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Highlights
BaYFg:Nd**(0.5%)/Yb®* (0.75, 1.0 and 4.0 %) microparticles demonstrated an

efficient Nd®* - Yb®* under Nd®* excitation at 790 nm

Temperature sensing based on Nd®* to Yb** intensity ratio showed competitive
S ~0.2%K?'at80 K

Temperature sensing based on the highest Stark of Nd®* to the lowest one of
Yb3* intensity ratio showed higher S, ~ 1.8 %-K* at 80 K



Abstract

We presented experimental results of the spectral-kinetic characterization of
BaY,Fg:Nd®* (0.5 %)/Yb3* (0.75, 1.0, and 4.0 at. %). Using the EPR spectroscopy it
was found, that the presence of clustering of Yb3* ions. The luminescence intensity
ratio (LIR) of Nd®" (*Fs; — *lg transition) and Yb®" (°Fs — 2F7j, transition) were
taken. The maximal S, = 0.2 % K was achieved for BaY,Fg:Nd*" (0.5 %)/Yb** (0.75
%) sample. We calculated the LIR of Nd®** and Yb?®" Stark peaks. The maximum S;
value was 1.8 %-K* at 80 K using BaYFg:Nd®** (0.5 %), Yb3* (0.75 %) sample.



Introduction

Luminescence thermometry is a powerful tool for measuring temperature
remotely with submicron spatial resolution. This method is highly required for
temperature mapping of microcircuits, detection of temperature within living cells,
and for hyperthermia [1], [2], [3], [4], [5]. In the luminescence thermometry, the
luminescent phosphors are utilized as probes. In turn, the luminescence signal should
be dependent on temperature. In the case of biomedical applications, the optical
excitation and luminescence detection should be in the near-infrared spectral range in
the so-called “biological window” which defines the range of wavelengths from 650
to 1350 nm where light has its maximum depth of penetration in tissue. For example,
the Er¥*/Yb®*" doped up-conversion phosphors are suitable for such tasks [6], [7] In
addition, it also allows eluding undesirable cell autofluorescence in the in vitro
experiments.

Luminescence thermometry based on Nd** and Nd*/Yb®* doped inorganic
phosphors is considered a very promising area of temperature sensing due to the high
temperature sensitivities, the opportunity to operate in the “biological window”, and
the capability to manipulate the thermometric performances via the doping ion
concentrations (in the case of the double-doped Nd**/Yb** systems) [8], [9], [10],
[11], [12]. Indeed, Nd** has several intense absorption bands in ultraviolet, visible,
and infrared spectral ranges. In the Nd3*/Yb®" ion pair, usually, Nd3" serves as an
energy donor populating the Yb** ion. The energy transfer occurs via *Fs, (Nd**) and
2Fg (YD) as well as via cross-relaxation (*Goj, — *Fa2 for Nd**) and (?F72 — 2Fs, for
Yb3*) [13]. The *Fs, (Nd®*) - 2Fs, (Y% energy transfer is phonon-assisted which
paves the way toward temperature sensing based on the analysis of both Iyd/lve
luminescence intensity ratio (LIR) and luminescence decay times. In the case of the
Nd*/Yb3* system, there are also Yb®" - Nd** back energy transfer, and energy
diffusion between Yb3* ions [13], [14]. The up-conversion materials based on this ion
pair are also used in luminescence thermometry [15].

|.V. Barbosa et al. [16] investigated the Nd**/'Yb3" system in a series of oxide
hosts (Y203, YAG, Y,Ge;0;, YBOs3, and Y3BOg). These hosts differ from each other



