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ynthesis route and treated at various temperatures from 600 to 1350 �C.
iffuse reflectance and luminescence properties were investigated. The

 solubility limit of manganese in this spinel matrix and allowed the determination of the global inversion rate,
tribution in the A and B sites of the spinel structure. As the annealing temperature increased, this factor
 matrix. EPR analysis showed that, besides Mn3+ to Mn2+ reduction, the local environment of Mn2+ cations

rature, which was also reflected in the evolution of the optical properties. As the annealing temperature

lated to the presence of divalent manganese in octahedral sites faded and was replaced by a new green
in tetrahedral sites within the spinel structure. For 0.5% Mn-doped ZnAl2O4, this red to green luminescence

d between 1200 and 1350 �C. Moreover, the Al-overstoichiometric samples (Mn:ZnAl2.2O4+d) showed that it
re range and the kinetics of this variation in emission wavelength. These tuneable properties suggest that
didates for developing stable and highly sensitive thermal sensors.
Over the past decades, many applications for ZnAl2O4 spinel
compounds have been reported, such as catalysis of hydro-
carbon reactions,1,2 sintering of alumina ceramics,3 or
improving ceramic dielectric properties.4,5 With an energy gap
of 3.8 eV, this material is also an ultraviolet absorbent and is
already used in optoelectronic devices.6 ZnAl2O4 spinel doped
with transition metal ions, such as cobalt,7–9 manganese10–12 or
rare earth elements, e.g. europium13 or terbium,14 can be used as
luminescent material in at panel displays15 or as pigments in
glazes or stoneware.16 Indeed, its structure offers many possi-
bilities for luminescence coloration (wavelength range of
emission bands) by modulating the doping level and the loca-
tion of the doping agent in the structure. Spinel compounds
with the general formula AB2O4 crystallize in the cubic system
with space group Fd�3m. The unit cell contains 32 oxygen ions
which form 64 tetrahedral sites and 32 octahedral sites. Each
unit cell is composed of eight AB2O4 patterns. In the direct
spinel structure, only eight of the tetrahedral sites, Wyckoff
positions 8a (1/8, 1/8, 1/8), and 16 of the octahedral sites,
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Wyckoff positions 16d (1/2, 1/2, 1/2), are occupied by the A
and B cations, respectively, and the oxygen anions fully
occupy the 32e positions.11 In ZnAl2O4, also called gahnite, a
non-negligible quantity of Zn2+ cations is located in the 16d
sites and as a consequence, Al3+ cations may partially occupy
the 8a sites. The proportion of Zn2+ cations in the octahedral
sites is called the inversion rate (d) and can take any value
between 0 and 1. The general formula of this type of spinel
phase can be written (Zn1�dAld)[Al2�dZnd]O4, in which paren-
theses denote the tetrahedral sites and the brackets the
octahedral sites. An inversion rate varying between 0 < d < 0.05
(ref. 17–19) has been reported for the ZnAl2O4 matrix. Indeed,
the value of d has clearly been shown to be dependent on the
chosen synthesis route. Routes included the solid-state reac-
tion,20–22 tartaric complex formation as the oxide precursor,23

a microwave-assisted hydrothermal process,24 autocombus-
tion using glycine/urea fuels,14,25 sol–gel,11 or the Pechini
route.8,26 Special care must be taken with the type of synthesis
precursors and the accessible crystallite sizes as they can both
affect the inversion rate of the as-prepared samples. We have
recently demonstrated its evolution through the Pechini and
co-precipitation synthetic routes.27 Controlling the inversion
factor of doped ZnAl2O4 materials may be of great interest,
especially when the doping cation has luminescent properties
that are sensitive to the crystal eld strength and the coordi-
nation polyhedron, such as Mn2+. Mn-doped materials have
been intensively studied since the beginning of the twentieth
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century, mainly because this transition metal ion produces an 
emission in the visible region and can be excited in many 
different ways. The luminescent emission consists of a broad 
band corresponding to the radiative de-excitation from the 
4T1 excited level to the 6A1 ground state energy level. Mn2+ in a 
tetrahedral environment produces a green centered emission, 
whereas the luminescence is red-shied when it is located 
in an octahedron. A long luminescence decay time of 100 ms 
to 1 ms is expected because of the change in the spin 
multiplicity.

