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Abstract

In this study, we systematically vary the Cl/Br and Br/I ratios in CsCaX3:Tm?" (X = Cl, Br, I) and
hereby gradually shift the positions of the Tm>* 4f!25d!-levels as relative to the two 4f!? levels. At
low temperatures up to five distinct Tm?>* 4f125d! —4f!* emissions and the 4f'*—4f!*> emission can
be observed. As the temperature increases, most of the 4f'25d' —4f'* emissions undergo quenching
via multi-phonon relaxation (MPR) and at room temperature only the lowest energy 4f'25d! —4f!3
and the 4f'3—4f'® emission remains. For all compositions a 4f'*—4f'3 risetime phenomenon is
then observed whose duration matches the 4f'25d! —4f'* decay time. It shows the feeding of the
4f13 state after 4f125d! excitation. Surprisingly, the feeding time becomes longer from Cl—Br—1I,
while the related 4f25d!-4f!® energy gap becomes smaller. The temperature dependence of the
4f125d' — 413 and 4f'3—4f"3 emission intensity shows a anticorrelation as earlier observed in other
systems and confirms that the feeding process is thermally stimulated. However, the thermally
stimulated activation energies that control the feeding process, increase from Cl—Br—1 despite
our observation that the 4f'25d!-4f!* energy gap becomes smaller. An analysis reveals that the
unexpected behaviour in risetime and activation energy, as a function of composition, cannot be
explained by 4f'25d!' —4f'"’ feeding via interband crossing, but more likely via MPR where the
electron—phonon coupling strength decreases from Cl—Br—I. No strong relation was found
between composition and the quantum efficiency (QE) of the 4f'3—4f!* emission, due to the
presence of fluctuations that are likely caused by intrinsic differences in sample quality.
Nevertheless, a 4f1>—4f'> QE of up to 70% has been observed and the materials can therefore be
used in luminescence solar concentrators.

1. Introduction

In recent years, organolead halide perovskites have received considerable attention in view of photosensitive
and optoelectronic applications [1-3]. However, for studying the luminescence properties of lanthanides
(Ln), the bandgap of these host compounds is in most cases too small to allow for Ln>T 4f25d" —4f!3
emission [4] and suitable replacements are often found among CsMX; (M = Ba, Sr, Ca, Mg; X = Cl, Br, I)
systems. Recent studies on divalent lanthanides include the works Suta et al [5-8] on CsMX;3:Yb** (M = Sr,
Ca; X = Cl, Br, I) and CsMBr;:Eu?t (M = Sr, Ca, Mg) and those of Lindsey and Loyd et al [9-11] on
CsSrBrs:Eu?t, CsCalz:Eu?t and solid solutions of CsCa(I/Br)s;:Eu?t. These materials can be used as
scintillators and low energy emitting LEDs [5-11]. For the divalent lanthanide Tm**, Grimm and Beurer et al
[12—17] were the first to study its luminescence properties and excited states dynamics in CsCaX; (X = Cl, Br,
I) perovskites, in view of upconversion applications. At low temperature, up to six distinct Tm?* emissions
are present: five 4f125d' —4f!* emissions and the 4f'*—4f'> emission. The quenching of the different

© 2021 The Author(s). Published by IOP Publishing Ltd
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4f125d —4f'% emissions at higher temperature was in each case attributed to multi-phonon relaxation
(MPR). The follow-up studies by de Jong et al [18, 19] revealed that the relative configurational displacement
of the 4f'5d' (t,) states is negligible, which supports the 4f'*(5d'-5d") quenching via MPR. Our recent work
on CaX,:Tm?* (X = Cl, Br, I) [20] discloses that the quenching of the lowest energy 4f25d! —4f!* emission
occurs via 4f125d"-4f'3 MPR at low temperatures and predominantly via interband crossing (IC) at the
higher temperatures. Therefore, we have decided to reexamine the quenching of this emission in
CsCaX;:Tm** (X = Cl, Br, I) compounds by systematically varying the Cl/Br and Br/I ratios. This enables us
to alter the 4f'25d!-level positions relative to the 4f!*-levels, the Stokes shift and the phonon energies. The
4f125d" tuning by chemical variation allows for a systematic study of the MPR and IC quenching processes as
a function of the 4f25d!-4f'25d! and 4f'25d!-4f' energy gaps. Our temperature-dependent emission and
excitation data is compared with the directly measured quantum efficiency (QE) of the 4f!*—4f!* emission.
This parameter is ultimately governed by the Tm?™ excited states dynamics and determines the suitability of
the materials for application in luminescence solar concentrators [21].

In this article we start off with a structural and luminescence characterisation of the CsCa(Cl/Br)s:Tm?*
and CsCa(Br/I);:Tm** samples, subsequently their 4f'>—4f!* QE is determined and we finish with a
description of the 4f'2(5d'-5d!) and 4f'25d!-4f!* quenching processes. We will show that the quenching of
the lowest energy Tm** 4f'25d! —4f!* emission, over temperature, is not straightforwardly explained by a
reduced 4f'25d!-4f" energy gap combined with phonon energies, but more likely governed by the
electron—phonon coupling strength.

2. Experimental methods

2.1. Sample synthesis

Nominally 2% Tm?*-doped CsCa(Cl;_,Br,)s (y = 0, 0.25, 0.5, 0.75, 1) and CsCa(Br,I;_y)3 (x =0, 0.2, 0.4,
0.5, 0.6, 0.8, 1.0) samples were prepared by mixing stoichiometric amounts of CsBr, CaBr, and TmlI, with
CsCl and CaCl; or Csl and Cal, respectively. A small amount of Tm metal was added to prohibit any
oxidation of Tm** towards Tm>*. The powder mixtures were sealed in a tantalum ampoule by arc welding
under 0.4 bar helium. The Ta ampoules were subsequently enclosed in a silica ampoule under vacuum and
heated in a Carbolite RHF1600 chamber furnace (Carbolite Gero, Neuhausen, Germany) to 800 °C for 20 h.
After cooling back to room temperature, the obtained crystalline products were grinded to powder. All
handling of starting materials and the final products was done under strictly inert and dry conditions in a
glovebox (MBraun, Garching, Germany).