by symmetry and phonon energy. One of the most important conclusions of this work
IS, that the higher absolute temperature sensitivity was achieved for the host with the
lowest phonon energy. On the other hand, it is well known, that fluoride hosts
demonstrate lower phonon energy compared to some oxide hosts [17]. Moreover,
some fluoride materials (LnFs, Ln = lanthanides, LiYF,, BaY,Fs) demonstrate good
transparency, chemical and mechanical stability, as well as low cytotoxicity [18],
[19], [20]. The Nd*/Yb** ion pair is relatively well studied in such fluoride hosts as
YF3 [21], LaFs [22], and NaYF, [23]. On the other hand, this ion pair is significantly
less studied in BaY.Fs host. In turn, BaYFs is a very promising host for quantum
electronics and sensing. Moreover, this host displayed bright luminescence of Ce3*
and Nd** under X-ray excitation [24]. Since X-ray irradiation is capable of traveling
through biological tissues, it paves the way toward effective bioimaging and
temperature sensing.

In the case of ratiometric temperature sensing for double-doped down-
conversion phosphors, the ratio of intensities of donor to acceptor is used.
Particularly, for Nd®/Yb3* ion pair, the LIR between #Fgp — *ly (Nd®*) and ?Fs), — 2F7
(Yb®") is used [16], [25]. For Tm®"/Yb3®" ion pair the LIR between 3H; — 3Hgs (Tm?")
and 2Fs;, — 2F72 (Yb®") demonstrated competitive values [26]. In turn, in Pr3*/Yb** ion
pair the LIR between G4 — 3H, (Pr3*) and 2Fs;, — 2F72 (Yb3) emission peaks is taken
[27]. The temperature sensitivity of the double-doped down-conversion phosphors is
determined by many factors including the energy gap (AE) between energy
exchanging levels, the phonon energy, the concentrations of the ions, the probabilities
of energy diffusion between homonymous ions, etc. It is quite difficult to find an
optimal ratio between these processes in order to maximize the temperature
sensitivity. On the other hand, for the above-mentioned single-doped phosphors
based on the Boltzmann law, the relative temperature sensitivity is determined as S; =
AE/kg-T, where kg and T are Boltzmann constant and the absolute temperature,
respectively. There is only one parameter AE. However, it is very difficult to
manipulate the energy gap between the energy levels in the 4f electron shell of
doping ions due to it is shielded by the higher electron shells (5s°, 5p®, and 6s? for



rare-earth ions). For the single-doped ions, the LIR is calculated for two emissions
corresponding to the energy levels sharing their populations according to the
Boltzmann law [5]. Here, for Pr¥* doped phosphors, LIR for the emissions from 3P,
and 3P, states is taken. For Nd3' single-doped phosphors, the LIR is usually
calculated between two Stark components of the *F3, excited state. Here, the relative
temperature sensitivity is determined by AE between the above-mentioned levels.

In the present work, we present a slightly combined approach. Indeed, in the
BaY,Fg host, the Stark components of both Nd** and Yb®' are resolved well
especially at temperatures lower than 200 K. Here, we calculate the LIR between the
highest Stark peak of Nd** and the lowest one of Yb®* in order to enlarge the energy
gap between the studied levels. In no uncertain terms, that this energy gap does not
determine the relative temperature sensitivity because we consider the levels of
different ions. However, this approach can be useful for temperature sensing
applications. In order to investigate a physical mechanism of luminescence
temperature sensitivity, we carried out a thorough spectral-kinetic characterization. In
addition, we paid attention to electron paramagnetic resonance characterization of the
samples because this method allows making conclusions about the type of
paramagnetic centers and implicitly conclude about the presence of ion clusters.
Indeed, in clusters the luminescence quenching is more effective which can affect the
temperature sensitivity.

The objective of this research was a physical characterization of the
BaY.Fg:Nd**/Yb*" in order to conclude about the possibility of the use of these
materials in temperature sensing.

The tasks were:

- synthesis of BaYFg:Nd**/Yb®* microparticles;

- physical characterization of the samples via X-ray diffraction (XRD), electron
paramagnetic resonance, and laser spectroscopy;

- spectral-kinetic characterization at different temperatures;

- calculation of such important characteristics as absolute and relative

temperature sensitivities, and temperature uncertainly.






