow scan spectra, and their deconvolutions
of them show valance stability in the compound systems. Deep-level photoluminescence
spectra showed enhanced multiple emissions in the orange-red region corresponding to
transitions of °Do-'F2, °Do-"F1, and °Do-Fo arising from Lithium activator incorporation.
Polarization anisotropy of the monoclinic structure of samples brought out interesting crystal
field splitting in the pure electric dipole °Do-'F- transitions.
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1. Introduction:

Modern photonics pays much more attention to the fabrication of rare earth luminescent
materials which are tuneable for emission wavelengths by influencing lattice crystal field
variations [1]-[3]. In-depth and diverse investigations are carried out to maximize the
efficiency and fine-tune the emission wavelengths for these lanthanide phosphors because of
their synthesis flexibility, low cost of production, long lifetime, etc. [4]-[6]. Enhancing the
luminescence intensity of these lanthanide ions by suitable modification of host matrix
structures has been a significant subject of investigation in recent years. Modification of
lanthanoids’ luminescence can be provided by the varying in their concentrations through
ion-ion interaction[7] and by the embedding of co-activators ions likewise the non-lanthanide
luminophores[8], but co-activation mechanisms will be different. Incorporating similar radii
alkali ions into the host matrix creates interesting distortions in rare earth visible light emitter
ion surroundings, favourable for higher intensity emissions in desired regions. This can be
achieved by incorporating relaxing factors for selection rules that prevent the transitions of
special interest. The electronic-dipole transitions among the states arising from 4f levels in
lanthanide ions are forbidden by Laporte selection rules. However partial relaxations in these
selection rules are permitted by the local crystal field around the lanthanide ions due to the
capability to intermix with their states of odd parity [9]. Modification of the local crystal field
around the lanthanide ions and thereby altering the radiative parameters is a promising
strategy for improving the luminescence efficiency as the Li* ion possesses the smallest
cationic radius in the periodical table of elements which is suitable for their mobility and site
occupation in the host lattice. These advantages make them crucial activators for use in
tailoring the host lattice’s local crystal field [10]. In this work, we probe the emission
intensity of Gd,Os:Eu* with the co-doped addition of Li* by a high-temperature solid-state
reaction synthesis method. Emission intensity variations of the samples are deeply analysed
with varying Li* dopant concentrations. In our previous work, we have reported the emission
intensity enhancements due to various doping concentrations of Eu in one of the most
prominent rare earth host matrix Gd>Os [11], [12]. We found that 5% of Eu concentrations
showed maximum intensity for emissions in the orange-red region. As a subsequent
investigation in this work, we have synthesized our samples with fixed 5% Eu concentration
and varying Li co-dopant concentrations. The structural and luminescent features of the
prepared samples are thoroughly analysed. The presence of intensity variations in transitions

which are supposed to be least sensitive to crystal surroundings are also deeply investigated.
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2. Materials and Method:

Solid solutions of Eu-doped Gd.Oz powder samples were prepared by high-
temperature solid-state reaction technique. The starting materials, Gd>O3 (Gadolinium Oxide,
99.99% purity), Eu203 (Europium Oxide, 99.99% pure), and Li2O (Lithium Oxide 99.9%
pure) were purchased from Sigma Aldrich Chemical Co. U.S.A. The powder samples were
weighed in adequate quantities to obtain doping in weight percentages. The powders were
mixed for 48-54 h to attain uniformity and were calcined initially at 1200 °C for 10-12 h.
The samples were allowed to cool down naturally to room temperature after the calcination,
and were reground into fine powders and loaded back into the furnace for the next round of
heat treatment. The powders were then undergone for a step-by-step heating com grinding
process between 1250 and 1400 °C for 60-65 h. The pellets were made from the powders and
were densified at 1450°C for 12 h and these pellets were reground and repellatized and then
placed in the furnace for last round of heat treatment for 12 h at 1475 °C. The samples used
for the study are finely ground powder after the final sintering process. The powder X-ray
Diffraction (XRD) pattern was obtained using PANalytical, AERIS diffractometer calibrated
by Cu-K,-radiation of wavelength 1.5406 A. X-ray photoelectron emission spectra were
obtained by Prevac XPS equipment equipped with an MX650 monochromator. Scanning
Electron Micrographs (SEM) recorded by VEGA-TESCAN 3 analyzer with EDAX
arrangement. The UV- Spectra of the powders were recorded in diffuse reflectance mode by
Perkin Elmer LAMBDA 365 UV-Vis Spectrophotometer. Photoluminescence (PL)
measurements were carried out by JASCO FP-8300 spectrofluorometer.

