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Gdo.99Ero 01AlO3 and Gdg.99Erg.01Alp.995Cro.0503 samples were synthesized using a solid-state reaction
method. Structural analysis revealed that the samples crystallized in an orthorhombic structure phase
with a Pbnm space group. The average crystallite sizes were around 283 nm and 574 nm for
Gdo.99Erg 01AlOs and Gdg goEro 01Alo.995Cro.0s03, respectively. Derivative absorption spectrum fitting
(DASF) and first-derivative reflectance (dR /dA) methods confirmed that the samples possess a direct
wide band gap, with energies of 5.93 eV and 5.90 eV, respectively. The photoluminescence (PL)
spectrum of Gdg g9Erg 01AlO3 under Ao, = 377 nm excitation exhibits a green emission and intense sharp
red lines at 680 nm, 697 nm, 705 nm, 717 nm and 758 nm. The green emission corresponds to the
transitions Hiyo — s and 4Ss. — s of Er®* ions, while the sharp red lines are attributed to
transitions between intrinsic defect centers related to the GdAIOz host coupled to Bzg (4) and Byg (7)

vibrational modes. Efficient energy transfer via resonant phonon-assisted and cross-relaxation processes
Received 14th June 2025 34 T 34 ) . .
from Er’" and intrinsic defect centers to Cr" is responsible for the decrease in green and red emission
Accepted 5th August 2025

line intensities in Gdo 99Ero.01Alo.995Cr0.0503. The energy transfer from Er3* and intrinsic defect centers

DOI: 10.1039/d5ra04226g indicates that red emission lines at 697 nm and 726 nm in Gdo g9Ero.01Alo.995Cr0.0503 mainly originate
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1. Introduction

Perovskite compounds serve as excellent host materials for
various optical applications due to their chemical and thermal
stability."” They follow the generic formula ABO;. Rare-earth
orthoaluminates (REAIO;), such as gadolinium aluminate
(GdAIlO;3), possess significant optical, thermal, and mechanical
properties, making them appropriate as solid-state laser hosts.?
GdAIO; is also known for its relatively high dielectric constant,
making it valuable for electronic applications, and is being
developed as a potential material for neutron absorption and
control rod applications.* In cubic perovskites, the tolerance
factor is tops—1,” Wwhereas for GdAlO; with the Pbnm space group,
tobs = 0.986,° indicating a slight distortion from the cubic
structure. GdAlO;, formed with Gd** ions having a relatively
large ion radius (180.4 pm), closely approaches the ideal cubic
perovskite crystal cell (Pm3m). GdAlO; with the Pbnm space
group demonstrates a high accommodation capacity within the
perovskite structure and assists in the modulation of its elec-
tronic and spectroscopic properties through the substitution of
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from the 2Ty °G) — *A, (*F) and %Eq PG) — *Asg (*F) transitions of Cr** ions.

Gd*" with various rare-earth activators (e.g., Eu®**, Er’*, Tb*",
ce**, Yb**, Dy*") and AI*" with a transition metal activator ion
such as Cr** and Mn*". In this structure, the Gd*" ion occupies
a non-centrosymmetric site, leading to mixing of the 4f" states
with the first excited configuration 4f* '5d. This mixing is
caused by the odd terms in the crystal field, and is responsible
for the strength of induced electric dipole transitions. GdAIO;
with the Pbnm space group is appropriate for generating intense
4f electric dipole transitions, thereby enabling efficient lumi-
nescence. In recent years, trivalent rare-earth ions (RE*") and
transition-metal fluorescence in diverse host matrices have
attracted significant attention due to their applications in
persistent luminescent materials, photo-functional materials
and luminescence thermometry.”® Doping GdAlO; with tran-
sition metals and rare-earth ions is therefore of great interest for
the development of advanced optical materials. Cr**, in partic-
ular, is a transition-metal ion that acts as both a trapping and
recombination center and has been widely studied in persistent
luminescence research. Its unique properties can enhance the
performance of imaging techniques, providing valuable
insights into biological systems for in vivo bioimaging.'**?
However, the concentration of Cr** must be carefully optimized:
a low concentration results in weak luminescence, whereas
a high concentration leads to quenching, thereby reducing both
the intensity and afterglow duration. A recent study by Jinan Xu
et al.*® demonstrated that Lag gg9sEr(.01SM0.0002Al0.995CT0.00503
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exhibits long-term persistent luminescence at 1553 nm due to
the Er*": (I3, — “I152) transition, as well as at 734 nm, due to
the Cr’": ’E (°G) — “A, (*F)) transition. In ZnGa,0, : Cr*** the
persistent luminescence intensity increases with Cr** concen-
tration up to 0.4-0.6%, after which concentration quenching
reduces both intensity and lifetime. Moreover, in recent studies,
the emission intensity of Cr** reaches its optimum at 0.5 mol%
Cr’" concentration and can be further enhanced by Li* ion in
Cr**/Li* co-doping ZnGa,O, phosphor *°. The lifetimes of the
T, ("F) and ’E states of Cr’* decrease with increasing concen-
trations of Cr’* and Cr**/Li" ions.*® Similarly, a recent study
reported by Ekta Rai et al.'® demonstrated that in Cr** and Eu®*
co-doped LaVOy,, the emission intensity is optimal at 0.5 mol%
Cr’" and 1 mol% Eu®" concentration. The emission intensity at
614 nm, corresponding to the D, — ’F, transition in the Eu*"
doped LavO, phosphor, reduces when Cr** ion is co-doped due
to energy transfer between Cr** and Eu®*.*° This energy transfer
was confirmed by the decrease of the lifetime of the *D, level of
Eu® ions in Eu*', Cr’" co-doped LavO, phosphor.’* Under-
standing the energy levels of dopant ions, traps states, in
GdAIO; host and the energy transfer process between them is
crucial for evaluating the suitability of material for optical
applications such as LEDs, plant growth lighting, and in vivo
optical imaging. The experimental origin of luminescence in
GdAIQ; is studied by K Dhabhri et al.'” The energy levels of Cr**
combined with various trivalent lanthanides in GdAIO; have
been studied by Hongde Luo and Pieter Dorenbos '*. However,
to the best of our knowledge, Er**, Cr*" Co-doped GdAlO; has
not yet been explored. Taking this into account, the present
work reports for the first time the synthesis and investigation of
a Er’*, Cr’* co-doped GdAIO;. This study aims to elucidate the
energy transfer process occurring between Er**, Cr*", and traps
states (intrinsic defects). Furthermore, based on both experi-
mental results and theoretical optical considerations, we
propose a detailed mechanism for the energy transfer involving
Er**, Cr*", and the trap states.

