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Development of a potential optical thermometric material
through photoluminescence of Pr** in La,MgTiO,

High-precision optical thermometric materials play a key role in
controlling temperature within the non-contact situation. This
research indicates that (La,_Pr ),MgTiO, shows potential in the
high-sensitive optical thermometry field.
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Development of a potential optical thermometric
material through photoluminescence of Pr’* in
LazMgTIOGT

Rui Shi,® Litian Lin, €2 ° Pieter Dorenbos® and Hongbin Liang {2 *?

In this work, we demonstrate a potential thermometric material after systematic studies on the concentration/
temperature-dependent spectroscopic properties of Pr** excited multiplets and of the Pr**=Ti** intervalence
charge transfer (IVCT) state in (La;_4xPry)>MgTiOg. The experimental results indicate that the electron
population efficiency between the involved Pr¥* 4f multiplets is directly governed by multi-phonon
relaxation (MPR) and cross relaxation (CR), and the IVCT state provides an additional contribution to the
D, luminescence. A schematic energy level diagram is proposed to illustrate the electron population
pathway in Pr** doped La,MgTiOg. The observations clarify that the dramatic thermal-quenching of Pg
luminescence is mainly induced by the electronic configuration crossover between the 3Py multiplet and
the IVCT state. On the other hand, the D, luminescence possesses an excellent thermal stability in a
large temperature region. These temperature sensing features of the Pr®* doped La,MgTiOg material
indicate its potential application in optical thermometric techniques.

1 Introduction

High-precision temperature sensing plays a key role in controlling
the reaction process, product performance, and safety in
production.’” Physical probes such as thermometers and thermo-
couples, unfortunately, have limited utility in the situation of
noncontact, small volumes, as well as high spatial resolutions,
operating in hostile environments, or within dynamic systems.*”
Alternatively, optical thermometry acts as a feasible method
benefiting from rapid-response fluorescence spectroscopy techni-
ques. To satisfy the requirements of different technical applica-
tions, investigations on various lanthanide-doped thermometric
materials have been attracting much attention recently.® Within
the unique 4f> electronic configuration, Pr*" exhibits interesting
properties and is widely used in lighting devices,” in vivo targeted
bioimaging,® and up-conversion areas.” Upon UV or visible light
excitation, Pr** usually shows bright green-bluish luminescence
arising from the *P, multiplet and red emission from the 'D,
multiplet.’® Following the SLJ transition selection rule of
lanthanides in the optical material, the transition possibilities
of these emissions are generally determined by the coordination
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environment, the spatial distribution of Pr*" in the crystal structure
and the vibration frequency of the host lattice."

In line with other perovskites,"”” La,MgTiOg is an ideal host
material because of its attractive structure characteristics. The
appropriate spatial distribution of La®" sites in the crystal (with a
two nearest La*'-La>" distance of about 3.9384 A) is in favour of
investigating the correlation between the luminescence of Pr** 4f
excited multiplets and doping concentration. Due to the proper
Pr*-Ti"* distance (3.3054 A), the Pr**-Ti*" intervalence charge
transfer (IVCT) state in the studied compound will have an impact
on the electron population of the Pr’" intrinsic 4f electronic
configuration and further improve the light absorption efficiency
of materials in the UV-vis region.

In this work, the correlations between the Pr’* luminescence
properties and structural factors are discussed in different doping
concentration samples at different temperatures. A schematic
energy level diagram is proposed to illustrate the electron popula-
tion pathway and explain the thermal-quenching mechanism of
Pr’* luminescence. In view of the different thermal-quenching
behaviours of *P, and 'D, luminescence, the possible thermo-
metric application of Pr’** doped La,MgTiOg is demonstrated.

2 Experimental section

A series of Pr’" doped La,MgTiOg was prepared using a high
temperature solid-state reaction route. The details of the pre-
paration and measurements are described in the ESIL.{
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3 Results and discussion
3.1 Structure Characteristics

The Rietveld structure refinement of high-quality powder XRD
data of La,MgTiOs was performed using the TOPAS program.™?
Fig. 1(a) represents the experimental XRD pattern (x), the
refinement result (red line), the difference (blue line) and the
calculated Bragg positions (|) of La,MgTiOs. The values of
the fitting parameters R, and Ry, are within the rational range,
indicating that the refinement results are reliable. La,MgTiOg
has a double-perovskite structure and there are two different
types of cation sites: (A) La** sites coordinated with twelve
oxygen atoms with C, symmetry; (B) Ti*"/Mg** mix-occupied
sites with six-fold coordination. The Ti**/Mg>*-0®" octahedra
link with each other by corner-sharing, and La*" is located in
the cavity with the surrounding eight Ti**/Mg>*~0*>" octahedra
as shown in the inset. Refined atom positions and unit cell
parameters are listed in Table S1, and the refined bond lengths
are listed in Table S2 (ESIt). The distance between the two
nearest neighbour La®' ions is 3.9384 A, and the nearest
La**-Ti**/Mg?* distance is 3.3054 A. The average La®-0*~
and Ti*"/Mg?*-0*>~ bond lengths are 2.7966 and 2.0073 A,
respectively. In consideration of the larger ionic radius differences
between Ti**/Mg”>* and Pr*, the dopants preferably occupy La®*
sites because of the similarity in the ionic radii (La*":1.320 A;
Pr’*":1.286 A, when the coordination number (CN) = 6).*