2.2. Sample characterisation

The crystal structures of the samples at room temperature were investigated by powder x-ray diffraction using
a STOE Stadi P diffractometer (Stoe & Cie GmbH, Darmstadt, Germany) with Bragg—Brentano geometry
and CuK,; radiation. The lattice parameters were determined from Rietveld refinements using the Fullprof
software [22]. Room temperature near-infrared (NIR) absorption measurements were recorded with a Cary
6000i spectrophotometer (Varian Inc., Palo Alto, California) to confirm the absence of Tm** in the samples.
The absorption spectra were measured in transmission from KBr pellets in gas-tight sample cells with silica
windows. A part of the powder samples was mixed with KBr and pressed into a pellet under inert conditions.

Luminescence QE measurements were performed at room temperature using an Edinburgh FLS980
spectrometer (Edinburgh Instruments, Livingston, UK) containing an integrating sphere, 450 W xenon arc
lamp, and Hamamatsu C9940-02 NIR-photomultiplier tube (PMT) (Hamamatsu Photonics, Hamamatsu,
Japan). Highly reflecting BaSO4 and the un-doped host materials were used as reference samples.

Room temperature time resolved measurements were carried out using a tunable EKSPLA NT230 laser
(EKSPLA, Vilnius, Lithuania) with a pulse duration of 7 ns. A DT5724F (0-2 ms) or DT5730 (0—40 ms)
CAEN digitiser (CAEN, Viareggio, Italy) measured the signal from a H1033A-75 NIR-PMT or a Hamamatsu
R7600U-20HV-800 V PMT (Hamamatsu Photonics, Hamamatsu, Japan). Decay signals from a 1000 laser
pulses were accumulated for each decay spectrum.

2.3. Temperature-dependent measurements

The temperature dependent excitation and emission spectra were obtained with help of a xenon lamp
coupled to a double monochromator with three sets of gratings (UV/VIS/NIR) and a R7600U-20HV-800 V
PMT, H1033A-75 NIR-PMT, or C9100-13 EM-CCD (all Hamamatsu Photonics, Hamamatsu, Japan) which
were in turn attached to a single monochromator with three different gratings. A calibrated EPLAB NBS
1000 W quartz iodine lamp was used to acquire the wavelength dependent sensitivity of the detectors. The
detection ranges were 400—1150 nm and 950—-1600 nm for configurational coordinate diagram (CCD) and
NIR-PMT, respectively. The spectral overlap allows to couple the output of both detectors and hence
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accurately determine the 4f'25d! —4f!® and 4f'3—4f! emission ratios over temperature. For samples that
have no clear emission in the overlap region, a small amount of Ca,SisNg:Yb>* was added to the samples.
After exciting the Yb** at 360 nm, the 2Fs5/,—F;/, emission at 985 nm was observed and used for scaling the
emission spectra recorded with the two detectors. The samples were thermalised by an APD Cryogenic
Helium cooler (APD Cryogenics, Allentown Pennsylvania, USA) and a Lakeshore temperature controller
(Lakeshore Cryotronics, Westerville Ohio, USA).

Special sample holders were used for the hygroscopic materials during all measurements to prevent
unwanted hydration or oxidation reactions [23].

3. Results and discussion

3.1. Sample characterisation

Figure 1 shows the powder x-ray diffraction patterns of the CsCa(Cl/Br); and CsCa(Br/1)3:2% Tm?**
samples. The lattice parameters, molar volume, and space group of the samples are summarised in table 1.
The evaluation of the diffraction patterns reveals that all CsCa(Cl/Br); samples and the CsCa(Br/I); samples
up to the composition CsCaBr 51; 5 adopt the cubic perovskite structure (CaTiO3 structure) with space
group Pm3m, see figure 2. This is in accordance to the work of Grimm et al on CsCaX3:Tm?>" (X = Cl, Br, I)
[12, 13] and structure reports on CsCaCl; [24] and CsCaBr; [25]. The Tm?™ ions have an octahedral
coordination and randomly replace the Ca** ions on site (1a) with point symmetry Oy,. Along the series
Cl—Br—I, the diffraction peaks shift to slightly smaller 26 values, see figure 1, and the lattice parameter
increases. The molar volume increases linearly in good agreement with Vegard’s rule. The values are reported
in table 1 and displayed in figure S1 of the supplementary information (SI) (available online at
stacks.iop.org/JPMATER/4/045004/mmedia).

For higher I content the crystal structures change in accordance with the well-known sequence of
perovskite structures. CsCaBry 511 g and CsCaBry L, 4 crystallise in the tetragonal NaNbOj structure with
spacegroup P4/mbm, which was previously reported for e.g. CsTmBr; [26] and CsDyBr; [27]. The CaXe
octahedra rotate around the c-axis to decrease the volume and accommodate the smaller M/X ratio, see
figure 2(b). Tm?* ions on site (2a) have Cyy, site symmetry.

Finally, CsCal; adopts the orthorhombic GdFeOj; structure with space group Pbnm, where the octahedra
are rotated and titled, see figure 2(c). The point symmetry of the Tm** ions on site (4b) is reduced to C;. The
crystal structure of CsDyl; was previously determined [27] and lattice parameters of CsCal; were reported
by Schilling and Meyer [28], who discussed the stability ranges of the ternary AMX; phases for X = Br and L.

The Tm** ions in the CsCaXj structures occupy the octahedral Ca®* -sites with decreasing symmetry
along the CaTiO3—NaNbO;—GdFeOs series, as discussed above. Additionally, the random halide mixture
Cl/Br or Br/I slightly distorts the individual Tm** coordination, which can further split the 5d crystal field
levels tr, and eg. In this work, we use the short hand notation (**!Lj,ty,)s to assign the excited 4{25d" levels,
where 2*1L; represents the state of 4f'> configuration, t,; denotes the 5d-electron in a level originating from
the triplet of the octahedral crystal field splitting, and the subscript S denotes the total electron spin of the
(4f'2 + 5d') excited state.

The NIR absorption spectra of the CsCa(Cl/Br);:Tm** and CsCa(Br/I);:Tm** samples are displayed in
figure 3. The spectra reveal the presence of the characteristic Tm** 2F;;,—?Fs,, absorption near 1140 nm.
The spectra do not show any signs of the distinct Tm*>* *Hs—>Hs absorption, which is typically observed at
around 1230 nm [20, 29-31]. The samples thus only contain divalent Tm. The integrated values of the Tm>™
absorption peak show a deviation of 7% from average, indicating that the Tm** doping percentages of the
samples are quite close.