Materials and methods

BaY,Fg:Nd*/Yb3* bulk crystals were grown by vertically directed crystallization
method from pre-synthesized batch components. The growth was carried out in an
active (fluorinating) argon atmosphere at a temperature of 950 °C. All initial batch
components had a purity of at least 99.99%. To obtain doped crystal samples, NdF;
compounds were introduced into the batch in an amount of 0.5 at.%, Some samples
were additionally co-activated by introducing YbF; compounds into the batch in an
amount of 0.75, 1.0, and 4.0 at.%. During the growth process, the crucible with the
melt was moved through a zone with a temperature gradient of at least 120 C°/cm at a
speed of 2 mm/hour. The grown samples had high optical quality, no visible defects,
no scattering of the control laser radiation, and were conical in shape with an average
diameter of 8 mm and a length of 35-40 mm. Then, the crystals were mechanically
milled in agar mortar in order to obtain a homogenous powder. In order to maintain
uniformity, we took the same parts of the crystals for the milling procedure. The
doping ion concentrations are presented in atomic percentages. The values of the
concentrations form the ratio of the starting materials.

The phase composition of the obtained powders was studied via the
conventional X-ray diffraction method (XRD). We used Bruker D8 Advance X-ray
diffractometer (Cu K, radiation with wavelength A = 0.154 nm). The XRD pattern
simulation was performed using VESTA software [28].

The EPR measurements were carried out using continuous wave spectrometer
Bruker ESP-300, operating at X-band (~9.4 GHz). The standard modulation
frequency was 100 kHz, the modulation amplitude 5 G, the typical power level was
10 mW. Low temperatures were obtained with a commercial liquid-helium flow
cryostat system (Oxford Instruments).

The luminescence spectra were recorded using (StellarNet) CCD spectrometer
(~1 nm spectral resolution). The samples were optically excited by an infrared laser
diode (Aexc = 790 nm, which corresponds to the *lg/, - *Fs, absorption band of Nd3*
ion). The pulse duration and period were 5 ms and 30 ms, respectively. The spectral

characterization was carried out in the 80-320 K temperature range using the “cold



finger” method using a CRYO Industries cryostat with a LakeShore Model 325
temperature controller (USA). Liquid nitrogen was used as a cooling agent. The
luminescence decay curves were recorded using a BORDO 211 A digital oscilloscope
(bandwidth 10 bits, 200 MHz), MDR-3 monochromator, and PEM-62
photomultiplier (operating spectral range ~ 600—-1200 nm).



Results and discussion

The XRD patterns of the doped BaY,Fs samples and the VESTA simulation of

the BaYFs host are presented in Figure 1.
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Figure 1. The XRD patterns of the BaYFg:Nd**/Yb®* samples and the VESTA

simulation

All XRD peaks were interpreted as the peaks corresponding to the phase of
BaY,Fs which has a monoclinic crystal structure. The obtained results are in
accordance with the literature data [29], [30], [31] as well as with the VESTA
simulation. The simulation of BaYFs lattice cell carried out via VESTA software is

presented in Figure 2.
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Figure 2. The simulation of BaY,Fg lattice cell performed via VESTA software

microparticles. As we mentioned above, the EPR measurements of BaY:Fs

microparticles were conducted to determine whether clustering of the double-doped

Nd*/Yb3* rare-earth ions occurs. Since we have a sample doped solely with Nd**
ions, its EPR spectrum, presented in Figure 3, helps us to interpret the more complex
EPR spectra of the Nd**/Yb3®*" double-doped powder. The intense lines in Figure 3 are
due to even isotopes of Nd** ions, while the weaker lines are a hyperfine structure
due to odd isotopes (Nd**3, 12.2% abundance; Nd'*°, 8.3% abundance). The measured
g-values are collected in Table 1 along with the g-values, known from the literature
[32]. It is worth noting that EPR of Nd®*" and Yb** ions in the BaY,Fg crystals was