Fig. 1(b) shows the variations of the unit cell parameters
with the increase in Pr** content at RT. The values of a,  and ¢
decrease with an increase in the doping content, indicating the
gradual lattice contraction. In consideration of the ionic radius
difference (0.034 A) of La®* and Pr**, such a decrease in the
parameter values is expected. Fig. 1(c) exhibits the cell parameters
at different temperatures, which indicates that expansion of the
host lattice is induced by increasing temperatures.

Fig. S1 (ESIT) shows the FT-IR spectra of the host compound
and (Lag.o5Pro.05).MgTiOs samples at RT. Two absorption bands
are spread over the region of 400-700 cm ™' with maxima at
420 and 585 cm™ ", The former is attributed to Ti-O-Ti bending
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Fig. 1 (a) The Rietveld refinement fit of the La,MgTiOg experimental XRD
pattern by the TOPAS program; (b) the variations of lattice parameters (a, b
and c¢) of (La;_,Pr,)oMgTiOg with different Pr3* contents; (c) the variations
of lattice parameters of La,MgTiOg at different temperatures.
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Fig. 2 (a) Diffuse reflectance spectra (DRS) of (La;_,Pr,)>MgTiO¢ (x = O,
0.02, 0.03, 0.05) samples at RT; (b) the plot of {IN[(Rmax — Remin/(R — Rmin)1}?
vs. energy (eV) where R is reflectance; (c) the difference between the
DRS of (Lao.9sPro.0s)2MgTiOg and La,MgTiOg in the wavelength region
280-430 nm.

vibration modes and the latter is assigned to Ti-O stretching
vibrations in TiOg polyhedra, respectively.

3.2 Diffuse reflectance spectra (DRS) of (La, ,Pr,),MgTiOg

Diffuse reflectance spectra (DRS) of the (La; ,Pr,),MgTiOg
(x = 0, 0.02, 0.03 and 0.05) samples at RT are exhibited in
Fig. 2(a). All samples show strong host absorption in the short-
wavelength (300-400 nm) region. This is attributed to the
electronic transition from the valence band (VB) maximum to
the conduction band (CB) minimum of the energy band struc-
ture, which are mainly constructed by the ligand (like O*7) 2p
orbital and the central cation (like Ti**, Mg?*, and La*") higher
electronic states, respectively. The optical band gaps of several
titanates have been reported to be: 3.9 eV (NaGdTiO,),"® 3.85 eV
(CaTiO;),"® and 3.8 eV (La,Ti,0,)."” By adopting the method of
Kumar et al.,'® the optical band gap of La,MgTiOg is deter-
mined to be 3.98 eV as plotted in Fig. 2(b). After incorporation
of Pr*" in La,MgTiOg, several absorption lines of Pr** 4af-4f
transitions are observed, which are attributed to the *Hy—Pg 4 5,
I (450-500 nm) and the *H,-'D, (580-630 nm) transitions,
respectively. The absorption strength of these lines increases
with the increase in the Pr** content. Another broad absorption
appears in the 320-430 nm wavelength region and its absorp-
tion strength gradually increases with increasing Pr** content
(indicated by a red arrow). This band results from the Pr**~Ti**
IVCT, and corresponds to the electron transition from the Pr**
*H, ground state to the unoccupied 3d' orbital of Ti*"."°
Because of the considerable overlap with the host absorption,
the IVCT band cannot be separately observed in DRS. The difference
between the DRS of (LagosPrg.5),MgTiOs and La,MgTiOg in the
wavelength region 280-430 nm is shown in Fig. 2(c) by dividing the
diffuse reflectance of (Lag 95P1.05).MgTiOg by that of La,MgTiOg.
A broad band is clearly observed in the spectrum with the energy
maximum at 3.71 €V (335 nm, 29.8 x 10°> cm™"). When we assume
that the two samples (Lagos5Pro.05),MgTiOs and La,MgTiOg have
nearly the same hostrelated diffuse reflection strength in this

This journal is © The Royal Society of Chemistry 2017
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region, the band in Fig. 2(c) corresponds to the Pr*'-Ti*" IVCT
absorption of (Lag o5Pry.05).MgTiOs.

