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Figure-S1: XRD Pattern and respective Rietveld Refinement of Y,Ge,05: Eu samples with
varying Eu concentration
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Figure-S2:FTIR spectrum of undoped and Eu-doped Y,Ge,0;.
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Figure-S3: Coherence of Diffuse Reflectance spectra (DRS) and excitation spectra of Y,Ge,0:Eu.
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Figure-S4: CIE Chromaticity Diagram of Y,Ge,0: Eu phosphor with different Eu-content.
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Figure-S5: XPS of Y,053:Eu andY,Ge;0:Eu samples ( 2%Eu).



Y,03: Cubic (l1a3 [206]) Y,Ge,0; tetragonal, P4_32_12, [96]
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Figure-S6: Comparison of geometry and electronic structure of Y,03 and Y,Ge,0-.
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Figure-S7: Comparison of projected density of states of Y,03; and Y,Ge,0;. The vertical line indicates

the Fermi level
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Figure-S8: Comparison of charge transfer band of Y,Ge,05:Eu and Y,0s5:Eu phosphor.



1. Experimental and computational details section

Materials and methods

GeO,, Y,03; and Eu,0; were obtained from Analytical Reagent grade, SD Fine Chemicals,
Mumbai, India and were used as received. Powder XRD date of the samples was recorded using Cu
Ko (A = 1.5405 A) using monochromatic X-ray source of a Rigaku Miniflex-600 diffractometer. The
pattern of the samples was recorded in the range of 10-70° (20) in continuous mode. Fourier
transformed infrared (FTIR) spectra were recorded with a resolution of 2 cm™ for thin pellets of the
samples made in KBr matrix on a Bomem MB102 FTIR spectrometer. All the luminescence
measurements were carried out at room temperature on an Edinburgh Instruments’ FLSP 920
system, having a 450W Xe lamp and a micro-second flash lamp (60W) as excitation sources. Red
sensitive PMT was used as the detector. Approximately 20mg of compound was mixed with few
drops of methanol and the resulting slurry was spread over a glass plate. This was dried under
ambient conditions and used for luminescence measurements. All emission spectra were corrected
for detector response and excitation spectra for the lamp profile. Raman scattering experiment have
been performed on Jobin Yvon triple-stage T64000 Raman spectrometer in a back-scattering
geometry coupled with charge couple device (CCD) detector in single mode configuration. For
Raman signal excitation, He-Ne laser of wavelength 632.8 are used. Raman modes have been
collected with 20x object lens, which are dispersed by grating of density 1800 grooves/mm in the
range of 100-1000 cm™. The resolution of the system with this configuration is < 4 cm™.XPES analysis
on the samples were performed at 4064 eV photon energy on thePES-BL14 beamline (BARC) at
Indus-2, RRCAT, Indore.

Synthesis

Y,4Ge,0,:xEu*" (x = 0, 0.02,0.04, 0.06, 0.08, 0.10, 0.15, 0.20) samples were prepared through
high temperature solid state route. For this stoichiometric amount of Y,0; (Merck, 99.99%) GeO,
Merck, > 99.99%)and Eu,0s (Merck, 99.9%) were well mixed and then heated at 1300 °C for 8 hours
in air. After cooling to the ambient temperature, all the samples were ground into powder for

further measurements.

Computational Details:

All calculations were carried out using the spin-polarized DFT with a plane wave basis set,
implemented in the Vienna Ab-initio Simulation Package (VASP)'?. The electron—ion interactions
were described by the projector augmented wave (PAW) method®>. PAW pseudo potentials
generated using with scalar relativistic corrections are used”. The spin polarized generalized gradient
approximation using the Perdew—Burke—Ernzerhof (PBE) functional® has been used to calculate the

exchange-correlation energy. The cut off energy for the plane wave basis set was fixed at 400 eV for



all calculations performed in this study. The geometry optimization was performed by ionic
relaxation, using a conjugate gradient minimization. The geometries are considered to be converged
when the force on each ion becomes 0.01eV/ A or less. The total energy convergence was tested
with respect to the plane-wave basis set size and simulation cell size, and the total energy was found
to be accurate to within 1 meV. A Monkhorst-Pack k-point grid of 6 x 6 x 6 was employed to map the
first Brillouin zone.

Three-dimensional periodic boundary conditions were applied to approximate a bulk solid.
Conventional tetragonal unit cell containing 44 atoms (8 Y, 8 Ge, 28 O) were used for calculations.
Structural optimization was performed with respect to atomic coordinates and unit-cell parameters.
The calculated lattice parameter (a=b=6.883 A c=12.348 A; a=B=y=90°) and structural parameter are
in excellent agreement with the reported experimental values®. The simulated XRD pattern of DFT
structure of Y,Ge,0; also matches very well with experimental counterpart. The calculation for Y,03;
was carried out using unit cell having 64 atoms (32Y, 480). The calculated lattice parameters
(a=10.614 A; a=p= y=90°). The for Eu-doping in Y,Ge,0, and Y,0;, one yttrium atom from the unit
cell was replaced with europium. The total magnetic moment of the unit cell was found to be six
belonging to 4f° configuration of Eu®".