In this work, Mn-doped ZnAl2O4 phases were prepared by a 
so chemistry route (Pechini process) and treated at various 
temperatures in order to determine the relationship between 
the cationic distribution and crystallite sizes. On one hand, the 
global divalent cation inversion rate (dZn + dMn

0, where dZn and 
dMn

0 are the inversion rates of zinc and manganese cations, 
respectively) was obtained from Rietveld renements per-
formed on the samples XRD-patterns aer various thermal 
treatments. On the other hand, to detect any changes in the 
specic Mn(II) environment, electron paramagnetic resonance 
(EPR) analyses were performed. The combination of all these 
structural analyses and their correlation with the luminescence 
properties has led to an accurate understanding of the inuence 
of thermal treatment on the cationic distribution in Mn-doped 
ZnAl2O4 samples.
2. Materials and methods
2.1. Preparation of compounds

The Zn(1�x)MnxAl2O4 samples were synthesized by the Pechini 
route. Stoichiometric amounts of zinc nitrate hexahydrate (Alfa 
Aesar, Puratronic 99.998% (metal basis)), aluminum nitrate 
nonahydrate (Alfa Aesar, low mercury, Puratronic 99.999%
(metal basis)) and manganese nitrate hydrate (Alfa Aesar, Pur-
atronic 99.999% (metal basis)) were dissolved in mineral water. 
The zinc concentration of the as-prepared solution was equal to 
0.8 mol L�1. Citric acid (CA) and ethylene glycol (EG), used as 
polyesterication precursors, were added to the solution (salt-
: CA : EG molar ratio 1 : 4 : 4) and water was slowly evaporated 
by heating on a hot plate. The highly viscous mixture formed 
aer polyesterication was annealed at 400 �C for 5 h under air 
to obtain a dark brown powder. Thereaer, various thermal 
treatments were performed between 500 and 1350 �C under air 
for 10 h. Aer this rst thermal treatment, the samples were a 
light-yellow color. This coloration may reect the inter-valence 
absorption due to the presence of manganese in oxidation 
states higher than (II). An additional reductive thermal treat-
ment under a argon/dihydrogen 90–10 mol% atmosphere was 
then performed to reduce residual Mn(III) and Mn(IV) cations. 
The annealing temperature did not exceed 500 �C to avoid the 
occurrence of black spots on the powder surface and inside the 
grains. This localized dark coloring is probably due to the 
reduction of zinc or the formation of colored centers associated 
with oxygen vacancies. Moreover, from a structural point of 
view, the highest concentration of manganese that can substi-
tute zinc in the matrix was investigated.
2.2. X-ray diffraction

Powder X-ray diffraction patterns were collected on a Philips
X'Pert MPD X-ray diffractometer with Bragg–Brentano geometry
using Cu Ka1,2 radiation (10 < 2q < 130�, step: 0.02�, counting
time: 30 s). The diffractograms were analyzed with the FullProf
program and structural model Rietveld renements were per-
formed with conventional reliability factors. Unit cell parame-
ters, atomic positions, occupancies and Debye–Waller factors
were rened based on the Fd�3m space group corresponding to
the spinel structure and considered the various composition
models referred in the text. Furthermore, because FullProf peak
prole function N�7 was used, the crystallite size was directly
obtained.
2.3. Transmission electron microscopy and energy-
dispersive X-ray

Transmission electron microscopy (TEM) was performed on
TECNAI F20 equipment with a eld emissive gun, operating at
200 kV and with a point resolution of 0.24 nm. TEM samples
were prepared by dissolving a few milligrams of powder in
ethanol. The solution was then ultrasonicated for 10 min in
order to disagglomerate and disperse the powder particles. One
drop of the solution was deposited on a Formvar/Carbon copper
grid. Chemical cartographies were obtained using an EDX
detector.
2.4. Photoluminescence

The photoluminescence properties were analyzed using a
SPEX FL212 spectrouorimeter equipped with a 450 W xenon
lamp. The excitation spectra were corrected for the variation of
the incident ux as well as the emission spectra for the
transmission of the monochromator and the response of the
photomultiplier. This equipment was also used to record
diffuse reectance spectra. In this case, the emission and the
excitation monochromator were set in a synchronous mode to
collect all the diffuse reection of the xenon lamp with no
uorescence photons. A black reference (B: black toner) and a
white reference (W: magnesia, MgO) were scanned under the
same conditions and the measurement from the sample (S)
was corrected to obtain the desired data (D) by using the
relation D ¼ (S � B)/(W � B).
2.5. Electron paramagnetic resonance

EPR spectra were recorded at room temperature with a Bruker
EMX spectrometer operating at X-band frequency (9.45 GHz).
The main spectroscopic parameters: microwave power, 10 mW;
magnetic eld modulation frequency, 100 kHz; amplitude, 0.1
mT; and spectral resolution, 0.06 mT pt�1. WINEPR and SIM-
FONIA soware were used to simulate the EPR spectra and
estimate the g values and hyperne interaction parameters.
DPPH was used as external reference to calibrate the spec-
trometer and CuSO4$5H2O (Sigma-Aldrich, 99.999% (metal
basis)) was used as standard sample to estimate the number of
spins participating in the observed resonances.



