
rsc.li/dalton

 Dalton
  Transactions
An international journal of inorganic chemistry

rsc.li/dalton

ISSN 0306-0012

COMMUNICATION
Douglas W. Stephen et al. 
N-Heterocyclic carbene stabilized parent sulfenyl, selenenyl, 
and tellurenyl cations (XH+, X = S, Se, Te) 

Volume 46
Number 10
14 March 2017
Pages 3073-3412 Dalton

  Transactions
An international journal of inorganic chemistry

This is an Accepted Manuscript, which has been through the  
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after acceptance, 
before technical editing, formatting and proof reading. Using this free 
service, authors can make their results available to the community, in 
citable form, before we publish the edited article. We will replace this 
Accepted Manuscript with the edited and formatted Advance Article as 
soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes to the 
text and/or graphics, which may alter content. The journal’s standard 
Terms & Conditions and the Ethical guidelines still apply. In no event 
shall the Royal Society of Chemistry be held responsible for any errors 
or omissions in this Accepted Manuscript or any consequences arising 
from the use of any information it contains. 

Accepted Manuscript

View Article Online
View Journal

This article can be cited before page numbers have been issued, to do this please use:  A. Karabut, H.

Zhydachevska, L. Wachnicki, V. Hreb, L. Vasylechko, Y. Hizhnyi, T. Shevtsova, A. Luchechko, A. Pieniek, M.

Berkowski and Y. Zhydachevskyy, Dalton Trans., 2026, DOI: 10.1039/D6DT00337K.

http://rsc.li/dalton
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d6dt00337k
https://pubs.rsc.org/en/journals/journal/DT
http://crossmark.crossref.org/dialog/?doi=10.1039/D6DT00337K&domain=pdf&date_stamp=2026-05-05


Tuning the crystal structure, optical band gap and persistent luminescence 

performance of Cr3+-doped LiGa5O8 spinel by adding aluminium and 

indium 

Anastasiia Karabuta, Halyna Zhydachevskaa, Łukasz Wachnickia, Vasyl Hrebb, 

Leonid Vasylechkob,*, Yuriy Hizhnyic,d, Tetiana Shevtsovac, Andriy Luchechkoe, 

Agnieszka Pieniążeka, Marek Berkowskia, Yaroslav Zhydachevskyya,f,* 

a Institute of Physics, Polish Academy of Sciences, aleja Lotników 32/46, Warsaw 02-668, 

Poland

Email: zhydach@ifpan.edu.pl
b Lviv Polytechnic National University, S. Bandera Str. 12, Lviv 79013, Ukraine

Email: leonid.o.vasylechko@lpnu.ua
c Donetsk Institute for Physics and Engineering of NAS of Ukraine, Kyiv 03028, Ukraine
d Taras Shevchenko National University of Kyiv, Volodymyrska Str. 64/13 Kyiv 01601, 

Ukraine
e Ivan Franko National University of Lviv, Tarnavskogo Str. 107, Lviv 79017, Ukraine
f Berdyansk State Pedagogical University, Shmidta Str. 4, Berdyansk 71100, Ukraine

* Corresponding authors

 Abstract

The possibility of tuning the optical band gap, crystal structure and persistent luminescence 

performance of Cr3+-doped LiGa5O8 spinel by partially replacing Ga with Al and/or In has been 

studied extensively. For this purpose, a series of Cr3+-doped Li(Ga1-x-yAlxIny)5O8 (x = 0…0.5; 

y = 0…0.1) microcrystalline phosphors were synthesised using a conventional solid-state 

reaction method and characterised by powder X-ray diffraction, SEM-EDX and luminescence 

techniques. The DFT-based electronic structure calculations were carried out for the same 

Li(Ga1-x-yAlxIny)5O8 compositions, and the results were compared with the experimental ones. 

Based on the studies performed, the mechanism of Al and In incorporation into the LiGa5O8 

spinel structure, as well as the tuning of the crystal lattice parameters, local structure of M3+ 

(M = Ga, Al, In) cations and optical band gap of the material have been established. The 

multicentre structure and the broadening of the local structural disorder of the octahedrally 

coordinated Cr3+ centres observed in this case have been confirmed by the high-resolution, low-

temperature photoluminescence measurements. Band gap engineering through alterations in the 

chemical composition of the LiGa5O8 spinel, as well as the depth of the native point defects 
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responsible for charge trapping, allows for the efficient tuning of the thermoluminescent and 

persistent luminescent properties of Li(Ga1-x-yAlxIny)5O8:Cr3+ phosphors. Thus, the room-

temperature persistent luminescence performance of the phosphors modified by the addition of 

Al and annealing in an oxygen-free atmosphere was increased threefold compared to the 

pristine LiGa5O8:Cr3+ phosphor synthesised under the same conditions. 

 1. Introduction

Lithium-gallium spinel (LiGa5O8) activated with rare-earth (RE) or transition metal 

(TM) ions is a known crystalline phosphor having long-lasting persistent luminescence (PersL) 

or mechanoluminescence (ML) properties.1-3  In particular, when activated with Cr3+, it exhibits 

persistent luminescence in the deep red spectral region at about 700 nm.4-6  The radiation storage 

properties allowing the persistent luminescence or mechanoluminescence of the material are 

caused by intrinsic point defects, such as cation antisites, cation and oxygen vacancies that are 

highly probable in this spinel compound.7-9 These defects reveal themselves through the 

thermally stimulated luminescence (TSL) that occurs in the material after exposure to UV or 

higher energy light.

It is well known that the band gap engineering of a crystalline host lattice allows to tune 

the TSL and PersL properties of phosphors over a wide range (see e.g. Zhydachevskyy et al.).10 

Such a possibility has recently been demonstrated for Ga-containing oxides, such as 

-Ga2O3:Cr, by alloying with indium or aluminium oxides.11 In addition to engineering of the 

band gap, replacing one host cation with another can also produce disorder in the local structure, 

thereby broadening the spectral properties of activator ions or intrinsic point defects in the host 

lattice.12 

As regards the possibility of tuning the LiGa5O8 host, not much is known. It is known, 

however, that the aluminium-based counterpart, LiAl5O8, has the same type of structure, and a 

continuous series of Li(Ga1-xAlx)5O8 solid solutions exists, which allows for a gradual change 

in the crystal structure parameters of these spinel compounds.13, 14 At the same time, there is 

nothing known on the possibility of introducing indium onto either the LiGa5O8 or LiAl5O8 

compounds to tune the band gap and trap depth in this host. It is also unclear whether the 

LiGa5O8 host is optimal for long-lasting PersL and whether it can be improved by modifying 

the host with aluminium or indium. Therefore, the present work explores the potential of 

engineering the band gap and local structure to adjust the thermoluminescence and persistent 

luminescence properties of Li(Ga,Al,In)5O8:Cr3+ phosphors. For this purpose, a series of 

Li(Ga1-x-yAlxIny)5O8:Cr3+ compounds with various compositions (x values ranging from 0 to 0.5 

and y values ranging from 0 to 0.1) were synthesised and thoroughly characterised using the 
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powder XRD, SEM-EDX and luminescence techniques. The DFT-based electronic structure 

calculations of Li(Ga1-x-yAlxIny)5O8 alloys with x and y values being the same as in synthesised 

samples were carried out to strengthen the inferences obtained from experimental studies.

