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ABSTRACT 

Persistent luminescence and photochromism are two fascinating optical properties that 

involve charge trapping via defects and their release due to an external stimulation. In both 

processes, it is possible to define a “1” (or “on”) and a “0” (or “off”) optical state. 

Consequently, materials with one of these phenomena find major interest in view of designing 

smart, anticounterfeiting and optical information storage devices. Combining both processes 

within a single material can lead to a new generation of information storage phosphors, in 

which it may be possible to obtain three different optical states by playing on the external 

stimulations applied on the material. For that purpose, the elaboration of nickel-doped 

ZnGa2O4 spinel transparent nano glass-ceramics is presented in this work. The short-wave 

infrared (SWIR) emission, a broad band located at ca. 1275 nm, arises from Ni
2+

 cations 

located in gallium octahedral sites. SWIR persistent luminescence, arising from the same 

doping ion transition, can also be monitored after UV charging. Interestingly, UV irradiation 
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not only leads to persistent luminescence charging but also to reversible photochromism 

effect. By means of a complete optical characterization study combined to electron 

paramagnetic resonance measurements, the origins of both the persistent luminescence 

emission and the photochromism are explored. Finally, a discussion on the advantages of such 

material combining both persistent luminescence and photochromism properties, leading to 

three possible optical states of the material, is dressed in view of possible optical memory 

systems. 

 

1.Introduction 

Due to the increasing production and consumption of information, new innovative 

information storage materials are highly demanded. Amongst others, optical information 

storage materials take their advantages from their performances, i.e. their high storage 

capacity and exceptional rewritability, and their low ecological impact, as for example the low 

energy consumption during operation.
1–5

 In these materials, an external optical stimulation is 

applied to the material to “write” the information. Then, another external stimulation, that can 

be thermal, electrical, mechanical, or optical, may be applied to the material to return to the 

initial optical state. Photochromic materials, which color can change while applying light 

irradiation, show increasing interests in that application fields. Indeed, in these materials, the 

information, that is the materials’ color, can effectively be written optically and a thermal 

stimulation or another optical stimulation using another source can lead to a return to the 

original state.
6–8

  

Persistent phosphors, that are able to emit light for a long time after excitation 

stoppage due to optimized optical energy storage by defects within the material, belongs to 

another materials family that recently found interest in view of developing anticounterfeiting
9–

13
 and optical information storage devices. 

9,12,14–17
 In that case, the information, which is the 

material emission with the charging source off, is stored with energetic sources (UV or blue) 

irradiation. The return to the original state can then be monitored optically, whereby it can be 

stimulated thermally (thermally stimulated luminescence, TSL) or optically (optically 

stimulated luminescence, OSL) using a lower energy source as a red or NIR LED. With 

visible persistent emission, a silicon-based detector or the human eye can read the optical 

information. However, due to the relatively low persistent emission it would be difficult for 

both the human eye and the silicon-based detector to read the information under day light or 

in an illuminated room. SWIR persistent luminescence takes their advantages in those 
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conditions. Indeed, as the illumination in rooms is now supplied by white LEDs with no 

contribution in the infrared range, it is possible to detect persistent luminescence in the SWIR 

range with an InGaAs-based detector in an w-LED illuminated room.  

Within the last 25 years, persistent phosphors have been brought to the research 

forefront after two major discoveries, leading to a wide spectral range of afterglow emission. 

First, the discovery of SrAl2O4:Eu
2+

,Dy
3+

 in 1996 has led to the extensive research of visible 

persistent phosphors with suitable morphologies for night signalization, night vision display 

without providing energy.
18–22

 On the other hand, the elaboration of persistent phosphors 

targeting optical in vivo imaging widely revived the research in the field in the late 2000s.
23–30

 

In view of optical in vivo imaging applications, the probe material must emit in one of the 

three partially transparent biological windows (BW), i.e. BW-I (620 – 950 nm), BW-II (1000 

– 1350 nm) and BW-III (1500 – 1800 nm), to be efficiently detected from outside the body.
31–

35
 Due to lower light diffusion and lower tissues autofluorescence, optical imaging using 

persistent phosphors with emission in the short wave infrared (SWIR) range, and therefore in 

the BW-II and BW-III, has gained more interests recently. Since 2014 and the elaboration of 

Nd
3+

-doped Sr2SnO4 persistent phosphor, only few materials with persistent luminescence in 

one of this two spectral regions have been designed.
36

  The most efficient ones being the 

Y3Al2Ga3O12 co-doped with Nd
3+

,Ce
3+

,Cr
3+

 or Ce
3+

,Er
3+

 for persistent emission in the BW-I 

and BW-II or BW-I and BW-III respectively.
37–40

 Few other materials have been reported,
41–44

 

but most of them have been elaborated by high temperature solid state methods, giving access 

to high crystalline quality bulk materials with significantly higher persistent luminescence 

properties compared to nanoparticles that must be used for in vivo proof of concept. 