The Tm?* ?Fs;, and 2Fy, states arising from the (4f)!? electron configuration are split by the crystal field
into (2] + 1)/2 Kramers doublets. Therefore, the 2F;,—2Fs,, absorption peak comprises of multiple sharp
absorption lines as can be observed in the inset of figure 3. As Tm** is octahedrally coordinated in each of
the samples, the absorption pattern is largely the same. Minor differences are likely caused by differences in
the distribution of CI~, Br~ and I~ ions around Tm?* and shifts in the interatomic distances due to different
crystal structures. For a more-detailed analysis of the Stark splitting in CsCaX;:Tm?* (X = Cl, Br, 1), the
reader is referred to the works of Grimm et al [13, 15].

3.2. Emission and excitation spectra

Figure 4 shows the excitation spectra as acquired on the Tm?* 2F5/,—2F;, emission at 300 K. For the
CsCaX;:Tm?** (X = Cl, Br, I) samples, the spectra are similar in shape to the 20 K UV/NIR/VIS absorption
spectra reported before by Grimm et al [13, 15, 17]. The provided classification of the lowest energetic
5d-levels is added to figure 4 and their positioning is shown for CsCaCl;:Tm?™" by the vertical dashed lines.
As can faintly be seen, the spin-forbidden (3H6,t2g) s=3/2 levels are located at around 750-800 nm and
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Figure 1. Powder x-ray diffraction patterns of the CsCa(Cl/Br)3:Tm?>* and CsCa(Br/I)5:Tm>* samples at room temperature. The
corresponding crystallographic data is summarised in table 1.

positioned in the tail of the broad spin-allowed (® He,tzg)s—1/2 levels. The excitation spectra acquired on the
G He,tag)s=312 —2F;,, emission at 20 K are displayed in figure 5 and provide a much clearer sighting of the
spin-forbidden (® He,t2g)s—3/ levels. In addition, a second set of (3H6,t2g) s=3y2 levels can be distinguished at
around 620 nm. It is located in between the less broad (? He,t2g)s—1/2 levels. This was also the case in our
recent work on CaX,:Tm?* (X = Cl, Br, I) [20]. Near the end of section 3.4 we will discuss the differences
between the ?Fs);—?F7/, and (*He, tyg)s—3/2—>F7)> excitation spectra into more detail.

A mutual comparison between the CsCaX3:Tm?** (X = Cl, Br, I) spectra shows that the 4f25d" levels
undergo a redshift upon traversing from Cl—Br—1. In particular, the (* He,tzg)s=1/2 levels shift by around
240 cm ™! for Cl—Br and approximately 920 cm ™! in case of Br—1. It indicates a decrease of the centroid
shift along the series. This is expected based on a decrease in the average bonding strength between anion
and cation following the nephelauxetic sequence: Cl—+Br—1 [32]. In addition to that, figures S1 and S2 in the
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Table 1. Composition, space group, lattice parameters, and molar volume of the CsCa(Cl/Br); and CsCa(Br/I) 3:2%Tm?* samples.

Sample Space group alA biA c/A V/(cm® mol ™)
CsCaCl; Pm3m (no. 221) 5.40351(9) - - 95.025(3)
CSCaClz.szI‘()Js ngm 5.48002(14) —_— _— 99.119(4)
CsCaCly 5Bry 5 Pm3m 5.55293(13) — — 103.129(4)
CsCaClo,75Br2,25 Pm§m 5.62403(15) —_— —_— 107.141(5)
CsCaBrs3 Pm3m 5.69583(12) — — 111.297(4)
CsCaBry.4lo6 Pm3m 5.7622(4) — — 115.232(15)
CsCaBris1; 2 Pm3m 5.8647(5) - - 121.492(16)
CsCaBry 5155 Pm3m 5.9078(5) — — 124.19(2)
CsCaBr 2118 P4 /mbm (no. 127) 8.2608(8) — 6.0899(5) 125.13(2)
CsCaBroglaa P4 /mbm 8.3991(7) — 6.1822(5) 131.339(18)
CsCals Pbnm (no. 62) 8.5540(5) 8.6237(5) 12.2885(7) 136.495(13)

SI reveal an increase in the molar volume and lattice parameters for Cl—Br—1, leading to a decrease in the
centroid shift and increase in the crystal field splitting along the series [32, 33].

Figure 2 already showed that, as the Cl/Br and Br/I ratios in the CsCaX3:Tm?*t (X = Cl, Br, I) samples are
adjusted, the anion coordination around Tm?* remains octahedral and six-fold. The different anion species
(Cl, Br, I) will be distributed randomly over the anion positions of the coordination polyhedra. This random
distribution will result in many different anion surroundings for each individual Tm?** ion with
corresponding changes in size of the coordination polyhedra. The mixed compounds will thus have slightly
different values for the centroid shift and crystal field splitting.

Figure 6 displays the emission spectra of the samples after excitation into the G Fy,tag)s=1/2 levels. The full
coloured curves were acquired at 20 K and reveal up to six distinct Tm** emissions: five 4f~125d! —4f!?
emissions (B, C, D, E, F) and the 4f'*—4f'> emission (A). These emissions are labelled according to the
classification introduced by Grimm and Beurer et al [12—14]. A schematic overview of the transitions and
their lettering is provided in figure 7. As the temperature increases, most of the 4f'25d' —4f'3 emissions (B, C,
D, E, F) will quench and are no longer observed. This can be seen in the softly coloured emission spectra, that
were acquired at 300 K and which are plotted alongside the 20 K spectra. CsCal3:Tm?* forms a special case
where emissions A, B, C, and D are still, albeit weakly, present at 300 K. It will be discussed in more detail in
section 3.4. For all studied compounds, however, emission B survives as the most intense 4f125d! —4f'3
emission at 300 K, while the 4f13—4f'3 emission A has become the most dominant emission of all.