The electronic structure of pure LiGa5O8 spinel was already studied previously by first-

principles methods,15-17 while the electronic properties of native defects in LiGa5O8 were 

studied computationally.8, 7  However, to the best of our knowledge, no results on the electronic 

structure of Li(Ga1-x-yAlxIny)5O8 alloys have been published so far.

2.  Experimental Methods 

 Samples, experimental and computational techniques.  The studied Cr3+-doped 

LiGa5O8-based microcrystalline samples were synthesised by a conventional solid-state 

reaction technique starting from high-purity Li2CO3 (99.99%), Ga2O3 (99.99%), Al2O3 

(99.999%), In2O3 (99.999%) and Cr2O3 (99.999%) microcrystalline powders. The starting 

powders were weighed in the appropriate proportions corresponding to the lithium-rich 

composition of Li1.02Ga5O8 and thoroughly ground in an agate mortar. The 2% excess of Li2CO3 

was proven experimentally to be the optimal composition for obtaining the single-phase spinel 

under the given synthesis conditions. Specifically, when the stoichiometric ratio of Li2CO3 and 

Ga2O3 was used, alongside the main LiGa5O8 spinel, residual traces of -Ga2O3 were revealed 

in the final products. The Cr2O3 dopant at a concentration 0.5 mol.% was added at the expense 

of Li2CO3 (which was already in excess). The same mixture of 99.5% Li2CO3 + 0.5% Cr2O3 

prepared in a larger amount was used for preparing all the Cr-doped samples to ensure the same 

chromium concentration in the samples (see Table 1). The final mixtures were pre-synthesised 

at 800 C for 2 hours, then thoroughly ground once more in an agate mortar and finally 

synthesised at 1300 C for 3 hours. Both the preliminary and final syntheses were performed in 

alundum crucibles under normal air conditions. 

Additionally, in order to study the effect of reducing annealing, the samples were 

annealed in a high vacuum at 1000 C for 2 hours. For this, a part of each powder sample was 

annealed in alundum crucibles in a closed quartz reactor that was continuously pumped out up 

to a pressure of 10-5 mbar.  

X-ray powder diffraction (XRD) characterization of the synthesised materials was 

performed by an Aeris benchtop powder diffractometer (Malvern Panalytical) equipped with a 

PIXcel1D strip detector. Experimental diffraction data were collected using filtered Cu K 

radiation ( = 1.54185 Å) in a 2 range of 6–105 degrees with a 2 step of 0.02°. Lattice 

parameters, coordinates and displacement parameters of atoms were derived from experimental 

XRD patterns by full profile Rietveld refinement using the WinCSD software package.18 
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The scanning electron microscopy (SEM) and the energy-dispersive X-ray spectroscopy 

(EDX) analyses were carried out by a Hitachi SU-70 scanning electron microscope coupled 

with a Thermo Fisher Scientific Energy Dispersion X-ray spectrometer with a Li-drift silicon 

X-ray detector. 

Table 1. List of the Cr3+-doped Li(Ga1-x-yAlxIny)5O8 samples studied. 

CompositionSample 

notation Chemical formula Al content 

(%)

In content 

(%)

Phase composition

0% Al LiGa5O8:Cr(0.5%) 0 0 Pure spinel

5% In Li(Ga0.95In0.05)5O8:Cr(0.5%) 0 5 Almost pure spinel

10% In Li(Ga0.9In0.1)5O8:Cr(0.5%) 0 10 Spinel + -(Ga,In)O3

5% Al Li(Ga0.95Al0.05)5O8:Cr(0.5%) 5 0 Pure spinel

10% Al Li(Ga0.9Al0.1)5O8:Cr(0.5%) 10 0 Pure spinel

5% Al 

5% In

Li(Ga0.9Al0.05In0.05)5O8:Cr(0.5%) 5 5 Pure spinel

7% Al 

3% In

Li(Ga0.9Al0.07In0.03)5O8:Cr(0.5%) 7 3 Pure spinel

14% Al 

6% In

Li(Ga0.8Al0.14In0.06)5O8:Cr(0.5%) 14 6 Spinel + -(Ga,In)O3

20% Al Li(Ga0.8Al0.2)5O8:Cr(0.5%) 20 0 Pure spinel

30% Al Li(Ga0.7Al0.3)5O8:Cr(0.5%) 30 0 Pure spinel

40% Al Li(Ga0.6Al0.4)5O8:Cr(0.5%) 40 0 Pure spinel

50% Al Li(Ga0.5Al0.5)5O8:Cr(0.5%) 50 0 Pure spinel

The photoluminescence (PL) and the photoluminescence excitation (PLE) spectra were 

measured using a Horiba/Jobin-Yvon Fluorolog-3 spectrofluorometer with a 450 W continuous 

spectrum xenon lamp for excitation. The emission was detected by a Hamamatsu R928P 

photomultiplier operating in a photon counting mode. The PL spectra were corrected for the 

spectral response of the used system. The afterglow (PersL) decay kinetics and the thermally 

stimulated luminescence (TSL) curves were measured using the same Fluorolog-3 

spectrofluorometer in the real-time decay mode. The TSL measurements in the temperature 

range of 77–700 K were done using a Linkam THMS600 temperature stage using linear heating 

at a rate of 1 K/s. The photoluminescence quantum efficiency measurements were performed 

using the same spectrofluorometer and a Horiba Quant-phi integrating sphere. The quantum 
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efficiency (QE) was calculated as the ratio of the number of emitted photons to that of the 

absorbed photons similarly as it is described in Zhydachevskyy et al.19 The PLE measurements 

using synchrotron radiation were performed using the facilities of PETRA III P66 beamline of 

the Deutsches Elektronen-Synchrotron DESY, Hamburg, Germany.20  

The DFT-based electronic structure calculations of Li(Ga1-x-yAlxIny)5O8 alloys were 

performed using the supercell approach. The supercells were constructed by 222 replication 

of the unit cell of Li(Ga1-x-yAlxIny)5O8 crystal, resulting in a structure containing 448 atoms (Fig. 

S4). All supercells were assigned the primitive symmetry group P1. The number of cationic 

substitutions modelled in the supercells for each x and y is listed in Table S1. For each x and y, 

10 structures were generated with random distributions of InGa and AlGa substitutions. All 

structures were subjected to geometrical optimisation, and total energies were calculated for 

each configuration. The optical spectra were calculated only for the structures with the lowest 

total energy among all configurations modelled for each x and/or y value.

The electronic structure calculations were performed using the DFT-based band-

periodic pseudopotential method implemented in the CASTEP program, which is part of the 

Materials Studio package.21 Geometry optimisations accounted for exchange-correlation effects 

using the GGA-PBE approximation.22 Atomic positions were optimised using the Broyden-

Fletcher-Goldfarb-Shenno (BFGS) minimization algorithm23 with the convergence criterion for 

energy and force on the atoms, which were set to 10-5 eV per atom and 0.03 eV/Å per atom, 

respectively. Geometry optimizations were performed only for the Γ point of the Brillouin zone.