studied in the past by I.N. Kurkin et al. [32] at four microwave frequencies, 9, 24, 37
and 71 GHz, at liquid helium temperatures. They found from the angular
dependencies of EPR spectra that the doping rare-earth ions occupy the single-type

centers and they are
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Figure 3. The powder EPR spectrum of Nd** (0.5 %) ions in BaYFs,

microwave frequency 9.37396 GHz, temperature 15 K. Small intensity lines are due

to hyperfine structure of odd isotopes of Nd**® and Nd*® ions

magnetic equivalent. It was supposed that doping rare-earth ions replace the Y3*
positions, which are surrounded by 8 fluorine ions and have C, local symmetry.
Notably, the g-values reported by I.N.Kurkin et al. are in excellent agreement with
those obtained in the present study for Nd** ions in the BaY ;Fg powder sample.
Figure 4 presents experimental EPR spectra of double-doped BaY,Fg:Nd** (0.5
%)/Yb3* (0.75%) powder measured at 300, 40, and 15 K. This plot shows that EPR
spectra are detectable only at low temperatures which are typical for the rare-earth



Nd®** and Yb** ions [33]. Note, that at 40 K, only the EPR lines from Yb*" ions are

observable, while those from Nd*" ions have disappeared. The measured g-values for

Yb3* ions are collected in Table 1.

Table 1. The g-values of isolated Nd** and Yb®* ions in BaY,Fg host.

lon Ox Oy 0z References
Nd®* | 1.566(2) 1.851(3) 3.277(5) Kurkin et al [32]
1.558(1) 1.845(1) 3.244(1) This work
1.994(3) 2.063(3) 5.049(8) Kurkin et al [32]
undefined 2.086(1) 5.077(2) This work
1.61 3.34 5.09 designated as g in [34]
Yb3 1.73 3.34 4.91 designated as g. in [34]
T=300 K
V/L_,,A/V T=40K
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Figure 4. The powder EPR spectra of double-doped
BaYFs:Nd**(0.5 %)/Yb®*" (0.75%) sample at 15, 40 and 300 K




To understand the powder EPR spectra of double-doped BaY,Fs samples, we
made the simulations which are shown in Figure S2, and Figure S3, (supplementary
information) along with the experimental EPR spectra of BaY,Fg:Nd**/'Yb3* powder.
The simulations were made using EasySpin [35] software package with the following
g-values. Nd*%: gx =1.5579, gy = 1.84474, g, = 3.2445; Yb*": 9« =1.994, g, = 2.063, g,
= 5.049. The simulation shows that no pairs of Yb3* or Nd** ions were detected at the
concentration of 0.5%Nd and 0.75%Yb. EPR spectra of samples with the higher
concentration of Yb3* ions are shown in Figure 5. In this plot, the line with g~2.34 is
significantly increased compared to other components of the spectra for the sample,
containing 0.5%Nd**, 4%Yb®*" ions. This can be an indication of the detectable
number of pairs of Yb3* ions in the sample. Recently, S.M. Kaczmarek et al. [34]
carried out an experimental study of the BaYFg crystal doped with 10 mol.% of Yb®*

ions and measured the g-values for the single Yb**ions and pairs.
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Figure 5. The powder EPR spectrum of double-doped BaY,Fg:Nd** (0.5
%)/Yb** (0.75; 1.0; 4.0 %) (the microwave frequency of 9.37674 GHz), temperature

15 K. Figures designate g-values of corresponding ions

The lines assigned to the pairs of Yb3* ions in a publication by S.M. Kaczmarek
et al have g-values of 2.216 (gj) and 2.241(g.). These values are comparable to the g-
value measured in the present work taking into account a big difference in
concentration of doped ions and a difference between powder and crystalline
samples. Note, that g-values of isolated Yb3* ions obtained in ref. [34], given for
comparison in Table 1, are quite different from our values, probably due to big
difference in concentration of doped ions or the growth technique of crystals.

Finally, according to the EPR characterization, at 4.0 % of Yb3* these ions
form pairs or even clusters. Here, the energy diffusion between Yb** occurs more
effectively.

