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Abstract

Dual emitting materials are of great interest for luminescence thermometry. The operating temperature
range, the thermal sensitivity as well as the emission color are crucial parameters, which define the
competitiveness of the thermal sensor. In this work, we propose a new and convenient method for the
modulation of emission color range and sensitivity through the control of the dopant oxidation states
and crystal field variations. To this end, we investigated inorganic phosphors in which two valence
states of Mn luminescent centers can be stabilized. When inserted in octahedral environment, Mn**
ions present a red luminescence (°E — “A, transition), whereas Mn*" ions exhibit a green
luminescence in tetrahedral environment (“T; — °A; transition). Due to the different behavior of Mn**
and Mn?* luminescence properties according to the temperature, the resulting emission color vary from
red to green and can be exploited for visual temperature detection. We demonstrate the proportion of
Mn** and Mn** ions can be finely tuned, owing to a thermally driven Mn** to Mn®* reduction, which
allow to modulate color change at a specific temperature. Two isostructural materials were
investigated SrMgAl;00:7:Mn*" ,Mn** and BaMgAl;O::Mn* Mn* and can be envisioned as

competitive ratiometric and colorimetric luminescent thermometer, with tunable properties.
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1. Introduction

Luminescence thermometry is a promising method that have been extensively studied over the
past decade [1], which allows a precise, real time, and contactless measurement of the temperature.
Thermometry based on luminescence properties changes of materials is relevant in various fields as
medicine, aeronautic, microfluidic or catalysis [2-4]. The accuracy as well as the temperature range,
on which the luminescent sensor should be efficient, vary according to the selected application.

Numerous inorganic materials doped with luminescent ions have been developed and are very

1


mailto:estelle.glais@cnrs-imn.fr
mailto:romain.gautier@cnrs-imn.fr

promising [5-7]. The robustness and the competitiveness of a specific luminescent sensor can be
defined thanks to its thermal sensitivity. However, the tuning of the temperature ranges in which the
material sensitivity reaches the maximal value, as well as the modulation of the resulting emission
color at a given temperature remains challenging. The lack of properties flexibility of specific
materials with remarkable performances for thermal sensing limit their development to other
applications. As a consequence, a variety of materials with targeted features is needed. In this work,
we propose a new and simple method for the thermal response modulation of a single luminescent
material. More specifically, we focus on the stabilization of several valence states of the same element,
namely Mn* and Mn®* (the two main existing forms of Mn ions studied for their luminescence
properties), in a single matrix. Manganese is an abundant resource, and can be considered as an
efficient alternative to rare earth elements for luminescence applications. The local coordination as
well as the distribution in the host lattice determines the luminescence properties of divalent or
tetravalent Mn ions [8]. The photoluminescence color of Mn?* ion varies from green to red according
to the local environment in which it is inserted whereas Mn*" ion exhibits a red emission [9-11].
Moreover, Mn** doped-materials have been of interest for luminescence thermometry application [12—
15]. The difference in the luminescence thermal sensitivity between Mn** and Mn?" ions has recently
been reported in some inorganic materials [16,17]. The co-stabilization of Mn?* and Mn** ions in two
isostructural materials, namely SrMgAl;O:;:Mn* Mn* (SMA:Mn) and BaMgAl;,0:7: Mn**,Mn?*
(BMA:Mn) has been discussed. In such matrices, Mn?* and Mn** ions are stabilized in tetrahedral and
octahedral sites respectively leading to two distinct emission bands [18-25]. Using an approach
similar to the one previously implemented for Eu*/Eu** doped oxides in solid state lighting
applications [26,27], we selected SMA and BMA materials to precisely control the reduction process
of Mn* to Mn** and the corresponding luminescence properties. SMA:Mn and BMA:Mn are
investigated as colorimetric and ratiometric dual-mode luminescent thermometer. The dopant valence
state is demonstrated as efficient parameter for the modulation of the color range as well as the

associated temperature.