 To overcome the underestimation of the band gap energies Eg by the PBE functional, 

the optical (inter-band) absorption spectra were calculated using the GGA-PBE plus Hubbard 

U (GGA + U) approach.24  The on-site Coulomb corrections (U) for specific orbitals (O 2p: 6.7 

eV, Ga 3d: 7.0 eV, Al 3d: 7.0 eV, In 3d: 5.0 eV) were selected from the condition of the best 

agreement between the calculated and experimental band gaps for Ga2O3, Al2O3 and In2O3 

crystals (see details in Vasylechko at al).25 

For the calculations of the optical absorption spectra the Brillouin zone was sampled 

using a 2×2×2 k-point grid.

3. Results and discussion 

3.1. Phase composition and crystal structure. All LiGa5O8-based samples synthesised 

presented in Table 1 show a pure cubic spinel structure (Fig. 1a). Only in the materials of 

nominal compositions Li(Ga0.9In0.1)5O8 and Li(Ga0.8Al0.14In0.06)5O8 with relatively higher 

indium content, the traces of -(Ga,In)O3 mixed oxide could be detected. Left- and right-side 
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shift of the Bragg’s maxima of the In- and Al-substituted samples (see Fig. 1b) indicates 

successful and progressive incorporation of both these ions into the LiGa5O8 structure.
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Fig. 1 Fragments of XRD patterns of the Cr-doped LiGa5O8-based materials. Vertical dashed 

lines serve as a guide for the eye, for tracking the changes in the position of Bragg’s maxima 

due to a partial substitution of gallium ions with aluminium and/or indium species in LiGa5O8 

structure. 

More deep examination of experimental XRD profiles of the Li(Ga1-xAlx)5O8 series 

revealed significant and progressive peak broadening with increasing Al content (Fig. 1b), 

caused by a drastic increase of the microstrain values <ε> in these mixed spinel materials from 

0.01-0.02 % for nominally pure LiGa5O8 and x = 0.05 sample to 0.19 – 0.24 % for the Al-richest 

samples with x = 0.4 and 0.5, as it was further derived by full profile Rietveld refinement. This 

is obviously caused by an increase in the dispersion of interplanar distances with increasing Al 

content in the Li(Ga1-xAlx)5O8  series. 

To shed light on the peculiarities of cation substitution in the LiGa5O8 spinel structure, 

precise structural analysis was performed by full profile Rietveld refinement technique. As a 

starting model for the refinement, atomic positions in the prototype LiFe5O8 spinel structure 

derived from X-ray single crystal data of Tomas et al.26 were used. After adjusting of the lattice 

parameters along with corrections instrumental sample shift, the atomic coordinates of and 
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displacement parameters (adp’s) of atoms were refined. For the unsubstituted LiGa5O8:Cr 

material the excellent fit and very low residuals of RI = 0.0277 and  RP = 0.0407 was obtained 

(see Table 2). In the case of Li(Ga1-xAlx)5O8:Cr series, structural refinement using different 

combinations of metal cations in the two non-equivalent Ga-sites showed that the better fit with 

the lowest residuals and physically reliable values of adp’s (see Fig. S1 and Table 2) were 

achieved assuming mixed occupancy of the octahedral Ga1 position with Ga3+ and Al3+ ions, 

whereas the tetrahedral position of Ga2 atoms remains occupied mainly with gallium. In 

contrast, for the indium-substituted Li(Ga0.95In0.05)5O8:Cr and Li(Ga0.9In0.1)5O8:Cr samples, 

better results were achieved assuming that In3+ ions partially replace gallium in the Ga2 

tetrahedral sites of the LiGa5O8 spinel structure (Table 2). This rather unexpected result was 

further corroborated by analysis of the obtained structural information, in particular, evolution 

of the average bond lengths inside two kinds of polyhedra vs substitution level in the 

Li(Ga1-xAlx)5O8 and Li(Ga1-xInx)5O8 spinel structures (see below). Structural refinement of the 

doubly substituted Li(Ga0.9Al0.05In0.05)5O8 and Li(Ga0.9Al0.07In0.03)5O8 materials using different 

combinations of metal cations in the two non-equivalent Ga-sites showed that the lowest 

residuals and physically reliable values of adp’s were achieved when the octahedral Ga1 

position in spinel structure is occupied with a mixture of Ga3+ and Al3+ ions, while the 

tetrahedral 8c site contains Ga3+ and In3+ species (see Fig. S1 and  Table 2). 

The refined structural parameters and atomic occupancy of nominally pure LiGa5O8, 

four representatives of Al- and In-substituted spinels and double substituted 

Li(Ga0.9Al0.05In0.05)5O8 material are summarised in Table 2. 

LiGa5O8 belong to the LiFe5O8 type of structure - an 1:3 ordered variant of inverse spinel 

structure with gallium both in tetrahedral and octahedral sites and Li ions in octahedral 

environment, according to the notation Ga2(LiGa3)O8. Fig. 2 shows polyhedral visualisation of 

crystal structure of Li(Ga1-x-yAlxIny)5O8 solid solutions,  in which Al3+ and In3+ ions partially 

replace the Ga3+ ions in octahedral 12b and tetrahedral 8c sites, respectively. Both GaO6 

octahedra and GaO4 tetrahedra in the LiGa5O8 structure are not regular, as it was reported in 

Refs.,13,14  but  considerably distorted both in the terms of variation of intrapolyhedral Ga-O 

distances (see Fig. 2, right panel) and the deviations of O-Ga-O bond angles from the ideal 

values of  90 and 109.47 degrees, respectively (see corresponding section below). In spite of 

six nearest Li-O distances in the LiGa5O8 structure are all equal, the LiO6 octahedra are not 

fully regular due to the detectable deviation of O-Li-O bond angles from 90 degrees (see section 

below).
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Table 2. Lattice parameters, fractional coordinates and displacement parameters of atoms in 
the structures of 0.5% Cr-doped LiGa5O8-based spinel materials (SG P4332, Z = 4). 