Q,, where A = 2 and 4Parameter and quantum efficiency calculation:

In the present study, ©, values have been calculated by considering the >Dy—F; transition
as the reference’. Emission intensity can be expressed by the relation | = N h w A, where, N is the
population of the emitting level (°Dy), h w is the transition energy and A is the Einstein’s coefficient

8,9

of spontaneous emission.”” The terms “A” and (2, are related through the following expression

(equation 1)

64n*vie’ 1
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(1)
Where “v” is the frequency, “h” is the Plank’s constant, “e” is the charge of the electron, “1/4ne,” is
a constant and is equal to 8.99 x 10° Nm?%/C?, “x” is Lorents field correction and is equal to ng

(n02+2)2/9, where ng is the refractive index of the material. The value of refractive index is taken as

1.78 and is obtained by taking the average value of the refractive indices corresponding to GeO, and

2
Y,05 phases.” The term <5 D, "Ul" 7FJ>

COJURY g (R R)

is the square of the reduced matrix elements. The values of

and are taken as 0.0032 and 0.0023, respectively’®. The values of the
spontaneous emission cross-section is calculated from the emission spectrum using the relation Ag.;,
= (Vor/ Vo) (loa/lo1) Ao, where vo, and o, represent respectively the frequency and intensity

corresponding to the respective transition in the emission spectrum. A, is taken as a constant'® and



is equal to 50 st As the matrix elements U(‘”, U® and U(Z), U®for the Dy = ’F, and °Dy, >
"F,transitions,respectively are very small (negligible), the values of Q, and Q, can be calculated from
equation 1 bydetermining Ag_xdirectly from the emission spectrum.

The quantum efficiency values are calculated by taking the ratio of radiative decay rates and total
(radiative + non-radiative) decay rates. Emission quantum efficiency [N= Arad/(Arad+Anrad)]-

The radiative decay rate (A.q) is calculated by summing of all the spontaneous emission cross-
section (Ag;) values, A= 0,1,2,3,4. For example Ay, and Ay, corresponds to spontaneous emission
cross-section for the °Dy = 'F, and °Dy = 'F4 transitions. The values of the spontaneous emission
cross-section is calculated from the emission spectrum using the relation Ag.;, = (Vo-1/ Vo) (lo/lo-1) Ao
1, Where vg, and lg; represent respectively the frequency and intensity corresponding to the
respective transition in the emission spectrum. Aq.1 is taken as a constant value of 50s™. Inverse of
the experimentally measured lifetime (1/Tmeasurea) gives the sum of non-radiative and radiative decay
rates (Ar.q + Anrad)-

Change is asymmetry Ratio:

In the undoped sample each Y** is having 7 oxygen atoms as near neighbours and 5Y** and 6Ge** as
next nearest neighbours (NNN).  With increasing Eu*" doping, Y** ions existing as next nearest
neighbors around a central (focal) Eu** will be replaced with another Eu** species. As a result, there
will be six possible different configurations/structural units(Eu®* distribution and surrounding
arrangements in the lattice) with (n) Y*>" ions and (5-n) Eu®* ions as next nearest neighbours. All these
six configurations also have 6Ge*" as next nearest neighbours. The relative concentrations of each of
the six possible structural units existing in the solid solution with formula (Y,.Eu,),Ge,0; can be

evaluated, assuming a binomial distribution based on Equation 2 as given below*™.

>N P =5C, [x]” [1 - X]S_n .................. (Ean. 1).

where “X” is the fraction of Eu®* species in the solid solution (sample) and >"P, represents probability
of Eu** structural units having “n” number of Y>" and 5-n number of Eu®* as next nearest neighbours.

The term °C, is given by the following equation (Equation 2).

The calculated values of relative concentrations of different Eu®** structural units are given in Table
S1. It may be noted that structural units with concentration more than 0.2% are only mentioned in
Table S1. As expected with increase in Eu*" concentration, relative concentration of Eu** structural

units with higher number of Eu** as next nearest neighbours increases (Table 1 of main manuscript).



For the samples investigated in the present study, mainly Eu®* structural units with x=0, 1, 2, 3, 4,
and 5 Eu** along with 6Ge* as next nearest neighbours, represented as Eu(5Y,0Eu, 6Ge), Eu(4Y,1Eu,
6Ge), Eu(3Y,2Eu, 6Ge), Eu(2Y,3Eu, 6Ge), Eu(lY,4Eu, 6Ge) and Eu(QY,5Eu, 6Ge) with varying
concentrations are present as can be seen from Table S1. The main Eu®* configurations existing in
Eu** doped samples are primarily Eu(5Y,0Eu, 6Ge), Eu(4Y,1Eu, 6Ge), Eu(3Y,2Eu, 6Ge), and variation in

the relative concentration is responsible for the variation in the values of asymmetric ratios



Table-S1: Cell parameters obtained via Rietveld Refinement

samples a b C
Undoped Y,Ge,0; 6.80150 6.80150 12.36905
Y,Ge,07:2Eu 6.80323 6.80323 12.37340
Y,Ge,07:4Eu 6.80480 6.80480 12.37632
Y,Ge,07:6Eu 6.80691 6.80691 12.38016
Y,Ge,07:8Eu 6.80802 6.80802 12.38212
Y,Ge,07:10Eu 6.80984 6.80984 12.38632

Table S2. Relative percentages of different Eu®* structural units with varying number of
Y3¥*and Eu®as next nearest neighbours around a central (focal) Eu** ions in Y.Ge,O;
lattice. Structural units with concentrations

Composition Eu Eu Eu Eu Eu Eu
(5Y,0Eu, | (4Y,1Eu, | (3Y,2Eu, | (2Y,3Eu, | (1Y, 4Ey, | (0Y,5Ey,
6Ge) (%) | 6Ge) (%) | 6Ge) (%) | 6Ge) (%) | 6Ge) (%) | 6Ge) (%)

x =0.00 100 0 0 - - -
x=0.02 90.4 9.2 0.4 - - -
x=0.04 81.6 17.0 1.4 - - -
x =0.06 73.4 234 3.0 0.20 - -
x=0.08 65.9 28.7 5.0 0.40 - -
x=0.10 59.0 32.8 7.3 0.9 - -
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