3. Results and discussion
3.1. Mn-solubility limit in Zn1�xMnxAl2O4 phases

The XRD patterns of the two highly doped samples (x ¼ 0.15 and 
0.30) show the characteristic diffraction peaks of the spinel 
structure (no. 00-005-0669) (Fig. 1a and b). In addition, a 
secondary phase attributed to the a-Al2O3 phase (no. 00-046-
1212) was detected for the sample with the highest doping rate.

TEM-EDX analyses were performed on the two samples. For 
the 30% Mn-doped sample (Fig. 2a and b), the experimental 
atomic percentages vary signicantly with the analyzed area. 
For instance, area A (Fig. 2a) is more Zn2+-rich than expected 
and the zinc/aluminum ratio is inverted compared with area B 
(Fig. 2b). Although the global compositions of the whole poly-
crystalline aggregates are very close to the theoretical compo-
sition (Zn0.7Mn0.3Al2O4), the intra-agglomerate inhomogeneity 
shows the lack of miscibility of manganese and zinc in this 
region of the ZnAl2O4–MnAl2O4 binary phase diagram through
Fig. 2 (a) and (b) TEM images of aggregates of the samples treated at
1000 �C with a global composition of Zn0.7Mn0.3Al2O4, (c) TEM images
and EDX-cartographies of the sample treated at 1000 �C with a
composition of Zn0.85Mn0.15Al2O4. Zn, Al and Mn molar percentages
calculated from EDX data from areas A, B and C are given in the bottom
table.

Fig. 1 X-ray diffraction patterns of the samples treated at 1000 �C with 
compositions of (a) Zn0.85Mn0.15Al2O4 and (b) Zn0.7Mn0.3Al2O4. Red 
arrows show the secondary phase, a-Al2O3 corundum.
the Pechini process here used. Moreover, at this Mn doping
rate, the limit of manganese and zinc miscibility is reached,
resulting in compositional heterogeneity and the formation of a
secondary crystalline phase, which is not a manganese oxide as
expected, but an a-Al2O3 aluminate. Hence, the lack of misci-
bility for the high manganese doping rate seems to be a
consequence of competition between the substitution of Mn2+

for Zn2+ and the substitution of Mn3+ for Al3+ (ZnMn2O4 is also
isotropic with ZnAl2O4).

However, TEM-EDX analyses of the 15% Mn-doped sample
(Fig. 2c) show that all the analyzed areas exhibit experimental
Zn : Mn : Al ratios close to the theoretical ones, in good agree-
ment with the XRD results, revealing the crystallization of a
single spinel phase. The manganese substitution of zinc in
ZnAl2O4 is thus limited to a value between 15% and 30%.

This rst study showed that formation of Mn(III) in addition
to Mn(II) must be considered in our samples, and consequently,
a limit of manganese solubility of about 15%.

Considering the optical behavior of Mn2+ and the low
threshold of concentration quenching in this matrix, we
explored the luminescent properties of a 0.5% doped
compound, i.e. a value substantially below the manganese
solubility limit. Thus, all the properties discussed should only
be attributed to the spinel phase.
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3.2. Global divalent cation inversion rate (dZn + dMn
0) from

XRD pattern renements

Rietveld renements were performed on 0.5% Mn-doped
ZnAl2O4 samples obtained aer thermal treatments at temper-
atures ranging from 500 to 1350 �C. Experimental and
Fig. 3 Refined X-ray diffractograms (experimental, calculated and
difference) for 0.5% Mn-doped ZnAl2O4 samples obtained after
thermal treatment at (a) 600 and (b) 1200 �C.

Table 1 Structural parameters of the 0.5% Mn-doped ZnAl2O4 samples

Synthesis T (�C) Crystallite size (nm) Cell parameter (Å)

500 22.9 8.09 (5)
600 32.4 8.08 (9)
800 41.5 8.09 (5)
1000 54.9 8.084 (5)
1200 115.6 8.089 (4)
1350 119.3 8.087 (4)

a Global inversion rate (d + d0). b With all-non excluded models and not c
calculated spectra of the samples annealed at 600 and 1200 �C
are presented in Fig. 3.