After the confirmation of the phase composition and EPR characterization, the
spectral-kinetic characterization of the samples should be conducted. An energy level

diagram of the Nd3*/Yb3®* system is presented in Figure 6.
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Figure 6. Energy level diagram of the Nd**/Yb?®" system. There are three energy
exchange processes which are determined by their probabilities W: Nd3* - Yh3*
energy transfer (Wer), Yb% - Nd®* back energy transfer (Wger), and energy diffusion
between Yb®" ions (Wpire). In the case of Nd®* ion, the Fs, level is split to two Stark

levels (here, the 2* one is the highest)

Figure 6 illustrates at least three energy exchange processes which are
determined by their probabilities W: Nd3" - Yb3* energy transfer (Wgr), Yb3* - Nd®*
back energy transfer (Wget), and energy diffusion between Yb3* ions (Wpier). In turn,
Weer and Wp e are competitive. In particular, when the Wp,er increases (with the
increase of Yb3* concentration) the Wger decreases, because the resonant Yb3* - Yb3*
energy transfer has higher probability [25].

The normalized room temperature luminescence spectra of BaY,Fs: Nd** (0.5
%), Yb** (0, 0.75, 1.0, and 4.0%) microparticles are presented in Figure 7. The Stark
peaks were also identified according to the literature data [36], [37].
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Figure 7. The normalized room temperature luminescence spectra of
BaY,Fs:Nd** (0.5 %)/Yb** (0.75, 1.0, and 4.0 %) microparticles normalized at 875
nm Stark peak of Nd3*. Excitation wavelength 790 nm corresponds to the *lg;, — *Fs/2
absorption band of Nd®*

It can be seen, that under Nd*" excitation, the intense Yb** emission is clearly
observed which indicates an effective energy transfer from Nd3* to Yb3*. The Yb®*
intensity increases compared to Nd** one with the increase of Yb*" concentration,
which is expected for such down-conversion systems. In addition, the intensities of
both Nd** and Yb** are well separated and have comparable intensity values which is
very convenient for ratiometric (Ing/lvy) temperature sensing.

The luminescence decay time curves of BaY,Fs:Nd** (0.5 %)/Yb3* (0.75, 1.0,

and 4.0 %) microparticles are presented in Figure 8. Here, the excitation wavelength
790 nm corresponds to the *ls2 — *Fs;2 absorption band of Nd*. In turn, the emission
wavelength 909 nm corresponds to “Fsz — “ls: transition of Nd* ions. Here, the



excitation wavelength 790 nm corresponds to the *lo;, — *Fs2 absorption band of Nd3".
In turn, the emission wavelength 909 nm corresponds to *Fz, — *lgy transition of Nd**

ions.
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Figure 8. The luminescence decay time curves of BaY.Fg:Nd** (0.5 %)/Yb3**
(0.75, 1.0, and 4.0 %) microparticles. Here, the excitation wavelength 790 nm
corresponds to the *lg;, — *Fs2 absorption band of Nd®*. In turn, the emission

wavelength 909 nm corresponds to *Fs, — 4lgp, transition of Nd** ions

It is seen, that the rate of decay of the luminescence intercity increases with the
increase of Yb®* concentration. We also calculated the energy transfer coefficient

according to the formula:

K= (1 - T”d—”’) £100%, (1)

TNd

Since, the decay curves are not single-exponential (except for single-doped

BaYFs:Nd** (0.5 %), we used a conventional equation:



[ twat
[ iwat’

(2)
The obtained results are listed in Table 2.

