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X-ray absorption near edge structure (XANES) spectroscopy technique is used to better understand the charging and decharging

processes of the persistent luminescence in the Cr3+ doped AB2O4 spinels (A = Zn, Mg and B = Ga and Al) with low photon

energy excitation by visible light. Cr K edge XANES spectra have been simulated for different near neighbour environments

around the Cr3+ recombination centres and compared with the experimental curve. In Cr3+:ZnGa2O4 compound, the Cr3+ local

structure corresponds mostly to that of a normal spinel (∼70%), while the rest comprises of distorted octahedral environment

arising from cationic site inversion and a contribution from chromium clustering. This local structure is strongly different in

Cr3+:MgGa2O4 and Cr3+:ZnAl2O4 where, for both cases, chromium clustering represents the main contribution. The strong

correlation between the intensity of persistent luminescence and % of Cr in clusters leads us to infer that presence of Cr clusters

is responsible for decrease of the intensity of the visible light induced persistent luminescence in the Cr3+ doped AB2O4 spinels.

1 Introduction

Near infrared persistent luminescence, hereafter referred to as

NIRPL, has been the object of utmost interest since the demon-

stration that NIRPL nanoparticles can be used for in vivo opti-

cal imaging.1 In the course of finding new materials with im-

proved optical properties, it was found that Cr3+ doped zinc

gallate and gallogermanate spinel family is particularly inter-

esting as these materials give enhanced NIRPL intensity and

duration.2–5 In addition, the interest of these materials for ap-

plication of in vivo imaging is reinforced by the fact that NIRPL

can be excited not only by UV light, but also by visible light3,

which allowed direct excitation of ZnGa2O4:Cr3+ nanoparti-

cles through animal body for in vivo tumour imaging5. Re-

cently, Zhuang et al. proposed very clearly a mechanism for

NIRPL in Cr doped zinc gallate, showing the different path-

ways by which an optically excited Cr3+ transfers an elec-

tron to a shallow trap in the band gap.6 However it appears

that the actual mechanism is probably more complex. First,

Cr3+ seems to conserve its oxidation state during excitation of

NIRPL.7 Second, photoluminescence excitation and emission

NIRPL spectra show that NIRPL mechanism is due to a spe-

cial type of Cr3+ with neighbouring defects, mostly antisite de-
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fects.7 The complexity of the environment of Cr3+ in ZnGa2O4

has been shown by EPR spectroscopy.8 All these results show

that NIRPL mechanism in chromium doped zinc gallate is de-

termined by the local environment of chromium.

Synchrotron based X-ray absorption fine structure (XAFS)

spectroscopy techniques are being widely used now to study

the local structure around a selected element and thus to de-

termine the structure of the given material. 9–14 Tunable, coher-

ent, polarized radiation along with a high photon flux obtained

from a synchrotron makes it favourable over conventional spec-

troscopic methods.15,16 Owing to the applicability of XAFS to

crystalline as well as amorphous materials, the technique can

be employed to characterize a wide variety of materials such as

optical materials,9,11,17 magnetic materials,13 ancient and his-

torical materials,15 et cetera. Based on interference of forward

going wave of photoelectron (which is emitted due to atomic

absorption of incident photon) and back scattered wave of pho-

toelectron from neighbouring ions, XAFS provides information

about immediate surroundings of the central absorbing ion.18

Therefore it can be used to probe structural defects around a

metal ion. A XAFS spectrum is divided into two parts X-ray

absorption near edge structure (XANES) and extended X-ray

absorption fine structure (EXAFS). The spectrum up to about

30 eV from the edge energy where the photoelectron scattering

is strong is the XANES part.

XAFS has been used by many groups in recent times to

study the local structure around luminescent ions in order to

understand the mechanism of persistent luminescence. Exten-

sive studies done on Eu2+ doped Sr2MgSi2O7 in 2009 unani-
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2 EXPERIMENTAL