When traversing from Cl—Br—1, the dashed lines in figure 6 show that the emissions undergo a gradual
shift towards longer wavelengths. The shifts in the related excitation levels is visualised by similar dashed
lines in figure 5. Note that for all compounds, Tm** is octahedrally coordinated and the shift is related to
nephelauxetic effects. Tables S1 and S2 in the SI provide an overview of the emission and excitation level
positioning and characterises their shift as a function of composition. Based on these values, the energy gaps
between the levels can be calculated. This provides important information for the quenching of the emissions
as will be discussed in section 3.4. Furthermore, the close-ups presented in figures S3—S5 in the SI reveal that
not all of the emissions are observed in every studied compound. For CsCaCl;:Tm** only emissions A, B and
D are present at 20 K. The study by de Jong et al [19] showed that the absence of emission C can be attributed
to efficient MPR since the gap between the (° He,tzg)s—1/2 and (3H6,t2g) s—32 levels amounts to less than five
times the maximum phonon energy. As the Br/Cl ratio is gradually increased, emission C abruptly emerges
in CsCaCly 75Br;55:Tm?* and intensifies in CsCaBrs;:Tm?™. In this latter compound, four emissions are
observed at 20 K: A, B, C, and D. When the bromide anions are gradually substituted for iodide, the number
of observed emissions still remains the same. Besides, emission B remains the most intense emission at 20 K.
However, in CsCal3:Tm>", emissions E and F suddenly appear and emission D emerges as the most
dominant emission at 20 K. Up to now emission F has only been reported in CsCal3:Tm>* [14, 17]. Its
absence in CsCaCl;:Tm?* and CsCaBr;:Tm** might be related to the close proximity of neighbouring levels
in combination with relatively higher phonon energies as compared to CsCal;:Tm*". Emission E was
previously also observed in CsCaCl;:Tm?** and CsCaBrs;:Tm** [12, 13]. The reason for its absence in our low
temperature spectra is not clear. Since the (° Fy,tag)s—3/ state has ] = 9/2 and the 2Fs, state ] = 5/2, it is
forbidden by the AJ = 1 or 0 selection rule and will therefore appear very weak in intensity. Furthermore,
the much larger energy gap between the (*Fy,tyg)s—32 and (*Hg,tog)s=1> levels in CsCal3:Tm** combined
with lower phonon energies will prolong an immediate quenching via MPR, as might be the case for
CsCaCl;:Tm?* and CsCaBrs;:Tm?**.
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Figure 2. Crystal structures of (a) CsCaCls, (b) CsCaBry,1;.5, and (c) CsCals that respectively adopt the structures of CaTiO3,
NaNbOj3, and GdFeOs type perovskites.

3.3. Luminescence QE

For each of the CsCa(Cl/Br);:Tm?** and CsCa(Br/I);:Tm** samples, the internal QE of 2Fs/;—>F/, emission
A was determined after excitation into the lower energy (*Hg st2g)s=1/2 levels. The obtained values are listed in
table S3 of the SI and are plotted versus the Br/Cl and Br/I ratios in red in figure 8. For the CsCa(Br/I);:Tm>*
samples, the room temperature presence of the (* He,tag)s=312 —2F;/, emission B allows it to determine its
QE. These values are displayed in blue.
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Figure 3. Room temperature NIR absorption spectra of the CsCa(Cl/Br)3:Tm?>* and CsCa(Br/I);:Tm>* samples. The
Tm? ™+ 2F;,—?Fs, absorption is observed at 1140 nm. No Tm>+ *H¢—>Hs absorption is seen at around 1230 nm. The inset
shows a close-up of the CsCaXs:Tm?t spectra for X = Cl, Br, L.

When adding up the QE contributions of emission A and B, the overall QE value ranges from 40% to
70%. However, it appears that the QE values of emission A in the mixed compounds undergo fluctuations
with composition. These fluctuations were reproduced by a second independent measurement on another
badge of the same sample, see the orange data points. The absorption, as displayed in black and grey, on the
other hand stays almost constant over the entire sample series. This was also observed in the 4f!3—4f!3
absorption spectra back in figure 3. As the fluctuations do not have a correlation with composition and are
not caused by measurement mistakes or sample degradation, we believe they are more likely related to
intrinsic sample differences such as perhaps different defect densities. The large fluctuations prevent us to
draw any conclusions on the QE of emission A for the CsCa(Cl/Br);:Tm?* sample series. Nevertheless, we
are able to recognise a clear trend for the CsCa(Br/I);:Tm?" sample series. From CsCaBr; 41 ¢:Tm?™
onwards, the QE of emission A decreases rapidly from around 70% to a mere value of around 15% at
CsCals:Tm?*. In the same interval, the QE of emission B increases from around 7% to 45% and displays an
anti-correlated trend with respect to emission A. This feature was examined further by the room temperature
decay curves presented in figure 9. Upon gradually traversing from Cl—Br—1I, the decay curves related to
emission B lengthen and the luminescence lifetime increases. The decay curves related to emission A, on the
other hand, display a clear risetime due to a feeding phenomenon as measured and numerically modelled by
us before [20, 30, 31]. Counter intuitively, it is observed that the risetime increases from Cl—Br—1I, while the
energy gap between the (° He,tzg)s=32 and 2Fs5), levels decreases. This signifies a slower feeding rate. The inset
shows that the lifetime of emission B and observed risetime for emission A are close in values for each of the
compositions. It indicates that at room temperature there is a direct feeding from the (3H6,t2g) s=3/2 to the
2F5/; levels, which was also concluded in our study on CaX,:Tm?** (X = Cl, Br, I) [9]. This explains the
reversed trend in the anti-correlated behaviour of their QEs, as shown in figure 8. In the next section, we will
study the quenching of the various Tm?" emissions in CsCal3:Tm?" and zoom-in on the quenching
mechanism of emission B and the feeding of the 2Fs/, levels.

3.4. Temperature-dependent luminescence

Since all of the observed emissions (A—F) are present in CsCal3:Tm?*, we have decided to select this
compound for a more detailed study on the luminescence quenching. This also allows it to disclose why, in
this compound, emission D is much stronger than emission B.