2. Material & Methods

SrMgAI(,O17:Mn and BaMgAl;gO.7:Mn materials were prepared through a solid state
synthesis. SrCQO3, BaCO3z; MgO, Al,0;, MnCO; were used as starting materials. Precursors were
weighted according to stoichiometric proportions and grounded in agate mortar during 30 min. Only
MgO precursor was incorporated in excess to improve Mn*" stabilization (charge compensation) and
to prevent the formation of the parasitic phases SrAl,O, and BaAl,O,. The as prepared powder was
transferred to alumina crucible and heated at 1500 °C during 15 h. This sintering process was
performed under air using a muffle furnace and repeated in order to reduce the proportion of

secondary phases. The crystallized materials were then placed in a home-made machined stumatite



sample holder where several isolated crucibles are continuously distributed along the temperature
gradient axis. This sample holder was placed in a thermal gradient oven under ultra-high vacuum (=
10°® mbar) for the reductive thermal treatment (temperature range from 400 °C to 800 °C, SI - 3). X-
ray diffraction patterns were obtained by powder X-ray diffraction using a Bruker D8 diffractometer
with Cu-Ka radiation (A = 1.5406 A). Diffraction data were recorded in a 20 range from 10° to 90° in
0.02° steps. Excitation and emission photoluminescence spectra were recorded with a Jobin-Yvon
Fluorolog 3 spectrophotometer using a xenon light source (450 W). Liquid nitrogen cryostat Oxford
OptistatDN-V was used for temperature dependent photoluminescence spectra.

3. Results and discussion

3.1. Crystal structure and phase identification

SMA:Mn and BMA:Mn materials both present isostructural crystal structures (P6s/mmc space
group). SMA:Mn and BMA:Mn exhibit an orderly layered structure in which spinel blocks of
MgAl,;,Oy are separated by SrO or BaO planes. Both SMA and BMA structures exhibit octahedral
and tetrahedral sites in which Mn*" and Mn** ions can be respectively inserted. According to ionic
radii consideration, it can be assumed that Mn** (r = 53 pm) ions are preferentially stabilized in [AlOg]
sites (r = 53.5 pm) whereas Mn?* ions (r = 66 pm) substitute Mg?* ions (r = 57 pm) in tetrahedral sites.
XRD patterns are represented in Figure 1. SrMgAl;;0;; and BaMgAl;;0,; phases can be clearly
observed, corresponding to PDF 89-0572 and PDF 84-0818 respectively. SrAl,O, and BaAl,O,4
impurities can also be identified (represented by stars on the XRD patterns Figure 1). In order to
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Figure 1: XRD patterns of SrMgAlxO:7:Mngae  (blue) and
BaMgAIlooﬂ:Mnolg%a[ (Orange)



reduce the proportion of SrAl,O, and BaAl,O, secondary phases, MgO precursor are introduced in
excess and the sintering process is repeated 3 times (SI - 1). Due to the small proportion of the
SrAl,0, and BaAl,O, phases as reported in Table Sl - 2, and the absence of Mn** luminescence signal
originating from these secondary phases, it is assumed that no change in the luminescence properties is

induced by the presence of these impuirities.