mously showed that electron is excited to conduction band from

Eu2+ ion which then acts as a hole trap.19–21 In case of rare

earth trivalent ion (R3+) co-doped Sr2MgSi2O7:Eu2+ it was

proposed that R3+ ions with energy levels just below conduc-

tion band were acting as electron traps, later releasing the elec-

tron to recombine with the hole.19 Similar mechanism was ex-

tended for CaAl2O4:Eu2+,R3+ compound, proposing the con-

version of Eu2+ to Eu3+ with the electron transfer.22 How-

ever this valence state change was disproved by the same group

when they observed no signature of Eu3+ oxidation state in the

XANES spectra.23 Korthout et. al. carried out XANES studies

on SrAl2O4:Eu,Dy to show the valence state change of Eu2+

to Eu3+ during the charging process, but no valence change in

Dy was seen.24 XAFS measurements at Ca K edge and Mn

K edge in CaMgSi2O6:Mn helped to establish the formation

of oxygen vacancies around Ca when the compounds were pre-

pared in reducing atmosphere, which act as electron traps while

the luminescent centre Mn was the hole trap.9,11 Rodrigues et.

al. showed from XAFS investigations that there is no oxidation

state change of Tb3+ in CdSiO3:Tb3+ during the excitation pro-

cess.25

In a previous paper, we had presented EXAFS results along

with optical and electron paramagnetic resonance (EPR) stud-

ies on Cr3+ doped AB2O4 spinels (A=Zn, Mg and B=Ga,

Al).17 In there, the crucial role of inversion defects in neces-

sitating the persistent luminescence in spinels specially with

visible light excitation was illustrated in detail. A strong corre-

lation between Cr-O bond distances and visible light induced

NIRPL was shown.17 This was interpreted to be due to in-

creased hybridization between Cr 3d t2g orbitals and ligand 2p

orbitals due to presence of antisite defects in the near neigh-

bourhood of Cr3+ ions. The π bonding between Cr and O re-

sulted in decreased crystal field (CF) splitting of the Cr 3d band

in spite of decrease in Cr-O bond distance in these Cr3+ doped

AB2O4 spinels. Since XANES is very sensitive to CF splitting,

nature of bonding and near neighbour environment, we present

here our investigations on Cr K edge XANES spectra in Cr3+

doped AB2O4 spinels (A = Zn, Mg and B = Ga and Al). Ab ini-
tio calculations of Cr XANES spectra for each compound have

been performed for different Cr3+ environments with the intro-

duction of defects possibly identified by optical spectroscopy

and EPR7,8, in order to identify the role of these defects in per-

sistent luminescence property of these spinels when low photon

energy (visible light) is used during the charging process.

The spinels being discussed here (ZnGa2O4, MgGa2O4 and

ZnAl2O4) are semiconductors with a wide energy gap which

allows the possibility to create defect levels within bandgap

by doping with transition metal ions. They belong to cubic

space group Fd3m with a reported lattice parameter a = 8.334

Å for ZnGa2O4
26, a = 8.2891 Å for MgGa2O4

27 and a =

8.086 Å for ZnAl2O4
28. ZnGa2O4 compound possesses a nor-

mal spinel structure with Zn2+ ions in tetrahedral coordination

and Ga3+ ions in octahedral coordination (Figure 1),29 with

a small inversion in site occupancies of Zn and Ga.30–32 It ex-

hibits longest NIRPL signal as compared to the other two spinel

hosts in the case of low photon energy excitation by visible

light.17 MgGa2O4 is reported to be a near inverse spinel with

about 44% octahedral site inversion.27,33 ZnAl2O4 is known to

crystallize in a perfect normal spinel structure with less than

1% cationic disorder.34 While these three spinels give strong

NIRPL with short excitation wavelength, ZnAl2O4 does not

give any detectable NIRPL when excited by visible light.17

Fig. 1 Spinel structure of ZnGa2O4.

2 Experimental

The samples under study were prepared via solid state route

with their respective metal oxides ZnO (Sigma Aldrich 99.99%

pure), Ga2O3 (Sigma Aldrich 99.99% pure), MgO (Sigma

Aldrich 99.995% pure), Al2O3 (SRL 99.75% pure) and CrO3

(SRL 99% pure) as precursors. Weighed powders were grinded

in an agate mortar along with propan-2-ol to ensure homoge-

nous mixing. The mixture was dried and pelletized under 4

tons hydraulic pressure. ZnGa2O4 (noted ZGO) and MgGa2O4

(noted MGO) pellets were annealed in air at 1300◦C and

ZnAl2O4 (noted ZAO) pellet was annealed at 1400◦C for 6

hours, and later crushed to get fine powders for further char-

acterizations. All three compounds were prepared with 1% di-

valent cation deficiency and 0.5 mol% Cr doping relative to

trivalent cation.