The X-ray spectra in Fig. 3 show that a pure spinel
form is obtained whatever the synthesis temperature.
Considering the composition formulae (Zn0.995�dMn0.005�d0Ald+d0)-
[ZndMnd0Al2�d�d0]O4, only the global inversion rate (d + d0) of A2+

divalent cations can be determined from X-ray renements.
Indeed, the low doping level in Mn2+ ions and the proximity of
the atomic number of Mn and Zn do not allow us to estimate the
manganese occupancies accurately. Therefore, the structural
renements were performed considering the chemical formula
(Zn1�d�d0Ald+d0)[Znd+d0Al2�d�d0]O4. The evolution of the cell
parameter, crystallite size and inversion rate with the annealing
temperature are presented in Table 1 and Fig. 4. The annealing
temperature has a notable effect on the crystallite size and on
the global inversion rate, whereas no signicant variation of the
cell parameter was observed. As the temperature increased, the
sintering effect induced crystallite growth from about 20 nm at
500 �C to 120 nm at 1350 �C, and the global inversion rate
decreased gradually from 16% to 2.6% (Fig. 4). The effect of
crystallite size on the cationic distribution appears secondary;
the crystallite size almost doubled between 1000 and 1200 �C
whereas the inversion rate remained stable. In contrast, the
obtained after various thermal treatments

Inversion ratea (%)

Reliability factorsb

Rp c2 R-Bragg

15.9 0.051 4.0 0.042
8.7 0.067 5.0 0.026
5.9 0.058 4.0 0.028
4.8 0.061 3.8 0.023
4.7 0.084 2.5 0.028
2.6 0.121 2.2 0.039

orrected for background.

Fig. 4 Global A2+ divalent cations inversion rate versus the tempera-
ture of the post-thermal treatment for the 0.5% Mn-doped ZnAl2O4

sample. The 0.5% Mn-doped ZnAl2O4 crystallite sizes (in nm) are
reported in parentheses.

http://dx.doi.org/10.1039/c4tc01425a


annealing temperature appears to play a key role in the cationic 
distribution within the spinel structure and may inuence the 
optical properties of the treated samples.
3.3. Optical properties

The optical properties of Mn-doped ZnAl2O4 depend on the 
location of Mn2+ ions within the spinel network. When Zn2+ is 
substituted with Mn2+ phosphor ions, they can occupy octa-
hedral or tetrahedral sites, depending on synthesis parame-
ters, especially the annealing temperature (as shown above). 
In previous work,27 we highlighted the inuence of the 
annealing temperature on the optical properties of undoped 
ZnAl2O4 synthesized using the Pechini route. A drastic change 
in the diffuse reectance spectra was observed as the 
temperature increased from 1200 to 1350 �C. This last thermal 
treatment led to the total migration of zinc cations into the 
tetrahedral coordination polyhedra, and a blue shi of the 
front absorption from 400 to 300 nm was observed. Fig. 5 
shows diffuse reectance spectra of manganese-doped 
ZnAl2O4 as a function of the doping level for samples 
annealed at 1200 and 1350 �C.
Fig. 5 Diffuse reflectance spectra of various Mn-doped ZnAl2O4 

samples for different Mn2+ concentrations obtained after thermal 
treatment at 1200 (a) and at 1350 �C (b).
As observed for the undoped matrix, the contribution of the
Zn–O charge transfer band for the six fold-coordinated zinc ions
located at 400 nm disappears aer heat treatment at 1350 �C.
The Zn–O charge transfer that occurs in the tetrahedral zinc
environment is then visible at 300 nm. The larger the amount of
manganese, the larger the absorption centered at 460 nm.
Considering the low probability of the 3d–3d forbidden transi-
tion for divalent manganese, this band is probably due to inter-
valence absorption or to manganese ions in a higher oxidation
state. The depletion of aluminum from the spinel phase dis-
cussed earlier could be responsible for the occurrence of triva-
lent or tetravalent Mnn+ (RMn3+ ¼ 0.66 Å; RMn4+ ¼ 0.54 Å), which
may easily replace Al3+ (RAl3+ ¼ 0.53 Å) in an octahedral
environment.

The luminescence spectra of various Mn-doped composi-
tions recorded at 300 K for the optimal excitation wavelength at
426 nm are presented in Fig. 6. Despite the occurrence of
defects in the spinel compounds obtained at this thermal
treatment temperature and non-negligible associated photo-
luminescence (PL), as shown in our previous work,27 the
ZnAl2O4 matrix appears non-luminescent for an excitation at
426 nm when directly compared with Mn-doped compounds. It
can be clearly seen that all the compositions exhibit roughly the
same spectral distribution (same Gaussian shape centered on
the same wavelength), with only the intensities diverging. The
0.5% Mn-doped compound produces a higher photo-
luminescence response. The dependence of the PL intensity on
the doping element concentration is usually described for
luminescent materials; it shows a concentration quenching
threshold at a molar substitution of about 0.5%. Thus, we
decided to focus the characterization studies on the optimized
compound to ensure an accurate description.