Boutinaud et al.'® have proposed an empirical relationship
(eqn (1)) to estimate the IVCT energy in Pr** doped titanates:

4+
IVCT (cm ™) :58800749800{ 7(Ti*) ]

APrT =T &)

where y(Ti*") is the optical electronegativity (2.05) of Ti*", and
d(Pr**-Ti"") is the average distance between the neighbouring
Pr’* and Ti** (A). In La,MgTiOg, d(Pr**-Ti*") is obtained from
the crystal refinement result (3.3054 A), therefore the IVCT
energy is approximately 28.0 x 10> em™" (3.57 eV), which is
consistent with the result (29.8 x 10> cm ™", 3.36 eV) estimated
from the experimental data.

3.3 Luminescence of (Lag 9975Pr¢.0025)>MgTiO¢

The 3D colour-filled contour map of the time-resolved emission
spectra (TRES) of (Lag.g975Pr0.0025):MgTiOs under 450 nm excita-
tion at RT is given in Fig. 3(a), and the emission spectra of the
sample at different delay times are displayed in b1-b4, respec-
tively. Because of the distinct types of transitions arising from the
*P, and 'D, multiplets following the SIJ transition selection rule,
these emissions have different time-dependent decay properties.
Within the short delay time #qe1ay ~15.6 s, several emission lines
are detected in spectrum b1, which are mainly assigned to
transitions arising from the *P, multiplet. When tdelay 1S 18 s,
the emission intensity of ®P, increases to the maximum, and
further increase in tgejqy results in a rapid drop of the 3p, emission
intensity. No significant 'D,~>H, emission can be observed in this
time region, which implies that after excitation to the *P, level
the rate of radiative emission from the *P, multiplet is signifi-
cantly higher than that of the nonradiative population from the
°P, to 'D, multiplets. With a gradual rise in tgeray to 60 s, the °P,,
emissions decay to a comparable intensity relative to the inten-
sity of 'D, emission because the faster emissions arising from
*p, are spin-allowed, but the slower 'D,~’H, transition is spin-
forbidden. This is because the emission of 'D, emerges in the
spectrum and its contribution becomes comparable to that of
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Fig. 3 (a) The 3D colour-filled contour map of the time-resolved emission
spectra (TRES) of (Lag.0975Pr0.0025)2MgTiOg under 450 nm excitation at RT;
the specific emission spectra of the sample at different delay times are given
in bl1-b4, respectively.
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°P, emission. When fqe,y increases to 120 ps, the 'D,~*H,
emission is predominant, and the contribution of 3p, emission
is negligible. Fig. S2 (ESIt) represents decay curves of the *P, and
'D, multiplets in (Lag.oe75Pro.0025)-MgTiOg under 450 nm excita-
tion at RT. Both curves obey the exponential characteristic and
decay times of the *P, and 'D, multiplets which are estimated to
be ~4.3 and 56.6 ps, respectively. Correspondingly, the radiative
transition rate (Ag) values of the *P, and 'D, multiplets are evaluated
to be approximately 2.3 x 10° s™' and 1.7 x 10" s~ " at RT.

Fig. 4 shows the excitation spectra of (Lag.9975Pr0.0025)2MgTiOg
with different emission wavelengths at RT. All spectra are
normalized to the height of the broad excitation band in the
short wavelength region. As displayed in Fig. 4(al), when
monitoring the 490 and 651.5 nm emissions of the Pr** p,
multiplets, a weak but broad absorption band is found in the
short-wavelength region, and some intense sharp excitation
lines identified as the *H,-’P,;, and 'I, transitions are
observed in the longer wavelengths (>425 nm). The relative
intensity of the Pr’* f-f transition is predominant in the
spectrum, indicating that the electron population from Pr**
higher 4f multiplets to P, is efficient. By changing the mon-
itored emission wavelength to 608 nm of the 'D, emission as
exhibited in Fig. 4(a2), the relative height of the broad absorp-
tion becomes higher than those of 4f-4f transitions, showing
an indispensable contribution of this broad band to the emission
from 'D,. The enlargement of the broad bands in excitation
spectra al and a2 is shown in Fig. 4(b). The two height-
normalized broad bands of 490 and 651.5 nm °P, emissions
almost overlap, but the band maximum shows a red-shift when
monitoring 608 nm D, emission. In terms of DRS, the absorp-
tions in this region contain host absorption and the Pr**-Ti**
IVCT band, and the red-shift should result from the contribution
of the IVCT transition.