3. Results and Discussions

3.1. X-ray diffraction analysis

Figure 1 shows the recorded XRD pattern of Gd>0O3 doped with Eu (5%) and Li at different
weight percentages varying from 4 to 12%. The reflections from the various lattice planes are
indexed. The diffraction pattern of the planes indexed shows analogous to the typical
monoclinic phase of Gd>Oz3 reported previously in ICCD : 98-016-0226 [11]. Most rare earth
ions accept a large range of coordination numbers varying from 6 (octahedral) to 12
(dodecahedral) according to their ionic radii [13]. Gd:Os crystallizes in the monoclinic C2/m
space group. There are three inequivalent Gd** sites. In the first Gd** site, Gd** is bonded to
six 0% atoms to form a mixture of distorted corner and edge-sharing Gd-Os octahedra. In the

second and third Gd** sites, Gd*" is bonded in a 7-coordinate geometry to seven O*" atoms but



differ in bond distances. Fragment of Gd.Os structure with the described elements generated

by VESTA are presented in the Figure.3. [14].

The Li* ions occupying the Gd®* sites significantly have distorted the monoclinic structure
which will favour enhanced luminescence. The Li* ions with higher concentrations occupy
the interstitial sites rather than substitutional sites expands the lattice [15]. Thus, the leftward
shift of XRD peaks for increasing concentrations of Li in our sample indicates the crystal
lattice expansion. The average crystalline sizes calculated by Scherrer’s equation are about
45-50 nm for different doping concentrations. It’s found that the grain sizes of the lower
concentration of Li contained samples are having lower grain sizes and higher dislocation
density, which is also consistent with the SEM results shown in figure 5. This can happen in

solid state reaction synthesis that normally arises due to the non-uniform grinding.
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Lattice parameters of the monoclinic unit cells of the prepared sample are tabulated. A
significant increase in the unit cell volume [16] is evident from the calculations. As the Li
concentration is varied above 4%, all the unit cell parameters and unit cell volume seem to be
increased. It indicates clearly the higher occupation of Li* ions in the interstitial sites. Such

crystallographic distortions would bring the desired crystal field effects in the surroundings of



the emitter and thereby interesting transitions, which are generally forbidden, can happen as

induced transitions by relaxing the selection rules [17].
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Figure.2. Magnified XRD pattern of the prominent reflections of monoclinic Li
doped Gd20s: Eu?* (5%) in C2/m space group.

Figure. 3.Fragment of Gd20s crystalline structure



Figure 2 displays the magnified image of the prominent reflections form the samples,
between the Brag angles 28 to 33° The image reveals that the characteristic reflection of
monoclinic structure of Gd>Os in maintained throughout the compositions and slight variation
in speak positions are due to the possible structural asymmetry due to the substitutions of

anions in the crystal matrix.

Table 1. The lattice parameters were calculated using the prominent reflections of the XRD
pattern and the calculated sizes of the grains using the Scherrer formula, and the dislocation
density was estimated [18].