3.2. Optical characterizations

Emission spectra of SMA:Mn and BMA:Mn are reported in Figure 2a. Two emission bands can be
identified. The first band centered at 514 nm can be attributed to the “T; — ®A, transition of Mn?" ion.
The second one centered around 660 nm corresponds to the 2E — *A, (Mn*") transition. Excitation
spectra monitored at 514 nm and 658/660 nm are characteristic of Mn®* and Mn*" signatures
respectively (Figure 2b). Four bands can be highlighted in Mn?" excitation spectra, the corresponding
transitions
AL — T, (“G), °A1 — *E, *A; (*G), °A; — *T, (*D), and ®A; — “E (“D) are reported in the schematic
scheme of energy level (Figure 2¢). Both activators can be excited in the blue and in the UV regions.
Similarly, three bands can be identified on Mn*" excitation spectra. They can be attributed to the
‘A, — Ty, *A, — 2T, and *A, — *T, transitions. In addition, the excitation spectrum of Mn** inserted
in BaMgAl;,0,; host matrix is blue shifted compared to excitation spectrum of Mn** inserted in
SrMgAl,0y7. As a d® ion, the position of Mn** energy levels depends on the environment in which it
is inserted. The corresponding Tanabe Sugano diagram is reported in Figure 2d. The relative position
of energy levels involved in the photoluminescence process is drastically dependant on the crystal
field strength (Dq) and on the interelectronic interaction represented by the Racah parameter B. The
Dq/B value of both SMA:Mn and BMA hosts are reported on the Tanabe-Sugano diagram [28,29]. It
can clearly be highlighted that a Sr** by Ba®* substitution in isostructural host leads to an important
variation of the energy of the “T, and T, levels compared to the °E and “A, levels. Such a difference
can be directly observed on excitation spectra, the energy increase between levels involved in radiative
transition leads to a blue shift of the associated bands. As a consequence, the spectral overlap between
Mn?* emission spectrum and Mn** excitation spectrum is smaller in BMA compared to SMA host.
Excitation wavelengths are selected in order to optimize Mn*" and Mn®* emissions and are fixed at 426

nm for SMA:Mn samples and 450 nm for BMA:Mn samples for this work.
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Figure 2: a) Emission spectra of SrMgAlyO:7:Mn**,Mn?* (blue) and BaMgAl;O;7:Mn** Mn?*
(orange) b) Excitation spectra of SrMgAl;O.;:Mn** Mn?** (blue) and BaMgAl;O;7:Mn** Mn?*
(orange), the dashed lines (resp. solid lines) correspond to Mn** (resp. Mn®*) excitation spectra c)

schematic representation of Mn** and Mn*" energy levels and the corresponding transitions observed

in photoluminescence spectra d) Tanabe-Sugano diagram of d* ion in octahedral environment; the
blue (resp. orange) dashed line corresponds to the crystal field strength of SrMgAl;qO;7 (resp. of

BaMgAl;4017) host matrix.

3.3.Modulation of Mn**/Mn?* ratio

The co-stabilisation of Mn** and Mn* ions in SMA and BMA hosts after synthesis in air

atmosphere has been highlighted through the analysis of photoluminescence properties. The
Mn*/Mn*" ratio can be modulated owing to a reductive thermal treatment (RTT) of samples after

synthesis. To this end, a thermal gradient oven is used, which allows to perform the reductive



treatment at several temperatures in a single experiment. Thirteen samples are post-treated at the same
time under ultra-high vacuum along the temperature gradient (from 400 °C to 800 °C). No significant
change in the XRD patterns is observed before and after the reductive thermal treatment. Rietveld
refinements before and after reductive thermal treatment are reported in Sl - 2, indicating that the RTT

has neither influence on the crystal structure nor on the purity of the samples.
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Figure 3 : a) Photoluminescence spectra of Srl\/IgAIlOON:Mn‘”,l\/In2+ after reductive thermal treatment
at different temperatures from 400 °C (dark green) to 800 °C (red) — Aex. = 426 nm b) associated CIE
coordinates.

To accelerate the characterization process, we designed a set up to collect photoluminescence
properties directly on the stumatite sample holder, without further sample handling (SI - 3). The
sample holder is fixed on a X-Y table in which the movement along two axes is computer-controlled.
Optical fibers are coupled to the spectrofluorimeter. Each sample is characterized by automatically
moving the sample holder along X and Y axes. The recorded photoluminescence spectra are presented
in Figure 3a. The intensity of Mn* emission increases relatively to Mn** emission when the
temperature of the RTT increases. Thus the RTT allows the increase of Mn?* concentration due to the
progressive reduction of Mn** into Mn?*. As the Mn®" emission band is characteristic of Mn?* ion in
tetrahedral site, we assume that the reduction process is associated with cation diffusion from Oh site
to Td site. The charge balance would be preserved owing to the formation of oxygen vacancies. The
resulting emission color associated to each photoluminescence spectra are presented on CIE diagram
Figure 3b. The color emission shifts from red to green with the increase of RTT temperature. After a
RTT at 800 °C under ultra-high vacuum, the Mn** emission band is still detected as the reduction of
Mn* — Mn?* is not complete. However, since the human eyes are more sensitive to green light, the
proportion of Mn?* is sufficient to shift the resulting emission color in the green region. The same
phenomenon is obtained for BMA material (SI - 4). This method, based on the thermally-driven

reduction of dopant, enables the fast synthesis of a large number of compounds. It allows the fine
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tuning of the oxidation state of dopants and the modulation of the luminescence properties. The same
approach can be transposed to many other systems for the discovery of new materials with competitive
and flexible properties.