Regarding ZnGa2O4, reported as the most developed persistent luminescence material for in 

vivo imaging purposes, few recent works report strategies to shift the afterglow emission 

towards longer wavelengths range. For instance, the host matrix modification strategy, aiming 

at red shifting the 
4
T2 → 

4
A2 emission or the co-doping strategy, to induce persistent energy 

transfer to an emitting ion in the SWIR range, have recently been explored.
45,46

 Finally, a last 

strategy, the replacement of the red emitting Cr
3+

 ion by a SWIR emitting ion in the ZnGa2O4 

matrix (for instance Co
2+

 or Ni
2+

), has briefly been evocated.
47

 

  This last strategy was chosen in the present work, where the replacement of Cr
3+

 by 

Ni
2+

 in ZnGa2O4:Cr
3+

 nanocrystals, is studied optically and is then discussed using both 

optical and magnetic characterizations. Less than ten years ago, a new elaboration strategy, 

using glass crystallisation  synthesis, has shown great possibilities to prepare nanoscale 
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phosphors with intensive persistent luminescence properties, that is especially beneficial for 

persistent luminescence feasibility.
48

 Indeed, since their first elaboration in 2014, ZnGa2O4-

doped transparent nano glass-ceramics (nGC) have not only been used to demonstrate the 

importance of elaboration and morphological parameters on the persistent luminescence 

properties but also to further improve their afterglow features. This is for instance the case in 

Yb
3+

,Cr
3+

 co-doped ZnGa2O4 transparent nano glass ceramics in which the persistent 

luminescence spectra is enlarged towards the SWIR region.
46,49

 Nickel has already been used 

as a dopant in glass-ceramics with similar host matrices compositions as the one studied for 

ZnGa2O4:Cr
3+

 nGC.
50,51

 In these works, the Ni
2+

 cations (located in the Ga
3+

 octahedral site) 

emission, in the SWIR range suitable for optical fibre amplifier in the infrared range, is 

reported. Still, no afterglow properties in the SWIR range of Ni
2+

 in gallate materials have 

been reported yet. 

In the information storage field, materials presenting both persistent luminescence and 

photochromism have already been studied due to their unprecedented properties for this 

potential application.
52–55

 Still, the two phenomena have often been attributed to similar 

origins and no material showing both properties with three different optical information states 

has been designed yet. In this work, we aim at designing persistent luminescence gallate nGC 

with afterglow emission located in the SWIR range with an additional reversible 

photochromism. Due to its photoluminescence properties in this spectral range, divalent 

nickel appeared as a promising doping agent candidate in ZnGa2O4. To ensure the nanometric 

size and the crystalline quality of the crystals, the materials were elaborated following the 

nano glass-ceramics elaboration process. As targeted, SWIR persistent emission of the nGC 

can be observed, originating from the charge de-trapping towards 
3
T2 divalent nickel excited 

state that is followed by its radiative relaxation towards 
4
A2 ground state. On the other hand, 

UV excitation not only leads to persistent luminescence (Pers. Lum.) charging but also to an 

unprecedent thermally and optically reversible photochromism of the zinc gallates nGC. In 

the present case, the occurrence of both persistent luminescence and photochromism lead to a 

material showing three different information states, that may be of interest for further 

information storage devices development. Along this work, we intended to study and explain 

the origin of the two processes through optical and electron paramagnetic resonance (EPR) 

characterization. Finally, the three distinct optical information states are defined and 

discussed. 
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2.Experimental 

2.1. Materials synthesis. The Ni
2+

-doped ZnGa2O4 transparent phosphors were prepared 

following a glass crystallization method. Based on our previous works on Cr
3+

-doped 

ZnGa2O4 nGC,
48,49

 the parent glass composition 65 SiO2 – 5 Na2O – 17 ZnO – 23 Ga2O3 – 

0.125 NiO has been chosen. SiO2 (99.7 %, Strem Chemicals), Na2CO3.10H2O (99.999 %, 

Aldrich Chemistry), ZnO (99.999 %, Strem Chemicals), Ga2O3(99.998 %, Strem Chemicals) 

and NiO (99.99 %, Aldrich Chemistry) have been weighted in appropriate amounts, 

thoroughly mixed in an agate mortar with ethanol and decarbonated by overnight heating at 

900 °C. The resulting powder has been melted at 1625 °C for 20 minutes under air and 

subsequently quenched by soaking the bottom of the platinum crucible in room temperature 

water. The materials have then been heated at 550 °C for one hour to remove stress in the 

glasses. Finally, partial crystallization of the resulting brownish transparent glasses has been 

performed by thermal treatment at 1000 °C for 12 minutes under air with 10 °C.min
-1

 heating 

rate. The resulting glass-ceramic materials appear transparent with a blue color (see insert of 

Figure 1).  

2.2 Structural and optical Characterisations. In order to identify the crystalline phases of 

the obtained materials, X-ray powder diffraction (XRPD) data were recorded using a Bragg 

Brentano D8 Advance Bruker diffractometer (CuKα radiation) equipped with a LynxEye XE 

detector over the 10-95 ° (2θ) angular range with a 0.024 ° step size. The crystallite size of the 

glass-ceramic samples was determined via Rietveld refinement using a fundamental 

parameters approach available in the JANA2006 software.
56

 

Transmission Electron Microscopy (TEM) was used to characterize the nanostructure of the 

glass-ceramic samples. High-resolution transmission electron microscopy (HRTEM) was 

performed on a JEOL ARM 200F (JEOL Ltd.) cold FEG operating at 200 kV and equipped 

with a double spherical corrector. 