2. Experimental procedures
(synthesis and characterization)

The GdAIO;, GdgooEr0:AlO; and Gdg ooEro 01Aly 095CT0.0503
samples were prepared using a conventional solid-state reaction
method. Gd,0; (99%), AL,O; (99%), Cr,03 (99%), and Er,O3
(99%) were used as starting raw materials in stoichiometric
amounts. The precursor materials were ground into fine
powders using an agate mortar. The powders were initially
annealed at 700 °C and then reground, pestled, and gradually
heated to 1200 °C in an alumina crucible, where they were
sintered for four hours. Finally, the powders were pressed into
pellets with an 8 mm diameter. Several techniques were
employed to characterize the physical and structural properties
of the compounds. The phase compositions of Gdg.99Er( 01AlO3
and Gdg.g9Er 01Alp.905Cr¢ 0503 Were identified by X-ray diffrac-
tion (XRD) measurements using a Siemens D5000 X-ray powder
diffractometer utilizing Cuk,, radiation (A = 1.5406 A) over
a range of 20°-100°, with a step size of 0.02°. The powder
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morphology and chemical homogeneity were studied by scan-
ning electron microscopy (SEM) using a TESCAN VEGA3 SBH
instrument equipped with an energy dispersive microscopy
(EDS) detector. Raman spectra were recorded in the range of 50-
1100 cm ™" using a Horiba LabRam HR Evolution micro-Raman
confocal system, with wavelength laser excitations at A =
532 nm, 633 nm, and 785 nm. Absorption and reflectance
spectra were recorded using a (SHIMADZU, UV-3101PC) UV-vis-
IR spectrophotometer. Photoluminescence emission (PL) and
excitation (PLE) measurements were recorded using a Horiba-
Jobin-Yvon Fluorolog 322 spectrometer in time-resolved mode,
using a pulsed lamp with a 0.05 ms post-flash delay.

3. Results and discussions

3.1. Structural analysis

3.1.1. Crystal structure and X-ray diffraction patterns. The
XRD pattern analysis of the GdAlOs;, Gdg g9Erg 0:AlO0;3, and
Gdy.99ET.01Alp.995Clp. 0503 samples was performed at room
temperature and is shown in Fig. 1(a)-(c). The XRD data were
refined using the Rietveld method in the Full Prof software
suite.” The diffraction peaks align closely with the crystal
planes of the orthorhombic GdAIO; structure all diffraction
peaks are indexed according to the PDF card no. 46-0395.*°
Refinement results indicate that all samples crystallize in the
orthorhombic GdAIO; structure phase with the Pbnm space
group.” The estimated Rietveld refinement parameters,
including the goodness of fit (x?), reliability factors (R-profile
factor, R-Bragg factor, and R-crystallographic factor), lattice
parameters, cell volumes (V), and interatomic distances, are
listed in Table 1. The crystal structure of Gdg.g9Erg 01Alp.905-
Cro.0503 and Gdg 99Er(.01AlO3 compounds using VESTA software
is presented in Fig. 2. The average crystallite size (Ds.) was
estimated from the line broadening of the peak with the highest
intensity associated with the plane (112), using the Debye-
Scherrer formula.*

KA
Dsc - m (1)

where K = 0.9 for spherical shape, A is the wavelength of X-ray
used, 8 is the full width at half maximum (FWHM) of the
diffraction peak, and 4 is the Bragg angle for the most intense
peak. Furthermore, XRD peak broadening also has a contribu-
tion from the self-induced strain (¢) developed in crystallites
during the growth that is effective in the nanoparticles.”> We
additionally used the Williamson-Hall equation:*

B cos 0 =

+ ¢4 sin 0 (2)
W-H
to determine the crystallite size and strain, taking into account
the contribution of crystallites and strain to peak broadening.
Where K is a constant (K = 0.9 for spherical shape), 1 is the
wavelength of the used X-ray, § is the full width at half
maximum (FWHM) of the diffraction peak, and ¢ is the effective
strain and @ is the Bragg angle for the most intense peak. Eqn (2)
represents the Uniform Deformation Model (UDM), which
assumes uniform strain in all crystallographic directions. The
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Fig. 1 Rietveld refinement of X-ray diffraction pattern of (a) GJAlOz (b) Gdp g9Erg.01AlO3 and (c) Gdg.99Ero 01Alp.995Cr0.0503

Table1l Refined crystallographic parameters, average particle size and
average strain value of GdAlOsz;, GdpgoAlErg 0103 and Gdg.ooErgo1-
Alp.995Cro.0503 samples

Compounds  GdAlO; Gdo.90AlET 0103 Gd.99ET0.01Al0.995CT0.0503
a (A) 5.253(2)  5.253(8) 5.253(6)

b (A) 5.302(5)  5.303(7) 5.302(5)
c(A) 7.447(2)  7.448(6) 7.447(8)

v (&% 207.442(4) 207.552(1) 207.474(9)
dica-ca) — 3.736(7) 3.804(8)
dca-ay - 3.072(3) 3.266(8)
x’ 1.853 1.389 1.46

Re (%) 12.3 11.7 14.8

Ryp (%) 11.5 10.4 12.0

R. (%) 8.43 8.81 9.93

Dy (nm) — 108.5(6) 111.0(2)
Dwy (nm) — 283.1(4) 574.3(8)
Depv (nm)  — 300 639

e — 0.00076(1) 0.00086(6)
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term (8 cos ) is plotted with respect to (4 sin 6) in Fig. 3 for the
preferred orientation peaks (hkl) of GdgooEry:AlO; and
Gdg 99Er 01Alp.095Cl0.05s03 samples showing that with the y-
intercept and slope of the fitted line determining the crystallite
size and related strain, respectively. The lattice strain observed
is attributed to defects concentrated along the amorphous grain
boundaries. These defects create a stress field within the grain
boundary region, thereby inducing strain in the system.>* Table
1 displays the crystallite size estimated from Debye Scherrer's
formula and W-H plot as well as the related strain. The crys-
tallite size increases considerably with Cr** doping. Cr** incor-
poration can increase both crystallite and particle size in certain
oxide materials. When small amounts of Cr*" ions substitute
the cation AI*" in the Gdg.90AlEr.0;0; host lattice, they can
induce lattice strain, modify the crystal growth process, and
reduce the number of nucleation sites, leading to larger crys-
tallites and particles. This effect is noticeable at low doping
levels, as seen in Cr**-doped gadolinium aluminum garnet and
doped Mn;0, systems.>*?® This fact explains the considerable

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The Crystal structure using VESTA software for (a) Gdg.go-
Er0_01AlO3 and (b) Gdo_ggEr0_01AlQ_995Cr0_0503 COmpOUndS.

increase of both crystallite and particle size of Gdg.99AlEr 0103
by Cr** doping with low concentrations. However, as the doping
concentration increases further, excessive lattice distortion can
inhibit growth, resulting in smaller crystallites and particles,
a trend seen in several oxide systems.>*?*>

3.1.2. SEM and EDS analysis. The morphological charac-
terization of Gdg.g9Er.01Alg.095Cr0.050; and Gdg goErg 01AlO;
compounds was carried out using scanning electron micros-
copy (SEM), as illustrated in Fig. 4(a) and (b), respectively. The
SEM images show that the particles are approximately spher-
ical. Due to the high surface energy of the nanoparticles, the
synthesized samples exhibit noticeable aggregation at the
annealing temperature.” The grain size distribution, shown in
the inset of Fig. 4(a) and (b), was analyzed using Image J soft-
ware, and the resulting histograms were fitted to a Lorentzian
function. The average grain size distribution revealed peaks
around 300 nm for Gdy g9Er 01AlO; and 639 nm for Gdg go-
Erg01Alp.095Cro.0503 as presented in Fig. 4(a) and (b), and
summarized in Table 1. Furthermore, energy dispersive spectra
(EDS) were recorded for both samples, as illustrated in Fig. 4(c)
and (d). The EDS spectra confirm the existence of the expected
constituent elements: Gd, Er, Al, Cr, and O. These results
further confirm the compositional purity of the synthesized
compound.