Figure 10 shows a 3D-plot of the emission spectra versus temperature, as acquired after excitation into
the (3 Fy,tg)s—1/2 levels. The spectra at 20 K and 300 K were previously presented in figure 6. The inset
provides additional quantitative information on the luminescence behaviour. The excited-state absorption
studies of de Jong et al [7, 8] revealed that for CsCaCl;:Tm?* and CsCaBr;:Tm**, the configurational
coordinate displacement between the different 4f'25d" (t,,) states is negligible. Although such thorough
information is missing for CsCal3:Tm>", we will assume that this displacement is also very small and that the
4f'25d'-4f'25d" quenching is therefore favoured by MPR. As becomes apparent, (*F,tyg)s—12—2F7)>
emission F already starts to quench at 20 K. The temperature-dependent emission spectra in figure S6 in the
SI show that at 130 K it can no longer be perceived and has quenched completely.

Both (°Fy,tag)s—3/2—>F7/2 emission D and (*Fy,ty4)s—32—F5/> emission E emerge from the lowest
energy (° Fy,tz)s=3/2 level and will therefore have a similar temperature dependence. The energy gap between
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Figure 4. Excitation spectra of the CsCa(Cl/Br)3:Tm?T and CsCa(Br/I)5:Tm?* samples as acquired on 2Fs;,—>F;; emission A at

300 K. The lowest energy 4f'25d" -levels are indicated for CsCaCls:Tm>* and undergo a shift towards longer wavelengths upon
traversing from Cl—Br—1I.

the (*Fy,tag)s=32 and (*Hg,tag)s=1/2 levels is around 3025 cm ™! or 18 vibrational quanta. For CsCaCls:Tm*"
and CsCaBr;:Tm>™, the gap between the (3F4,t2g) s—352 and (3H6,t2g)5:1 12 levels is of similar size to
CsCal;:Tm?** and respectively amounts to around 3020 cm~! and 2960 cm~!. However, the required
amount of vibrational quanta to bridge it is smaller and respectively resembles 10 and 14 quanta. This might
explain why, at low temperature, emission D is more intense in CsCal;:Tm?** as compared to CsCaCls:Tm**
and CsCaBr3:Tm*". Besides, in CsCal3:Tm?", the energy gap between the (*F4,tyg)s—3/2 and (*He,tsg)s=1/2
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Figure 5. Excitation spectra of the CsCa(Cl/Br)3:Tm>t and CsCa(Br/I)3;:Tm>T samples as acquired on the Tm?>*
(3H5,t2g) s=32—*F7, emission B at 20 K. As compared to figure 4, the spin-forbidden (3H5,t2g) s=3/2 levels can be distinguished
more clearly.

levels is larger than the gap between the (3H6,t2g) s—3/2 and 2Fsy, levels, which is close to 2560 cm™!. This is
opposed to CsCaCl;:Tm?* and CsCaBrs;:Tm?* where the former gap is smaller than the latter. It explains
why emission D remains present up to 320 K and why at low temperature it is much more dominant as
compared to emission B. A much similar, peculiar, situation was recently encountered by us in when
comparing the temperature-dependent luminescence of CaCl,:Tm**, CaBr,:Tm?" and Cal,:Tm?* [20].
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Figure 6. Emission spectra of the CsCa(Cl/Br);:Tm?>t and CsCa(Br/I);:Tm>T samples as obtained after excitation into the

(Fy »t2g)s=1/2 levels. The full coloured curves represent the spectra at 20 K, while the softly coloured ones were made at 300 K. The
spectra are corrected for the sensitivity of detection and scaled on the measured QE of >Fs;;—2F7/, emission A at room
temperature.

As emission D quenches, it will feed the lower lying (*He,ts)s—1> levels from which (*He,tzg)s=12—*F72
emission C occurs. As the energy gap between the (° He,tzg)s=1/2 and G He,tzg)s=3/2 levels amounts to
1360 cm ™! and resembles only eight vibrational quanta, emission C will quench already at very low
temperatures and will feed the (3H6,t2g) s=32 levels. However, the feeding from the (3F4,t2g) s—3y2 levels, as
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Figure 8. Quantum efficiency of the 2Fs;,—?F;/, emission A (red) and absorption (black) plotted versus the Br/Cl and Br/I ratio
in the samples. For the CsCa(Br/I);:Tm?t samples, the QE of (*Hs »tog)s =312 —2F7, emission B could also be determined (blue).
Photoexcitation occurred at room temperature into the (3H6,t2g)5:1 12 levels. The fluctuation among the QE data points was
reproduced by a second independent measurement (orange). The absorption remained the same (grey).

caused by the quenching of emission D, results in its presence even at room temperature. Evidence for this is
provided in the temperature-dependent emission spectra in figure S7 in the SI. In addition to that, the inset
in figure 10 reveals a decreasing intensity trend for emission C up to 40 K and a sudden increase in intensity
as emission D grows weaker.

From the (3H6,t2g) s=32 levels emission B occurs. The inset in figure 10 displays a downward intensity
trend for this emission at temperatures below 40 K. From 40 K onwards, however, it starts to increase firmly
up to a temperature of 260 K. This abrupt increase in intensity indicates a sequential feeding route from
(PFartag)s=32—>(CHeotag)s=1/2—> CHe,tag) s=3/2. Above 260 K the intensity of emission B decreases again, while
that of emission A increases most strongly. The energy gap between the (° He,tzg)s=32 and 2Fs), levels
resembles around 2560 cm ™!, or 15 vibrational quanta. However, since this quenching involves a
4f125d"' —4f" relaxation, the quenching might not necessarily occur via MPR. In the next subsection we will
further investigate the quenching of emission B. To ease the analysis we will excite directly into the lower
energy (*Hg ;t2g)s=1/2 levels, which allows us to solely monitor the luminescence intensities of emissions A, B
and C.