The next part of the study focused on the 0.5% doped
material. The evolution of the absorption with the annealing
temperature is presented in Fig. 7. A drastic change in the
diffuse reectance spectra was observed for T > 1200 �C, thus
only the samples treated at 1200 and 1350 �C are discussed.
Fig. 8 shows the excitation and emission spectra recorded for
Fig. 6 Luminescence spectra of various Mn-doped ZnAl2O4 heat
treated at 800 �C under air and annealed under argon–hydrogen at
500 �C.
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Fig. 7 Diffuse reflectance spectra of 0.5% Mn-doped ZnAl2O4

samples obtained after various thermal treatments.

Fig. 8 Luminescence spectra of the 0.5% Mn-doped ZnAl2O4 sample af
nm range in (a), and at (c) 1350 �C.
the samples obtained aer annealing at these two
temperatures.

At 1350 �C, the total direct Mn-doped spinel produced the
expected green luminescence (Fig. 8c) that is reported in many
papers for divalent manganese in a tetrahedral environ-
ment.28–31 Considering the site preference energies of Mn2+ and
Al3+ (�14.7 kcal m�1 and �2.5 kcal m�1 respectively), divalent
manganese ions may preferentially adopt tetrahedral coordi-
nation.32 The main 4T1 / 6A1 transition peaks at 508 nm and
the sideband vibronic vibrations are detected at lower energies,
with peaks at 514, 520 and 529 nm, respectively. Table 2 lists the
splitting of the different energy level observed at 10 K (Fig. 8c).
The 6A1 / 4T1 (4G) absorption component is not observed
because the Stokes shi is too small and the experimental
acquisition conditions are not appropriate. The 6A1 /

4T2g (
4G)

triplet absorption line is well resolved whereas a unique line is
detected for the 6A1 / 4Eg/

4A1g (4G) transitions. Finally, two
doublets can be attributed to the 6A1 /

4T2g (
4D) and 6A1 /

4Eg
ter thermal treatment at (a) 1200 �C, (b) magnification of the 450–600
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Table 2 Splitting of Mn2+ energy levels in ZnAl2O4

Energy level of
free Mn2+ ion (3d5)

Energy level in Td
or Oh sites

Observed transitions/excitation in nm (cm�1)

Compound annealed at 1350 �C
(4-fold coordinated Mn2+)

Compound annealed at 1200 �C
(5/6-fold coordinated Mn2+)

4G 4T1g Not observed Not observed
4T2g 434 (23 041) < lex < 475 (21 052) 462 (21 645) < lex < 559 (17 889)
4Eg/

4A1g 428 (23 364) 434 (23 041)
4D 4T2g 388 (25 773) 369 (27 100)

4Eg 363 (27 548) 352 (28 409)
(4D) transitions. The decay time value of this green emission is 
equal to 4.8 ms (measurement performed for an excitation at 
426 nm and an emission at 510 nm), which is close to the values 
reported in literature.33 The value was calculated using a bi-
exponential tting model. A secondary faster component (0.3 
ms) is also observed indicating competitive de-excitation that 
might be caused by matrix defects.

For an excitation at 426 nm, red emission lines were also 
detected between 640 and 730 nm. Considering the diffuse 
reectance spectra of the doped (Fig. 7) and undoped ZnAl2O4 

matrix,27 these emission lines are due to traces of Cr3+ lumi-
nescing, as observed in the undoped materials. Isoelectronic 
Mn4+ could also contribute to this emission; the presence of 
Mn4+ will be discussed later. However, because of the high 
similarity of the two spectral distributions, their respective 
contribution to the whole spectrum cannot be separated, at 
least under these experimental conditions.