3.1.3. Raman spectra analysis of Gd,g9AlEr,(,O; and
Gdg 99Er¢ 91Aly 995CFo 0503 compounds. Raman spectroscopy is
a powerful technique that extracts information on the devel-
opment of the desired phase, detecting impurities, and identi-
fying structural defects by examining Raman active phonon
modes. The Raman spectra of GdAlO; in the orthorhombic

24+ 9 Gdy g9Erg,01AIO3
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(Pbnm) perovskite structure have been studied both theoreti-
cally and experimentally by Anastasia Chopelas.*® For GdAIO;
with the orthorhombic (Pbnm) structure, group theory predicts
the following optical modes in the Brillouin zone center.?

I’ = TAg® + 5B;,® + TBy,® + 5B;3,®
+8Ay(1) + 7B1y® + 9B, (IR) + 9B5,(IR)  (3)

where R and IR denote, respectively, their Raman and infrared
spectral activity. Fig. 5 and 6 display the Raman spectra of
Gd 99Er¢01AlO; and Gdy g9Er( 01Al.995Cro.0503 respectively,
recorded using excitation wavelengths of 532 nm, 633 nm, and
785 nm. By comparing the spectra obtained with various exci-
tation wavelengths, it is possible to distinguish between Raman
scattering and luminescence based on their distinct natures:
bands with fixed locations are true Raman bands, whereas
bands that shift in position are associated with luminescence.*!
By extending the collection range to 1100 cm ', our measure-
ment revealed several intense and clearly non-vibrational extra
bands above 579 cm'. These bands were attributed to fluo-
rescence as they resemble the characteristic f-f transitions of
trivalent lanthanide ions. The appearance of resonance Raman,
resonance fluorescence and relaxed fluorescence can be attrib-
uted to the excitation energies of the wavelength's excitation
532 nm, 633 nm, and 785 nm which are resonant with the
transitions "Iy, — *Ssp, Lisp = “Fop, iz — ‘Igp, of Er’Y,
respectively.*® Raman spectra of Gdg g9Er0:AlO; and Gdg go-
Ero.01Alg.005Crg.0503 collected with 532 nm laser excitation are
shown in Fig. 5 (a) and 6(a). They present prominent peaks at
330cm™, 355 cm™ ', 403 cm ™!, 468 em ™Y, 507 em™?, 545 cm ™Y,
579 cm ™' assigned respectively to Resonance Raman and reso-
nance fluorescence associated to the vibrations modes B;,(3),
Ag(5), Bsg (4), Byg (4), Bi4(6), Bsg(5), Big(7).** The peaks at
281cm™, 625 cm™ Y, 677 cm ™, 734 em ™Y, 807 em ™, 892 cm ™Y,
947 em™ !, 1026 cm ™' are assigned to the vibration modes
2Byg(1), 2A4(4), 2Bsg(3), 2A4(5), 2Bsg(4), 2A4(6), 2By (4), 2B14(6)*
related to relaxed fluorescence. The bands of Raman spectra of
Gd.99Erg 01Al0; and Gdg goErg g1Aly.995Crg 0503 recorded with
785 nm laser excitation in the vicinity of 1000 cm™" are clearly
due to relaxed fluorescence. Some vibration modes such Ag(3) at
235 cm™ ! (ref. 30) occur only under 785 nm excitation, the
vibrations mode B,4(3) at 220 cm ™" appear only under 633 nm

Q@ Gdy,99Er0,01Al0.995Cr0,0503 )
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(@ and b) SEM micrographs, with the inset showing the size distribution histogram for Gdg 99Erg 01AlO3 and Gdg.99Erg 01Alg.995Cr0.0503

compounds, (c and d) spectra of chemical analysis for Gdg ggErg.01AlOs and Gdg g9Erg.01Alg.995Cr0.05s03 compounds.

excitation, whereas the vibrations mode at Ag(4) at 314 cm ™"
appear only under 633 nm excitation. The bands at 403 cm™*
and 579 cm ™" due to B3y(4) and B,4(7) vibration modes are true
Raman bands since they have fixed locations and do not depend
on the wavelength excitation. They appear under all the wave-
lengths excitations of 532 nm, 633 nm, and 785 nm.

3.2. Optical properties

3.2.1. Absorbance, reflectance spectra and band gap
determination. The wavelength-dependent absorbance spectra

29242 | RSC Adv, 2025, 15, 29238-29253

of Gdg g9Ery0AlO; and Gdg goErg o1Aly.995Crg.0503, recorded in
the 200-2500 nm range, are illustrated in Fig. 7. Both spectra
exhibit an intense absorption band at 246 nm and two weaker
bands at 975 nm and 1535 nm. With Cr*" co-doping, an addi-
tional broad band appears at 565 nm. The absorption band at
246 nm is assigned to ®S,, — °D,, transition of Gd*" ions,*
whereas the peaks at 975 nm and 1535 nm correspond to the
M52 = and “Lis, — "5, transitions of Er** ions,?
respectively. The additional broad band in the absorbance
spectrum of Gdg 99Er0.01Al0.995Cr¢.0503 at 565 nm is assigned to
the “A, (‘F) — T, (*F) transition of Cr*" ions. The band gap

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Raman spectra of Gdg 99AlErg 0103 under different excitation wavelengths: (a) 532 nm, (b) 633 hm, and (c) 785 nm.

energy of the samples needs to be correctly determined in order by Souri and Tahan,** was used to ascertain the band gap's value
to predict semiconductor optical properties. The derivation of and nature. The main advantage of this method is that it does
absorption spectrum fitting (DASF), a precise method developed not require any presumption of the nature of the optical
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Fig. 6 Raman spectra of Gdg g9Erg.01Alo 995Cro 0503 under different excitation wavelengths: (a) 532 nm, (b) 633 nm, and (c) 785 nm.
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Alp.995Crg.0503 samples at room temperature in the wavelength range
200-2500 nm.

transition and linear extrapolation. The absorption coefficient
can be expressed as a function of the optical gap and the energy
of photons as follows:**3¢

a(v)hy = B(hv — E,)" (4)

By rewriting the eqn (1) as a function of the wavelength (A):
eqn (4) become:
()= B2 (1- 1) 5)
a(A) = B(hc Py

where «(2), is the absorption coefficient defined by the Beer-
Lambert's law as:

a(r) = %Am (6)

where d and A as film thickness and film absorbance. Using (5)
and (6); the absorbance can be rewritten as:

I 1\"
m—1
where: D = %
According to'eqn (7) we have:
A(2) 1 1\"
—=Dx|-— — 8
v (i3 ®

Eqn (8) can be reformulated as follows:
AN 1 1
ln<T>—mln(5—A—g)+lnD 9)

A(Y)

1
By differentiating In (T) with respect to T e obtained

the following equation:
)
din (T) m
1 11
G G

'

(10)
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The band gap's value can be determined using the following
expression for absorbance.?”

mAe)

R

A(), 2, and A, are, respectively, absorbance, the incident
wavelength, and the wavelength corresponding to the band gap
energy. m and D are constants. The plot left side of eqn (11)

an ("

) .
71} vs. 7 for Gdy.g9AlEr, ;05 and Gdg g9Erg ¢1Alp.995-
()

Cry,9503 samples is shown in Fig. 8. The peak maxima can be
used to determine the band gap energy, as seen in Fig. 8, at

1 1 . . L
(1: /1_)’ the peak maximum discontinuity occurs. The
g

1239
optical band gap is computed as Eg* = - Using the ob-

g
tained Ag, the resulting values are (5.93 £ 0.01) eV and (5.90 +

0.01) eV for Gdgo9Erg01Al0; and Gdg.g9Erg 01Alp.995Cr.0503
respectively. Marotti et al. showed that for direct band gap
semiconductors, dR/dA peaks close to Eg, whereas for indirect
band gap compounds, it approaches zero. Fig. 9 confirms the
direct character of the optical band gap Gdg.99Er 0:AlO0; and
Gd 99Er¢,01Aly.095Cl0.0503, indicating that dR/dA reaches
a maximum at about 5.93 eV and 5.90 eV for Gdg ooEr 0;AlO0;
and Gdg g9Er 01Alp.995Cl.0503 samples. The optical band gap
values determined via the derivation of absorption spectrum
fitting (DASF) and the first derivative of reflectance, dR/d4, are
the same. This supports the correctness of the band gap energy
values found. The decrease in the band gap of Gdg 99AlEr.0103
when doped with low concentration of Cr’* ions introduces
localized energy levels within the band gap which act as both
deep electron and deep hole traps within the Gd ¢9AlEr 9105

= Gdg g9 Er,01AI04
600 - Gy 09E0,01Al0.095CT0.0503

400

dLn(AQ)/A)/d(1/%)

:
i
O :

0.0046 0.0047 0.0048 0.0049 0.0050
1A (nm™h

dln|—=

),

T VSs. m for
()

and Gdg 99Erg 01Alg.995Cro 0503 samples.

Fig. 8 The variation of Gdo 99AlEr 0103
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Fig.9 Theroom temperature reflectance spectrum R(2) of (a) Gdg 99AlErg 0103 and (b) Gdg.99Er.01Alp.995Crg 0503. The inset shows the evolution

of dR/dA with A.

band gap. These traps are localized and do not merge with the
conduction or valence bands at low doping levels. At low
concentrations, these levels do not significantly alter the overall
electronic structure or the positions of the conduction and
valence bands.*® The increased hybridization Cr-O between the
Cr-3d and O-2p orbitals due Cr** incorporation modifies slightly
the top of the valence band which may shift upward (due to Cr
3d-O 2p interactions) or the bottom of the conduction band
may shift downward.”® So, the band gap remains nearly
unchanged.

3.2.2. Photoluminescence (PL) and photoluminescence
excitation (PLE) spectra. The PL spectra of the GdAlO; and
Gdy 99Er) 01AlO; samples, excited at 377 nm with a 0.05 ms delay
after flash, in the wavelength range of 400-800 nm, are pre-
sented in Fig. 10. At room temperature, the PL spectrum of
undoped GdAIO; exhibits distinct sharp red emission lines at
680 nm (14705 cm™ '), 697 nm (14347 cm '), 705 nm (14
184 cm ') 717 nm (13947 cm™ %), and 758 nm (13 192 cm ).
Upon Er*" doping, these red emission lines persist, while
additional bands appear in the wavelength ranges of 521-
535 nm, 542-562 nm, and 655-657 nm, corresponding to the
*Hii2 = "Lisz, "Szip = “Lispp and *Fo, — L5, transitions of
Er*" ions, respectively.®> These bands are the result of intra-
configurational 4f-4f transitions of Er*" ions that appear

GdAIO3
Gdg.99Er,01AI03

Aex=377 nm

697 nm

‘
é
'

542 nm

PL Intensity (a.u)
<~ 2111252

600 700

Wavelength A (nm)
Fig. 10 Room temperature PL emission spectra of the GdAIO3z and
Gdo.g9Ero 01AlO3 samples collected with excitation at 377 nm with
flash-lamp and 0.05 ms delay after flash.

© 2025 The Author(s). Published by the Royal Society of Chemistry

within the 4f shell. According to the Laporte selection rule, 4f-4f
transitions in rare-earth ions are parity-forbidden. The appear-
ance of sharp spectral characteristics in Er*" spectra could be
explained by a non-central crystalline field's odd-order terms,
which can create a coupling between odd and even states. Thus,
resulting in mixed states of the 4fn with the first excited 4" " 5d
configuration, which mitigates Laporte's rule. This fact is
responsible for the high intensity of induced electric dipole
transitions observed in the PL and PLE spectra.* The red lines
at 680, 697, 717, 705 and 758 nm are superimposed in both
GdAIO; and Gdg goEr( ;AlO;, indicating that Er** doping does
not modify the structure of the sharp lines and their energy
locations confirms that these sharp red lines originate from the
host GdAIO; matrix. The red lines cannot originate from
intraconfigurational transitions of Gd*" ions since the excita-
tion wavelength is 377 nm and the first excited state is °P;, at
314 nm. In order for 4f-4f transitions of Gd*' to take place
under 377 nm excitation, two photons of 377 nm absorption
must happen. Since we used a pulsed lamp with low intensity
rather than a high-power laser, this is not possible. Similar
sharp red emission lines under 320 nm excitation were also
reported in undoped GdAIO; by Kh. Dhahri et al.'” Based on
their findings, the red emission in GdAIO; is attributed to the
presence of oxygen vacancies, singly ionized Vo'. In CaGdAIO,-
type layered perovskites,* deep red luminescence (emission
around 711 nm) under 338 nm excitation is attributed to oxygen
defects, especially oxygen interstitials. These defects create
localized energy states within the bandgap, enabling radiative
recombination that results in red light emission when the
material is excited by UV or visible light. The origin of red
luminescence in undoped GdAIO; is primarily linked to
intrinsic crystal defects, specifically oxygen-related defects,
rather than the presence of intentional dopants. In addition,
under 532 nm excitation, undoped YAIO; single crystals exhibit
emission bands in the wavelength range 670-800 nm, including
peaks at ~688, 703, 715, 732, and 750 nm,* similar to those
observed in GdAlO; (ref. 17) and to the red lines found in the
present work. The PLE spectrum monitored at the emission
wavelength 715 nm in YAIO; shows the strong excitation bands
at ~320 nm and 315 nm.*" In the distorted perovskite structure
of GdAIO;, cation vacancies such as Vo' and Vo'' are the