3.4.1. Quenching mechanisms of emission B
The temperature-intensity plots in figures 11 and 12 once more emphasise the relation between the
quenching of (*He,ts4)s=32—"F7/> emission B and the subsequent feeding and intensification of *Fs,—*Fy),

11



10P Publishing

J. Phys. Mater. 4 (2021) 045004

M P Plokker et al

——CsCaCl, CsCaBr,
—— CsCaCl, ,5Br; 75 CsCaBr,,l,g ——CsCaBr,,l,
——CsCaCl, ¢Br, 5 ———CsCaBr;gl,, ——CsCaBrygl,,
——CsCaCl, ;5Br, 55 CsCaBr,4l,; ——CsCal,
LR A I LR LR ILELLEL S L
3 2
o B ( HSvt29)3=3f2_’ Far
10°
1074
z
2
‘®
c
2
£ 102
2
2 10°
©
£
o
P4
‘m;ma —s— Decay Time B
o —e—Rise Time A a
104 %150 _
0
& 100 /
L %
8 s0 &
@ -
° _.4-/
Cl Br |
102 T T T T
0 100 200 300 400 500
Time (us)
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its duration is close to the decay time of emission B.
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Figure 10. 3D-Plot showing the qualitative behaviour of the six Tm>* emissions (A—F) in CsCal3:Tm?* over temperature. The
complementary inset presents the integrated luminescence signals over temperature and allows for a qualitative description of the
observed trends. The spectra are corrected for the sensitivity of detection and normalised on the (3F4,t2g)s=3/2 —2F;;; emission D
at 20 K. Photoexcitation occurred into the (°Fy4 Jtag)s=1/2 levels at 455 nm.

emission A. In case of CsCaBrs;:Tm** and CsCals:Tm?*, the relatively strong presence of

& Hestag)s=312 —2F;, emission C allows for a clear separation with emission B and the integrated intensity
curves are added to the plots. As discussed in the previous subsection, emission C rapidly undergoes
quenching via MPR and feeds the (* He,tzg)s=3/2 levels, causing for a slight intensification of emission B.
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Figure 11. Temperature-intensity plots showing the luminescence behaviour of 2Fs,—2F7/; emission A and (*He,t2g)s=32—*F712
emission B in the CsCa(Cl/Br);:Tm?* samples over temperature. The relatively strong presence of (3H5,tzg)s:1 2—2Fy;, emission
C in CsCaBr3:Tm?T enabled it to be monitored over temperature and included in the figure. The curves are corrected for the

sensitivity of detection and scaled on the QE of 2Fs/,—?F;, emission A at room temperature. Photoexcitation occurred into the
(3H5,tzg)5:1/2 levels.

For emission B, the temperature onset of the quenching undergoes a clear shift towards higher
temperatures when traversing from Cl—Br—1. This, despite the fact that the energy gap between the
¢ He,tag)s=3/2 and 2Fs5), levels decreases along the series, from around 3610 to 2560 cm ™!, and a significant
increase of the related Stokes shift, from around 824 to 1015 cm™!, which presumes a larger configuration
displacement between the two levels. Besides, the drop-off in the intensity curves of emission B in figures 11
and 12 becomes less steep from Cl—Br—1 and the retrieved Arrhenius deactivation energies increase.
Furthermore, the temperature at which the intensity of emission B has reached half of its original value,
referred to as Tsgo, also shifts to higher values. An overview plot of the trends among these parameters, as a
function of the Br/Cl and Br/I ratios in the samples, is provided in figure 13 with their values listed in table
S4 in the SL

3.4.2.1C

The quenching of emission B involves a non-radiative 4f'25d! —4f!? transition that can take place via IC.
This quenching mechanism involves the crossing point between the parabolas representing the (3H6,t2g) S=3/2
and 2Fs), states, which can be visualised in a CCD. Section 7.6 of the SI provides additional background
information on this topic [34, 35]. The gathered data in tables S2 and S4 in the SI provides the input to draw
the CCDs displayed in figure 14. These diagrams immediately reveal that the IC energy barrier ¢, associated
with the crossing point, is to large extent dependent upon the Stokes shift of the (*Hg,t2g)s=32—F72
emission and the energy gap between the (° He,tag)s=3/2 and 2Fs), states. As the related Stokes shift increases
from Cl—Br—1I and the energy gap becomes smaller, the IC energy barrier will decrease from Cl—Br—1.
The crossing point will therefore be situated at lowest energy for CsCal;:Tm?**, followed by CsCaBrs:Tm?>*
and lastly CsCaCl;:Tm**. Emission B is then predicted to undergo quenching in the order of [+Br—Cl.
However, this order does not match the trend of the retrieved Arrhenius deactivation energies and figures 11
and 12 portray an exact opposite quenching behaviour from Cl—Br—1.
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Figure 12. Temperature-intensity plots analogous to figure 11, but related to the CsCa(Br/I);:Tm?* samples.

Previously, Koster et al [36] used a basic fitting routine to describe the quenching of emission B, in
CsCaCl;:Tm?>* and CsCaBr3;:Tm?*, via IC by fitting its luminescence lifetime over temperature. It was
suggested that the related IC energy barrier in CsCaCl3:Tm?™ could be much smaller than that in
CsCaBr;:Tm?*. The interpretation of our data, however, suggests that the barrier in CsCaCls:Tm?t is larger

than in CsCaBr;:Tm?+.
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Figure 13. Diagram showing the behaviour of important (*Hg,tzg)s=3/2-2Fs/2 quenching parameters as plotted versus the Br/Cl
and Br/I ratios in the samples. Displayed are: the energy gap Eg,p between the G He,tag)s=3/2 and 2Fsy, levels, the Stokes shift and
the Arrhenius deactivation energy and Tsgo of the (* Hé,tZg)S:3/2—>2F7/2 emission. Values are provided in table S2 in the SI.
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Figure 14. Configurational coordinate diagram revealing the Tm?* 2Fs),, 2Fs;; and (3H5,t2g)5=3/2 state parabolas. The latter ones
are drawn for CsCaX3:Tm?T (X = Cl, Br, ) using the information in section 7.6 of the SI. Note: all state parabolas are drawn here
with equal elastic force constant.

The non-radiative transition rate related to the process of IC is governed by the relation: W = s-e~/kT

(20, 37]. In this relation: k is the Boltzmann constant, T represents temperature and s is a constant that
represents the product of the transition probability between the (3 He,tzg)s—32 and 2Fs, states and a
frequency with which the excited state reaches the intersection point. This latter constant is weakly
dependent upon temperature [37]. A mathematical interpretation of the non-radiative transition rate W in
relation to the intensity curves of emission B in figures 11 and 12, shows that the onset of the quenching
would be governed by s while the slope of the intensity curve is determined by € and hence linked to the
Arrhenius deactivation energy. Although the onset of the quenching of emission B could be explained by a
different value for s, there is still a mismatch in trends between the IC energy barrier € and the Arrhenius
deactivation energy Eqeact. This does not enable it to couple the quenching of emission B to the process of IC.
Nevertheless it is still possible that this process is triggered at higher temperatures. This was also the case in
our recent study [9], where we investigated the quenching of emission B in CaBr,:Tm** via numerical
modelling of the non-radiative relaxation rates of IC and MPR.