The luminescence properties of the sample annealed at 
1200 �C revealed that a signicant amount of manganese ions 
are not four-fold coordinated (Fig. 8a). The emission spectrum 
obtained under an excitation of 426 nm clearly shows a large 
band centered at 738 nm. The emission spectrum of the 
undoped matrix conrms that this red luminescence is related 
to the introduction of manganese to the partially indirect spinel 
network. As demonstrated in a previous study,27 the optical 
properties of the spinel heat treated at 1200 �C are directly 
linked to the occurrence of punctual defects. The red lumines-
cence obtained for excitation at 370 nm has been related to the 
presence of oxygen vacancies around the ZnAl anti-site. This 
emission is not observed with an excitation at 426 nm. There-
fore, some manganese ions with a valence higher than two 
could be localized either in these distorted ve-fold coordinated 
polyhedra or in regular AlO6 octahedra, substituting for Al3+. 
Mn4+ luminescence has already been mentioned in the previous 
paragraph. Moreover, no additional spectral distribution 
caused by Mn3+ was observed. Nevertheless, even if Mn3+ was 
stabilized in this matrix, the associated luminescence could not 
be observed because of a strong Jahn–Teller effect.29 Based on 
this information, we assumed that the reducing heat-treatment 
applied during the chosen synthetic route successfully stabi-
lized the divalent manganese ions in anti-site (divalent cation in 
the Al3+ site) with a coordination number higher than 4, leading 
to the red emission observed for the Mn-doped ZnAl2O4 spinels. 
Moreover, the shape of the excitation spectrum (large
component) indicates that the crystallographic environment of
the doping ions is not well-dened and regular. Decay time
measurements were performed for excitation and emission
wavelengths of 426 and 735 nm respectively. The experimental
decay curve was decomposed into two equally weighted
components with different decay time values of 50 and 250 ms,
which are close to those reported for the red emission of Mn2+.34

The optical transition rules were modied when the
symmetry around the element was changed (more strictly parity
forbidden). This observation does not exclude the fact that part
of the divalent manganese should be localized in the tetrahedra.
A magnied view of the 450–650 nm range (Fig. 8b) clearly
shows a weak green emission; however, the spectral distribu-
tion of the red luminescence excitation spectrum indicates that
if it occurs, this green emission is mainly reabsorbed.
3.4. Al-overstoichiometric phases, Zn0.995Mn0.005Al2.2O4+d

In order to understand the coupling between the octahedral
occupancy of manganese and the temperature better, a
compound containing an excess of aluminum atoms was
prepared. A 0.5% Mn-doped ZnAl2.2O4 sample was heat-treated
at 800, 1000 and 1200 �C. The overstoichiometry of oxygen was
retained to simplify the description; the anionic sub-network in
spinel that forms a slightly distorted rocksalt-like anionic
framework means that supplementary anions could not be
inserted into the structure. Compensation for the Al-over-
stoichiometry was achieved from cationic vacancies in both
tetrahedral and octahedral sites. The crystallite sizes calculated
by Rietveld renement were 27, 40 and 58 nm for the samples
from the lowest to the highest annealing temperature, respec-
tively. The corresponding inversion rates of 2.92%, 1.20% and
0% for the lowest to the highest annealing temperature,
respectively, were smaller than those calculated for the stoi-
chiometric sample. This indicates that it is more difficult to
introduce a divalent cation in the octahedral position.

Regarding the new luminescent properties (Fig. 9), divalent
manganese cations migration from the octahedral to the tetra-
hedral location is detected from 800 �C and is complete at
1200 �C. The relative maximum intensity between the two
luminescences varies from 0.042 (Imax510/Imax733 800 �C), 1.41
(1000 �C) to 40.43 (1200 �C) for the Al3+-overstoichiometric
sample in comparison with a value equal to 0.006 for the
1200 �C-annealed stoichiometric sample (Fig. 9). For Mn-doped
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Fig. 9 Luminescence spectra of 0.5% Mn-doped (a) ZnAl2O4 and (b)
ZnAl2.2O4+d samples annealed at various temperatures.

Fig. 10 Room temperature X-band EPR spectra of 0.5% Mn-doped
ZnAl2O4 annealed at 800, 1200 and 1350 �C.
ZnAl2.2O4 materials, a larger temperature range is accessible to
modulate the expected visible emission. The evolution of
luminescence properties with the thermal treatment tempera-
ture is directly related to the stabilization of the manganese
cations in tetrahedral sites. Hence, from varying the matrix
chemical composition, the preferential octahedral or tetrahe-
dral site occupancy of the constituting cations can be under-
stood and altered, and the red to green emission switch can be
tuned at lower temperatures opening a wide range of applica-
tions for these material series as thermal sensors.
3.5. Electron paramagnetic resonance study

Polycrystalline samples of 0.5% mol Mn-doped ZnAl2O4 and
ZnAl2.2O4+d annealed at temperatures ranging from 800 to
1350 �C were analyzed by EPR spectroscopy.