Fig. 5 represents emission spectra under (a1) 450/490 nm, (a2)
335 nm and (a3) 310 nm excitations at RT, respectively. Under
450/490 nm *H,-*P; (J = 0, 2) excitations, the emission coming
from the *P, multiplet is predominant and the induced electric-
dipole (ED) *Py-"F, transition (hypersensitive, AS = 0 and AJ = 2)

8 (Laosmspro onzs)zMgTios (b) —,= 499 NM
A= 499 Nm ——1,,=651.5nm
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Fig. 4 The height-normalized excitation spectra of (Lag 9975Pro.0025)2MgTiOg
with (a@l) 499 and 6515 nm and (a2) 608 nm emissions at RT; (b) the
enlargement of the broad bands in the region of 265-375 nm of (a).
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with the maximum at 651.5 nm is clearly observed. In most cases
the *P,—>H, transition is stronger than the 3p,-°F, transition after
excitation to the P, level, but exceptional cases have also been
reported in Pr’* doped Na,La,Ti;0;0,>" LaMgAl;;0;0,>> and
KLa(M00,),.>* Cavalli et al>* have mentioned that the intense
*py—"F, radiative transition rate is closely related to the large value
of the Judd-Ofelt Q, parameter in the lattice. Further investiga-
tions demonstrate that a large value of the 2, parameter is
associated with a stronger polarization effect of the ligands in
medium and the first-order terms of the crystal field strength
around the central lanthanides.>>*° In addition, a predominant
*p,-°F, transition has also been observed in Pr’* doped com-
pounds with general covalence when Pr** ions occupy lattice
sites with obvious deviation from centrosymmetry.>* In La,MgTiOs,
the La®* site exhibits C; symmetry that is far deviated from
centrosymmetty, therefore the intense *Py-°F, transition is to be
expected.

On changing the excitation to 335 nm (the IVCT), a remark-
able increase in the relative emission intensity of the 'D,~*H,
transition is observed and the contribution of 'D, emission in
the spectrum is dominant. This phenomenon is in good agree-
ment with the results of the excitation spectra in Fig. 4, and
implies that the electrons in the IVCT state preferentially
populate 'D, and partially bypass the *P, multiplet."> With
further change in the excitation to the host absorption at 310 nm
(a3), the *P, emission intensity becomes slightly larger compared to
that under IVCT excitation, demonstrating that the de-excitation
pathway after host absorption excitation may be somewhat different
from that after excitation to the IVCT state.

A schematic energy level diagram is proposed in Fig. 5(b) to
illustrate the electron population pathway in Pr** doped La,Mg-
TiOg. Under 335 nm IVCT excitation, the electron in the Pr**
*H, ground state is transferred to the Ti*' orbital, and the
[Ti*" + e7] state (such as the IVCT state as mentioned above) is
created.?” After fast non-radiative relaxation, the electron
returns to the minimum potential energy position of the
[Ti"" + e7] state (point A) and rapidly transfers to the Pr*" 4f
excited multiplets (like the *Po, 'D,) with the assistance of
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607 (L20.6075PT00125),MITiO, e ® ConductionBandg @
2, =450 nm (f-f transition) 40
=7 7
Seiw;
20
1
@M s

——2,,= 335 nm (IVCT transition)

/.

VALV VA
MPR

« s}

= @ =

. e} 3

2 < =

® 0 el &

= 173 3

£: 2 7 )
i pr3+
Jo S\ (_ Valence Band )

500 550 600 650

Wavelength (nm)

Fig. 5 The emission spectra of (Lag.g975Pr0.0025)2MgTiOg under (al) 450
and 490 nm, (a2) 335 nm, (a3) 310 nm, and (a4) 350 nm excitations at RT;
(b) the schematic energy level diagram and electron population mecha-
nism proposed to explain the difference in spectra.
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thermal phonons creating the observed 4f-4f emission lines
in the spectrum. Because the energy barrier between the [Ti*" + 7]
state and the *P, multiplet (AE,c) is evidently larger than that
between the [Ti** + e”] state and the 'D, multiplet (AE,g), the
electron preferably populates the 'D, multiplet (pathway 1), and
the 'D, emission is dominant in the spectrum under IVCT
excitation as shown in Fig. 5(a2). After populating the CB upon
310 nm host absorption excitation, the electrons relax to the IVCT
and the °P, states simultaneously with different non-radiative
rates. This means that the Pr** *P, excited state can also be directly
populated from the CB. Accordingly, the relative contribution of
%P, emission under 310 nm excitation is larger than that under
335 nm excitation. In the following discussions, we choose 350 nm
as the IVCT excitation wavelength to avoid the co-excitation of
host absorption and the IVCT, and the emission spectrum of the
sample under 350 nm excitation is shown in Fig. 5(a4).