An InGaAs camera (PyLoN IR, Princeton Instruments) coupled to a NIR 

monochromator (300 grooves per mm, Acton Spectra Pro, Princeton Instruments) was used to 

record the luminescence in the SWIR range. For both steady state photoluminescence (PL), 

persistent luminescence (Pers. Lum.) as well as for thermally stimulated luminescence (TSL) 

measurements, a 365 nm LED (ThorLabs) was used as the excitation source. The same 365 

nm LED was used to induce photochromism which was studied optically and magnetically. 

An intense Xe plasma lamp (EQ-99X LDLS, Energetiq Inc.) coupled to a monochromator 
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was used as the variable source for the excitation spectra. The TSL glow curves were 

recorded after 365 nm excitation for 5 minutes at 13 K. The low temperature was achieved 

using a closed-cycle He-flow cryostat (Sumitomo Cryogenics HC-4E). The heating ramp was 

set to a constant value of 10 K.min
-1

 using a LakeShore temperature controller. The PL 

intensity profiles were recorded using the same 365 nm LED and a 625 nm LED, also 

provided by ThorLabs. This red LED was used to partially recover the initial blue tint of the 

glass-ceramics. 

Photochromism was investigated by recording the optical absorption difference 

spectra of the nGCs before and after UV (365 nm) irradiation, using a Carry 5000i 

spectrophotometer. 

Electron Paramagnetic Resonance (EPR) spectra were recorded by a Bruker ELEXSYS E500 

working at X-band (≈ 9.4 GHz) using a Bruker 4122SHQE/0111 resonator. A resonator 

allowing optical irradiation has been used for measurement at room temperature with in situ 

UV excitation provided by the 365 nm LED. The low temperature measurements were 

achieved using a liquid Helium flow cryostat. In this case, the samples had been UV irradiated 

ex situ. The simulations of EPR spectra were performed using the EasySpin software.
57,58

 

The persistent luminescence images of the materials in the short-wave infrared range 

were obtained using a photon counting device (Princeton, NIRvana 640 ST) after charging 

using a UV lamp. 

3.Results and discussion 

3.1. Crystal structure and phase identification. Figure 1 shows the XRPD pattern of the as-

prepared Ni-doped nano glass-ceramics. In good agreement with previous works, the 

diffraction diagram is composed of a weak and broad signal located at ca. 20-25 ° and several 

diffraction peaks.
48

 The broad signal can be assigned to the remaining silica glassy matrix. 

The Rietveld refinement demonstrates that the nGC elaboration methods solely lead to the 

crystallization of the ZnGa2O4 spinel phase in which Zn and Ga occupy almost exclusively 

(spinel inversion degree of around 0.03)
59

 tetrahedral and octahedral sites respectively. The 

crystallites size determined using the Rietveld refinement is 18 ± 1 nm, in good agreement 

with previous results obtained on the Cr
3+

 doped ZnGa2O4 nGC.
46,48,49

 Dark nanoparticles 

embedded in a bright SiO2-rich glassy matrix can be observed in the TEM bright field 

micrograph presented in Figure 1 b). An average 23 ± 6 nm nanocrystal size can be measured, 

which is close to the crystallite size determined with XRD, confirming the low size dispersion 
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of the nanocrystals obtained using the nGC method. Finally, the higher magnification TEM 

micrograph (see Supporting Information Figure S1) indicates the high crystalline quality of 

the obtained nanospinels. As displayed in the inset of Figure 1, the obtained glass-ceramics 

are transparent with a bluish color. Their transparency is again in good agreement with the 

nanometric size of the spinel crystals, as reported in previous works.
48

 

 

Figure 1. a) X-ray powder diffraction (XRPD) pattern of the Ni-doped ZnGa2O4 nGC synthesized by the 

melt quenching method followed by a second heat treatment stage (1000 °C for 12 min). The spinel zinc 

gallate diffraction peaks extracted from the ICCD database (01-071-0843) are presented in red. A 

photograph of the transparent nickel doped ZnGa2O4 nGC is displayed in insert. b) Bright field TEM 

micrograph of the Ni-doped ZnGa2O4 nGC. 

3.2. SWIR photoluminescence properties of ZnGa2O4 :Ni
2+

 transparent glass ceramics. 

As previously observed in other spinel structures, the Ni
2+

 doping ion is expected to substitute 

for gallium in octahedral sites due to its high crystal field stabilisation energy in octahedral 

symmetry.
60–62

 Other valence states can be expected though, in particular Ni
3+

. Figure 2 

shows the PL spectra of nickel doped nGC under UV excitation (365 nm, 27397 cm
-1

). The 

emission is composed of one broad band, with a full width at half maximum (FWHM) of ca. 