A Rigaku X-ray diffractometer was used to obtain the X-ray

diffraction (XRD) patterns at room temperature (RT) using Cu-

Kα radiation. The spectra were recorded in 2θ range 20◦-80◦
with 0.02◦ step and 2◦/min scan speed. Rietveld refinement on

2
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3 RESULTS AND DISCUSSION

the XRD patterns was carried out using FullProf software.35

XAFS measurements in fluorescence mode have been car-

ried out on Cr3+ doped ZnGa2O4, MgGa2O4 and ZnAl2O4

compounds at Cr K edges. XAFS at RT were measured on

the samples in fluorescence mode for Cr K edge at SAMBA

beamline in Soleil synchrotron facility, France. Si (111) crystal

plane was used as the monochromator. Absorbers were pre-

pared by mixing 50 mg compound with 100 mg boron nitride

and pressing each of them into 10 mm pellets. Photon yield was

collected via Canberra 35 pixels SSD detector. XANES spec-

tra were calculated using FEFF 8.4 software based on the self-

consistent real-space multiple-scattering formalism.36 These

calculations take into account multiple scattering of photoelec-

tron from neighbouring atoms in presence of a fully relaxed

core hole. Atomic coordinates were generated for the respec-

tive ideal spinel structure with their Rietveld refined lattice pa-

rameters, using ATOMS 2.5 version to obtain a FEFF output

file.37 The respective octahedral core atom (Ga or Al) in the

FEFF file was changed to Cr before running the FEFF pro-

gram, to calculate the XANES pattern over a radius of about

8 Å. The defects were then introduced accordingly around Cr

in respective coordnates discussed later in the paper, and the

spectra were computed for each case. These calculated spectra

were linearly combined to obtain a best fit for the experimental

spectra.

NIRPL decay were measured at RT on 180 mg powder sam-

ples filled into a 1cm sample holder. NIRPL emission was col-

lected with a Scientific Pixis 100 CCD camera via an optical

fiber linked to an Acton Spectra Pro 2150i spectrometer. The

samples were excited at 560nm in the 4A2 - 4T2 absorption

band of Cr3+ by an optical parametric oscillator (OPO) EKS-

PLANT342B.

3 Results and discussion

X-ray diffraction patterns indicated the formation of phase pure

spinel compounds except for ∼ 1% MgO impurity in MGO

compound (Figure 2). Rietveld refinement was done on the

XRD patterns with A site cations occupying tetrahedral 8a po-

sitions and B site cations occupying octahedral 16d positions.38

Lattice constant, cationic site occupancy along with scaling fac-

tor, background and instrumental parameters were adjusted to

fit the experimental spectra. The resultant fit along with resid-

ual pattern for all compounds are shown in Figure 2. The

cationic occupancy was not varied for ZGO compound while

the Rietveld refinement yielded ∼45% cationic site inversion

in MGO in agreement with earlier reports.27,33 Varying site oc-

cupancy for ZAO compound yielded no cationic inversion hint-

ing to the normal spinel lattice.17 The Rietveld refined lattice

constants and the cationic occupancy are tabulated in Table 1.

EXAFS results were presented in our earlier paper and were

correlated with optical data.17 The bond distances of Cr to first
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Fig. 2 X-ray diffraction patterns of Cr3+ doped ZGO, MGO and

ZAO compounds along with Rietveld refined fit and residual patterns.

+ in MGO pattern indicates small (∼1%) MgO impurity.

neighbour (O in all cases), Cr to first cationic neighbour (Ga

for ZGO and MGO, Al for ZAO) and Cr to second cationic

neighbour (Zn for ZGO and ZAO, Mg for MGO), obtained

by EXAFS fitting are given in Table 1. For the EXAFS fit-

ting of MGO, two models based respectively on normal spinel

and inverse spinel structures were used. The bond distances

given in Table 1 for MGO are the proportionate addition of the

bond distances obtained from the above two models. Similar,

but slightly different bond distances were calculated from the

lattice parameters obtained using Rietveld refinement of XRD

patterns and are also noted down in Table 1. A preliminary

comparison shows that the first and second cationic bond dis-

tances obtained from EXAFS fitting are almost similar to the

XRD bond distances in all compounds.17 However EXAFS Cr-

O bond distances in ZGO and MGO are much smaller com-

pared to their respective XRD Ga-O bond distances. We had

proposed in our previous paper that, this reduction in bond

lengths is a result of the increased π interaction of Cr and O

orbitals due to the presence of antisite defects around Cr3+. 17

On the contrary, ZAO compound presents similar XRD Al-O

and EXAFS Cr-O bond distances indicating no visible defor-

mation in Cr3+ local environment.