3.4. Luminescence thermometry

The luminescence behavior according to the temperature is then investigated on samples with
fixed Mn** and Mn?* concentrations. The photoluminescence spectra of SrMgAl;,0;7:Mn**,Mn** after
reductive thermal treatment with resulting yellow-orange emission (Trrt = 750 °C) are recorded from
0 °C to 200 °C (Figure 4a). The selected sample is labeled as SMA-RTT. In the investigated
temperature range, the intensity of Mn®* band only slightly decreases compared to the Mn*'
contribution. To this end, Mn** will be considered as the reference. As reported in Figure 4b, the Mn*
’E — “A, transition exhibits a huge temperature dependence. The evolution of Mn*/Mn?* intensity
ratio according to the temperature is reported Figure 5 and can be modeled by a sigmoidal curve as the
emission arises from two distinct emitting centers. The investigated temperature range is smaller than
the temperature required for Mn*" reduction into Mn?*. We assume that concentrations of both ions
remain constant on this whole range. Consequently, this parameter is not responsible of the

luminescence properties variation according to the temperature.
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Figure 4: a) Photoluminescence spectra of SrMgAly,O.7:Mn* Mn**-RTT from 0 to 200 °C b)

associated integrated intensity of Mn** (red) and Mn?* (green) bands.

The competition between radiative and non-radiative deexcitation process can be modelled by Mott-
Seitz function (Equation 1), where kg is the Boltzmann constant, AE the activation energies of thermal
guenching process, lothe intensity emission at T = 0 K, and a a fitting parameter corresponding to the
ratio between radiative and non-radiative transition probabilities [30]. In this general equation, all

deactivation channels that can be induced by the temperature increase are taken into account.
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However, in the case of SngAI10017:Mn“*,Mn”-RTT sample, Mn** exhibits a greater temperature
dependence than Mn** in the investigated temperature range, thus the Mn®* contribution can be
neglected. In addition, only one quenching process is identified, therefore one deexcitation channel
(indexed channel 1) can be considered. Thus, the fitting equation is simplified (see Equation 2) and the
associated fitting curve can be plotted (dashed line in Figure 5) with the following fitting parameters
lo=8.22+0.11, a; =2.96 10° + 1.58 10°, and AE; = 3696 + 139 cm™.

1

2)
)

Mn2t 1+aq exp( kgT

The thermal sensitivity, defined by Equation 3, is represented in solid blue line on Figure 5. In the case
of SMA-RTT material, the thermal sensitivity value increases from RT to 130°C to reach 2.77 %/°C,
and then slowly decreases when the temperature is further stepped up. The sensitivity is competitive
compared to other luminescent thermometer reported in the literature [3,31,32], which confirm the

ability of SMA:Mn material as effective ratiometric thermometer.

12 3.5
11_- SI-MgA]]“Oﬁ:Mn“|,Mn~" -RTT

10 1 :

d _ 425
- ~
&
rt ~
(=]
= -
| 2
ﬁ-c 415 E
= |
3

410
® ] .