180 nm, located at ca. 1275 nm (7843 cm
-1

). This large emission band corresponds to the 

3
T2(F) → 

3
A2(F) transition of Ni

2+
, indicating the incorporation of Ni

2+
 in the gallium 

octahedral site. The excitation spectrum of the SWIR emission in Ni-doped nGC is displayed 

in Figure 2 (b). It is composed of two bands located at ca. 250 nm and 360 nm, and a broad 

and composite band around 600 nm with a deep in its middle. The number and positions of 

excitation bands confirm that the emitting ion is Ni
2+

 located in gallium the octahedral 

sites.
50,51

 Therefore, the excitation bands can be assigned as follows (Figure 2 (b)): the first 
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one can be attributed to the excitation through the host matrix band gap whereas the two 

others can be assigned to the Ni
2+

 transitions 
3
A2 → 

3
T1 (

3
P) and 

3
A2 → 

3
T1 (

3
F),

1
E, 

respectively. The dip located at ca. 600 nm, and the related hump at ca. 620 nm, arise from a 

Fano effect that occurs when the 
3
T1 (

3
F) crosses the 

1
E state. The degeneracy around the 

crossing point is lifted by the spin-orbit coupling, giving two states that can be described as 

mixtures of 
3
T1 and 

1
E states.

63
 This interpretation is in agreement with the calculated crystal 

field parameters Dq/B = 1.11 using Underhill and Billing formula (see Supporting Information 

and Figure S2), which corresponds to the crossing of 
3
T1 and 

1
E states.

64
 With lower intensity, 

the excitation through the spin-forbidden 
3
A2 → 

1
T2 (

1
D) nickel transition can also be 

observed at ca. 420 nm.  

 

 

Figure 2. (a) Photoluminescence spectrum of the Ni-doped ZnGa2O4 nGC in the SWIR range under UV 

excitation (λexc = 365 nm). The inset shows a picture of the Ni-doped ZnGa2O4 nGC PL under the SWIR 
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camera. (b) Luminescence excitation spectrum of the same sample monitoring the 
3
T2 → 

3
A2 emission in 

the SWIR range (λem = 1275 nm). PL and PLE spectra have been recorded at room temperature. 

 

 

 

3.3. SWIR persistent luminescence properties. In the present work, Ni-doped ZnGa2O4 

transparent nGCs have been prepared aiming at obtaining Ni
2+

 persistent luminescence (Pers. 

Lum.) in the SWIR range. Figure 3 (a) presents the SWIR Pers. Lum. decay of the materials. 

After charging for 5 minutes using a UV LED (λexc = 365 nm), Pers. Lum. can be recorded for 

more than five minutes using our detection set up. Moreover, as observed on the Pers. Lum. 

spectra, the persistent emission is, similarly to PL, located at ca. 1275 nm in the SWIR range. 

From the same shape observed for the Pers. Lum. and the PL spectra (see Figure 3 (b)), it can 

be deduced that the Pers. Lum. is also due to the Ni
2+

 
3
T2 (

3
F) → 

3
A2 (

3
F) emission. Moreover, 

unlike its Cr
3+

-doped counterpart, the Ni
2+

-doped ZGO transparent nGC do not exhibit Pers. 

Lum. after red LED charging (λexc = 625 nm). Our previous results on the ZnGa2O4:Cr
3+

 

transparent materials brought us to the hypothesis of a charge trapping at antisite defect pairs 

in the vicinity of the Cr
3+

 doping ion, which defect stability has been further confirmed by 

first principle calculations.
58,65,66

 In this model, the electric field produced by the antisite 

defect pair on the Cr
3+

 doping ion could trigger the charge separation in the excited Cr
3+

 state 

and trapping while exciting with lower energy sources, such as red LEDs. In the present case, 

Ni
2+

 substitute for Ga
3+

, creating a negatively charged NiGa’ defect. Consequently, the 

negatively charged antisite defects, i.e. ZnGa’, should not be stable in the doping ion 

surrounding, so that the mechanism of charge generation and trapping should thus be different 

in the two compounds.  
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Figure 3. (a) Decay curve of Pers. Lum. in Ni-doped ZnGa2O4 nGC recorded after UV charging (λexc = 365 

nm) for 5 min. (b) Persistent luminescence spectra of the same sample recorded 5 s after the UV excitation. 

For the sake of comparison, the photoluminescence spectra of the same sample just before excitation 

stoppage is presented in light red (λexc = 365 nm). The Pers. Lum. decay and spectrum have been recorded 

at room temperature. 

In order to study the trap positions and to compare them to the ones of Cr
3+

-doped 

ZnGa2O4 materials, thermoluminescence (TSL) measurements have been carried out. The 

TSL glow curve (Figure 4) shows a large band located at ca. 320 K and a very intense rise 

after 400 K. The latter corresponds to the infrared black body emission in this temperature 

range (the SWIR grating was centred at 1270 nm for this measurement). The weaker broad 

band centred at 320 K corresponds the signature of the charge release for the traps involved in 

the Pers. Lum. observed at RT. The glow peak maximum, slightly above RT, is of great 

interest for further applications. Even if it is difficult to establish comparison due to the weak 

signal-to-noise ratio, the position and shape of the TSL glow curve of the Ni
2+

-doped 

ZnGa2O4 nGC seem quite similar to the Cr
3+

 doped ones. We may thus hypothesize that the 

SWIR persistent luminescence in these materials arise from charge trapping at antisite defects. 

In Cr
3+

-doped zinc gallates, traps are related to antisite defects GaZn° and ZnGa’ and the charge 

separation is induced by the electric field at the neutral GaZn°-CrCr
x
-ZnGa’ clusters.