The spectra presented in Fig. 10 and 11 are characteristic of
Mn2+ ions (3d5: 6S ground state, S ¼ 5/2, I ¼ 5/2) and can be
described by the spin Hamiltonian:

H ¼ gbH$S + S$D$S + AS$I (1)
The rst term of eqn (1) represents the Zeeman interaction,
where g is the g factor, b the Bohr magneton and H the applied
magnetic eld. The second term is the zero-eld splitting term
which can be written

D

�
Sz

2 � 1

3
SðS þ 1Þ

�
þ E

�
Sx

2 � Sy
2
�

(2)

where D and E are the zero-eld splitting parameters (�1# 3E/D
# 0 in the standard range). The third term arises from the
hyperne interaction with the Mn nuclear spin (I) where A is the
hyperne coupling constant whose value is directly linked to the
ionicity of the metal–ligand bonds, at least when Mn2+ is in a
cubic or nearly cubic crystal eld.35 In this work, the g factor and
the hyperne coupling constant can be reasonably considered
isotropic and, according to previous studies,36 the cubic zero-
eld splitting term that could be added to the spin Hamiltonian
(1) is neglected.

The Mn2+ EPR signal consists of six (2I + 1) main lines
(Fig. 10 and 11) corresponding to the allowed transitions (Dm ¼
1) between the |+1/2, mi and |�1/2, mi levels, where m is the 
nuclear spin magnetic quantum number, �5/2 # m # +5/2. The 
other four allowed transitions (DM ¼ �1, Dm ¼ 0; M, electronic 
spin magnetic quantum number, �5/2 < M # +5/2) are strongly 
dependent on the zero-eld splitting terms D and E in the rst
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Fig. 11 Room temperature X-band EPR spectra of 0.5% Mn-doped
ZnAl2.2O4+d annealed at 800, 1000 and 1200 �C.
order and are generally not resolved in powder spectra. In
between each of the six allowed lines, the ve doublets are
associated with forbidden transitions (Dm ¼ �1) arising from
the second order perturbation of the nuclear hyperne levels by
the zero-eld splitting.37 According to Shaffer et al.,38 the ratio of
the intensities of the forbidden lines, If, to the allowed lines, IA,
is given by eqn (3), obtained by neglecting the E term of the spin
Hamiltonian (eqn (1)).
Table 3 EPR parameters for Mn2+ signal in 0.5% Mn-doped ZnAl2O4 and
g factor; hyperfine coupling constant, |A|; zero-field splitting parameter,
with the observed signal)

Synthesis T� g factor |A| (�10�4 cm�1) D* (�10

0.5% Mn-doped ZnAl2O4

800 �C 2.0016(2) 76(1) 58(2)
1200 �C 2.0015(2) 76(1) 49(2)
1350 �C 2.0014(2) 76(1) 26(1)

0.5% Mn-doped ZnAl2.2O4+d

800 �C 2.0016(2) 76(1) 45(2)
1000 �C 2.0015(2) 76(1) 34(1)
1200 �C 2.0013(2) 76(1) 10(1)
If

IA
¼ 512

15

�
35

4
�m2 þm

��
D*

gbH

�2

(3)

This parameter can also be roughly estimated from poly-
crystalline EPR spectra by measuring the relative intensities of
the allowed lines.39,40Nevertheless, an accurate evaluation of the
D and E values generally requires EPR analysis of single crystals.

The values of g ¼ 2.0015 � 0.0002 and |A| ¼ 76 � 1 � 10�4

cm�1 calculated for the observed signals (Table 3) are close to
those already reported for Mn2+ ions in ZnO (ref. 41) in MgAl2O4

(ref. 38 and 42) and ZnAl2O4 (ref. 25 and 36) spinels where Mn2+

is assumed to be substituted for the divalent cation at tetrahe-
dral A sites of the spinel structure. It is worth noting that the
assignment to octahedral or tetrahedral sites is difficult without
complementary information, such as structural features or
optical properties.

However, none of the samples exhibits a Mn4+ (3d3: 4A2

ground state, S ¼ 3/2, I ¼ 5/2) signal with a g-value (1.994 �
0.001);43,44 which is signicantly different from the Mn2+ signal
(g > 2.000).45 Therefore, the increase in EPR signal intensity with
annealing temperature (Fig. 10) may arise from the reduction of
Mn3+ (3d4, EPR silent) to Mn2+, which appears to be fully ach-
ieved aer thermal treatment at 1350 �C. The number of spins
responsible for the EPR signal of the Mn:ZnAl2O4 sample
annealed at 1350 �C corresponds to 0.49 (8) mol% of Mn2+ ions,
which is close to the initial Mn doping level (Table 3). Moreover,
for Mn-doped ZnAl2.2O4+d, only half of the manganese ions are
in the (II) oxidation state aer thermal treatment at 1200 �C
(Table 3), revealing the effect of the annealing temperature on
the Mn2+/Mn3+ ratio within the spinel matrix. A similar evolu-
tion of the Mn2+ EPR signal with temperature was reported by
Su Kim et al.46 for Mn-doped ZnGa2O4 phosphors annealed at
temperatures ranging from 700 to 1100 �C.