RSC Adv, 2025, 15, 29238-29253 | 29245
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dominant intrinsic defects to neutralize the minor amount of
Cr’" and Er**.* Taking this into account, the photo-
luminescence (PL) process responsible for the red emission
under 377 nm excitation can be described as follows: under
excitation at 377 nm, electrons are excited from the valence
band and subsequently trapped by intrinsic defect. These
trapped electrons then relax and are captured by deep acceptor
states associated with intrinsic defects. According to the
configuration coordinate model, the resulting red emission
peaks can be ascribed to electron transitions between donor
and acceptor levels associated with vibrational modes B;.(4)
and By,(7) as shown in Fig. 11. With chrome co-doping, an
additional intense red emission line appears at 726 nm, and
a weak peak at 693 nm, as shown in the room-temperature PL
spectrum of Gdg.g9Er.01Alp.995Cr0.0503 in Fig. 12. The 726 nm
emission corresponds to the *E (*G) — *A,(*F) transition of Cr**
ions.*® The co-doping by chrome induces a significant decrease
in the emission intensity of the Er** ions, a dramatic decrease in
the emission line intensity at 680 nm, 697 nm, 717 nm, 705 nm.
Alow intensity peak at 693 nm occurs assigned to the transition
from the fundamental state *A,(*F) to the sublevel of *T;(*G)
split by spin-orbit coupling. An intense emission line emerges
at 726 nm Fig. 13. Photoluminescence excitation (PLE) spectra
of Gdg g9ETg ¢1Aly.995Crg.0503 and Gd g9Ery 01 AlO; monitored at
542 nm are presented in Fig. 14a and b, respectively. The room-
temperature PLE spectrum of Gdg.g9Er¢ 01Alp.095Cr¢ 0503 moni-
tored at 542 nm, corresponding to an Er*" transition, shows
typical Er’" excitation lines peaking at around (357 nm, 366
nm), 377 nm, 406 nm, 443 nm, 450 nm, 487 nm, and 521 nm.
These lines are attributed to the following transitions: *I;5,, —
4G7/2, 4115/2 - 4Gu/z, 4115/2 - 2H9/2, 4115/2 - 4F:s/z: 4115/2 - 4Fs/z;
M52 = *Fapa, ysjs — Hyyp, respectively.®® The intensity I (N, 1)
of the emission lines depends on both the population density N
of the excited state and the radiative lifetime 7 of the emitting
level. The strongest excitation peak at 377 nm, corresponding to

B1,(7) =579 cm?

D

/
7
o

—

(

680 nm
697 nm
705 nm
717 nm
758 nm

N2

7
L= 7 Bi,(4) = 403 cm™!

~~—

Fig. 11 Configuration coordinate diagram showing the transition
responsible for red emission lines which takes place between vibra-
tional levels at (T = 300 K) in GdgggErgoiAlOs and
Gdo.99Er0.01Al0.995Cr0.0503.
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Fig. 12 Room temperature PL spectrum of Gdg 99Erg 01Alo.995Cr0.0503
in the wavelength range of 400-740 nm under 377 nm excitation.

——Gdp99Er0,01A103
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Fig. 13 Room temperature PL spectra of Gdg g9Erg 01Alo.995Cr0.0503
and Gdg g9Erp.01AlO3 samples under 377 nm excitation.

the transition®I;5,, — *Gyy2, can be justified by the fact that the
transition “I;5, — *Gyy/, obeys the selection rule for an elec-
tronic-dipole transition in the context of Judd-Oeffelt theory.*

The intensity of 4f-4f transitions of rare-earth elements
within a host matrix can be described using the standard Judd-
Ofelt (J-O) theory. According to this theory, the expressions for
the electric dipolar line strength S;*” and electric dipolar
oscillator strength f..;(//') of transitions from the state |S, L, />
to the state |S', L, J'> are given by:*

S = 3" o |(s.LJ||UY)|S L) (12)
A=24,6
N 8mime ”+2\° o

Jea (47) = 3h(2J+1)Z”( -t ) SEL (13)

where Q; are the Judd-Ofelt intensity parameters. The terms in
brackets represent the doubly reduced matrix elements in
intermediate coupling. J is the total angular momentum of the
initial state, % is the Planck constant, c is the speed of light, Xis
the mean wavelength corresponding to the specific absorption
band of a transition |S, L, J> to the state|S’, L, J> and n is the
refractive index of GdAIO;. Assuming that the host matrix has
minimal influence on these values, we take this value as the
value of Er*" in aqueous solutions (aq), or Er’" in LaFj; crystal as

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 Room-temperature photoluminescence excitation (PLE) spectra

Al 995Cr0.0s03 (*Sz/2 = s/ Er*Y).

mentioned in ref. 44. The transitions from the ground state *I,5,

» to the excited states *Hy;/, and *Gyy, are characterized by large

reduced matrix elements of the unit tensor.** Thus, they present

a high population densities of Er** ions in these excited state

*G11/2 and *Hy ). According to eqn (5) and (6), this may result in

strong absorption exhibited in the PLE spectrum.*” The exis-

tence of a significant electric dipole transition *“I;5, — *Gyyn

implies that Er’* ions occupy non-centrosymmetric sites in the

GdAlO; lattice. The appearance of the emission line at 542 nm
(*Ss;» — Lis5,) transition under 377 nm excitation can be

attributed to three factors: firstly, strong absorption to the *Gy;/,
state since A.x = 377 nm is a resonant excitation, secondly the
rate of multiphonon relaxation Gy, — *Hgpn — ‘Fip —

*Fs, = *Fy;, — *Hyyn — *Sp exceeds the probability of radi-
ative decay transitions to the ground state “I;5/,; finally, the high
energy separation between the emitted level *S3/, and *Fo, level.
However, the high intensity of the emission line at 542 nm
under 521 nm excitation (*Is, — >Hyy) can be attributed to
the large reduced matrix elements of the unit tensor of this
transition, leading to high cross-absorption to the *H,,,, state.
Moreover, the lowest energy separation (approximately
1000 cm ™) between the emitted level *S;;, and *Hyy, levels
increases the multiphonon relaxation. Hence, the multiphonon
relaxation from *Hy,,, to *S/, level is efficient, which induces
the population of *S;, level. The increase of the intensity of the
542 nm emission line (*S;, — “I;5,,) with decreasing wave-
length excitation from 406 nm to 487 nm can be explained by
the multi-phonon relaxation between the excited level and the
emitting level *S;/,, which is governed by the energy-gap law or
phonon law.* The multi-phonon relaxation rate (W,,) increases
with decreasing energy separation between the excited levels
and the emitting level “S;,. Hence, the emission at 542 nm
increases with decreasing wavelength excitation from 406 nm
(*I1s/2 — *Hoy,) to 487 nm (*Iy5,, — “F51). The energy separation
between the *S;/, and *Fy, levels is approximately 3100 cm™",*2
requiring five phonons (579 cm™" each) to bridge the gap.
Therefore, the non-radiative relaxation from *S;, to *Fs, highly
inefficient. As a result, the red emission intensity at 655 nm is
lower than the green emission intensity at 542 nm under
377 nm excitation in GdgooEry0;Al0; (Fig. 10). The

© 2025 The Author(s). Published by the Royal Society of Chemistry

Wavelength A (nm)

monitored at 542 nm of (a) Gdg goErg o1AlO3 and (b) GdgggErg o1-

Photoluminescence process at 542 nm under 377 nm excitation
in Gdg 99Erg 01A10; is shown in Fig. 15.