58,65,66
 In 

Cr
3+-

doped ZnGa2O4, the excitation of Cr
3+

 creates electron-hole pairs,
58,65

 so that Cr
3+

 

conserves its oxidation state during charging process, and the persistent luminescence 

intensity is limited by the number of available antisite defect pairs. However, here Ni
2+

 

substitutes for Ga
3+

 in its octahedral site, thus forming a negatively charged defect NiGa’. 

Positively charged defects, such as antisite defect GaZn° or oxygen vacancy VO°° can be 

created to compensate. In the present case of Ni
2+

 doping, formation of neutral GaZn° – NiGa’ 



11 
 

pairs may be stabilized. The higher multiplicity of possibly stable defects in Ni
2+

-doped 

ZnGa2O4 compared to its Cr
3+

 doped counterpart, may not only lead to the energy storage in 

Pers. Lum. efficient traps. Indeed, in the next section, charge trapping at deeper traps related 

to a materials photochromic effect is discussed.  

 

Figure 4. TSL profile of Ni-doped ZnGa2O4 nGC after UV lamp (λexc = 254 nm) charging at 15 K for 5 

min. 

3.4. Reversible photochromism. A worth mentioning observation was the color change of 

the transparent nGC after excitation in the UV range (365 nm). Indeed, as shown in Figure 5 

(a), the blueish colour of the transparent nGC has turned to brownish yellow and remains 

stable after UV excitation stoppage. This photochromism is stable in time but is reversible 

using thermal treatment (T = 300 °C). Moreover, the color changes can be repeatedly obtained 

with UV excitation / thermal treatment cycles. The origin of this photochromism will be 

further discussed based on PL and EPR analyses. Finally, it is worth mentioning that this 

photochromism was not obtained with visible excitation sources.  

The color change can be observed by representing the difference of absorbance spectra 

(noted Abs) after and before UV irradiation at 365 nm (Figure 5(b)). This difference spectrum 

shows a broad absorption tail in the UV/visible range (300 – 500 nm) with an apparent band 

peaking around 400 nm responsible for the color change of the transparent nGC. The shift of 

the absorption front towards the visible could be related to a partial photo-oxidation of Ni
2+ 

into Ni
3+

 which, in the case of the presence of some Ni
2+

-Ni
2+

 pairs, gives a small amount of 
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Ni
2+

-Ni
3+

 pairs leading to intervalence charge transfer bands. Such bands are commonly 

observed for transition metal cations and are known to give some additional color.
67,68

 The 

intensive absorption strength of such transitions, could explain the observed brownish/yellow 

color of the sample, even at very low doping contents. The band arising at around 475 nm 

(21053 cm
-1

), evidenced by the second order derivative of ΔAbs in Figure S3, could be due to 

the 
2
E → 

2
T1,

2
T2 transition of Ni

3+
 (3d

7
) in low spin t2

5
e configuration. This value is slightly 

larger than the value ~ 18 000 cm
-1

 measured for Ni
3+

 in SrTiO3.
69

  

 

Figure 5. (a) Photographs of the Ni-doped ZnGa2O4 nGC sample before (left) and after (right) UV LED 

(λexc = 365 nm) irradiation. (b) Difference of absorption spectra after and before UV excitation (λexc = 365 

nm). The absorption spectra, before (black) and after (red) UV excitation, are presented in insert. The 

absorption spectra have been recorded at room temperature. 

This photochromism induces an increase of the material absorption in the UV / visible 

range, up to 500 nm. An evolution of the PL emission intensity can therefore be expected. 

Figure 6 (a) presents the evolution of the 
3
T2→3

A2 emission intensity of Ni
2+

 as a function of 

the UV excitation time. As soon as the excitation starts, an abrupt initial rise of the SWIR 

luminescence is observed. Then, the PL intensity appears to decrease gradually. After 15 

minutes of excitation, a near-plateau stage is reached with a loss of about 42 % of the initial 

intensity. This decrease of the PL intensity is unexpected in persistent luminescence materials, 
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assuming a local trapping an detrapping model, in which a gradual increase of the PL 

emission with time is more likely to occur.
70,71

 Thus, this decrease of PL intensity is possibly 

linked to the photochromism, that may hinder the photon absorption in the UV and thus, the 

emission. Also, a fraction of Ni
2+

 has been converted to Ni
3+

, thus decreasing the Ni
2+

 

emission intensity by the same amount. Moreover, it is worth noticing that this curve plotted 

in a log-log scale, starting when the excitation is stopped, gives the Pers. Lum. decay curve 

with 15 minutes excitation (Figure 3(a)). Comparing with the PL intensity, this demonstrates 

the relatively low persistent luminescence properties of the materials.  

 

Figure 6. (a) Ni
2+

 
3
T2 → 

4
A2 photoluminescence intensity profile as a function of time (λem = 1275 

nm). First, from 0 to 30 s no excitation was applied. Then, from 30 to 930 s, the sample was excited using a 

UV LED (λexc = 365 nm). Finally, from 930 to the end of the experiment, the UV excitation was stopped. 

(b) Ni-doped ZnGa2O4 nGC photoluminescence intensity profile as a function of time under two different 

irradiation wavelengths. First a red LED (λexc = 625 nm), then the UV LED (λexc = 365 nm) and finally the 

red LED (λexc = 625 nm) are used as the excitation sources. The PL profiles have been recorded at room 

temperature. 