Concentration | a b c \ Grain Size Dislocation density
D (nm) O (1/D?) (x 10¥“m-?)
Li 4% 12.11 4.35 9.42 451.71 35 8.16
Li 6% 12.15 4.36 9.45 454.95 64 2.44
Li 8% 12.18 4.37 9.47 458.45 68 2.16
Li10% 12.18 4.37 9.47 458.61 61 2.68
Li 12% 12.22 4.38 9.50 462.60 68 2.16

The Rietveld refinement was employed purely to confirm the monoclinic crystal structure of the as-
synthesized sample[19]. The data points were refined using the FULLPROF program. Fig.4 represents
the Rietveld refinement of the prepared Gd>O3: Eu5%: Li 6% sample. The experimental and stimulated
XRD intensities are in agreement with each other. Rietveld refinement confirmed the monoclinic
structure of the Gd203:Eu:Li with 2 value 1.51[20].Refinement results also confirmed the phase
purity of the samples. The Whykoff positions of the three inequivalent Gd®* ions is 4i positions. Li+
ions seems to occupy the first Gd3+ ion position which is bonded to six O atoms which forms a
mixture of distorted corner and edge sharing GdOs octahedra without tilting[21].The lattice parameters
calculated from XRD data were also in good agreement with the refinement data .The respective
coordinates of atomic positions are listed in table 2.
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Figure 4. Rietveld Refined plot of Gd203: Eu5%: Li 6% sample

Table 2. Calculated lattice positions of atoms in the monoclinic matrix of Gd203 host matrix

Name X Y Z
Gd1/Lil 0.03187 0.81098 0.50000
Gd2/Eul 0.1356 0.48980 0.50000

Gd3 0.19028 0.13415 0.50000
03 0.00093 0.63292 0.50000
04 0.13797 0.28989 0.50000
05 0.19122 0.98594 0.50000
06 0.20482 0.64984 0.50000
o7 0.00000 0.00000 0.25000

3.2.  Surface Morphology and Chemical Composition

3.2.1. Scanning Electron Micrographs

The SEM images of the as-prepared samples Gd,O3:Eu®" co-activated with 4%, 6%, 8%, 10%
and 12% concentrations of Li are shown in Fig 3 (a), (b), (c), (d) and (e) respectively. In the
figure, it found that the sample was composed of non-uniform spherical-shaped particles. Fig

5 (a) is the SEM image of a 4% Li doped sample, in which the surface of the sample was



found to be rougher than the images of the other samples. As the concentration of Li
increases the agglomeration of the particle can be observed in the SEM images. The Fig 5 (c)
& (d), sample with 8% and 10% respectively, shows more agglomeration than other samples.
This indicates that there is no trend has been followed for agglomeration, so we could

conclude that the agglomeration could be due to the non-uniform grinding[22].
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Figure 5, Scanning Electron Micrographs of a) Li 4% Gd20s:Eu®" b) Li 6% Gd20s:Eu®* ¢) Li
8% Gd20s:Eu® d) Li 10% Gd20s:Eu®* e) Li 12% Gd20s:Eu®* and (f) Bar diagram showing
average particle size of different composition of Li

Fig 5 (f) shows a bar diagram indicating the average particle size of Gd,O3:Eu®* co-doped

with different concentration lithium oxides, the average particle size was calculated by



collecting 60 clearly identifiable particles for each concentration found to be 1.70 pum, 2.00
pm, 2.084pum, 1.62 pm and 2.12 pm for 4%, 6%, 8%, 10% and 12% respectively. The
average crystallite size calculated using the Debye Scherer formula from XRD data and the
average particle size estimated from SEM are differ by a factor of 102, Since the average
crystallite size represents the average size of the coherently diffracted domains and the
average particle size observed in SEM is the apparent size of the particle [23]. This infers that
the sample is the polycrystalline micro particle. Figure 6 displays the histogram of the

particle sizes observed in measurements which was used for the plotting figure 5(f).
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Figure.6. The histogram representing average particle sizes measured on the scanning
micrograph of Li 4% Gd,O3:Eu®* powder samples
3.2.2. X-ray photoelectron spectroscopy