’ |

| * e, S
0 I 1 1 T | I T 1 T 1 ' ; | I 00

20 40 60 80 100 120 140 160 180 200
Temperature (°C)
Figure 5: Mn*/Mn* intensity ratios of SMA:Mn — RTT and
BMA:Mn —RTT (dots), the dashed lines correspond to the fitting

curves and the solid lines are the associated thermal sensitivities.
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The evolution of Mn*/Mn*" ratio according to the temperature is also investigated for SMA:Mn
samples without RTT or with a higher temperature of RTT namely 800 °C (Figure Sl - 5). The
absolute value of the ratio changes according to the RTT temperature but the variation remains similar,
as represented by the sensitivity curves. The maximal sensitivity occurs in the same temperature range
(between 125 and 130 °C) and the maximal value is around 2.5 and 3 %/°C for the three samples. One
interesting change is the difference in emission color range of the phosphor. The emission color
obtained from CIE coordinates are represented in Figure 6. The horizontal bars represent the color
evolution from RT (left) to high temperature (right). Whereas the SMA:Mn sample without RTT
(Figure 6a) displays a color change from red to green with temperature increase up to 200 °C, the
color range for SMA:Mn sample with a 750 °C RTT (Figure 6b) and 800 °C RTT (Figure 6c¢) present
a different behavior. The temperature of color variation (i.e. temperature threshold) can also be tuned
according to the temperature of the RTT. The resulting emission color changes from yellow to green
around 125°C for SMA:Mn sample without RT, while the same phenomenon occurs at 90 °C and 70
°C for SMA:Mn sample with a 750°C and 800 °C RTT respectively (dashed lines Figure 6). This
remarkable property can then be explored for temperature variation detection. Unlike the absolute and
self-referenced determination of the temperature, which can be achieved thanks to Mn**/Mn®* intensity
ratio, the color change tracking will allow an accessible and simply-to-implement temperature

identification around a temperature threshold. The color range as well as the temperature threshold can
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Figure 6: Evolution of the resulting emitting color according to the
temperature of a) SMA:Mn without RTT samples b) SMA:Mn-RTT 750
°C ¢) SMA:Mn-RTT 800 °C, threshold temperatures are reported in

dashed lines.



be tuned for a single material according to the Mn**/Mn®" ratio, and can be relevant for many
applications as electronics or microfluidics, where critical temperature should not be exceeded for
performances sustainability. Thus, after calibration, the same material can be used as dual mode

thermometer, namely colorimetric and ratiometric.

The luminescence thermal stability is also investigated for BaMgAI10017:Mn4+,Mn2+—RTT
sample (SI - 6). As reported in Figure 5, the Mn**/Mn®" intensity ratio also decreases with temperature
increase (orange dots). Nevertheless, the luminescence behavior of BaMgAI10017:Mn4+,Mn2+—RTT
sample deviates from SMA:Mn-RTT one. It is important to notice that for both samples no irreversible
change in the luminescence properties occurs with the temperature increase. Cyclic processes are
performed between two temperatures (40 °C and 100 °C), showing the reversibility of the
luminescence properties as well as the robustness of the thermal sensor (SI - 7). Following the
Shannon and Prewitt table, the ionic radius of Sr** (resp. Ba®*) inserted in a 6-coordinated site is about
126 pm (resp. 142 pm). This difference in ionic radius leads to a change in crystal lattice parameters,
the values obtained from Rietveld refinement are reported in Sl - 2. Hence a remarkable change in
luminescence properties is observed between SMA:Mn-RTT and BMA:Mn-RTT materials. Besides
the blue shift of photoluminescence excitation spectrum of BMA:Mn reported in the previous part, the
luminescence thermal stability is also influenced. Whereas only 31 % of initial Mn*" intensity is
detected at 100 °C for SMA:Mn-RTT, 66 % of initial Mn** intensity remains in BMA:Mn-RTT at the
same temperature (Table 1). However, in the case of BMA:Mn, two different contributions should be
taken into account in order to understand the intensity ratio evolution according to the temperature,
identified as channel 2 and 3, indicating that unlike SAM:Mn-RTT, more than one quenching process
occurs in BMA:Mn-RTT.

SngAIlooﬂ:Mnolz%at -RTT BaMgAIloou:Mno_z%at -RTT
Temperature o " 24 4t
IMN“" VS ltamp IMN™ vsS ltamp IMN“" VS ltamp IMN™ VS ltamp
50 °C 90 % 87 % 95 % 98 %
100 °C 78 % 31 % 89 % 66 %
200 °C 59 % 2% 77 % 12 %

Table 1: Intensity percentage at several temperatures compared to intensity at room temperature of

Mn*" and Mn*" photoluminescence emission bands.