The Cr K edge XANES spectra recorded for all the three

3
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3 RESULTS AND DISCUSSION

Table 1 Lattice constants, site occupancies and bond distances obtained from the Rietveld refinement of the XRD patterns, and bond distances

obtained from the EXAFS fitting for Cr3+ doped AB2O4 spinels (A = Zn, Mg and B = Ga, Al).

Parameters ZGO MGO ZAO

Rietveld refinement fitting

Lattice constant (Å) 8.33291(3) 8.28012(5) 8.09372(6)

A site occupancy
0.04125 (Zn) 0.03702(14) (Ga) 0.04125∗ (Zn)

0.00423(14) (Mg)

B site occupancy

0.08291 [Ga] 0.03702(14) [Mg] 0.08291∗ [Al]

0.00042 [Cr] 0.04589(14) [Ga] 0.00042 [Cr]

0.00042 [Cr]

Bond distances from XRD (Å)

Ga/Al-FN 2.062 2.049 2.003

Ga/Al-1CN 2.946 2.927 2.862

Ga/Al-2CN 3.455 3.433 3.356

Bond distances from EXAFS fitting (Å)

Cr-FN 1.96 (2) 1.94 (2) 1.992 (4)

Cr-1CN 2.95 (3) 2.91 (2) 2.882 (7)

Cr-2CN 3.42 (5) 3.44 (2) 3.350 (6)

∗ d-ZAO pattern was Rietveld refined with only normal spinel structure model since an attempt to fit also the inverse spinel model

yielded unphysical occupancies.

FN refers to first neighbour, 1CN refers to first cationic neighbour and 2CN refers to second cationic neighbour.

discussed compounds are presented in Figure 3. Each spec-

trum shows four prominent features, P1 to P4 (marked by dot-

ted lines for ZGO) in the near edge region. The features P1 and

P2 arise due to transition of the photoelectron (e−) from 1s to

4p orbitals of Cr, P3 is the main resonance peak arising due to

the transition of e− from 1s to continuum and P4 represents the

first constructive interference peak arising out of scattering of

the e− with Cr neighbours. A comparison of the spectra shows

a narrower and more intense P3 peak for ZAO as compared to

ZGO and MGO compounds (see inset). As discussed in our

previous paper, presence of an antisite defect in the neighbour-

hood of Cr3+ decreases the site symmetry thereby resulting in

a greater mixing of t2g and eg orbitals of Cr3+. 17 A greater

admixture of the Cr 3d states with ligand orbitals decreases the

transition probability due to lower density of unoccupied states.

This observation is in agreement with our previous hypothesis

about the presence of large number of antisite defects around

Cr3+ in ZGO and MGO as compared to ZAO.

In order to further investigate the presence of antisite defects

around Cr ions, an attempt was made to calculate Cr K edge

XANES spectra using FEFF 8.4 software. For these calcula-

tions, structural information obtained from Rietveld refinement

was used as a starting point. Contribution of antisite defects

to the Cr XANES spectra was estimated by using four differ-

ent near neighbour environments for Cr ion. For example in

ZnGa2O4, XANES spectra were calculated for Cr with: case(a)

normal spinel environment (Ga at octahedral sites and Zn at

tetrahedral sites) and Cr-O, Cr-1CN and Cr-2CN distances as

obtained from Rietveld refinement, where 1CN and 2CN refer

to first and second cationic neighbours; case(b) inverse spinel

environment (Ga at tetrahedral site and Zn at octahedral site)

and Cr-O, Cr-1CN and Cr-2CN distances as obtained from Ri-

etveld refinement; case(c) inverse spinel environment with Cr-

O, Cr-1CN and Cr-2CN distances as obtained from EXAFS,

and case(d) normal spinel environment with Cr as first cationic

neighbour instead of Ga. Case (d) corresponds to the presence

of Cr3+ clusters in neighbouring octahedral sites.