Atoms, 
sites x/a y/b z/c Biso/eq, Å2 Occupancy

LiGa5O8: a = 8.20421(5) Å; RI = 0.0277, RP = 0.0407

Li, 4b 5/8  5/8  5/8  0.61(13) *Li+

Ga1, 12b 1/8 0.36562(3) -y + 1/4 0.916(7) 1.002(2) Ga3+ 

Ga2, 8c -0.00360(4) x x 0.832(8) 1.001(1) Ga3+ 

O1, 8c 0.3865(2) x x 0.95(4) 0.999(2) O2-

O2, 24e 0.1200(2) 0.1286(1) 0.3854(1) 1.25(2) 0.999(2) O2-

Li(Ga0.95Al0.05)5O8: a = 8.19413(6) Å; RI = 0.0260, RP = 0.0501

Li, 4b 5/8  5/8  5/8  0.9(2) *Li+

Ga1, 12b 1/8 0.36561(4) -y + 1/4 1.21(1) 0.974(5) Ga3+ +  0.026(5) Al3+

Ga2, 8c -0.00412(4) x x 0.91(1) 1.001(5) Ga3+ +  0.001(5) Al3+

O1, 8c 0.3878(2) x x 1.67(7) 0.999(2) O2-

O2, 24e 0.1216(2) 0.1283(2) 0.3829(2) 1.28(4) 0.997(2) O2-

Li(Ga0.5Al0.5)5O8: a = 8.0569(2) Å; RI = 0.0318, RP = 0.0789

Li, 4b 5/8  5/8  5/8  0.8(2) *Li+

Ga1, 12b 1/8 0.36855(8) -y + 1/4 1.12(2) 0.203(2) Ga3+ +  0.797(2) Al3+

Ga2, 8c -0.00251(6) x x 1.346(9) 0.952(3) Ga3+ +  0.048(3) Al3+

O1, 8c 0.3847(2) x x 2.30(7) 0.999(3) O2-

O2, 24e 0.1091(2) 0.1311(1) 0.3870(2) 1.42(3) 1.000(2) O2-

Li(Ga0.95In0.05)5O8: a = 8.23558(6) Å; RI = 0.0275, RP = 0.0582

Li, 4b 5/8  5/8  5/8  0.7(2) *Li+

Ga1, 12b 1/8 0.36583(4) -y + 1/4 0.94(1) 1.000(6) Ga3+ +  0.000(6) In3+

Ga2, 8c -0.00304(5) x x 0.90(1) 0.931(6) Ga3+ +  0.069(6) In3+

O1, 8c 0.3856(3) x x 1.50(7) 0.996(3) O2-

O2, 24e 0.1150(2) 0.1270(2) 0.3878(2) 1.35(3) 0.998(2) O2-

Li(Ga0.9Al0.05In0.05)5O8: a = 8.22835(8) Å; RI = 0.0265, RP = 0.0560

Li, 4b 5/8  5/8  5/8  0.7(2) *Li+

Ga1, 12b 1/8 0.36580(4) -y + 1/4 0.820(9) 0.960(6) Ga3+ +  0.040(6) Al3+

Ga2, 8c -0.00325(4) x x 0.932(10) 0.860(5) Ga3+ +  0.140(5) In3+

O1, 8c 0.3898(2) x x 0.63(6) 0.998(3) O2-

O2, 24e 0.1182(2) 0.1294(2) 0.3863(2) 1.22(2)     0.998(2) O2-

* fixed at unity
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(a) (b)

Fig. 2 Vesta plot of Li(Ga1-x-yAlxIny)5O8 crystal structure showing preferred location of 

substituting Al and In ions in octahedral Ga1 and tetrahedral Ga2 positions of the 1:3 ordered 

inverse spinel structure (a) and configuration of three types of coordination polyhedra in the 

parent LiGa5O8 structure (b). 

The analysis of the structural results shows that the lattice parameters of both mixed 

spinel series demonstrate the expected opposite behaviour with an increase in the cation 

substitution level – a systematic linear decrease in Li(Ga1-xAlx)5O8 materials and clear increase 

in the case of Li(Ga1-xInx)5O8 samples (Fig. 3, left panel), which corresponds to the tabulated 

ionic radii of the Ga3+ ion of the host LiGa5O8 structure and the substituting Al3+ and In3+ 

species, respectively.27 For the doubly substituted Li(Ga1-x-yAlxIny)5O8 samples, the lattice 

parameters lie between Al- and In-substituted series. 

The peculiarities of cation substitution in the two investigated series can be noted when 

considering the nearest cation-oxygen environment in corresponding structures (Fig. 3, right 

panel). Increasing Al content in the Li(Ga1-xAlx)5O8 series mainly affects the average M-O 

distances within the (Ga,M)O6 octahedra, which start to gradually decrease from x=0.1, while 

the average bond lengths inside (Ga,M)O4 tetrahedra remain practically unchanged. In contrast, 

in the Li(Ga1-xInx)5O8 materials entering of In into the host LiGa5O8 structure causes pronounced 

increase in the average bond lengths inside the (Ga,M)O4 tetrahedra without noticeable changes 

in the intraoctahedral distances. This observation confirms the above conclusion obtained from 

the Rietveld refinement that aluminium ions prefer to occupy octahedral 12b position in 

Li(Ga1-xAlx)5O8 structures, whereas large indium cations mainly occupy 8c Ga tetrahedral site 

in the Li(Ga1-xInx)5O8 structures. 
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(b) 

Fig. 3 Concentration dependence of the calculated (triangles) and experimental (circles) lattice 

parameters (a) and average Ga-O interatomic distances (b) in Li(Ga1-xAlx)5O8 and 

Li(Ga1-xInx)5O8 series (blue and red spheres, respectively). Open squares and the asterisks 

denote the lattice parameters taken from Refs.,13,28  respectively. Dashed lines show polynomial 

fits for the eye guide.

Examination of the nearest environment of the Li ions in 4b site, which are surrounded 

by six equidistance oxygen ions, revealed a sudden discontinuity at x=0.2 against a background 

of a downward trend with increasing x in the Li(Ga1-xAlx)5O8 series. This observation can 

indicate that a partial inclusion of the smallest Al ions on the octahedral position of Li ions in 

4b site could not be neglected. Similar phenomenon, i.e. mixed occupancy of octahedral 4b site 

with Li and Fe ions in the prototyping LiFe5O8 structure was reported in Tomas et al.26  

Unfortunately, negligible scattering factor of lithium ions does not allow to refine adequately a 

possible mixed occupancy of 4b site with different metal ions in Li(Ga1-xAlx)5O8 from the X-ray 

diffraction data.  

Deeper analysis of structural parameters of the Li(Ga1-xAlx)5O8 series allows to reveal 

several interesting features in the concentration behaviour of the individual interatomic 

distances inside three different coordination polyhedra – tetrahedra GaO4, and octahedra GaO6 

and LiO6 (Fig. 4, green, red and blue symbols, respectively). All these distances show a 

detectable decreasing tendency due to overall lattice contraction Li(Ga1-xAlx)5O8 series and 

exhibit clear discontinuity between x=0.1 and 0.2. Three different Ga-O distances inside GaO6 

octahedra, after its initial approach at x=0.1, begin to progressively divergence with further 

increasing Al content. In contrast, two distinct distances within GaO4 tetrahedra (one Ga-O1 
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and three Ga-O2) display a clear convergence behaviour after x=0.1, becoming practically equal 

at x=0.3 and 0.4 (see Fig. 4). 

The observed deviations from the regular trends of Ga-O distances in GaO6 octahedra 

and GaO4 tetrahedra are manifested in the corresponding bond length distortion parameters 

calculated according to Sasaki et al.29 as

                                                   ∆ = 1
𝑛

∑ ( 𝑙𝑖―𝑙𝐶𝑁

𝑙𝐶𝑁
)

2
× 103,                                           (1) 

where li and lCN are the individual and average interatomic distances in polyhedra with 

corresponding coordination number, and n is the number of bonds. Clear extrema in the bond 

length distortion – a minimum for GaO6 octahedra and the maximum for GaO4 tetrahedra 

(Fig. 4, right top panel) – reflect the complex character of cation substitution in Li(Ga1-xAlx)5O8 

series. Since the six Li-O distances inside LiO6 octahedra are equal due to the symmetry of 4b 

site, there is no bond length distortion (Δ= 0). However, LiO6 octahedra cannot be considered 

as regular due to the deviation of bond angles inside the octahedra from 90 degrees. Bond angle 

distortion (variance) in coordination polyhedra, , can be calculated similarly to bond length 

distortion:   = 1/n((-i)/i)2. It stands as a measure of deviation of the actual bond angle  

from the ideal values i for the corresponding polyhedra (90o for octahedra and 109.47o for 

tetrahedra). Evolution of calculated values for three distinguish polyhedra in Li(Ga1-xAlx)5O8 

series is presented on the right bottom panel of Fig. 4. In the terms of bond angle variance , 

LiO6 octahedra with six equal Li-O internal distances are considerably distorted and the uneven 

its increasing evolution vs Al content with a noticeable deflection at x=0.1 reflects complex 

scenario of cation substitution in the Li(Ga1-xAlx)5O8 series. Bond angle variance in GaO6 

octahedra and GaO4 tetrahedra depends weakly on the Li(Ga1-xAlx)5O8 composition, in contrast 

to bond length distortion showing clear opposite extrema at x=0.1 (Fig. 4, right panel).  
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Fig. 4 Concentration evolution of nearest cation-oxygen distances (a) and bond length distortion 

in tetrahedral and two octahedral positions of metal ions (b) in the Li(Ga1-xAlx)5O8 series. 

