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The Tb**-to-Eu" non-radiative energy transfer was studied through temperature-dependent luminescence
spectroscopy (12—310 K), in TbAl3(BO3), crystals doped with 1 % mol Eu>* grown in a K5S04-MoOj flux.

Excitation and emission spectra were recorded and analyzed, along with the luminescence decay curves of the
Tb®" emitting level (°Dy). In the temperature range of 110-310 K, the decay curves were fitted using an
adaptation of the Parent et al. model [20], where the Tb®"-to-Eu®" energy transfer process is described by the W
parameter, representing the energy migration-assisted transfer. W (and thus the Tb>*-to-Eu®* transfer proba-
bility) decreases as temperature drops, reaching a plateau around 100 K. Below this temperature, the transfer
probability remains relatively unaffected by further temperature reductions, likely due to the influence of non-
regular Th®" ions on the excited state dynamics of the 5Dy level.

1. Introduction

Tb3*—>Eu®" energy transfer process has been broadly investigated
and exploited in inorganic-based materials [1-3] to design efficient
luminescent compounds emitting in the visible spectral region for the
development of optical devices based on innovative phosphors. In this
context, efficient red-emitting phosphors can be obtained by exploiting
the sensitization of the visible Eu®>' luminescence (located in the red
spectral region) by Tb®" ions. Representative compounds belonging to
this class are materials doped with a small molar percentage of Eu®*
(typically 1-10 %) such as cubic Sr3Tb(POg4)3 [4], tetragonal TbPO4 [5],
and orthorhombic Ca3Tb,Siz015 [6]. In some cases, the Tb®*—Eu®*
energy transfer efficiency cannot be optimal, allowing the ratio between
the Tb®" emission (in the green) and the red emission of Eu®* to be
adjusted by varying the concentration of the latter dopant ion. This is the
typical case of rhombohedral CagTb(PO4); [7] and trigonal TbAl3(BO3)4
[8,9] hosts doped with Eu3*.

On the other hand, the spectroscopic properties of undoped and
doped TbAl3(BOs3)4 have been extensively studied [10-15]. This borate
compound crystallizes in a trigonal huntite-type structure (space group
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No. 155, R32) [16] and the point symmetry of the single site accom-
modating Tb3* is 32 (D3 in the Schonflies notation) and it is surrounded
by a trigonal prism of six crystallographically equivalent oxygen atoms
(coordination number of 6). The shortest Tb®*—Tb®" distance is rela-
tively long (5.889 A), since the two adjacent Tb®" ions are bridged by
one BO3~ anion. In nominally undoped single crystals grown in a
K2S04-MoOs flux, the migration of the excitation energy among b3+
ions to Mo®>" impurities (quenching centres) is governed by electric
multipole interactions, as the exchange mechanism requiring shorter
Ln*-Ln3* distances can be ruled out. Furthermore, as demonstrated by
Kellendonk and Blasse [17] above 60 K, the diffusion-limited
Tb®*—>Mo®* energy transfer is the dominant process. Below this tem-
perature, the dynamic of this energy transfer process is affected by the
presence of Tb®" ions in non-regular crystal sites. It has been demon-
strated in the literature that in borates with huntite structure few
percent of Ln>" ions were incorporated on AI3* [18] and on interstitial
sites having molybdenum or bismuth impurity in the nearest sur-
rounding [19]. Therefore, it is reasonable to assume that in the case of
TbAl3(BO3)4 crystals, some Tb3* ions are also incorporated on these
sites.
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In this contribution, we continue our ongoing study of the
Tb3">Eu®" energy transfer in TbAl3(BO3)4. In the previous papers, the
process was investigated at room temperature as a function of the con-
centration of the acceptor ion (Eu3+) [8,9]. Upon fitting the 5D4 decay
curve of Tb3" at room temperature, using an adaptation of the Parent
et al. [20], we demonstrated that in this material two processes are
dominant: i) direct energy transfer from Tb®" to quenching centres
(crystal defects or Mo+ ions), and ii) Tbt -Eut energy transfer
assisted by energy migration among Tb®" ions of the sublattice. The
latter is increasingly important as the Eu>* concentration rises.