The presence of constituent elements in the prepared materials is identified using X-
ray photoelectron spectroscopy (XPS). Figure 7 represents the core level elemental XPS
spectra of Gd>Oz doped with Eu (5%) and Li at 6%. The obtained asymmetric curves are
deconvoluted for the appropriate electronic states and the results are interpreted using the
NISTXPS database [24]. As displayed in the Figure 7 all elements constitute significant peak
asymmetry and fitted their corresponding components. The elemental photoelectron
emissions of Eu3d and Gd4d were due to the energy states of the and the split up is due to the
J-J coupling [25]. The detected broad spectra between the binding energy region 1127-1143
eV (figure 7.a), are from Eu3d binding energy state and comprise strong peak asymmetry.
This was fitted with two Gaussian-Lorentzian components at positions 1136.2 + 0.05 ¢V due
to Eu 3dsand 1132.0 + 0.05 eV being Eu3ds, energy states [24]. The typical peak difference
(AV) between Eu 3d coupling constant is 4.2eV and is exactly re-produced here [16]. Gd 4d



in Fig. 7.b, the doublets in 140.59 + 0.05 eV and 145.20 + 0.05 eV, are respectively from Gd
4ds, and Gd 4dsy, split ups, and the emissions are from Gd** ionic state with oxygen. it can be
a remark for the Gd®* electronic state alongside AV = 5.01eV also consistent with references
[26]. Consequent to the changes in doping concentration, observed a slight variation in the
peak positions, for all elements however the shapes of the peaks remain unchanged and hence
all the cations possess valance stability [27]. O 1s spectra in multi-cation oxide systems are
typically broad, with an obvious peak-shape asymmetry due to distinct ionic interactions with
multiple cations, metal carbonates, and hydroxyls that are naturally present in any chemical
[28]. The O1s photoelectron peak showed a strong emission with shoulder peak, mainly due
to the presence of two components at binding energy values of 530.78 = 0.05 eV and 528.36
+ 0.05 eV corresponds to the bond between O? - Eu®* and O%-Gd** states [29] . The broad
spectrum that was obtained between 53 and 56 eV is consistent with the Li 1s emission, and it

fit two components: Li-C bonds and Lithium with oxygen bonds[30].
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Figure 7. The core-level XPS spectra of the sample recorded in the narrow scan mode (a)
Eu 3d state (b) Gd 4d state (c) O 1s state and (d) Li 1s

3.3.Photoluminescence studies



Photoluminescence emission spectra of the samples with Eu concentration fixed at
5% and Li concentration varied from 4% to 12% are depicted in Figure 8. The emission
spectra reveal significant efficiency improvement resulting from Li* doping, in the visible
region of Eu®" emissions. Our specific interest of emission region is 570nm -710 nm. Five
possible transitions in this region are between the energy levels *Do-"Fo, °Do-"F1, *Do-'F2, °Do-
’F3, and °Do-'F4. They are ED, MD, ED, ED and ED transitions respectively, where ED
indicates electric dipole transition and MD indicates magnetic dipole transitions [17]. In
these energy states and corresponding transitions, parity selection rules demand that the
transitions between states with same parity have is prohibited for electric dipole transitions;
as a consequence, f—f transitions are forbidden by the ED mechanism[31]. However, under
the influence of a ligand field, the lanthanide ions’ non-Centro symmetric interactions allow
the mixing of electronic states of opposite parity into the 4f wavefunctions, which dilutes the
selection rules, and the transitions become partially allowed; and are termed as induced (or
forced) electric dipole transitions. Certain induced ED transitions are extremely sensitive to
minute distortions in the Ln®" surroundings and are considered to be hypersensitive [32]. The
very presence of °Do-"Fo transition at 578 nm indicates the placing of emitter Eu®* at Cs or Cz
symmetry sites[33]. The ground state ("Fo) and the most important emitting excited state
(°Do) are non-degenerate and are thus not split by the crystal-field effect[34]. However, the
relative intensity of this emission compared with other prominent transitions seems to be very
low in our samples. The addition of Li* also hasn’t improved the intensity of this transition to
any considerable level. It indicates that the increasing presence of Li* ions which resulted in
crystallite distortions could not bring linear contribution to the crystal field Hamiltonian,
which enhances the particular emission intensity, as reported by X Y Chen et al [35]. The °Do
—'F1 emission transitions within the range 585-600 nm show slight increase as Li*
concentration is increased. This transition is a magnetic dipole (MD) transition[35]. The
intensity of an MD transition is mostly independent of the surroundings of the lanthanide. In
other words, the kind of ligands present or the specific symmetry of the coordination
polyhedron in the surroundings of the lanthanide ion does not influence the MD intensity
largely[36]. However, our sample shows a notable increase in intensity for this emission. This
is aroused from the high level of J-mixing resulting due to the wavefunction overlapping
close to this energy region [37].The multiple peaks observed in these regions reinstates the
crystal field splitting of this transition for three components as predicted by Binnemans et al
[38]. Those three peaks are observed at 582, 591 and 595 nm. The trend of emission intensity
variation for this transition with an increase in Li* concentration seems to be similar to the