XRD examination of the same samples, annealed in a high vacuum at 1000 C for 2 

hours, revealed no detectable changes in the phase compositions and crystal structure 

parameters of the studied materials.  Illustrative pictures from full profile Rietveld refinement 

proving phase purity and crystal structure of the Li(Ga1-xAlx)5O8, and Li(Ga1-xInx)5O8 

Li(Ga0.9Al0.05In0.05)5O8 spinel materials after its reducing annealing are presented in Fig. S2.  

Refined structural parameters of these samples practically do not differ from the initial air 

annealed materials and show very similar concentration behaviour with increasing cation 

substitution level in Li(Ga1-xAlx)5O8 and Li(Ga1-xInx)5O8 series (see Fig. S3).

3.2. Microstructure and elemental composition. SEM imaging of the studied samples 

testifies that they have a strongly agglomerated microstructure, as shown in Fig. 5. It is 

noteworthy that the non-modified LiGa5O8 and the In-containing Li(Ga0.95In0.05)5O8 samples 

have a typical size of the microcrystalline grains of ≥ 1 µm, while the Al-containing samples 

have smaller grains of up to 0.5 µm or even smaller for the Li(Ga0.5Al0.5)5O8 sample. 

EDX elemental analysis and mapping (see Fig. 6) confirm a uniform distribution of Ga, 

Al and In elements within the grains of the single-phase samples. At the same time, the Cr 

distribution in the maps is barely noticeable, obviously because of its low content (0.5 at.% with 

respect to Li), while its presence has been confirmed by a quantitative analysis of EDX spectra.
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LiGa5O8:Cr(0.5%) Li(Ga0.95In0.05)5O8:Cr(0.5%)

Li(Ga0.8Al0.2)5O8:Cr(0.5%) Li(Ga0.5Al0.5)5O8:Cr(0.5%)

Fig. 5 High-resolution SEM images of the selected samples studied. 
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LiGa5O8:Cr(0.5%) Li(Ga0.95In0.05)5O8:Cr(0.5%)

Li(Ga0.8Al0.2)5O8:Cr(0.5%) Li(Ga0.5Al0.5)5O8:Cr(0.5%)

Fig. 6 EDX maps of the selected samples studied. 

  

3.3. DFT Calculations. The calculated total energies E for all sets of Li(Ga1-xAlx)5O8 

supercells are presented in Fig. 7. For each x value, the origin of the energy scale is chosen at 

the calculated E value of the lowest-energy structure. For each x, 10 structures were created 

with random location of Al over Ga positions, with AlGa randomly distributed between 

octahedral and tetrahedral cationic sites (see section 3.1 for details). The number of AlGa in 

tetrahedral positions is shown in Fig. 7 for each energy level corresponding to one such 

structure.
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As Fig. 7 clearly shows, the more AlGa there is in tetrahedral positions in the structure, 

the greater its calculated total energy, and this trend is observed for all x values considered in 

calculations. Analysing the data presented in Fig. 7, it can be approximately assumed that when 

one additional AlGa cation is placed in any tetrahedral position of the lattice while maintaining 

the total amount of AlGa (i.e., the value of x), the total energy of the structure increases by an 

average of 0.5–1 eV. From this fact, we can conclude that, regardless of the value of x, the most 

energetically favourable structures of Li(Ga1-xAlx)5O8 (x from 0 to 0.5) will be those in which 

all AlGa are in octahedral positions of the lattice.

As established from experimental results (see 3.1 section), AlGa substitutions 

preferentially occur at octahedral Ga sites. Our calculations definitely confirm this suggestion. 
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Fig. 7  Calculated total energies of Li(Ga1-xAlx)5O8 supercells with varying atomic 

structures grouped by the same x. Number of AlGa substitutions occupying tetrahedral sites 

are indicated for each supercell. 
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At the same time, from experimental results it was suggested that InGa substitutions 

preferentially occupy octahedral Ga sites (see 3.1 section). This conclusion is also confirmed 

by our calculations. As can be seen in Fig. 8, the greater the number of InGa in octahedral sites 

in the structure, the higher its energy.

Taking into account the above results, the optical spectra calculations were performed for 

Li(Ga1-x-yAlxIny)5O8 supercells in which AlGa were situated only in octahedral positions, and 

InGa in tetrahedral ones. The lattice parameters of Li(Ga1-x-yAlxIny)5O8 obtained from DFT 

geometry optimizations of the supercells with the lowest-energy structures, in which AlGa 

randomly occupy octahedral, and InGa tetrahedral positions are presented in Fig. 3 (see 3.1 

section) and also listed in Table S2. Although DFT-based optimizations usually slightly 

overestimate the unit cell volumes (and corresponding lattice constants) our calculations clearly 

reproduce the experimentally observed trends obtained for synthesised set of 

Li(Ga1-x-yAlxIny)5O8 samples.  

Using calculations of the optical spectra of the lowest-energy Li(Ga1-x-yAlxIny)5O8 

structures, we evaluated the trends in the crystal band gaps depending on the cation composition 

of the compound.

Dependencies of the calculated absorption spectra of Li(Ga1-x-yAlxIny)5O8 alloys on the 

values of x and y are shown in Fig. S5. From these data, we estimated the energies at which the 
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structures grouped by the same x and y. Number of InGa in octahedral sites are indicated by 

black numbers, AlGa in tetrahedral sites – by blue ones. 
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absorption coefficient of Li(Ga1-x-yAlxIny)5O8 alloy with specific x and y reaches the value of 

~104 cm-1, which has a pure LiGa5O8 crystal at energy of 4.9 eV (as it will be shown in the next 

section, this energy may reflect the onset of excitonic or band-to-band PL excitation). Using 

these energy points, we approximately estimate the shifts of the spectra of the alloys relative to 

the pure crystal. Although the spectra were obtained in approximate calculations, such shifts 

obviously have to correlate with changes in the energy gaps Eg of Li(Ga1-x-yAlxIny)5O8 

compounds depending on the cation content.

If we presumably approximate the value of Eg of pure LiGa5O8 crystal as 4.9 eV (the 

actual value probably may be 0.2-0.5 eV higher),30 then according to the above analysis of the 

calculation results, the trends in the energy gaps should be as shown in Fig. 9.   
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Fig. 9  Trends of band gap energies of Li(Ga1-x-yAlxIny)5O8 alloys estimated from the calculated 

optical absorption spectra (solid symbols), and those estimated experimentally from the 

photoluminescence excitation spectra (open symbols) with corresponding linear fittings. 