3.4 Concentration-dependent luminescence of
(La; _,Pr,),MgTiO¢
Fig. 6 shows the 3D colour-filled contour map of the normalized
excitation spectra of (La; ,Pr,),MgTiOg (x = 0.0025-0.05) when
monitoring 608 nm emission at RT. To discuss the influence of
the doping content on the position of the IVCT band, the relative
intensity and energy maximum of host absorption are roughly
regarded to be independent of the doping content. With the
increase in the Pr*" content, the relative intensity of the IVCT
band decreases gradually along with the increase in the Pr** 4f-4f
transition relative intensity. The essence of this distinction is
considered as the saturation effect of photon absorptivity.*®
Fig. 7(a) depicts the normalized emission spectra of
(La;_,Pr,),MgTiOs (x = 0.0025-0.05) under 490 nm °*H,—P,
excitation. The spectra almost overlap with each other except
for the slight decrease in weaker 'D, emission at around
600 nm. The concentration-dependence of *P, luminescence
intensity under 490 nm excitation is shown in Fig. 7(b). The
integral emission intensity increases initially to the maximum
at x = 0.01 and then decreases gradually with further increasing
content. This indicates that the concentration-quenching of the

(La.

Pr),MgTiO,, RT

1x X

Normalized
Intensity (x107)

Fig. 6 The 3D colour-filled contour map of the normalized excitation
spectra of (Laj_xPry,)>MgTiOg (x = 0.0025-0.05) with 608 nm emission
at RT.
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Fig.7 (@) The normalized emission spectra of (La;_xPry)>MgTiOg
(x = 0.0025-0.05) under 490 nm excitation; (b) the concentration-
dependence of *Py luminescence intensity under 490 nm excitation;
(c) decay dynamics of Pr’* Py emission in (Lag_xPry)>MgTiOg with different
doping contents at RT and the fitting results.

*p, luminescence occurs when the doping content is above
x = 0.01. Decay dynamics of the *P, emission in (La,_,Pr,),MgTiOg at
RT is shown in Fig. 7(c). The decay curves gradually deviate from
the exponential with increasing contents from x = 0.0025 to 0.05.
It demonstrates that a faster non-radiative relaxation process for
electrons in the *P, multiplet becomes more active. Because of
the identical ambient temperature, the contribution of multi-
phonon relaxation (MPR) is negligible. We consider that this
decay deviation is mainly caused by cross relaxation (CR)
between the neighbouring Pr** ions. With the increase in the
doping content, the distance between the adjacent Pr’* becomes
shorter gradually, resulting in a more efficient multipolar-
multipolar interaction. Two candidate CR channels have been
mentioned in references: [*Py, *H,] — ['Da, *He] and [*Py, *H,] —
['Gs, 'G4). The energy difference of the former channel is ~500 cm™*
(in LaOCL:Pr***%) and ~1000 cm ™" (in Lay o7Pry 0sMgAl ;044 %),
and that of the latter is ~265 cm™ " (in LaF5:Pr’*??). Usually, a
smaller energy mismatch of the relevant energy levels would
result in more efficient CR at a certain temperature. These data
suggest that the electrons in the *P, multiplet would preferably
follow the [*Po, *H,] — ['Ga, 'G4] channel and populate the ‘G,
multiplet through an increasingly stronger CR process. Herein,
the Inokuti-Hirayama model®° is employed to simulate this CR
process:

1() = 1(0) exp(—% 0. ,%)

3
4n 3 9\
Q:?F<17E> ACA-<C}3}\) 2)
)
C
Psp = —DA
RSA

where S determines the type of multipolar effect; Cp, is the
kinetic micro-parameter; and Ps, represents the energy-transfer
rate. The physical meanings of the other parameters in the
equation have been described elsewhere in detail.*® The dominant
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Fig. 8 (a) Decay dynamics of Pr** D, emission under IVCT excitation in
samples with different doping contents at RT and the fit curves; (b) the
height-normalized emission spectra of representative (La;_Pr,)>,MgTiOg
(x = 0.0025, 0.01, 0.05) samples under 350 and 490 nm excitations at RT,
respectively.

multipolar mechanism is determined to be dipole-dipole inter-
action and the value of Cp, is ~7.4 x 10~*¥ m® s™*. Moreover, the
critical doping content (x.) and critical distance (R.) are x = 0.014
and 20.2 A, respectively. This critical quenching concentration is
consistent with the experimental result of the *P, luminescence.