The fitting curve of Mn*/Mn*" ratio in BMA-RTT material is plotted in dashed line in Figure 5 with
the fitting parameters lo = 10.73 + 0.02, a, = 560462 + 256072, AE,= 3825 + 143 cm? a3 =9.7+29
cm™ and AE;= 917 + 64 cm™. The new deexcitation channel (channel 3) exhibits a lower activation
energy of thermal quenching process (AEj), and consequently occurs at lower temperature.

Nevertheless, a, >> as, meaning that the ratio of non-radiative vs. radiative transition probabilities is
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much higher for the deexcitation channel with AE,= 3825 + 143 cm™. To this end, we assume that the
deexcitation channel 2 can be considered as predominant. The maximal sensitivity of BMA:Mn-RTT
arise at higher temperatures than SMA:Mn-RTT sample and reaches 1.9 %/°C at 200 °C.

The difference in activation energies of thermal quenching process between SngAIlOON:Mn‘”,MnZ*-
RTT (AE,) and BaMgAl;,0:7;:Mn* Mn*-RTT (AE,) is directly linked to the crystal field energy. To
illustrate this statement, the energy level diagram is reported in Figure 7. In both materials, E — “A,
transition is responsible of Mn** red luminescence. Excitations at 426 and 450 nm for SMA:Mn and
BMA:Mn materials respectively allow the promotion of electron from the *A, ground state to the “T,
excited state. The presence of an intersection between parabolas of the ground state and excited states
induces a non-radiative deexcitation channel. Thus AE value calculated using the Mott-Seitz model,
can be defined as the energy difference between the °E emitting level and the cross-intersection point.
With temperature increase, the probability of non-radiative deexcitation through this channel
increases, and above a certain temperature, this deexcitation path prevails. As illustrated by the
Tanabe-Sugano diagram, no change occurs in the relative position between the *A, ground state and
the “E excited level according to the crystal field. However, the position of the T, level shifts toward
higher energy with crystal field increase. Thus, the crossover responsible for the non-radiative
deexcitation process occurs between the parabolas of the *A, ground state and the *T, excited state. As
a consequence, the activation energies of thermal quenching process increase in BMA:Mn-RTT (AE,=
3825 + 143 cm™) relatively to SMA:Mn-RTT material (AE, = 3696 + 139 cm™). Thus the crystal field
splitting drastically influences the luminescence thermal stability of Mn**-doped material and shifts
the maximal thermal sensitivity to higher temperature. By modulating the environment of the

activator, the temperature range on which the thermal sensor is efficient can then be adjusted.

Energy 4

>

Mn** Mn#*

AEl 4 AEQ

SngAIlDOIT BaMgA110017 C.R.
Figure 7 : Energy levels diagram of Mn*" ion inserted in SrMgAl ;017 and BaMgAl;oO,7 hosts.
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4. Conclusion

In summary, the co-stabilization of Mn ions with two different valence states have been
highlighted from the analysis of photoluminescence properties. The proportion of each valence states
of dopant have been finely controlled according to the temperature variation of the reductive post-
treatment. We developed a strategy, allowing to synthesize and analyze the properties of multiple
samples in a combinatorial approach and demonstrate the possibility of a fast and thorough tuning of
the luminescence properties. Furthermore, we also evidenced the ability of SMA:Mn and BMA:Mn
materials doped with Mn*" and Mn?*" activators as competitive and reliable dual-mode luminescent
thermometers (colorimetric and ratiometric). The valence state of dopant as well as the crystal field of
the host have been demonstrated as critical parameters, that can be simply tuned in order to optimize
the thermal response of the sensor and control the temperature range on which the thermometer is
efficient. This strategy can then be adapted to other thermometers in order to accelerate their
luminescence properties optimization, and can be generalized to other applications as LEDs, imaging

or anticounterfeiting.
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