As  Fig. 9 shows, doping with 50% of Al increases the Eg value of LiGa5O8 by almost 

1 eV. Indium doping, on the contrary, reduces the band gap, and this reduction has more 

pronounced concentration dependence: 10% of Al in the alloy increases its Eg by only 0.17 eV, 

while 10% of In reduces it by 0.30 eV. In addition, as can be seen from the figure (see green 

dots), simultaneous doping with Al and In (in concentrations of 5% Al + 5% In and 14% Al + 

6% In) practically does not change the band gap of LiGa5O8 crystal. There is clear correlation 

between band gap energy and lattice parameters (unit cell volume) of Li(Ga1-x-yAlxIny)5O8 solid 
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solutions: the smaller the unit cell volume in Li(Ga1-xAlx)5O8  series -  the wider the band gap, 

and  the larger the volume of unit cell in Li(Ga1-xInx)5O8  series -  the narrower band gap 

(compare Fig. 3a and Fig. 9). Similar effect has recently been observed for the aluminium and 

indium substituted β-Ga2O3-based solid solutions with monoclinic structure.25 

Thus, the results of our calculations show the possibility of band gap engineering of 

Li(Ga1-x-yAlxIny)5O8 compounds: the Eg value can be significantly increased by Al doping, 

decreased by In doping, and maintained at the same level by co-doping Al and In in a certain 

proportion.

3.4. Photoluminescence. The room-temperature PL and corresponding PLE spectra of 

the studied samples are shown in Fig. 10 and Fig. 11. These results reveal the characteristic 

spectra of Cr3+ centres in octahedral coordination.31 In particular, the excitation bands at about 

600 and 400 nm are caused by the spin-allowed 4A2  4T2 (4F) and 4A2  4T1 (4F) transitions 

of Cr3+, respectively, while the third excitation band at about 300 nm is related most probably 

to the 4A2  4T2 (4P) transition of Cr3+ and/or the charge transfer (CT) transitions with the 

participation of Cr3+ (see e.g Stasiv at al).11 Above these excitation bands, an edge-like 

excitation caused by the band-to-band transitions in the host lattice is observed. It is noteworthy 

that upon partial substitution of gallium by aluminium, the 600 and 400 nm excitation bands 

shift towards higher energies, and conversely, when Ga is replaced by In, a red shift of these 

bands is observed. This behaviour is consistent with the results reported previously32, 13, 11 and 

arises from the alteration in crystal field strength experienced by Cr3+ ions due to the 

replacement of Ga ions by Al or In. A larger shift of the edge-like and the CT excitation bands 

is obviously caused by the alteration in the band gap of the host lattice (see also Fig. 9 and Fig. 

S7). As one can see from Fig. 9, the shift of the excitation edge related to band-to-band 

transitions (which characterises the shift in the material band gap) is well consistent with that 

estimated from the calculated optical absorption spectra.

The photoluminescence spectra of the studied samples at room temperature (Fig. 11a) 

do not reveal any significant difference for the studied compositions of the host lattice. The PL 

spectrum is featured by a narrow line at about 718 nm (deviating within 2 nm depending on the 

Al/In content) caused by the zero-phonon line (spin-forbidden 2E  4A2 transition of Cr3+) and 

vibronic sidebands originating from the same transition (see e.g. Hsu et al.).13 The replacement 

of Ga by up to 50% of Al does not cause any noticeable changes in the room-temperature PL 

spectrum, while adding of 5% of In increases somewhat a relative intensity of the vibronic 

sidebands around the 718 nm line. All the studied samples demonstrate the quantum efficiency 
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(QE) of photoluminescence of about 50% except the samples with 5 and 10% of Al, for which 

a lower QE was revealed (Fig. 11b). 
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Fig. 10  Room-temperature photoluminescence excitation (PLE) spectra of the studied samples 

measured in UV-vis (a) and VUV-UV (b) ranges when registered at 718 nm. The dotted lines 

demonstrating the peak positions are only a guide for the eyes.
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(QE) (b) of the studied samples at 400 nm excitation.
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3.5. Temperature dependence of photoluminescence. The temperature evolution of 

the photoluminescence spectra of the studied samples is shown in Fig. 12. As it is seen from 

the figure, the narrow-line emission at 718 nm is superimposed on the broadband emission, 

which stretches from 600 to about 850 nm. This broadband emission, caused most likely by the 

spin-allowed 4T2(4F)  4A2  transition of Cr3+, became apparent at elevated temperatures. As 

seen from the Fig. 12, the narrow-line emission at 718 nm is the only one present at temperatures 

much below room temperature and decreases in intensity as temperature increases. Above 200 

K, the broadband emission appears and grows, reaching its maximum at about 400 K, while the 

narrow-line emission disappears. The broadband emission quenches in turn at higher 

temperatures. Similar temperature behaviour of the 2E  4A2 and 4T2(4F)  4A2 emissions of 

Cr3+ has previously been reported, e.g. for Ga2O3:Cr3+, and is typical for Cr3+ centres in an 

intermediate crystal field strength when the 2E and 4T2(4F) emitting levels are in thermal 

equilibrium.33 

Temperature dependences of the overall PL intensity of the studied samples are shown 

in Fig. 13, and corresponding quenching parameters are collected in Table 3. It should be 

mentioned that the measured temperature dependence of the PL intensity cannot be adequately 

fitted by the simplest quenching process:

𝐼(𝑇) = 𝐼(0)

1+𝐴 exp ―𝐸
𝑘𝑇

, (2)

where 𝐼(0) is the emission intensity at zero temperature, 𝐸 is the activation energy of non-

radiative transitions, and A is the ratio of the non-radiative transition probability to the radiative 

transition probability. To get more precise fitting of the experimental data, at list a two-step 

quenching model in accordance with Zhydachevskyy et al.34 should be applied: 

𝐼(𝑇) = 𝐼(0)

1+𝐴1 exp ―𝐸1
𝑘𝑇

+𝐴2 exp ―𝐸2
𝑘𝑇

, (3)

where 𝐸1 and 𝐸2 are the activation energies of two competing non-radiative pathways with 

corresponding parameters, 𝐴1 and 𝐴2, related to the strength of the quenching processes. The 

presence of two competition quenching mechanisms seems obvious owing to at least two 

quenching processes observed experimentally, in particular, (i) the quenching of the narrow-

line emission from 2E level by thermal population of the 4T2(4F) level of Cr3+, and (ii) the 

thermal quenching of the emission from 4T2(4F) level itself. Besides, the possibility of multiple 

types of Cr3+ centres in the studied spinel host cannot be excluded as well.   
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Fig. 12 Temperature evolution of PL spectra of selected samples.
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Fig. 13  Temperature dependence of PL intensity of selected samples. Solid lines represent the 

fitting by the eqn (3).

Table 3. Parameters of fits obtained from the temperature dependence of the emission intensity 

eqn (3) for the studied Li(Ga1-x-yAlxIny)5O8:Cr3+ compounds. 