intensity variation trend shown by the 5Do-'F- transition emission for our samples.
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Figure .8. Deconvoluted (Gaussian peak type) PL spectra of Eu doped Gd2Oz which was
previously reported as the superior colour emission when doping concentration reaches 5%
and figures a.b.c.d and f are the deconvoluted photoluminescence spectra of Li co-doped
Gd203 microphosphers synthesized at different concentrations of Li-ions
The intensity is found maximum for 8% doping of Li. The deconvoluted spectrum indicates
the fact that the crystal field splitting for this transition for our sample is 3. °Do-'F,
transitions, with the wavelength range of 610-630 nm are electric dipole transitions and are
hypersensitive to the crystal field environments[39]. That is its intensity is highly influenced
by the local symmetry around the Eu®* ion and the ligand nature than the intensities of the
other ED transitions. The intensity of these transitions in our samples shows very interesting
improvements with the addition of Li. As the Li concentration is varied from 4% to 12%, by
steps of 2%, the emission intensity for this transition first increases and then decreases.
Intensity is found to be maximum for 8% Li doping concentrations and found to have
improved by 75% than without Li dopant. The dominance of this °Do-F» transition over °Do-
’F1 clearly indicates the absence of centre of inversion in the sample crystal structure [40].
The deconvoluted spectrum reveals the fact that the crystal field splitting for this transition,
°Do-"F», for our sample is 4. Those 4 emissions are situated at 609.1, 615.7, 623.6 and 629.5
nm. All these four emissions are the results of polarisation anisotropy for this particular
monoclinic structure of our sample. Their respective positions are at 609, 616, 623 and 629
nm. Out of these four transitions, emission at 616 and 623 shows maximum intensity
enhancement for Li concentration variations. The overall analysis of crystal field splitting of
these three prominent transitions reveals the point Cov point group formation around Eu®* as

reported by X Qin et al. [40].
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The histograms depicted in figures 7 to 9 clearly portraits the intensity enhancement due to
the addition of activator Li in Gd2Oz microphosphers for the three major transitions in
yellow- red region[41] [42]. Figure 8 shows, From figure.8, the peak at 592 nm demonstrate
similar behavior to the °Do — ‘F» luminescence, but the maximum of intensities of two other
peaks is observed for the 6 % of Li concentration. The most intense emission wavelength for
°Dy — ’F, transition, 616nm shows almost 5 times enhancement for the Li8% dopant
concentration than without Li incorporation. It clearly indicates the successful symmetry
distortions and thereby formation of crystal field variations favourable for enhanced

emissions of Eu®" in red region.



4. Conclusions

The phase pure compounds composed of different percentage of Li* ions substituted
in the monoclinic Gd.0s:Eu®" has been successfully synthesized by solid state reaction
technique. The structural parameters were deduced and monoclinic features are depicted. The
electronic state of the elements in the compound system was investigated and reported. The
valence stability in the compound system was identified by peak shape analysis of elements
scanning by XPS spectra. Photoluminescence analysis brought out the multiple intense color
emissions in the orange-red region and deep analysis brought out the crystal field splitting in
the emissions. Enhancement in emission intensities for Li* concentration variations is also
reported. The study summarizes the emission enhancements and crystal field splitting as a
result of favourable asymmetric crystal atmosphere around our Eu®" emitter due to the
systematic incorporation of Li" activators. Owing to the tuneable intensity of the Eu
luminescence Gd2Os:Eu* composites co-activated with Li* can be promising for use in
electroluminescent appliances, field emission displays, biosensors, MRI contrast agents, and

customizable converters of UV emission to visible luminescence.
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