To learn more about the physical phenomena responsible of the photochromism, we 

investigated the effect of the excitation wavelength. In particular, a wavelength allowing 

direct excitation of d-d transition of Ni
2+

 but not energetic enough to pump in the charge 

transfer band was used in alternation with UV excitation. For that purpose, a 625 nm (E = 

1.98 eV) LED has been used due to its ability to excite Ni
2+

 luminescence via the 
3
A2 → 

3
T2(

3
F),

1
E transition. The PL profile, displayed on Figure 6 (b), exhibits a very weak intensity 

decrease with the excitation time (ca. 1.3 % for 15 minutes of red LED illumination) 

compared to the same experiment using a UV LED. Moreover, the sample remains blue after 

that excitation. It appears that the excitation within the charge transfer band is required to 
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induce the photochromism. Subsequently, the material was excited by the 365 nm LED. On 

the related profile, the emission intensity decreases in time by about 42 % during UV 

irradiation. Finally, the brownish yellow photo-colored nGC was illuminated once again with 

the red LED to compare its PL intensity with the initial one (i.e. before the photochromism 

effect). The PL intensity excited at 625 nm recorded after UV irradiation is lower by about 9 

% compared to the initial PL intensity. Interestingly, the PL intensity slowly increases with 

time. This could be due to optically induced release of electrons from deep trap and capture 

by Ni
3+

, responsible from the increase of the 1275 nm emission of Ni
2+

. However, on the 

absorption difference spectra (Figure 5 (b)), no clear defect absorption band could be 

observed around 365 nm. After longer illumination time (around one hour) with red light, the 

initial bluish color of the transparent nGC was retrieved. The possibility of optical bleaching 

of photochromism may be interesting in the field of optical memories as an information can 

be optically stored and read out. 

 

3.5. Electron Paramagnetic Resonance study of the processes. EPR is a commonly used 

method to study the trapping centres in persistent luminescence materials.
58,72–75

 In the case of 

Cr
3+

-doped zinc gallates, no change of the EPR signal of Cr
3+

 has been observed upon 

charging the persistent luminescence with UV light, evidencing that no change of the 

oxidation state of Cr
3+

 occurs during charging and trapping.
58

 The situation is different in Ni-

doped nGCs, as shown in Figure 7. Before UV irradiation, the EPR spectrum shows only a 

signal in the 150 - 170 mT range, typical of Fe
3+

 impurities in solids. These impurities are 

probably located in the glassy matrix. As soon as the UV irradiation starts, an EPR signal 

appears at ca. 320 - 340 mT, corresponding to g-factors in the 2.3 to 2.1 range. After one 

minute of UV illumination, no EPR intensity change is observed. However, after stopping the 

excitation, the intensity of the UV-induced EPR signal remains unchanged, even 40 minutes 

after stopping the UV irradiation. Therefore, the new EPR signal cannot be related to the 

charge trapping/release involved in the Pers. Lum., as the latter decreases by more than one 

order of magnitude in 2 minutes.  Heating the sample at 300 °C or exciting with red LED at 

625 nm produces the total bleaching of the UV-induced EPR signal. Consequently, this EPR 

signal is connected to the photochromism and not to the Pers. Lum. properties of the nGC. 
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Figure 7. Room temperature X band EPR spectra of the Ni-doped ZnGa2O4 nGC before (black), during 

(blue) and after (green,) UV excitation (LED, λexc = 365 nm). 

 

EPR signals with g-factors in the range 2.3 to 2.1 are typical for Ni
2+

 (3d
8
) and Ni

3+
 

(3d
7
) in oxides.

76
 Let us first consider Ni

2+
, which corresponds to the normal state of nickel 

before UV irradiation. The ground state 
3
A2 of Ni

2+
 in octahedral environment corresponds to 

a total spin S = 1, with three degenerated spin states Ms = 0, ± 1. For an axial distortion of the 

octahedron, the S=1 state is split into a singlet Ms = 0 and and a doublet Ms = ± 1 states by an 

amount           , where Δ is the energy splitting between the 
3
A2 and 

3
T2 electronic 

states and δ the energy splitting of the 
3
T2 state due to the axial distortion. This effect leaves 

the Ms = 0 state at lower energy than the Ms ± 1 states. If the crystal field distortion is not too 

large, so that both Ms states 0 and ± 1 are thermally populated at room temperature, the 

resulting EPR signal of Ni
2+

 is a broad and isotropic line at g-factors given by        

       , where ge =2.0023 is the free electron spin value. In a wide range of octahedral 

environments g varies from about 2.10 to 2.33.
76

 In the particular case of a strong axial 

distortion such that D >> kT, only the Ms = 0 spin state is populated at room temperature, so 

that Ni
2+

 gives no EPR spectrum at X-band and at room temperature. The lack of EPR signal 

of Ni
2+

 in Ni-doped ZnGa2O4 may be explained by the presence of a strong axial distortion of 
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the octahedral crystal field of Ni
2+