In this context, in which is reasonable to assume that the rate of the
energy migration among Tb>" ions is higher than the rate of Tb** »Eu®*
energy transfer, as already found in many other systems [3,21], we
studied the spectroscopic properties of TbAl3(BO3)4 doped with Eu’" as
a function of the temperature in the 12-310 K range. In this interval,
excitation, emission spectra, and decay curves of D4 have been recorded
and analyzed while keeping constant the Eu3" concentration at 1 % mol,
to provide a clear picture about the impact of the temperature on the
dynamics of the Tb>*>Eu®" energy transfer process. The
temperature-dependent changes in the Tb3*/Eu®t emission intensity
ratio and the °D4 decay dynamics can be further exploited for lumi-
nescence thermometry, using either intensity- or lifetime-based read-
outs. This approach aligns with previous studies on mixed Tb>*/Eu®*
luminescent thermometers, which have established the Tb®*—Eu®*
energy transfer mechanism as a reliable method for engineering optical
probes with tunable thermal sensitivity [22-24].

2. Experimental

Samples with TbAlg(BO3)4:]. % mol Eu3+ (Tbo_ggEu0_01A13(303)4)
stoichiometry were obtained as single crystals following the protocol
reported in the literature [8]. In detail, Stoichiometric amounts of AloO3
and Tb407, Eup03 corresponding to 1 % mol of Eu®* jon and 30 % molar
excess of B,O3 were mixed with the flux [a mixture of MoO3 and K5SO4
(3:1 M ratio)] and kept in a platinum crucible with platinum lid. The
mixture was heated to 1200 °C in 5 h and then maintained at this
temperature for 5 h. The system was cooled to 1120 °C in 5 h. Finally,
the sample was slowly cooled down to 885 °C with a rate of 1.2 °C/h and
then quickly to room temperature. Upon removing the flux by boiling
the raw materials in concentrated solution of NaOH (8 M), transparent
crystals were obtained.

X-ray diffraction (XRD) pattern was measured with a Thermo ARL
X’TRA powder diffractometer, operating in the Bragg-Brentano geom-
etry and equipped with a Cu-anode X-ray source (Ko, A = 1.5418 A),
using a Peltier Si(Li) cooled solid state detector. The patterns were
collected with a scan rate of 0.04°/s in the 10°-90° 20 range. Few
crystals of the compounds were ground in a mortar and then put in the
sample holder for the data collection.

The temperature-dependent decay curve, emission, and excitation
spectra were recorded using a modular double grating excitation spec-
trofluorometer featuring a TRIAX 320 emission monochromator (Fluo-
rolog-3, Horiba Scientific) coupled with a R298 Hamamatsu
photomultiplier and a H9170 Hamamatsu photomultiplier, employing a
front face acquisition mode. The excitation source utilized was a Xe
lamp. The temperature was adjusted by a He-closed cycle cryostat
coupled to a vacuum system (4 x 10~* Pa), and an autotuning tem-
perature controller (Lakeshore 330, Lakeshore) equipped with a resis-
tance heater. The temperature was measured by a silicon diode
cryogenic sensor (DT-470-SD, Lakeshore) with an accuracy of +0.5 K
(12-30 K), £0.25 K (30-60 K), and +0.15 K (60-385 K). All the decay
curves, emission, and excitation spectra were recorded only after the
temperature indicated in the temperature controller stabilized, ensuring
both sample thermalization and a constant temperature throughout the
measurement.
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3. Results and discussion

In Fig. 1, the X-ray diffraction powder pattern of ground crystal of
TbAl3(BO3)4:1 % mol Eu®t is reported. As expected, a pure trigonal
huntite-type structure (space group No. 155, R32) was obtained.

In Fig. 2, the excitation spectra of the Eu>* emission are reported
upon monitoring the °Dy—’F4 emission at five different temperatures (i.
e., 12, 85, 160, 235, and 310 K) for the sample TbAl3(BO3)4:1 % mol
Eu®t.