The room-temperature PLE spectrum of GdggoEr 01AlO;
monitored at 542 nm, shows the same characteristic excitation
lines as those observed in Gd g9Ery 01Aly.995Crg 05035 With two
additional bands at 241 nm and 275 nm. These bands are
attributed to the °S,, — °D,;, and ®S,, — °I,, transitions of
Gd’" ions, respectively.*® The disappearance of these emission
bands in the Cr-doped sample (Gdg.9oEr.01Aly.095C1o.0503), under
542 nm monitoring, suggests the absence of energy transfer from
Gd*" to Er’” in the presence of Cr**. The room-temperature PLE
spectrum of Gdgg9Erp01AlO; and Gdg g9Erg 014l 995CT0.0503
monitored at 697 nm are shown in (Fig. 16). The spectrum of
Gd.0oEr( 01Al0; exhibits two intense peaks at 322 nm and
275 nm, which assigned to the excitation of the electron from the
valence band which trapped by the defect within the forbidden
bandgap and the °S,, — °I,, transitions of Gd** ions, respec-
tively. In contrast, the photoluminescence spectrum of Gdg g9
Erg 01Aly.005Crg 0503 monitored at 697 nm reveals intense peaks at
329 nm and 276 nm, assigned to the excitation of the electron
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Fig. 15 The Photoluminescence process at 542 nm under 377 nm in
Gdo.99Er0.01AlO3 and Gdo 99Er0.01Al0.995Cr0.0503.
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Fig. 16 Room temperature PLE spectra in GdgooErgoiAlO3z and
Gdo_ggEro_01Alo_995Cro_0503 monitored at 697 nm.

from the valence band which trapped by the defect and the S,
— °I,, transitions of Gd*" ions, respectively. Additionally, four
extra bands are observed at 565 nm, 413 nm, 314 nm, and
241 nm. The broad bands around 565 nm and 413 nm are
assigned to transitions from the ground state *A, (“F) to the
excited states “T, (*F) and “T4(*F) of Cr**.*’ The peaks at 314 nm
and 241 nm are assigned to the (%S,,, — °P;,,:Gd*") and (®S,,, —
°D,,,: Gd*') transitions, respectively.®

3.2.3. Crystal field analysis and energy level schemes of
Cr’* ions in Gdg.goErg 01Aly.005Cr0 0505 nanoparticles. The
energy levels of Cr’* ions in Gdy.g9Erg.01Alg.005CT0.0503 Nano-
particles were calculated using the total Hamiltonian*®

H= HO + Hee(Bs C) + HTrees(a) + HCF(Dq) + HSO(&) (14)

Eqn (14) describes the entire Hamiltonian H, where H, is the
configuration Hamiltonian term, and H..(B, C), representing
the electron-electron repulsion Hamiltonian. This term gives
rise to the eight Russell-Saunders terms **'L, including *F, P,
’G, *P, H, °F, (*,D) and (*,D) for Cr*" ions with 3 d° configu-
ration. Hcp(Dg) is the crystal field Hamiltonian, and Hgo (£)
represents the spin-orbit coupling Hamiltonian. Using Racah
algebraic techniques, the energy levels of the Russell-Saunders
terms for the 3 d°® configuration are expressed in terms of Racah
parameters A, B, and C, which depend on the double radial
integrals F and G. The relative energies are those measured by
optical spectroscopy. The quantity related to the A parameter is
eliminated since it is the same for all the Russell-Saunders
terms. Cr’” ions (3 d*) are assumed to substitute AI** ions at the
octahedral [AlOg] site in an intermediate crystal field (CF)
strength. The basic function in the LS coupling scheme are
expressed as:***°

¥) = e, SMy, LM) (15)

The crystal field energy levels can then be obtained by
diagonalizing the entire Hamiltonian H = H, +H. (B,C) + Hcr
(Dg) + Hso (£). The crystal field Hamiltonian (Hcy) in Wybourne
notation is the spin-orbit hamiltonian and the Trees hamilto-
nian are expressed as follow:
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Her =Y BC* =21D,|CY + I (G +C4®) | (16)
k.q

N
Hso = Y _L(r)liSi (17)

i=1
HTrees =al (L+ 1) (18)

where £34 is the spin-orbit coupling constant, « is the Trees
parameter. The Racah and crystal field parameters B, C, and Dgq
are determined using the Newton-Raphson method by fitting
the experimental energies levels to the theoretical ones *A, (*F)
— T, (*F) (565 nm), *A,(*F) — *Ty(*F) (413 nm), and *E(*G)
—*A,(*F) (726 nm). The adjusted spin-orbit coupling £34 and
Trees parameter « are calculated as follows:

1 B C
§3q = 5 (\/;0 + \/;0>§0
a=N'ay where N?= % <\/B§; + \/—C%> (20)

By =918 cm %, Cy = 4133 ecm™ ,,® £, = 275 cm™ ' and o =
30 cm™',*® which refer to the free ion parameters of Cr*". The
matrix elements of the crystal field, spin-orbit, and Trees
Hamiltonians in the basics are provided by Y. Y. Yeung and C.
Rudowicz.?® The full Hamiltonian matrix H (as defined in eqn
(14)) was diagonalized to derive the energy levels as a function of
the Racah parameters B and C, the crystal field parameter Dy,
and the spin-orbit coupling constant. This diagonalization was
performed using unique code developed in our lab with the
Maple program. The theoretical computed values are B =
635 cm™ ', C = 3008 cm ! and Dy = 1776 cm ! with (Dy/B =
2.79). The calculated parameters were used to calculate the
energy levels at room temperature, as listed in Table 2. The
Tanabe-Sugano diagram for Cr*" ions in octahedral site
symmetry, shown for the ratio C/B = 4.73 in Fig. 17, illustrates
the overall behavior of Cr*" energy levels in terms of Dy/B rela-
tive to the local field intensity. The vertical line corresponds to
the calculated Dy/B value from our theoretical computation of
cr** levels in Gdyg.goET¢.01Al.005Cro.0503. It is well known that
when Dy/B < 2.3, Cr*" ions experience a weak crystal field,
resulting in broad-band emission. However, when Dy/B > 2.3,
the ions exhibit strong and narrow peak emission through the
’E(*G) — *A,(*F) transitions.™ In our case, the calculated Dy/B =
2.9, confirms that the energy of the ’E state is the lowest excited
energy level. These results demonstrate that Cr** ions experi-
ence a strong crystal field, exhibiting sharp *E(*G) — “A,(*F)
emission at 726 nm.