The oxidation states and the ionic radii of the doping ions
(Mn2+: 0.80 Å; Mn3+: 0.66 Å) and substituted cations (Zn2+: 0.74
Å; Al3+: 0.53 Å) indicate that Mn3+ ions should preferentially
occupy the octahedral B sites and Mn2+ should occupy the
tetrahedral A sites. However, we previously showed that the
cationic distribution within the ZnAl2O4 matrix and the occur-
rence of punctual defects (e.g. oxygen vacancies) are clearly
0.5%Mn-doped ZnAl2.2O4+d obtained after various thermal treatments.
D*; peak-to-peak line width, DHpp; and number of spins, N (associated

�4 cm�1) DHpp (mT) N (�1020) [Mn2+] (%mol.)

0.6(1) 0.026(1) 0.016(1)
0.6(1) 0.048(2) 0.029(1)
1.0(1) 0.804(8) 0.490(8)

0.7(1) 0.022(1) 0.013(1)
0.7(1) 0.038(1) 0.023(1)
0.8(1) 0.382(9) 0.235(8)
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inuenced by the annealing temperature (Fig. 4). Thus, Mn-
doped ZnAl2O4 samples annealed at T # 1200 �C may contain 
Mn2+ ions in anti-sites (B sites) with a coordination number 
higher than 4. The resulting distortion of the manganese envi-
ronment may then induce a signicant change in the Mn2+ EPR 
signal, i.e. increase the forbidden line intensity and modify the 
relative intensities of the allowed hyperne lines.

This data indicates that the EPR spectra presented in Fig. 10 
and 11 are the sum of two signals associated with 4-fold and 5/6-
fold coordinated Mn2+ ions, respectively. As the annealing 
temperature increases, the global divalent cation inversion rate 
and the number of defects (oxygen vacancies) decrease, thus, 
the relative proportion of these two EPR signals may change. 
Indeed, the signal of Mn2+ becomes more regular, reected in 
the decrease in the D* parameter (Table 3), revealing a less 
distorted environment for Mn2+ ions. Then, the EPR spectra of 
the samples annealed at high temperature (1350 �C for Al-
stoichiometric samples and 1200 �C for Al-overstoichiometric 
samples) may be associated with Mn2+ ions in tetrahedral sites 
(Zn2+ site) in a direct spinel structure. This is in good agreement 
with the optical properties that show a drastic increase in the 
Td-Mn2+ emission for Mn-doped ZnAl2O4 spinels annealed at 
1350 �C and for Mn-doped ZnAl2.2O4+d phosphors synthesized at 
1200 �C (see previous section).
4. Conclusions

This study shows that the thermal history of ZnAl2O4 spinels 
doped with manganese ions has a strong inuence on their 
optical properties. The structural features of the as-prepared 
samples indicate that the solubility limit is reached for a high 
manganese concentration (between 15 and 30 mol%). More-
over, the cationic distribution for 0.5 mol%-doped ZnAl2O4 

samples obtained aer various thermal treatments was moni-
tored by XRD and EPR analyses. From the XRD data, the 
structural renements show that the global inversion rate (Zn + 
Mn) decreases with the annealing temperature. The EPR results 
revealed a clear change in the local environment of Mn2+ within 
the spinel matrix and an increase in the amount of Mn2+, due to 
the reduction of Mn3+ ions. The divalent manganese cations 
progressively and irreversibly migrate from the octahedral to 
the tetrahedral sites. The variations of luminescence properties 
are directly related to the change in inversion rate. The samples 
treated at low temperatures exhibit a red luminescence, char-
acteristic of manganese in octahedral sites. As the annealing 
temperature increases, the inversion rate decreases and a green 
emission associated with divalent manganese ions in a tetra-
hedral environment is observed. Furthermore, a low amount of 
manganese in octahedral sites is required to prevent re-
absorption that could reduce or quench the green luminescent 
emission. Finally, the temperature range and the kinetics of this 
luminescence switch can be modied by modulating the spinel 
matrix composition. The irreversible change in the lumines-
cence properties of this material according to its thermal 
history means it may be suitable as a thermal sensor.
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