In these spectra, we observe the presence of the excitation peaks
related to f-f transitions of both Tb®" and Eu* ions, as labeled in Fig. 2.
It is interesting to note that, upon normalization of the spectra to the
7Fo—°D, excitation peak of Eu>", the intensity of the excitation peaks of
Tb>* does not change significantly with the temperature in the 12-160 K
temperature range. On the contrary, upon increasing the temperature to
235 and 310 K, a gradual increase of the intensity of these peaks is
recorded; this is compatible with an increase of the T3 >Eu®* energy
transfer efficiency. Also, the 7F1—°Dy excitation peak of the Eu®t ion
gains intensity at these temperatures.

In Fig. 3a, the °D; decay curves of Tb>" luminescence in
TbAl3(BO3)4:1 % mol Eu®*are presented as a function of the temperature
(12-310 K).

We observe some differences among the curves as the temperature
changes. In particular, as temperature increases, the decay of lumines-
cence intensity becomes faster. We were able to fit the decay curves in
the 110-310 K temperature range using a model adapted from that
proposed by Parent et al., as reported in our previous paper [9] (Fig. 3b).
The mathematical expression of the fitting equation, in the case of
electric dipole-electric dipole interaction, is:

1
I(t):I<0)€Xp|:_$_QSD4 (é)z—Wt} [¢))

where Qspy refers to the direct energy transfer from Tb%* to quenching
centres without energy migration within the Tb>* subset of ions, while
W represents the influence of the energy migration function in the Tb3*
subset on the Tb3">Eu®' energy transfer. It is useful to note that W is
proportional to the product of the donor (Tb*") and acceptor (Eu®h
concentrations (here constants) and it is related to Cpp¢rp-15) and Cpa

TbAI3(BO3)4 : 1% Eu®*

huntite-type structure trigonal space group No. 155, R32
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Fig. 1. X-ray diffraction powder pattern of the TbAl3(BO3)4:1 % mol Eu®’
under investigation. The Miller indexes of the main diffraction peaks of the
huntite-type structure are reported.
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Fig. 2. Normalized excitation spectra of the Eu®>* emission at 699 nm recorded at different temperatures: in the 12-310 K range. The spectra are normalized to the

area of the “Fy—°D,, excitation peak of Eu>*.
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Fig. 3. °D,4 Tb®" decay curves at different temperatures, upon excitation at 365 nm of TbAl3(BO3)4:1 % mol Eu®*; in the 12-310 K range (a) and magnification of the

curves at 110-310 K to better appreciate the graphical fitting of equation (1) (b).

(b, the microparameters for Tb3t>Tb3+ energy migration and
Tb3**>Eu®* energy transfer, respectively. Considering a dipole-dipole
interaction between donor (Tb®" ion) and acceptors (quenching cen-
tres and Eu3+), the intrinsic decay constant of Tb3* (rsps) was fixed at
1.9 ms [9] and the fitted Qsps and W values are reported in Table 1.
As the temperature decreases, both the Qsps and W values moder-
ately decrease, even though the change in Qsp4 is almost negligible. The

change of W with the temperature is depicted in Fig. 4a.

W value decreases upon decreasing the temperature down to 160 K,
then it seems to approach a constant value. A similar trend is observed
when the area of the excitation peaks in the 330-390 nm range reported
in Fig. 2 is plotted as a function of the temperature (Fig. 4b). This
wavelength region is dominated by the excitation peaks of Tb*.

The decay curves at temperatures lower than 85 K cannot be fitted

53428



L. Ceccon et al. Ceramics International 51 (2025) 53426-53431

Table 1

Fitted values of Qsps and W in eq. (1) at different temperatures for _ a0 3+

TbALs(BOx)4:1 % mol Eu’*. Aexe =374 nm TbAl;(BO;),: 1%Eu
Temperature (K) Fitted value of Qsp4 Fitted value of W (ms™!) [T=60K

7|:5 5D4 [Tb3+] s

110 0.20(1) 0.11(1)
160 0.21(1) 0.12(1) °Dy [Eu®]—
235 0.22(1) 0.17(1)
310 0.24(1) 0.22(1)

satisfactorily by using equation (1). In Fig. 5, two representative emis-
sion spectra of TbAl3(BO3)4:1 % mol Eu®* upon excitation of Tb%" jons
at 374 nm, at 60 and 310 K, are reported. As expected, the emission
intensity of Eu" (i.e. Dg—"F1, *Do—’Fy, °Do—’F4) compared to the
emission of Tb%" is higher at 310 than at 60 K.