3.2.4. Energy transfer process from Gd**, Er** and oxygen
defects to Cr** ions in Gdg.99Er¢.01Aly.095Cro.0505. The lack of
Gd*" transitions in the PLE spectrum of the Gdg.goET.01Alg 095
Cry.9503 sample monitored at 542 nm proves the weak efficiency
of energy transfer between Gd*" and Er’*" ions. This can be

(19)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Experimental and calculated energies levels (cm™?) of Cr¥*
ion in octahedral symmetry in  Gdgg9Ero 01Alo.995Cro.0503
nanoparticles

On Eobs E_,, [this work] EZ, [this work]
Asg('F) 0 0 0
’E,(*G) 13774 13772 13902 (4)
*T14(*G) 14312 14434 (4)
14493 (2)
“Toe('F) 17760 17760 17 666 (2)
17722 (4)
17 832 (2)
17 836 (4)
*To(*G) — 20906 20974 (4)
21083 (2)
Tyg('F) 24276 24165 (4)
24173 (2)
24185 (4)
24187(2)
*A15(*G) — 29324 29507 (2)
*T,,(*P) — 31382 31582 (2)
31629 (4)
*Ty(*H) — 31712 31803 (2)
31978 (4)
’E,(*H) — 33325 33458 (2)
*T,,(*H) — 36266 36324 (2)
36360 (4)
“T,4(*P) — 38528 38388 (2)
38403 (4)
38503 (4)
38535 (2)
*T,(*H) — 40671 40574 (2)
40 674(4)
*Ase(’F) — 42024 42033 (2)
*Tyg(*aD) — 49088 49341 (2)
49451 (4)
"Tag(’F) — 50 505 50543 (2)
50 652 (4)
’Ey(’aD) — 50 661 50 662(4)
*T1,(F) - 55225 55122 (2)
55246 (4)
*Tyg(*sD) — 69140 69008 (4)
69204(2)
*Eg(*»D) — 72823 72879 (4)

attributed, first, to the shorter distance between Gd** and Cr**
ions (dga-cr = 3.26683 A, Table 1) compared to the distance
between Gd** and Er*" ions (dgg_g: = 3.80481 A, Table 1) in
Gdy.99Er 014l 095CT 0503. Second, the dominance of the higher
energy transfer efficacy from Gd*" to Cr*' ions, which is
explained by the higher trapping efficiency of the migrating
excitation energy levels °P; and °I; of Gd** by Cr*" activators in
Gdg.9oET0.01Al5.995CT.0505. Which is greater than by Er**.5? This
higher trapping efficiency is further explained by the spectral
overlaps between the Cr** excitation band (*T; (*P)) and the °I,,
level of Gd*" ions.*® Notably, the peaks at 314 nm and 275 nm in
the PLE spectrum of Gdg g9Er.01Alp.995Cro.0503 monitored at
697 nm, present high intensities comparable to the peak at
329 nm. This experimental fact points out that under 314 nm
and 275 nm, Gd*" ions also act as donors of energy to the
intrinsic defects via resonant phonon-assisted energy transfer.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2
E
140 : -

Dg/B

Fig. 17 Tanabe-Sugano diagram for Cr** ions with C/B = 4.73. The
vertical line at Dq/B = 2.79 represents the energy levels identified for
Cr**in Gdo e9Er0.01Alo.995Cr0.050s.

The decay PL curves at 697 nm and 542 nm under 377 nm
excitation are shown in Fig. 18 (a) and (b) for Gd, g9Erg ¢1AlO3
and in Fig. 18 (c) and (d), for Gdy g9Er¢ 1Al 095Cr0.0503. The
decay PL curves at 542 nm under Ay = 377 nm in Gdg 99Erg 1-
AlO; is fitted to a monoexponential equation I(t) = Aexp(—t/t)

with fluorescence lifetimes 1 = = 0.13 ms. The decay

K + Knr
of the emission at 542 nm under 377 nm excitation in
Gdg.99ET¢.01Alg.095Cr.0503 is bi-exponential with lifetimes 7' =
1
Kr + Knr + KT
emissive rate constant, K, is the non-radiative rate and Ky is the
transfer rate constant. The decay curve shows two lifetimes: an
unchanged longer time 0.13 ms (no transfer), a shorter time
0.03 ms (efficient transfer) which indicates an efficient energy
transfer from a part of Er** ions to Cr*" is taken place. The decay
rate of Er’" emission in Gdgg9ErgoAlO; and Gdg.ooEry o1-
Al 005C10.0505 samples as well as the ET efficiency from Er** to
Cr’" can be calculated using eqn (21)-(23),

0.13 ms and 7 = tgror = =0.03 ms. K, is the

K+ K, = (‘L-Er)71 (21)

Kr + l(nr + KT = (‘L-Er,Cr)71 (22)
K

. (23)

Ter = Kr +Knr +KT

g and T, ¢, are the life times of the Er**:*Sy;, level in
Gdy.99Er( 01AlO; and Gdg 99Er( 91Alg.995Cr0.0503 respectively. The
ET efficiency (ngr) from Er**: %S, , to the Cr*': as indicated from
the energy level diagram in Fig. 19 can be estimated to be 76%.
Which indicate highly efficient energy transfer from Er**: *S;,
to the Cr’": “Ty('F). In rare-earth ion systems, energy transfer
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http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra04226g

Open Access Article. Published on 19 August 2025. Downloaded on 12/9/2025 4:40:48 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

8000 -

(o)
S
(=
(=]

4000

PL Intensity (a.u)

[\
S
S
(=]

Q@ Gdg 99Er,01AI03
—— Double-Exponential Fit

A=697nm (a)

0 10

Time (ms)

20

2760

u)

2070

1380

PL Intensity (a

690

Q@ Gdg 99Er(,01A10.995Cr0,0503
= Double-exponential Fit

A=697nm (c)

10 20
Time (ms)

40

1640

u)

21230

820

PL Intensity (a

~
=
S

1500

—
[N}
(=3
S

O
(=3
(=}

PL Intensity (a.u)

View Article Online

Paper

A=542nm (b)

Q@ Gdg99Erg 1 AI03
—— Exponential Fit

Time (ms)

Q@ Gdg.99Erg,01Al9.995Cr0,0503 | A= 542 nm (d)

—— Exponential Fit

1.0 2.0
Time (ms)

1.5

Fig. 18 Decay PL curves under 377 nm excitation for Gdg g99Erg 01AlO3 at (@) 697 nm and (b) 542 nm, and for Gdg 99Er0.01Alo.995Cr0.05053 at (c)
697 nm and (d) 542 nm.

exchange interactions are generally negligible due to the small
spatial extent of 4f orbitals, making multipolar mechanisms

dominant.

Specifically,

excitation energy by Cr** and rare earth ions like Er*" is attrib-

uted to multipolar interactions when there is spectral overlap,

680 nm
697 nm
705 nm
717 nm
758 nm

i

Byy(4) =403 cnr’!

in GdAIO;, efficient trapping of while exchange interactions play a minor role and are only
o}
GD”
9,
E 20
. Byy(7)=579 e’ \\
/ D 4F32:\\"§:2H93
- Fip—e—
E=5.90eV é/<,//// o wanaf?