Table 2 - Effective decay times and energy transfer efficiency values

Sample Effective decay

times Nd* i.

at 909 nm), us

Energy transfer
efficiency values, %

N3 (0.5 %):BaYFs 487.9 -
Nd® (0.5 %), Yb% 3615 25.9
(075 %):BaYng
Nd® (0.5 %), Yb** 271.2 444
(1.0 %):BaY.Fs
Nd® (0.5 %), Yb** 230.7 52.7

(2.0 %):BaY,Fs

The luminescence spectra of BaY,Fg:Nd** (0.5%)/Yb** (0.75, 1.0, and 4.0%)
microparticles in the 100 — 300 K temperature range normalized at 875 nm Stark
peak of Nd*" are presented in Figure 9. The excitation wavelength Aex = 790 nm

corresponds to the #lg;, — 4Fs/, absorption band of Nd**.
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Figure 9. Luminescence spectra of BaY,Fg:Nd** (0.5 %)/Yb®" (0.75 %)
microparticles in the 100 — 300 K temperature range normalized at 875 nm Stark

peak of Nd**. Excitation wavelength 790 nm corresponds to the *lg;, — *Fs/, absorption
band of Nd**

It can be seen, that under the 790 nm excitation of Nd*', the intense Yb3*
emission is clearly observed. This fact points to an efficient energy transfer from
Nd®** to Yb3*. Moreover, the spectra display almost equal peak intensities of both
doping ions which are very convenient for ratiometric temperature sensing. Figure 9
shows, that the shape of the BaY,Fg:Nd*" (0.5 %)/Yb** (0.75 %) microparticle
spectrum notably depends on temperature. Specifically, both Nd** and Yb®* ions
demonstrate distinguishable Stark peaks. For each f-f peaks, the intensity of the Stark

peaks of the f-f peaks from the short waves increases with the temperature increase.

For example, at 320 K Yb*" Stark peak at ~ 953 nm is more intense compared to the
peak-at 1100 nm: AL 80 K; the tendency isTopposite! It can be explained by the

Boltzmann mechanism of population of higher energy levels. In order to discuss the



spectrum shape behavior we calculated the luminescence intensity ratio (LIR) as a
function of temperature according to the formula:

*F3~*g(Nd3Y)

J— 2 2
LIR = 2t (3)
2 2

The LIR functions of temperature are presented in Figure 10.
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Figure 10. LIR functions of temperature of BaY,Fs:Nd** (0.5 %)/Yb®* (0.75,
1.0, and 4.0 %) samples

According to Figure 10, the LIR functions display different temperature
dependencies. In particular, both BaY,Fg:Nd** (0.5 %)/Yb** (0.75 and 1.0 %)
demonstrate the increasing (~ 80 — 200 K) and decreasing (~ 200 — 320 K) parts. In
turn, BaY,Fe:Nd** (0.5 %)/Yb* (4.0 %) demonstrate increasing character of the LIR
function in the ~ 80 — 250 K range. For higher temperature LIR dependence is almost
constant! The temperature evolution of the luminescence peaks (Figure 9) revealed
that the peak intensity of the normalized spectra does not change such significantly as

we observed for YF3:Nd®*/Yb3* samples. The shape of the peaks changes mostly due

to the Stark peaks broadening with the temperature increase.



According to the literature data, the LIR function (Ind/lvs) of Nd**/Yb** doped
inorganic phosphors display decreasing character with the increase of temperature
[25]. It can be explained by the fact that the possibility of the phonon-assisted energy
transfer increases with the temperature increase. Hence, the depopulation of *F3;
level (Nd®*) by Yb® increases, in turn, the population of the excited 2Fs), state of
Yb3* increases. Finally, the LIR (Ing/lvb) function shows a decreasing character. In
the present work, the shapes of the LIR functions are more complicated. In particular,
the BaY2Fs:Nd®* (0.5 %)/Yb®* (4.0 %) sample having the highest Yb®* concentration
displays increasing character. It can be explained, that the Yb3* ions form clusters in
which the Yb®" luminescence quenching is more efficient. In this case, the Nd**
luminescence decreases due to the energy transfer to Yb®", in turn, Yb®" luminescence
decreases faster with the temperature due to the above-mentioned quenching in
clusters. In this case, the Ing/lvy ratio (LIR) decreases in the whole temperature range.
For the lower Yb®* concentrations, the Yb®" quenching in the clusters is less efficient
at higher temperatures, and the LIR function demonstrates decreasing character. The
luminescence decay time curves for both Nd** and Yb®* in the 100 — 300 K

temperature range are presented in Figure S4 of supplementary file.