All the calculated Cr-edge XANES spectra of ZGO are pre-

sented in Figure 4 (see SIM (a) to (d)) and can be compared

with the experimental spectrum (EXP). The curve SIM (a) in

Figure 4 was calculated with Cr in normal ZnGa2O4 lattice. It

can be seen that all the four major features represented by P1

to P4 are present in this spectrum but their positions are shifted

to lower energy. Furthermore the energy difference between

any two of the features also does not match with that in exper-

imental spectrum. It is important to note that such a difference

between experimental and calculated spectrum hints at Cr3+

environment being far from that expected for an ideal octahe-

dron around Cr3+ ions.

Although the major features are also reproduced in Cr K

edge XANES with inverse spinel environment (SIM (b)), this

spectrum too cannot on its own account for the observed ex-

perimental spectrum. The major shortcoming being that the

energy difference between P3 and P4 in this spectrum is quite

4
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3 RESULTS AND DISCUSSION
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Fig. 3 Experimental Cr-edge XANES spectra for ZGO, MGO and

ZAO compounds. Inset shows a zoom of the overlapping spectra with

actual intensities.

less than that in the experimental spectrum. The third spec-

trum shown as SIM (c) in Figure 4 is calculated using the near-

est neighbour distances obtained from EXAFS fitting. Here,

though the position of P4 matches with that in the experimen-

tal spectrum, P3 and P2 do not match. The fourth calculated

spectrum (SIM (d) in Figure 4) represents the case of Cr clus-

tering. This case was taken into account and was specially cal-

culated as our EPR analysis performed on Cr doped MgGa2O4

and ZnGa2O4 clearly showed the presence of Cr clusters.8,17

In this case, though the positions of features P1, P2 and P4 are

in fair agreement with those in experimental curve, the main

resonance peak (P3) is shifted to higher energy in the calcu-

lated spectrum. A comparison of all the four calculated spectra

with the experimental curve gives an indication that some or

all of these curves could add up in some proportion to simulate

the experimental curve. Studies on ZnGa2O4:Cr3+ using opti-

cal spectroscopy, thermally stimulated luminescence and EPR

spectroscopy have also shown that the Cr ions possess regular

and distorted octahedral cages around them, as well as some

Cr3+ clusters.8 In order to estimate the contribution of each

of the calculated spectra to the experimental curve, a linear

combination fitting (LCF) was performed of all possible com-

binations of above calculated spectra using Athena software for

XAFS analysis. The best fitted (lowest R factor) curves in case
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Fig. 4 Experimental Cr-K edge XANES spectrum (EXP) compared

with spectra calculated with different environment for Cr- SIM (a)

corresponds to the ideal ZGO structure with Cr core (Cr-O distance ≈
2 Å); SIM (b) corresponds to Cr with 6 neighbouring antisite defects

(Cr-O distance ≈ 2 Å); SIM (c) corresponds to Cr with 6

neighbouring antisite defects (Cr-O distance = 1.9 Å); SIM (d)

corresponds to Cr3+ cluster (Cr-O distance ≈ 2 Å).

of three spinels are presented in Figure 5.

Figure 5 (a) presents the experimental Cr XANES spectrum

in ZGO and the best fitted (R factor = 0.019) curve calculated

by LCF analysis. This computed curve is composed of 71%

contribution from spectrum of Cr in normal ZnGa2O4 environ-

ment (SIM (a) in Figure 4), nearly 17% contribution from Cr in

inverse spinel environment with EXAFS Cr-O bond distances

(SIM (c) in Figure 4) and the rest of 12% contribution from Cr

clusters (SIM (d) in Figure 4). It may be noted that in the fitting,

curve SIM (d) presents itself with a large shift (∼6 eV) in its

edge energy. The LCF curve with contributions from SIM (a)

and SIM (c) in a ratio 75:25 also provides a fairly good agree-

ment with experimental curve (R factor = 0.037). This indicates

that Cr environment in ZGO is mostly that of a normal spinel,

with about 25% distorted octahedral environment arising due to

cationic site inversion and chromium clustering. All these re-

sults fairly agree with EPR spectroscopy of ZGO, which shows

the contribution of Cr3+ in normal octahedral sites (more than

60%), with contribution of Cr3+ with neighbouring antisite de-

5
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3 RESULTS AND DISCUSSION
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Fig. 5 Experimental Cr-K edge XANES spectrum along with

computed LCF for (a) ZGO, (b) MGO, (c) ZAO.