, which suggests that a large fraction of Ni
2+

 are in the form 

of the neutral NiGa’-GaZn° defect pairs proposed in previous sections, where the axial 

distortion is produced by the antisite defect GaZn°. Also, as the EPR signal of Ni
2+

 is generally 

broad,
76

 we cannot exclude that a fraction of Ni
2+

 is present in undistorted octahedral sites. In 

this case they may not be detected because of the corresponding low amplitude of the first 

derivative EPR signal (see below). Consequently, the EPR signal appearing upon UV 

irradiation and corresponding to the reversible photochromism is only due to Ni
3+

 (3d
7
). Its 

shape is typical of a S=1/2 spin system, which implies that Ni
3+

 has the low spin configuration 

with a 
2
E(t2

6
e) ground state. In the high-spin state 

4
T1(t2

5
e

2
) the total spin is S = 3/2, which 

does not correspond to the experimental spectrum. The EPR signal of Ni
3+

 is composite with 

at least three components. In order to improve the signal-to-noise ratio, the EPR spectrum has 

been recorded at low temperature (5K) which allowed its simulation (Figure 8). The 

experimental spectrum can be fairly well reproduced by summing two components in the 

simulation. The first one is a symmetrical Lorentzian line with g = 2.21 whereas the second 

one is an anisotropic signal with gꓕ = 2.28 and g// = 2.12. Thus the spectrum corresponds to 

two types of Ni
3+

, referred to as (Ni
3+

)I and (Ni
3+

)II, respectively, in a ratio of about 1:10. For 

a Ni
3+

 in octahedral environment with a 
2
E ground state, the octahedron is axially distorted 

either by the Jahn-Teller effect or by a neighboring defect. The sequency of g-factor is 

          for a compressed octahedron and           for an elongated 

octahedron.
77

 The g-factors measured for the (Ni
3+

)II centre clearly indicate an elongated 

octahedron, which is compatible with its attribution to a NiGa
x
-GaZn° pair, whereby the 

positively charged antisite defect GaZn° induces a decrease of the crystal field along the pair 

axis. The isotropic EPR line at g = 2.21 corresponding to the (Ni
3+

)I centre may be explained 

by a dynamical Jahn-Teller effect of Ni
3+

(
2
E) in unperturbed octahedral site, which averages 

the anisotropy of the g-factor and gives                . Taking the     and    values 

of (Ni
3+

)II centre, we obtain gav = 2.22, which is close to the value g = 2.21 for (Ni
3+

)I.  Such 

dynamical Jahn-Teller effect has been observed in Ni
3+

-doped SrTiO3 and MgO for 

example.
77,78

 Comparing these Ni
3+

 centres with Cr
3+

 in ZnGa2O4,
55

 the (Ni
3+

)I and (Ni
3+

)II 

centres are the equivalent of Crα and Crβ, respectively. In conclusion, the photochromism of 

Ni-doped ZnGa2O4 under UV irradiation may be attributed to hole trapping by Ni
2+

 ions. The 

presence of Ni
3+

 in undistorted octahedral site, namely (Ni
3+

)I, implies that these Ni were in 

the 2+ state before hole trapping. The lack of observable EPR spectrum of Ni
2+

 in undistorted 

octahedral sites (i.e (Ni
2+

)I) before UV irradiation is likely due to the important linewidth ΔB 
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of the EPR line of Ni
2+

,
76

 which decreases the amplitude of the signal by a factor ~ ΔB
-2

. In 

this case, the EPR line at g = 2.21 of (Ni
3+

)I is detectable because it has a smaller linewidth 

than its (Ni
2+

)I precursor. 

 

Figure 8. Low temperature (4K) X band EPR spectra of the Ni-doped ZnGa2O4 nGC after UV excitation 

λexc = 365 nm (blue). The simulation of the photogenerated Ni
3+

 signal is presented (violet) with the two 

component (Ni
3+

)I and (Ni
3+

)II (green and red respectively). 

According to the present EPR and optical results, we may propose a mechanism 

explaining both the persistent luminescence and the photochromism. The first step is the 

creation of electron-hole pairs by the UV irradiation. Electrons and holes are trapped by 

shallow and deep trap levels. Shallow trap levels, which are responsible for the persistent 

luminescence, may be antisite defects GaZn° and ZnGa’, as in the case of Cr-doped ZnGa2O4,
65

 

according to the similitude of their TSL glow curves. The negatively charged Ni
2+

 (NiGa’) 

constitutes a deeper hole trap, as demonstrated by EPR (Ni
3+

 cations are stable at room 

temperature), and oxygen vacancies could act as deep electron trap levels. The effect of UV 

irradiation can be summarized by the following reactions (in Kröger-Vink notation): 

hν (365 nm) → e’ + h° 

Deep trapping (photochromism):  

NiGa’ + h° → NiGa
x
   i.e. (Ni

3+
)I 

NiGa’-GaZn° + h° → NiGa
x
-GaZn°   i.e. (Ni

3+
)II   

VO°° (or VO°) + e’ → VO° (or VO
x
) 
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Shallow trapping (persistent luminescence charging): 