Fig. 8(a) shows the decay dynamics of the 'D, emission
under IVCT excitation in samples with different doping contents
at RT. Decay curves deviate from the exponential gradually with
the increase in Pr’* content. The major CR channel for electrons
in the "D, multiplet is attributed to ['D,, *H,] — ['Gy, °F4], and
its energy mismatch (~12 cm ™' in LaP;0.,:Pr*"*") is quite
small. Herein, the multiplet mechanism of this CR is confirmed
to be a dipole-quadrupole interaction and the value of Cp, is
evaluated to be ~4.77 x 10~ °* m® s~ *. The values of x. and R. for
this pathway are about x = 0.0023 and 36.9 A, which is consistent
with the results in other Pr** doped compounds.*’ Fig. 8(b)
depicts the height-normalized emission spectra of representative
(La;_Pr,),MgTiO¢ (x = 0.0025, 0.01, 0.05) samples under 350 and
490 nm excitation at RT, respectively. All spectral data are
normalized to the emission height at 651.5 nm of the *Py-"F,
emission. Three evident spectroscopic characteristics are found.
Firstly, the emission peak in the 588-640 nm region shows a
slight long-wavelength shift upon 490 nm excitation in compar-
ison with that upon 350 nm. The emissions in this region usually
contain the 'D,~*H, emission on the short wavelength and the
*Py—*H, emission on the long wavelength as mentioned in
Fig. 3(b). The observed peak shift is the result of different
contributions of two types of emissions under different excitations.
Secondly, the 'D, emission intensity under 490 nm excitation is
weaker than that under IVCT excitation in each case. Usually, the
'D, multiplet can be populated through MPR and CR processes
after excitation to the ®P, state. The stronger 'D, emission means
that the "D, multiplet can be populated through an extra channel
under 350 nm IVCT excitation.'® Thirdly, the intensity difference
in 'D, emission under 350 and 490 nm excitation decreases with
the increase in concentration. This is mainly the result of
concentration-quenching of the 'D, luminescence. Due to the
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small energy mismatch of the 'D,-involved CR process,
concentration-quenching of "D, is indeed prior to that of *P,.>*

3.5 Temperature-dependent luminescence and thermometric
properties of (Lag g975Pr.0025)>MgTiO¢

Upon 350 nm excitation, Pr** 4f excited *P, and 'D, multiplets
are populated after the nonradiative relaxation from the IVCT
state as shown in Fig. 5(b) and are described in Section 3.3. This
is followed by emissions from the *P, and "D, states. Fig. 9(a)
represents the emission spectra of (Lag.og75PT0.0025):MgTiOg
under 350 nm excitation at different temperatures. The
temperature-dependences of the integral emission intensities
of the *P,—>H, and the 'D,~-’H, transitions are shown in Fig. 9(b).
At low temperatures (<225 K), the emission intensities arising
from P, and 'D, multiplets are almost constant. With the
increase in temperature to 500 K, the intensity of *P, emission
drops rapidly to 4.4% when compared to that at 77 K as
displayed in curve bi. In contrast, the intensity of the 'D,~*H,
transition increases gradually with the increase in temperature
from 225 to 400 K and then slightly decreases when the
temperature increases to 500 K as shown in curve b2.

Thermal-quenching behaviour of the *P, luminescence is
controlled by: (1) phonon-assisted CR; (2) MPR; and (3) electron
population through electronic configuration crossover. Firstly,
it is expected that the efficiency of the phonon-assisted CR
process [Py, *Hy] — ['Gy, 'G,] increases with the increase in
temperature to some extent. Secondly, the electrons in the P,
multiplet populate the nearest low-lying 'D, multiplet through
MPR, and its rate can be estimated using the modified exponential
energy gap equation:*>

Wi = B exp[—a(AE — 2hvpgy)] [1 - exp(—Z—;)} ’ (3)

where the constants  and « are 10" s~ " and 4.5(+1) x 10~* cm,*
AE denotes the energy gap between the initial and final states,
hvmax Tepresents the highest-vibrational energy in the lattice, p is
the number of phonons to bridge the energy gap (p = AE/hvmax),
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Fig. 9 (a) The emission spectra of (Lag 9975Pro0.0025)2MgTiOg under 350 nm
excitation at different temperatures; the temperature-dependent integral
intensities of 3P (b1) and D, (b2) emissions; and the variations of decay
times of (c) Py and (d) 'D, emissions under IVCT excitation at different
temperatures.
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and k is the Boltzmann constant (6.958 x 10" cm™ " K '). Here,
AE (between P, and 'D,) is ~3866 cm ™", and A,y in La,MgTiOg
is ~585 cm ' as shown in Fig. S1 (ESIt). With these parameters,
the simulated MPR rate is evaluated to be ~5.4 x 10%> s~ * at 300 K,
and it increases to ~1.2 x 10° s~ ' when the temperature rises to
500 K. Nevertheless, this MPR rate at 500 K is still evidently smaller
than the Ay, of the *P, multiplet (2.3 x 10° s~'), demonstrating that
the contribution of MPR on de-excitation of the *P, luminescence is
limited in our case. Finally, the influence of electron population
from the *P, to the [Ti*~e ] state through electronic configuration
crossover should be emphasized.' Reviewing the energy level
scheme in Fig. 5(b), the electron in the *P, excited multiplet can
potentially overcome the energy barrier AEpc and back-populate
the [Ti**-e”] state with the assistance of thermal phonons. By
employing the model proposed by Struck and Fonger,** the
quenching behaviour of *P, mainly through this crossover channel
can be stimulated by:

% ~ i((g)) = (1 +Aexp(i§)>l @

where A is the pre-exponential factor and AE denotes the required
activation energy to promote the electron from its emitting state to
the quenching state, k is the Boltzmann constant. Because the
luminescence intensity of the activator in the lattice can be easily
affected by additional thermally activated non-radiative relaxation
effects (for instance, the temperature-dependent oscillator strength
and distributed scattering centres)®® at higher temperatures, we
believe that the temperature-dependent decay time of the activator
gives a more reliable characterization of thermal-quenching. So, the
decay dynamics of *P, and 'D, emissions under the IVCT
excitation at different temperatures are shown in Fig. S3 (ESIT),
and the variations of decay times of those curves are shown in
Fig. 9(c and d). By employing eqn (4), the fitting curve of the P,
decay time is exhibited in Fig. 9(c), and the value of AEp¢ is
estimated to be ~0.14 eV (1129 cm ™). This value is smaller than
those in Lug.eosPr00sNbO,; (2490 cm™')*® and CaMoO,:Pr**
(4100 ecm™'),** indicating that the de-excitation probability
of *P, luminescence through this crossover channel is more
sensitive to the increase in temperature. Meanwhile, the con-
tributions of phonon-assisted CR and MPR have been included
in this fitting process because of the increase in the de-excitation
rates of these two channels with the rise in temperature.

The temperature-dependent variation of 'D, luminescence
is quite different from that of P, luminescence. When the
temperature increases from 225 to 400 K, an increase in 'D,
luminescence is noticed as shown in Fig. 9(b). The phenomenon
implies that some electron population processes become active
which enhances the 'D, luminescence. On the one hand, the
increase in the MPR rate from °P, to 'D, would somewhat
promote the 'D, emission intensity at higher temperatures. On
the other hand, the depopulating rate of the *P, multiplet
through the crossover channel rises with the increase in tem-
perature and more electrons transfer to the [Ti**~e ] state. After
this, these electrons immediately populate the lower-lying 'D,
multiplet (pathway 1 in Fig. 5(b)), and its efficiency increases
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remarkably with the rising temperature, leading to a gradual
enhancement in 'D, luminescence intensity. Finally, when
the temperature is beyond 400 K, the thermal-quenching
behaviour of 'D, is observed not only in emission spectra
but also in decay dynamics. It is evident that the efficiency of
the resonant CR channel ['D,, *H,] — ['Gy4, *F,] is almost
independent of the ambient temperature. Because of the
larger energy gap (~6955 cm ') between the Pr** 'D, and
'G, states, the MPR from 'D, to 'G, is also quite inefficient.
Therefore, the influence of CR and MPR channels on the de-
excitation of 'D, luminescence is partial in the studied tem-
perature region (77-500 K). We consider that the electronic
configuration crossover channel [the 'D,— the [Ti*'-e7]
state— the *H, ground state] is the main thermal-quenching
pathway of 'D, luminescence. With sufficient thermal phonon
assistance at higher temperatures, the electron in the 'D,
multiplet has the potential to transfer to the [Ti*'-e”] state
and finally undergo non-radiative relaxation back to the *H,
ground state by overcoming the larger energy barrier AEgr as
displayed in Fig. 5(b). By employing eqn (4), the value of the
energy barrier AEgy is approximately 0.40 eV (3226 cm™ ') as
exhibited in Fig. 9(d). Because of the existence of other
thermal-quenching channels contributing to the depopula-
tion of the "D, multiplet, this AEg value is only an indication
of the magnitude of the energy barrier. Nevertheless, the
larger value of AEgr compared to that of AEpc demonstrates
indeed that the 'D, luminescence possesses a better thermal
stability in (Lag.9975PT0.0025)2MgTiO¢ within a large tempera-
ture region.