Sample 

composition

∆E1, eV ∆E2, eV A1 A2 𝑇1
2
, K ∆E*, eV13

5% In 0.097 ± 0.001 0.61 ± 0.04 1.87 ± 0.7 3.4e3 ± 2.5e3 653 

0% Al 0.094 ± 0.017 0.49 ± 0.03 1.13 ± 0.51 3.1e3 ± 1.6e3 694 0.123 ± 0.01

5% Al 0.078 ± 0.009 0.52 ± 0.03 1.08 ± 0.26 4.2e3 ± 2.2e3 702 

50% Al 0.055 ± 0.19 0.35 ± 0.05 0.02 ± 0.15 1.0e2 ± 0.8e2 >800 

60% Al      0.123 ± 0.004

100% Al      0.112 ± 0.04

* the ∆E value obtained from fitting by eqn (2) in Hsu et al.13

As it is seen from Fig. 13 and Table 3, the quenching temperature 𝑇1
2
 decreases with 

the replacement of Ga by In, and increases when Ga is replaced by Al. It should be noted that 

the activation energy 𝐸 estimated in Hsu et al.13 using the fitting by eqn (2) in much narrower 

temperature range is in the middle of the ∆E1 and ∆E2 values obtained by us. 

To get insight into the possibility of multiple Cr3+ centres formation in the studied 

compounds, a zero-phonon line (ZPL) emission originating from the 2E  4A2 transition in the 

octahedrally-coordinated Cr3+ has been measured at liquid helium temperature. It is known that 
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this emission is very sensitive to the local structure of Cr3+ environment and their splitting 

(R-lines) can be used as a measure of the distortion of the CrO6 octahedron.35 Recently, it was 

shown that in the monoclinic (Ga1-yAly)2O3 and (Ga1-xInx)2O3 solid solutions doped with Cr3+, 

different distinct Cr3+ centres can be recognised in ZPL, which were attributed to the Al-, Ga- 

and In-centred octahedra in this alloyed structure.11 So it is of interest to check this for the spinel 

Li(Ga1-x-yAlxIny)5O8:Cr3+ compounds studied here. As it is seen form Fig. 14, the 

LiGa5O8:Cr (0% Al) sample is featured by a single and narrow ZPL at 716.7 nm. When Al is 

added, the same ZPL is observed, however, it gradually broadens and shifts towards longer 

wavelength as Al content increases. When In is added, the same ZPL also broadens, however, 

it shifts in the opposite direction. It is also evident that for the In-containing samples, the line 

has got two additional components in the long- and short-wavelength sides of the main ZPL. 

Here, it should be noted that the additional ZPLs observed for the In-containing samples are not 

related to the second component (R2-line) of zero-phonon emission from the possibly split 2E 

level.  Fig. 15 demonstrates that the thermally populated R2 component appears at the short-

wavelength side of R1 at temperatures above 60 K. It is noteworthy that the R2 line for the 

In-containing compounds also has a multiple structure like R1. It is also noteworthy that the 2E 

level splitting (R2-R1 distance) for Cr3+ in LiGa5O8 is about 34.6 meV, which is twice as large 

as 18.2 meV for β-Ga2O3:Cr3+,33 suggesting a larger distortion of Cr-centred octahedra 

(meaning GaO6 octahedra) in LiGa5O8 than in β-Ga2O3. It is also worth noting that the 2E level 

splitting in LiGa5O8 increases gradually with increasing Al and In content (Fig. 15b), which is 

consistent with the bond length distortion in Ga octahedral positions presented in Fig. 4b.    
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Fig. 14  High-resolution Cr3+ ZPL (R1-line) emission spectra for the studied samples measured 

at T = 4.4 K.
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Fig. 15  Temperature evolution of Cr3+ ZPL emission spectra of the 5% Al and 5% In samples 

(a), and the splitting of 2E level (R2-R1) of selected samples (b).

3.6. Thermoluminescence after UV exposure. All the studied samples, after UV 

exposure to the CT band at about 270-310 nm (see Fig. 10), were revealed to possess quite 
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efficient thermoluminescence below and above room temperature. Analysis of the TSL glow 

curves after UV exposure at a liquid nitrogen temperature, presented in Fig. 16a, reveals the 

following peculiarities. The thermoluminescence of pristine (non-modified by Al or In) 

LiGa5O8:Cr below and above room temperature is determined by the four main TSL peaks 

(marked as I, II, III and IV) with the peak maxima at about 120, 210, 350 and 500 K, 

respectively. Similar TSL peaks III and IV above room temperature were observed previously 

also for LiGa5O8:Pr3+3  LiGa5O8:Bi3+36 and LiGa5O8:Tb3+1 synthesised by a similar high-

temperature solid-state reaction method. This similarity suggests that these TSL peaks are 

related to the same kind of intrinsic point defects, at least when the material is synthesised in 

air by the solid-state method. 

It is noteworthy that all samples modified by Al and/or In reveal a similar TSL structure, 

however the position of the TSL peaks and their intensity ratios change. In particular, the 

position of all the TSL peaks shifts towards higher temperatures as Al content increases, and 

vice versa, the TSL peaks move towards lower temperatures when the host is modified by In 

that is consistent with the results observed previously for -(Ga1-x-yAlxIny)2O3.11 Additionally, 

as Al replaces Ga, the intensity ratio of the first two peaks (I and II) to the third and fourth peaks 

(III and IV) increases significantly. 

The temperature range starting from the room temperature to at least up to 100 C 

(~374 K), which determines the room-temperature persistent luminescence, is marked in 

Fig. 16a. In such a way it is obvious that the room-temperature persistent luminescence of 

LiGa5O8:Cr and compounds with small amounts of Al and In will be determined by TSL peaks 

III and IV, while, for compounds with larger amounts of Al, it will be determined already by 

peaks I and II. A precise comparison of the corresponding relative TSL intensities for different 

samples in this temperature range is shown in Fig. 16b.

It is also evident that simultaneously with changing the TSL peaks position, the 

modification of the LiGa5O8 host by the addition of Al and/or In makes the TSL peaks broader. 

The TSL peak broadening means an expansion of the set of trap depths caused by local structure 

disorder introduced by the partial replacement of Ga atoms with Al and/or In, see Chang et al.12 

Assuming all other conditions (position of the peak and their intensity) are equal, the 

broadening of the TSL peaks themselves should result in more prolonged persistent 

luminescence of the material.
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Fig. 16 Thermally stimulated luminescence (TSL) curves of the as-synthesised samples 

registered at 718 nm after UV (270-310 nm) exposure at a liquid nitrogen temperature (a); and 

corresponding relative TSL intensities integrated in the temperature range from 25 to 100 °C 

for different (as-synthesised and annealed in vacuum) samples as a function of their 

composition (b). Heating rate 1 C/s. The dotted lines demonstrating the peak positions are only 

a guide for the eyes. 