ZnGa’ +h° → ZnGa
x
 

  GaZn° + e’ →GaZn
x
 

The persistent luminescence is due to thermal release of electrons and holes from 

shallow traps at room temperature followed by electron-hole (exciton) capture at Ni
2+

 site, 

giving an excited Ni
2+

, noted (Ni
2+

)*. This mechanism, which involves only the remaining 

Ni
2+

 and not Ni
3+

, explains why the EPR intensity of Ni
3+

 is not modified during persistent 

luminescence: 

e’ + h° + Ni
2+

 → (Ni
2+

)* → Ni
2+

 + hν (1275 nm) 

The bleaching of photochromism is due to the release of electrons from deep traps by 

heating at high temperature or by illumination with red light, followed by recombination at 

(Ni
3+

)I and (Ni
3+

)II sites : 

  NiGa
x
 + e’ → NiGa’ 

  NiGa
x
-GaZn° + e’ →NiGa’-GaZn° 

 

3.6. Towards optical memories applications. In this section we present an 

experimental description of the possible switching operations between optical states (see 

Figure 9 (a). Furthermore, from these experimental results, we could propose a schematic 

representation of the Ni redox in the different optical states as seen in Figure 9 (b).  

 

Figure 9. (a) Pictures of Ni-doped ZnGa2O4 nGC with different applied stimulations. The pictures with the 

white background are taken under day light whereas the ones with the black background are taken with the 

infrared imaging camera. (b) Schematized representation of the nickel ion behaviour under UV charging. 
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Before any excitation, the material is in its initial state, labelled as state A, as presented on 

Figure 9 (a). Here, the material is transparent with a blueish tint under day light, represented 

by the blue colour on the upper left part of state A in Figure 9 (b) and there is no afterglow 

emission in the dark, represented by the black color on the lower right part of state A (Figure 

9 (b)).  As shown by EPR, PL and TSL measurements, nickel in different oxidation states and 

different environments is responsible of both persistent luminescence and photochromism. 

Under UV irradiation, a part of Ni
2+

 ions (in pure and distorted octahedral environment) are 

converted to Ni
3+

 responsible of the photochromism, whereas the Ni
2+

 remaining unchanged 

after UV irradiation are involved in the Pers. Lum. Hereafter, the nGC are in the second 

optical state B i.e. the nGC are yellow-colored, the EPR signals of (Ni
3+

)I and (Ni
3+

)II are 

present, and there is SWIR persistent emission. Thermal release at room temperature from 

shallow traps is followed by electron-hole (exciton) capture by Ni
2+

, leading to state C in 

Figure 9. This third optical state C is characterized by the brownish yellow color of the 

transparent nGC, the presence of the EPR signal, and the absence of SWIR Pers. Lum. State B 

can be restored back from state C by refilling the shallow traps through UV excitation. States 

B and C can be switched to the initial state A by electron release from deep traps, either by 

thermal treatment (ca. 300°C) or by red light excitation, followed by electron capture at Ni
3+

 

sites (Figure 9).[…] As it has been demonstrated in the case of Cr-doped ZnGa2O4, and 

verified in this work by EPR, no change in the Ni
3+

 EPR intensity takes place during the 

persistent luminescence mechanism. For this reason, the persistent luminescence is only due 

to Ni
2+

 that have not been converted into Ni
3+

, and the Pers. Lum. state is represented by 

Ni
2+

*, an excited state of Ni
2+

 in state B (Figure 9 (b)). Figure 9 (b) schematizes the nickel 

cation memory effect under UV charging and the fading and recovery effects under 

temperature and lighting observed experimentally in Figure 9 (a). It is anticipated that these 

effects, leading to a material with the possibility of switching between three distinct optical 

states by means of optical and thermal stimulations, could open the path to storage and 

memory switch applications.  

4. Conclusions. This work presents the elaboration and characterisation of ZnGa2O4:Ni
2+

 

transparent nano glass-ceramics, while aiming at obtaining an optical information storage 

material with three different optical states based on persistent luminescence and 

photochromism. From the photoluminescence measurements, it appears that Ni
2+

 cations 

occupy Ga
3+

 octahedral sites. In addition to the observed photoluminescence, Ni
2+

 doping in 

the zinc gallate host leads to SWIR persistent luminescence after UV excitation. Still, the 
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persistent luminescence properties in this spectral region remains relatively weak, which can 

be explained by a small number of available trapped charge carriers, as demonstrated by the 

weak thermoluminescence signal. As in the case of Cr-doped ZnGa2O4 where no change of 

the oxidation state of Cr
3+

 is involved in the charging and the recombination, EPR shows that 

the persistent luminescence of Ni-doped ZnGa2O4 is controlled only by Ni
2+

 ions that have 

not been transformed into Ni
3+

 by the UV excitation. This might also explain why persistent 

luminescence is weak in this case. In addition to the SWIR emission, Ni
2+

 doping in ZnGa2O4 

leads to an UV activated colour change of the material from blue to brownish yellow related 

to its partial photo-oxidation into Ni
3+

, as demonstrated by the apparition of an UV-induced 

EPR signal stable at room temperature. This photochromism shows good reversibility either 

by thermal bleaching or, in a less efficient way, photo bleaching. Therefore, the studied 

materials show potential interests for anticounterfeiting applications as three different states 

can be easily obtained. Playing with light irradiation, temperature exposure or waiting times, 

appeared as an easy way to pass from an optical state to another one. 
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