Because of the differences between the thermal-induced
luminescence properties of the ’p, and 'D, multiplets,
Pr** doped La,MgTiOs may serve as a possible optical
thermometric material. It has been reported that the thermo-
metric characteristics of lanthanide doped materials can
be calibrated in several ways: (1) luminescence intensity
monitoring;*” (2) energy maximum shifting of the excitation®®
or emission band®’ with temperature; (3) temperature-
dependent emission line width broadening;*® (4) decay*’
and rising time analysis;*> and (5) ratiometric emission
intensity measurement (RIM).** Because of its unique merits,
such as self-referencing, the RIM method can eliminate the
measurement interference, for example the change in geo-
metry, source intensity, and light field, and has become the
most frequently used temperature read-out strategy for optical
thermometry.***°

In (Lag.0975Pro.0025)2MgTiOs, the RIM of 'D,~*H, (608 nm)
and *Py—>H, (499 nm) emissions can be treated as a sensitive
temperature probe. The temperature-dependent heights of the
sample at 608 and 499 nm emissions under 350 nm excitation
are shown in Fig. 10(a). The obtained RIMs at different tempera-
tures are given in Fig. 10(b), showing that the values increase
with rising temperatures. The temperature-dependent RIM fit
equation®® in our case is given as:

Toos 0.1295
RIM =—~121+2 _—
T + 260 exp( T ) (5)
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And, the maximum values of absolute sensitivity (S,) and relative
sensitivity (S;) are found to be ~0.072 K" (450 K) and 1.28% K *
(350 K) using eqn (6) and (7):*”

ORIM E, E,
Sa = ’T = Cexp(fﬁ> X o (6)

E,
Cexp (_ﬁ) E,

. NMT
E 2

B+ Cexp (—k—;) kr
(7)

as displayed in Fig. 10(c), respectively. The values of these
sensitivities in our case are larger than those in NaYF,:Pr®"*®
and compatible with those in Pr**~Tb** codoped NaGd(MoO,),,
NaLu(MoOy,),, and NaLu(WO,),.*> Moreover, the temperature-
recycle measurements were carried out to evaluate the repeat-
ability of this material as presented in Fig. 10(d). It is clear that
the RIM values of the sample at a certain temperature during
different periods are almost equal to each other. The result
shows that the sample has an outstanding repeatability, demon-
strating that Pr’* doped La,MgTiOs is a promising candidate for
optical thermometry.

Sy = 100% x _1_ORIM

RIM o7 |~ [00%x

4 Conclusion

A Pr** doped La,MgTiOg material prepared by a high tempera-
ture solid-state reaction route exhibits attractive luminescence
properties. Rietveld refinement analysis of powder XRD data is
performed to confirm its crystal structure. The band gap and
the Pr**-Ti*" ICVT energies are evaluated to be 3.98 and 3.71 eV,
respectively. The TRES technique is adopted to distinguish the
distributions of *P, and 'D, emissions in the spectrum, and the
intense *P,—"F, hypersensitive ED emission line is clearly
observed, which is related to the fact that Pr’* ions occupy
the La®" sites with obvious deviation from centrosymmetry.
A schematic energy level diagram is proposed to illustrate the
electron population pathway in Pr** doped La,MgTiOg.
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With the increase in the Pr’* doping content, the saturation
of light absorptivity on the surface of the sample causes the
distinction of excitation intensities of 4f-4f transitions and the
IVCT in excitation spectra. The concentration-quenching
mechanism of electrons in the *Po/'D, multiplets is confirmed
by employing the Inokuti-Hirayama model. By comparing the
concentration-dependent intensities of ‘D, emission under different
excitations, we deem that the D, multiplet can be populated
through an extra channel under IVCT excitation and
concentration-quenching of the 'D, emission is prior to that of P,

Temperature-dependences of the *P, and 'D, luminescence
in our samples follow the distinct variation tendencies.
The contributions of different de-excitation channels to the
thermal-quenching behaviour of Pr’* luminescence, such as
phonon-assisted CR, MPR and the electronic configuration
crossover pathway, are discussed in detail. We consider that
the sharp decrease in the *P, luminescence intensity is mainly
induced by electron transfer through the crossover channel
between the *P, multiplet and the [Ti**~e~] state. On the other
hand, the 'D, luminescence possesses an excellent thermal
stability in a large temperature region. Since the luminescence
intensity of the Pr’* 4f excited multiplet is cooperatively con-
trolled by electron population probability from higher-energy
states and electron de-excitation rate to low-lying multiplets,
the result reported here gives a general understanding of
the relevant electron population mechanism which directly
determinates the Pr’** luminescence efficiency in general cases.
Finally, the unique temperature sensing properties mean that
the Pr’* doped La,MgTiOg material has application potential in
the optical thermometry field.
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