3.4.3. MPR

The quenching of 4f'25d! —4f!* emission B can also occur via MPR. This mechanism was previously opted
by Grimm and Beurer et al [12—14]. However, in these studies the energy gaps between the (3H6,t2g) s=3 and
2Fs5), levels was determined from absorption spectra and amounted to 2760, 2620 and 2700 cm ™! for
CsCaCl:Tm?*, CsCaBr;:Tm?* and CsCal3:Tm>™ respectively. The required amount of vibrational quanta to
bridge these gaps were respectively calculated on 9, 13 and 16 quanta. This would mean that emission B
undergoes quenching in the order of Cl—Br—1, which is exactly what is observed in figures 11 and 12.
However, as the (*Hg stag)s=3/2 and 2Fs, levels are shifted in configurational coordinates, the energy gaps are
more accurately determined from a subtraction of the (*Hg,tyg)s—32—*F7/» and *Fs/,—F7), emission
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Figure 15. Excitation spectra as acquired on >Fs/;—2F7/, emission A and (*Hg,tag)s=32—>"F7» emission B in CsCal3:Tm?* at
various temperatures. The lowest energy 4f125d! levels are indicated in the figure. Normalisation occurred on the (3H5,t2g)5:1/2
band at longer wavelength (710-780 nm).

energies. If we perform such a calculation based on figure 6, the energy gaps for CsCaCl;:Tm**,
CsCaBr;:Tm?" and CsCal3:Tm> ™ respectively amount to around 3610, 3400 and 2560 cm™'. Upon using the
same phonon energies reported by Grimm et al [6], the gaps respectively resemble 12, 16, and 15 vibrational
quanta. In this sense, emission B would be expected to quench first in CsCaCl;:Tm** and at almost equal
temperature in CsCaBr;:Tm?" and CsCal3:Tm?™. Figures 11 and 12 show that emission B indeed quenches
first in CsCaCl;:Tm?* and then in CsCaBrs;:Tm?*. However, it quenches at a much higher temperature for
CsCal;:Tm?*. Nevertheless, the calculated energy gap and required amount of phonons, as determined using
our approach, are quite close to those found in the excited states absorption study by Karbowiak et al [38]. As
the quenching involves a 4f'25d! —4f!2 transition, and not a 4f~!5d! —4f*~15d! or textbook 4f*—4f*
transition, the electron—phonon coupling will be stronger. From Moos et al [39] it follows that for 4f*—4f*
transitions of Nd’*, Dy>* and Ho’" in LaX; (X = F, Cl, Br), the coupling constant increases with the size of
the crystal field splitting. This is confirmed also in a study by Riseberg et al [40] on similar materials. It is thus
very likely that the electron—phonon coupling is weaker in CsCal3:Tm?™ than in, for instance, CsCaBr3;:Tm?"
and hence more phonons would be required to bridge the gap between the (° He,tzg)s—=3/2 and 2Fs), levels.
This would result in a higher quenching temperature for emission B in CsCal3:Tm?™, as compared to for
instance CsCaBr3;:Tm**, and could hence perhaps explain the observed trends in figures 11 and 12.

3.4.4. Temperature-dependent excitation spectra

As the quenching mechanism related to emission B is perhaps explained by MPR and different
electron—phonon coupling constants, we have decided to extend the investigation by studying the
temperature-dependent excitation spectra of 2Fs;,—*F7;, emission A and (° He,tag) s—3/2—*F7, emission B in
CsCal;:Tm?**. Figure 15 shows these temperature-dependent excitation spectra as normalised on the

G He,tzg)s—=1/2 band at longer wavelength. The excitation spectra acquired on emission B (lower panel) reveal
that the intensity of the (*F4,ty,) and higher energy levels undergo a relative increase over temperature, as
compared to the (3H6,t2g) levels. This can be explained by the fact that excitation into the (* Fy,tyg) levels at
low temperature results predominantly in (*Fy,tyg)s=3/2—>F7/> emission D, and not in (*Hg,tg)s=32—"F7
emission B. As the temperature increases, emission D undergoes quenching and feeds the G He,ty,) levels
from which emissions B and C occur. However, this feeding will primarily result into emission B, because
(*Hg,tag)s=1/2—*F7)» emission C already starts to quench at 20 K. Besides, a direct excitation in the (*He,ty,)
levels will, at all temperatures, result primarily in emission B. The excitation spectra thus confirm the
sequential feeding route from (3F4,t2g) s=32—( He,tzg)s=1 »—(Hg st2g)s=3/2. A comparison between the
spectra acquired on emission A (top panel) and B (lower panel), reveals that between 20 K and 200 K there is
a significant difference in energy and shape of the excitation bands. As the temperature increases to above
250 K, the excitation bands that result in emission A start to broaden-up and shift in energy in such a way
that at 300 K the spectra monitoring emission A and B are almost identical.
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Figure 16. Possible explanation for the different excitation spectra as observed in figure 15. The left diagram explains the
excitation spectra observed for (3H6,tzg)5:3/2—>2F7/2 emission B at 20 < T < 300 K. The central diagram explains the excitation
spectra of ?Fs/,—?F7/; emission A at T < 250 K using a strong Wyipr feeding from the (*He, tzg)s=1/2 levels to the 2Fs; level,
whereas the right diagram explains this situation at 7' > 250 K.

One explanation for this peculiar observation could be the presence of two luminescent Tm?** sites in the
material: a ‘dominant’ site and a ‘minority’ site. The Tm?™ ions that occupy the ‘minority’ site are responsible
for the weak presence of 4f'>—4f!* emission A at low temperature. As these Tm>™ ions have a different anion
coordination geometry and undergo a large crystal field splitting, a different excitation spectrum is witnessed
in figure 15. When the temperature increases to 250 K, 4f'25d! —4f!*> emission B from the ‘dominant’ site
starts to quench and, consequently, the intensity of 413 4f13 emission A from the ‘dominant’ site increases.
It becomes typically a 100 stronger in intensity as compared to emission A from the ‘minority’ site, which is
only visible at low temperature when emission A from the ‘dominant’ site has no intensity. For temperatures
above 250 K, the excitation spectra of emission A now resembles that of the ‘dominant’ site. The Tm** ions
that occupy this site undergo a smaller crystal field splitting as compared to the ‘minority’ site. Nevertheless,
the Rietveld refinement revealed the presence of a single phase for CsCal3:Tm?* and also our emission
spectra give no hints for the presence of two sites that for example would display multiple emission bands at
different energies.