3.6.1. Effect of reducing annealing. Based on the belief that the radiation storage 

properties of the studied materials are caused by the oxygen-related intrinsic point defects 

(oxygen vacancies and interstitials), as reported by Jia et al.9 , one can expect noticeable changes 

in TSL after the reducing thermal treatment of the materials synthesised in an oxidizing 

environment (i.e., in air). Therefore, it is of interest to follow the changes caused by the high-

temperature annealing of the studied materials in a vacuum. The TSL curves of the samples 

after such annealing, compared to the as-synthesised samples, are shown in Fig. S6. As one can 

see from Fig. S6, the reducing annealing does not change the TSL structure; however, the 

relative and absolute intensity of certain peaks does change. Specifically, the intensity of peaks 

III and IV is suppressed in all the studied samples, while peaks I and II usually increase, 

especially in the samples with a higher Al content. The increase in peaks I and II after annealing 
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the samples with higher Al content is undoubtedly beneficial and should enhance their room-

temperature persistent luminescence. The relative TSL intensities in the temperature range of 

25-100 °C of the annealed samples are also shown in Fig. 16b. In such a way,  the highest TSL 

intensity at 25-100 C is observed for the 20% Al sample annealed in vacuum, which reveals a 

threefold enhancement compared to the pristine LiGa5O8:Cr (0% Al) sample synthesised in air.  

3.7. Persistent luminescence. After UV exposure to the CT band at about 270-310 nm, 

in the same way as TSL, the studied samples show an afterglow occurring in the deep-red 

spectral range corresponding to the Cr3+ emission in the materials. It should be noted that after 

exposure to visible light, including the 400 nm band, the afterglow is negligible. Fig. 17 

compares the room-temperature afterglow of selected samples after the UV exposure.  These 

results show good agreement with the TSL results presented above. In particular, samples 

containing 20% and 30% of Al reveal an enhanced PersL intensity compared to the pristine 

LiGa5O8:Cr (0% Al) sample, from which the 20% Al sample annealed in vacuum exhibits the 

highest PersL intensity. 
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Fig. 17  Room-temperature afterglow decay kinetics of selected samples registered at 718 nm 

after UV (270-310 nm) exposure. 
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4. Conclusions 

All the Li(Ga1-x-yAlxIny)5O8 samples synthesised by the solid-state reaction method 

showed a pure cubic spinel structure. Only in the materials of nominal compositions 

Li(Ga0.9In0.1)5O8 and Li(Ga0.8Al0.14In0.06)5O8 with relatively higher indium content, the traces of 

-(Ga,In)O3 mixed oxide were detected. 

Analysis of the average M-O distances within the MO6 octahedra together with the 

Rietveld refinement suggests unambiguously that Al3+ ions prefer to occupy octahedral 12b 

position (at least up to 50% of Al with respect to Ga), whereas larger In3+ cations mainly occupy 

8c Ga tetrahedral site. This suggestion has also been definitely confirmed by the DFT-based 

electronic structure calculations, as the AlGa[oct] and InGa[tetr] substitutions protect against a 

noticeable increase in the total energy. The calculations also clearly reproduce the 

experimentally observed trends of the unit cell volume change as a function of Al or In content 

in the Li(Ga1-x-yAlxIny)5O8 alloys. 

The calculations of the optical spectra of the lowest-energy Li(Ga1-x-yAlxIny)5O8 

structures allowed to evaluate the behaviour of the optical band gap depending on the cation 

composition of the compounds. In particular, the replacement of 50% of Ga by Al increases the 

Eg value of LiGa5O8 by almost 1 eV. Indium addition, on the contrary, reduces the band gap, 

and this reduction is almost twice more pronounced: about 0.30 eV for 10% of In. This is well 

consistent with the edge of the band-to-band excitation estimated experimentally from the PLE 

spectra of Cr3+.

The correlation between the lattice parameters (unit cell volume) and the band gap 

energy of the Li(Ga1-x-yAlxIny)5O8 samples is as follows: the smaller the unit cell volume in the 

Li(Ga1-xAlx)5O8 sample, the wider the band gap; conversely, the larger the unit cell volume in 

the Li(Ga1-xInx)5O8 sample, the narrower the band gap. 

The photoluminescence spectra of Li(Ga1-x-yAlxIny)5O8:Cr3+ phosphors at room 

temperature are featured by a narrow line emission at about 718 nm caused by the spin-

forbidden 2E  4A2 transition of the octahedrally-coordinated Cr3+ and corresponding vibronic 

sidebands. All the studied samples demonstrate the quantum efficiency (QE) of 

photoluminescence of about 50%, except the samples with 5 and 10% of Al, for which a 

somewhat lower QE was revealed. 

The high-resolution, low-temperature photoluminescence measurements revealed a 

single type of Cr3+ centres in LiGa5O8:Cr. When Al is added, the same type of Cr3+ centres 

remains, however, the local structural disorder of the centres increases, which is evident in the 

broadening of the zero-phonon line (ZPL). When In is added, even greater (at the same amounts 
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of In and Al) broadening of ZPL is observed together with the appearance of two additional 

types of Cr3+ centres. 

It was revealed that all the samples modified by Al and/or In reveal a similar TSL 

structure, however the position of the TSL peaks and their intensity ratios change. In particular, 

the position of all the TSL peaks shifts towards higher temperatures as Al content increases, 

and vice versa, the TSL peaks move towards lower temperatures when the host is modified by 

In, which is consistent with the modulation of the band gap of the host material. It was also 

shown that simultaneously with changing the TSL peaks position, the modification of the 

LiGa5O8 host by the addition of Al and/or In makes the TSL peaks broader, which means an 

expansion of the set of trap depths caused by local structure disorder introduced by the partial 

replacement of Ga atoms with Al and/or In.

The highest TSL intensity in the temperature range of 25-100 C was found for the 

Li(Ga0.8Al0.2)5O8:Cr sample annealed in vacuum, which reveals a threefold enhancement of the 

persistent luminescence compared to the pristine LiGa5O8:Cr sample synthesised in air. 
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LaGa5O8-based materials annealed in vacuum; concentration evolution of the lattice parameters 

and nearest cation-oxygen distances in the Li(Ga1-xMx)5O8 series; the 222 super-cell of 

LiGa5O8 crystal; numbers of cationic substitutions modeled in 222 super-cell of 

Li(Ga1-x-yAlxIny)5O8; DFT-optimised lattice parameters of Li(Ga1-x-yAlxIny)5O8 alloys; 

calculated low-energy parts of absorption spectra of Li(Ga1-x-yAlxIny)5O8 crystals; comparison 

of the TSL curves of the studied samples (as-synthesised and annealed in vacuum), the PLE 

spectra of the studied samples measured using synchrotron irradiation at room temperature 

(registered at 718 nm), and their deconvolution by Gaussian peaks.  
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Data availability

The data supporting this article have been included as part of the supplementary information 

(SI). Supplementary information: graphical results of Rietveld refinement of the selected 

LiGa5O8-based spinel structures, graphical results of Rietveld refinement of chromium-doped 

LaGa5O8-based materials annealed in vacuum; concentration evolution of the lattice parameters 

and nearest cation-oxygen distances in the Li(Ga1-xMx)5O8 series; the 222 super-cell of 

LiGa5O8 crystal; numbers of cationic substitutions modeled in 222 super-cell of 

Li(Ga1-x-yAlxIny)5O8; DFT-optimised lattice parameters of Li(Ga1-x-yAlxIny)5O8 alloys; 

calculated low-energy parts of absorption spectra of Li(Ga1-x-yAlxIny)5O8 crystals; comparison 

of the TSL curves of the studied samples (as-synthesised and annealed in vacuum), the PLE 

spectra of the studied samples measured using synchrotron irradiation at room temperature 

(registered at 718 nm), and their deconvolution by Gaussian peaks.  
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