Interestingly, all the curves showcased very weak temperature dependency
compared to our previous work for YF3:Nd**/Yb** [39] or LiYF4Tm3*/Yb3 [26]
samples. Probably, such weak dependence is related to the high probability of the
back energy transfer from Yb3* to Nd** due to the low *Fs;, (Nd®*) 2Fs;, (Yb3*) energy
gap (=500 cm?) compared to the energy of phonons in BaY,Fs host. These



speculations are in agreement with the temperature-dependent spectral characteristics
where the peak intensities of Nd** and Yb?* did not changed significantly.

Finally, the BaY2Fg:Nd®** (0.5 %)/Yb®*" (4.0 %) sample is the most favorable
because here a particular value of the LIR corresponds to a particular value of
temperature unlike the bow-shaped LIR functions for BaY,Fs:Nd** (0.5 %)/Yb®*
(0.75 and 1.0 %) samples. However, in the physiological temperature range for
biomedical application, these LIR peculiarities are not important. Anyway, we
calculated such important performances as absolute (Sz) and relative (S;) sensitivities
acceding to the equations:

__d(LIR)

S
a ar '’

(4)

1
=—X
Sy LIR |

d(LIR)
dT

X 100%, (5)

The sensitivities are presented in Figures 11a and 11b.
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Figure 11. Absolute (S,) and relative (S;) sensitivities of the BaY,Fs:Nd** (0.5
%)/Yb3* (0.75, 1.0 and 4.0 %) samples

concentration (Figure 10)! The samples display quite competitive performances

compared to the modern world analogs. As we mentioned above, for the BaYFs
system, the Stark peaks of both Nd** and Yb?®" are more pronounces compared to the
other fluoride or oxide matrices. In this case, the LIR function based on Stark peaks
can be more sensitive temperature-dependent parameter. The Stark peaks were
interpreted according to the literature data [37]. Indeed, the Nd3* ratiometric
luminescence thermometry based on the ratio of Nd** Stark peaks was successfully

investigated earlier [15], [8]. Here, the competitive relative temperature sensitivities



were obtained at room temperature and higher. Here, we demonstrate a slightly new
approach. Since the Stark peaks of both Nd3* and Yb3* are well-reserved (especially
around liquid nitrogen temperatures), the LIR based of Ind/ly, Stark peaks can be
realized.

The *Fsp, excited state of Nd3* is split into two Stark components sharing their
electron population according to the Boltzmann law (21" — the highest 1"" the lowest).
In turn, the Fs), excited state of Yb** has three Stark components (from the 1" the
lowest to 3" the highest). It is well-known, that the populations of the higher Stark
levels increase with the temperature increase. The lower Stark levels demonstrate an
opposite tendency. Thus, the emission intensities from higher Stark levels increases
while the emissions from the lower ones decreases. In order to gain the higher
temperature sensitivities, we need to take the ratio of two peaks having the opposite

temperature behavior (Figure 12).
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Figure 12. The definition of two LIR functions: LIR1 — 1th of Nd3* to 1th of
Yb3* and LIR2 — 2th of Nd** to 1th of Yb3** BaY,F3:Nd**(0.5 %)/Yb3* (0.75 %)

sample

However, we also compare LIRs base of the lowest Stark of Nd** and the lowest
Yb3* one (LIR1) as well as highest Stark of Nd** and the lowest Yb3* one (LIR2). We
made these calculations for the 0.75 and 4.0 % of Yb?".