Alternatively, the change in shape of the 4f'°—4f'3 excitation spectra could perhaps be explained via
different thermally activated non-radiative relaxation routes, as illustrated by the schematics in figure 16.
Already at low temperature, the excitation spectra as acquired on *Fs/,—2F;/, emission A reveal the presence
of the (3H6,t2g) s=3/2 levels. It indicates a low temperature relaxation route from the (3H6,t2g) s=32 levels to
the 2F5/; level. However, the temperature-dependent emission spectra in figure 10 reveal that
G He,tog)s=312 —2F;, emission B is very intense at these temperatures. It could therefore be that the *Fs, level
is fed via a different non-radiative relaxation route. In our previous work on CaXy:Tm?t (X = Cl, Br, I) we
came to a similar interpretation [20]. There the low-temperature risetime phenomena in the decay curves of
emission A showed a clear discrepancy in timing with the luminescence lifetime of emission B. As the
temperature increased, the duration of the risetime increased as well and started to converge to the lifetime
measured for emission B. It was proposed that at low temperature, a feeding via MPR occurs from the
(PHestag)s=1/2 levels to the *Fs), level. In case of such a (*He,ts4)s—1/2—Fs, relaxation route, it is likely that
certain 4f'25d" levels within the (*He,ts4)s—1/> bands have a relatively stronger or weaker feeding contribution
to the *Fs), level as compared to the (*Hg,tzg)s—1/2—(*Hg,tag) s=3/2—>Fs/> relaxation route. If we assume the
G He,tag)s=1/2 —2Fsy, route to be dominant at low temperature, the excitation spectra as acquired on
?Fs,—*F7), emission A could have a different shape. With the profound quenching of (*Hg,tg)s=32—"F7
emission B at 250 K, the (*Hg,ty)s=3/,—>Fs/, relaxation route is likely to become the dominant *Fs, feeding
route. The excitation spectra as acquired on emissions A and B would then have a similar shape.

4. Summary and conclusions

In this study we systematically vary the Cl/Br and Br/I ratios in CsCaX3:Tm?* (X = Cl, Br, I) compounds. A
structural analysis reveals that the samples exhibit the cubic CaTiOs perovskite structure, with space group
Pm3m, from CsCaCl; up to CsCaBr, 51, 5. As the Br/I ratio is increased further, the lattice of the CsCaBr 51 g
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and CsCaBry¢l, 4 samples adopts the tetragonal NaNbOj structure with space group P4/mbm. The CaXs
octahedra are now rotated around the crystallographic c-axis. For CsCals the crystal structure finally changes
into the orthorhombic GdFeOj; structure with space group Pbnm, where the octahedra are both rotated
around the c-axis and titled. In all cases, the Tm** ions occupy the Ca?* -site and exhibit a six-fold
octahedral coordination geometry.

Excitation spectra acquired on the Tm?** *F5,—?Fy, and (*He,ts4)s—=32—F7/> emissions in the samples,
reveal that the 4f'25d! (°Fy,ty) and (*Hg,tyg) levels gradually shift towards longer wavelengths for Cl—Br—1.
As a result, the energy gap between the 4f'25d" (*Hg,tg)s—3/> and the 4" *Fs), levels becomes smaller. The
low temperature emission spectra reveal up to six distinct Tm** emissions. These emissions also undergo a
shift towards longer wavelengths for Cl—+Br—1. Moreover, the Stokes shifts between the absorption and
emission increases. As the temperature rises, the various 4f'25d! —4f!* emissions undergo quenching. As the
configurational displacement between the 4f25d" levels is negligible, most of the 4f'25d! —4f'3 emissions
will quench via MPR. In case of the lowest energy 4f'25d! —4f'> emission, the quenching can occur via MPR
and/or IC. Temperature-intensity plots reveal that the temperature onset of the quenching of this
G Hestag)s=312 —2F;, emission gradually shifts towards higher temperatures when traversing from
Cl—Br—1I. In addition, the Arrhenius deactivation energy increases from Cl—Br—1I. This is contrary to our
expectation as the energy gap between the (* He,tzg)s=3/2 and 2P, levels decreases along the series. An
analysis reveals that the process of IC is unable to explain the quenching of the (* He,tag)s=3/2 —2F;),
emission, as the energy gap and Stokes shift predict it to quenching in the order I-+Br—Cl. In case of MPR,
the required amount of phonons to bridge the energy gap in CsCaCl;:Tm?" is smaller than in
CsCaBr;:Tm?*, and about equal for CsCaBrs;:Tm?* and CsCal3:Tm?*. A decrease of the electron—phonon
coupling strength in the direction Cl—Br—1 could explain the observed quenching trend in the samples.
This would entail an additional, required, amount of phonons to activate the quenching in CsCal3:Tm**.
However, no such information is available from literature. It would request a detailed investigation of how
the vibrational modes of the host couple to the electronic states of Tm?*.

An additional investigation into the temperature-dependent excitation spectra of the >Fs;,—2F;/, and
¢ Hestag)s=312 —2F;,, emissions reveals a peculiar difference in the shape of the spectra. This difference is
observed at temperatures where the 2Fs;,—2F;;, emission intensity is weak and almost independent of
temperature. However, the *Fs),—*F7, and (*He,tyg)s—32—*F, emission intensities display a clear
anti-correlated trend in both time and temperature for all of the studied compounds. This anti-correlation is
also observed in the measured QEs. When traversing from Br—1, the QE of the *Fs;,—*F7/, emission
decreases from around 70% to 15%, while the QE of the (3H6,t2g) s—3,—>F7, emission increases to around
45%. However, large random fluctuations, of several tens of per cent, are observed among the measured QEs.
This makes us believe that the QE is largely governed by defects, such as vacancies, that are present in the
materials. Without them, the QE can approach 100%, as no non-radiative relaxation routes to the ground
state have been identified.
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