fects and of antiferromagnetically coupled Cr3+ clusters.8

In the case of MGO, the best fitting LCF curve (Figure 5 (b))

is composed of only 9% of normal spinel environment, about

22% of inverted spinel environment and the remaining 69%

contribution from spectrum representing Cr clustering. The

two points to be noted here are; (i) significant increase in the

Cr clustering in MGO as compared to that in ZGO and (ii) only

22% of inverted spinel environment around Cr in spite of 44%

cationic site inversion found in the crystal lattice. The presence

of anundant Cr clusters in MGO was also clearly indicated from

EPR spectroscopy wherein the experimental X band Cr3+ EPR

signal was best simulated with a 1:3 ratio of isolated Cr ions

subjected to inverted spinel environment and antiferromagneti-

cally coupled Cr clusters.17 While the optical spectroscopy in-

dicates that visible light induced NIRPL is entirely localized

around Cr3+ ion with an antisite defect as first cationic neigh-

bour, its low intensity in MGO as compared to that in ZGO

could possibly be due to presence of Cr clusters.

The role of Cr clusters in decreasing visible light induced

NIRPL is further strengthened by LCF analysis of Cr XANES
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Fig. 6 Variation of NIRPL intensity values taken at different times

versus the % of Cr clusters present in ZGO, MGO and ZAO. Inset

shows variation of NIRPL signal excited at 560nm as a function of

time in Cr doped three spinel hosts.

in ZAO. This material exhibits very negligible NIRPL sig-

nal when subjected to visible light excitation although a quite

strong NIRPL signal is observed with X-ray excitation.17 Here

the best fitting LCF curve (Figure 5 (c)) is made up of over-

whelmingly large (∼97%) contribution from the spectrum cal-

culated with Cr clusters (SIM(d) in Figure 4), while the rest

3% is contributed by Cr in normal spinel environment with Al

and Zn ions as first and second cationic neighbours respec-

tively. A very good correlation exists between the % of Cr

clusters present around Cr3+ ions in AB2O4 (A = Zn or Mg

and B = Ga or Al) hosts and NIRPL intensity. In Figure 6 val-

ues of NIRPL intensity at three different times in ZGO, MGO

and ZAO are plotted against the respective % of Cr in clusters.

Strong similarities in correlations plotted at different times indi-

cate the possibility that Cr clusters are responsible for complete

quenching of the NIRPL excited by visible light. It should be

stressed that although there was an important contribution of

Cr3+ clusters in XANES simulation, these clusters did not ap-

pear in the simulation of EPR spectrum of Cr3+ in ZAO. The

latter was fairly simulated with Cr3+ ions in normal octahedral

sites, without contributions of antisite defects and Cr clusters.17

However, it is possible to reconcile XANES and EPR results by

recalling that these Cr3+ clusters are weakly antiferromagneti-

cally coupled in gallates (ZGO and MGO). The ground state of

these clusters is characterized by a total electron spin S=0, so

that they are EPR silent at very low temperature, while the EPR

signal at high temperature is due to thermally accessible states

with S>0. Indeed the EPR signal of Cr clusters in ZGO and

MGO decreases upon decreasing the temperature, and vanishes

below 10 K.8 We may thus hypothesise that, antiferromagnetic
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coupling in ZAO is stronger than that in ZGO and MGO, so

that these clusters remain EPR silent (S=0) even at room tem-

perature, while they still dominate XANES spectrum.

4 Conclusions

The analysis of the Cr K edge XANES spectra presented here

substantiates the previous EXAFS, EPR and optical results in

establishing the presence of inversion defects around Cr3+ ion

and their role in persistent luminescence under low photon en-

ergy (visible light) charging process. Further the analysis not

only indicates the defects around the trivalent chromium re-

combination centres are indeed associated with the low pho-

ton energy excitation persistent luminescence in AB2O4 type

spinels, but also indicate the presence and the key role of Cr

clusters. The main result of this work is that a clear correlation

appears between the amount of Cr clustering and the quench-

ing of the NIRPL emission intensity. In the aim of improving

our understanding of NIRPL mechanism, it is thus important in

the future to explore the consquences of this Cr-clustering by

correlating this strong inhomogeneity of Cr3+ distribution with

thermally stimulated luminescence (TSL) and EPR spectra.
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