542 nm
521 nm

697 nm
693 nm

N

—
G- Sn

Ay('F)

WA NV

Q 'q\726n
o i AN
D
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=45, VB

Fig. 19 Energy level diagram and energy transfer mechanism in Gdg g9Ero.01Alo.995Cr0.0503.
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Table 3 Fluorescence lifetime of Gdg.99Erg.01AlO3 and Gdg 99Erg.01Alo.995Cr0.0503 samples, monitored at Er®* emission wavelengths of ey =

542 nm and Aem = 697 nm under Aex = 377 NmM

Samples Gdy.99Erg 01AlO;

Gdo.99ET0.01Al0.095CT0.0503

697 nm

The recorded wavelength Double-exponential

542 nm

Mono-exponential

697 nm 542 nm

Double-exponential Double-exponential

o(ms) = 1 2.61-1.18 0.13
f K; + Kor
(ms) : - -
T ==
K + Kir + Kt

significant for rare earth ions lacking allowed absorption
bands.? Therefore, for Er**-Cr*" pairs in GdAlO,;, multipolar
interactions are expected to dominate the energy transfer
process, provided there is suitable spectral overlap between
their energy levels. The non-radiative energy transfer in
Gd.99Er 01Alp.095Cr.0505 is taken place through the following
cross-relaxations: (*Hyy; + *Ay(*F) = “Lispn + “To(*F)), (*Szp2 +
“Ay(*F) — 5/, + “T,(*F)) transitions and via resonant phonon-
assisted energy transfer (Fig. 19). This energy transfer process
involving Er’" ions explain the strong luminescence quenching
of the emission bands at 542 nm, 521 nm and the appearance of
an intense emission line at 726 nm when Cr** is incorporated.
The decay of the emission at 697 nm under 377 nm excitation in
Gdg.90Er).01AlO3 is bi-exponential with lifetimes ¢ = 2.61 ms.
and 7" = 1.18 ms. Biexponential decay indicates that there are
two different mechanisms that affect the decay dynamics and
energy transfer may be one of these mechanisms. The decay
curve shows two lifetimes: a longer time 2.61 ms (no transfer),
a shorter time 1.18 (efficient transfer). This fact indicates that
there is energy transfer from intrinsic defects to Er’* ions in
Gdy 99Er 01AlO;. However, the decay curve at 697 nm under
377 nm excitation in Gdg g9Er.01Alg.995Cr0.0503 is described by
a double-exponential equation I(¢) = Iy exp(—t/14) + Io, exp (—¢/
1,), where I is the luminescence intensity; Ip; = 1844 and I, =
1258 are constants; ¢ represents time, t7; = 1.69 ms and 1, =
10.77 ms are decay times for the respective exponential
components. The absence of the bands at 565 nm and 413 nm
in the PLE spectrum of Gdy.g9Ery.01AlO; monitored at 697 nm
indicates that the 697 nm emission line arise not only from
electron transition between intrinsic defects centers, but also
from the transition *T;(*G) — *A,(*F) of Cr**. This assignment is
justified since the experimental value 697 nm (14 347 cm ™) is
well reproduced by theoretical value of the transition in Table 2.
Moreover, the highest-value lifetime 7, = 10.77 ms is charac-
teristic of the spin-forbidden transition. 7; = 1.69 ms is fluo-
rescence lifetime of 697 nm emission coming from the electron
transition between two defects centers. The co-doping with
chromium leads to a reduction of fluorescence lifetime of
697 nm emission from 2.61 ms to 1.69 ms, indicating that there
is an increase in the transfer rate K, constant. A dramatic
decrease in the 697 nm emission line intensity and the
appearance of an intense emission line at 726 nm support the
energy transfer from oxygen-vacancies to Cr*" ions via resonant
phonon-assisted energy transfer from oxygen defect to

© 2025 The Author(s). Published by the Royal Society of Chemistry

1.69-10.77 0.13-0.03

Cr**: *T,(*F) level and cross-relaxation processes (Fig. 19). The
value of the constants I; and 7, in the PL decay at 697 nm under
377 nm excitation in Gdg g9Erg 01Alg.995Crg 0503 indicate that
a very low part Iy, exp(—t/t,) of the emission at 697 nm is orig-
inating from electron transition between two intrinsic defects
centers coupled to the B, (4) and By4(7) vibrational modes. The
highest part I, exp (—t/7,) of the emission at 697 nm inGd, go-
ET.01Al.005Cl0.0505 is originating from the transition *T; (°G)
— A, (*F) of Cr**. The energy transfer from Er’**, defects centers
to Cr’" and the high multiphonon relaxation from *T, (*G) to the
’E (°G) level, induces the intense line at 726 nm through the
transition *E (*G) —“A, (“F) of Cr*" (Fig. 19). Based on the
experimental results and the theoretical optical considerations,
the energy transfer process between Er’*, Cr** and oxygen-
vacancies under A, = 377 nm is presented in Fig. 19 and
(Table 3).

4. Conclusion

Gdy.99Er(.01AlO; and Gdg g9Erg 01Alp.005Cr.0503 samples were
successfully synthesized using the solid-state reaction method.
XRD analysis confirmed that both samples crystallize in an
orthorhombic structure with a Phbnm space group. Using the
Derivation of absorption spectrum fitting (DASF) and the first
derivative of reflectance drR/dA methods, the optical band gaps
were determined to be 5.93 eV and 5.90 eV, respectively. Red
emission peaks at 680, 697, 705, 717, and 758 nm were observed
in both samples and are ascribed transition involving intrinsic
defects coupled with the B;, (4) and By,(7) vibrational modes.
Co-doping with Cr*" induced a significant decrease in Er’*
emission intensity, particularly the intensity of red lines at 680,
697, 705, 717 nm. The weak peak at 693 nm and the intense
peak at 726 nm are assigned to the *T; (°’G) — A, ('F) and *E,
(*’G) — “Ay ('F) transitions of Cr**. PL spectra and decay curves
at 697 nm and 542 nm under 377 nm excitation confirmed
efficient non-radiative energy transfer from Er*" and intrinsic
defects to Cr*" ions. The energy transfer occurs via resonant
phonon-assisted processes from the Er** *Hy,;, and *S;), levels
to the Cr**:*T, (*F) level, followed by cross-relaxations (*H,y,
AHA(TF) = st To('F),(Sant A ('F) = M5t TL(MF)).
Decay curves at 697 nm indicate that the lower part of this
emission originates from transition involving intrinsic defects
coupled with vibrational modes, while the highest part of the
emission at 697 nm in Gdg goEry 01Al.995Cro 0503 is due to the

RSC Adv, 2025, 15, 29238-29253 | 29251
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Cr** °T; (’G) —*A, (*F) transition. Finally, energy transfer from
Er**, defect to Cr**and the high relaxation from *T; (>G) to the
’E (*G) level induce the intense line at 726 nm due to the
transition *E (*G) —“A, (F) of Cr*".
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