Both LIR functions are represented in Figure 13a and 13b.
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Figure 13. The LIR functions: LIR1 — 1th of Nd®* to 1th of Yb®" and LIR2 — 2th
of Nd®* to 1th of Yb3* of both BaY.Fg:Nd**(0.5 %)/Yb®* (0.75 and 4.0 %) sample

Indeed, it can be seen, that the LIR2 (highest Nd** Stark divided by the lowest
Yb** one) function displays more pronounced temperature dependency especially in
the cryogenic temperature range. In the case of LIR2, the function is increasing with
a saturation part. Indeed, the population of the highest Nd3* Stark level increase with

the temperature while the population of the lowest Yb3®" one decreases.
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Figure 14. The S; plots based on the LIR of Nd3* and Yb3* Stark peaks

It can be seen, that the highest values of the sensitivities are in the liquid
nitrogen temperature range. In addition, the LIR2 functions displayed the highest
temperature sensitivities. It can also be seen, that the sample having the lowest Yb3*
concentration (0.75 %) showed the higher sensitivities. The observed phenomenon
requires additional investigations. However, it can be suggested, that as it was
mentioned above, at the higher Yb** concentrations these ions form pairs or clusters.
Here, the probability of the energy diffusion between YDb3®" is higher. It also
diminishes the probability of the Nd®* - Yb3* back energy transfer. Thus, in 0.75 % of
Yb3* sample the *Fz, excited state of Nd** is additionally populated by Yb®*, and the
emission from this excited state (the highest Nd** Stark level) in more intense and it
grows faster with the temperature because of both Boltzmann process and the BET.
In the case of 4.0 % of Yb®", the effectiveness of Wger is less, hence, the highest Nd3*

Stark level in populated by only the lowest one. Thus, the Isak nd/lstark vb (LIR2) oOf



BaYFg:Nd** (0.5 %)/Yb3" (0.75 %) sample showed more pronounced dependency on
temperature compared to the LIR2 of BaYFg:Nd®** (0.5 %)/Yb3*" (4.0 %) sample.

TR




The determination of SLIR is presented in the Chapter 2 of the Supplementary
file. The temperature uncertainty (8T) for the best BaY,Fs:Nd** (0.5%)/Yb3* (0.75
%) sample is presented in Figure 15.
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Figure 15. The temperature uncertainty (3T) for the best BaY,Fg:Nd** (0.5
%)/Yb3* (0.75 %) sample






Conclusions

In this work, we presented experimental results of the spectral-kinetic
characterization of BaY.Fg:Nd®** (0.5 %)/Yb%" (0.75, 1.0 and 4.0 %) microparticles
obtained by the mechanical milling of the corresponding bulk crystals. All the
samples demonstrated the desired monoclinic crystal structure. The spectral-kinetic
characterization revealed an effective energy transfer from Nd** to Yb®*. By means of
EPR spectroscopy, it was found that for single sites of doped ions, g-values of Nd**
and Yb3* ions in the studied powders, agree well with g-values obtained for BaY;Fg
crystals in literature. In addition, the clear indication of clustering of Yb3* ions was
detected in EPR spectra. This is related to the line with g~2.34, which increased
considerably for the sample doped with 4.0 % of YDb®" ions. The spectral
characterization of the samples in the 80 — 320 K temperature range showed, that the
spectral shape is notably dependent on temperature. The peak intensities did not
display strong dependence, however, the Stark peaks of both Nd** and Yb3** showed
changes of intensities with the rise of temperature. We took the Stark peaks from the
highest Nd** and the lowest Yb®* Stark levels, because their populations should
demonstrate opposite behavior with the increase of temperature. Indeed, the highest
Nd3* Stark level is populated more efficiently with the increase of temperature. In
turn, the lowest Yb®*" one displays inverse trend. The maximum S; value was 1.8
% K1 at 80 K using BaY,Fg:Nd** (0.5 %)/Yb®*" (0.75 %) sample. The BaY,Fg:Nd**
(0.5 %)/Yb®" (4.0 %) having the highest Yb®" concentration showed less values of
temperature sensitivity. We suggested, that it was related to the raised probability of

energy diffusion between Yb3* ions at higher Yb** concentrations.
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