Finally, upon direct excitation of Eu>" ions at 394 nm, only the
typical f-f emission spectrum from the Dy level of this ion is observed
(Fig. 6). In these conditions, since no emission peaks belonging to the f-f
transitions of Tb®* are detectable, the occurrence of Eu*—>Tb%" back
energy transfer process can be ruled out.

In the trigonal huntite-type structure, the Eu>" ion in D3 symmetry
exhibits two crystal field components for both 5Dy—"F; and °Dg—"F;
transitions and four components for both 5Dy—7F3 and °Do—"F4 [18,
25]. Our spectrum agrees well with this picture, even though a very low
intensity of the 5Do—"F3 peaks and one Stark component of the 5Do—"F4
transition is observed.

As already stated, the gradual increase of the Tb3* excitation peaks
observed in Fig. 1 upon increasing the temperature above 160 K is
related to the increase of the Tb3">Eu®" energy transfer efficiency.
Upon increasing the temperature, the thermal population of the “F; level
of Eu®" is increased, as confirmed by the growth of the intensity of the
7F1—°Dy excitation peak of the Eu®* with the temperature above 160 K
(Fig. 2). Therefore, also the involvement in the energy transfer process of
7Fy is promoted at these temperatures. In this context, it is well known
that an efficient energy transfer from Tb>' to Eu®* can involve the
almost resonant 5D4—>7F5 (for Tb3+) and 7F1—>5D1 (for Eu3+) transitions,
characterized by an energy mismatch of only 259 cm ™. As an example,
this channel is mainly responsible for the energy transfer from Tb>' to
Eu®" in cubic A3Tbg.goEug 10(PO4)3 (A = Sr, Ba) compounds [21]. At low
temperature, this energy transfer channel is no longer so efficient since
the main Eu®* level involved in the energy transfer would be the "Fj.
Therefore, transitions such as "Fg—°Dy and “Fy—°D; could participate in
the energy transfer process. However, the former electronic transition is
highly forbidden, and its intensity is usually very low [26]. On the other
hand, the latter transition is purely magnetic dipole allowed, and it is
well known that couplings formally involving magnetic dipole transi-
tions give rise to low energy transfer probabilities [27].

Normalized Intensity (arb.units)

450 500 550 600 650 700
Wavelength (nm)

Fig. 5. Emission spectra at 60 K and 310 K of TbAl3(BO3)4:1 % mol Eu®t upon
excitation of Tb®" ions at 374 nm. The spectra are normalized to the maximum
intensity of the ®D4—’Fs transition of Tb3".
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Fig. 6. Emission spectrum of TbAl3(BO3)4:1 % mol Eu®" at 310 K upon direct
excitation of Eu®' ion at 394 nm.
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Fig. 4. (a) W (ms™!) vs temperature for TbAI3(BO3)4:1 % mol Eu®* and (b) ratio between the area of the Tb>" excitation peaks (in the 330-390 nm range) and the

area of the Eu®* 7F-

5D, excitation peak, as a function of the temperature.
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The similar trend of the plots in Fig. 4 is very interesting and point
out that the energy transfer efficiency seems to trace the temperature
dependence of the W parameter, in turn directly connected to the
Tb**>Eu®* energy transfer probability.

The weak but significant change of trend of the °D4 decay curves
observed below 85 K (Fig. 3a) can be reasonably attributed to the
presence of the Tb®* traps in non-regular crystal sites, discussed in the
introduction, that should affect the dynamics of the Tb>*—>Eu>* energy
transfer. In this context, a different theoretical description is required to
fit the decay curves at low temperatures. This lies beyond the scope of
the present investigation.

4. Conclusions

In this paper, the results of a spectroscopic study on TbAl3(BO3)4:1 %
mol Eu®" sample as a function of temperature have been presented. We
demonstrate that the efficiency of the Tb®>*—Eu®' energy transfer
mechanism increases gradually upon increasing the temperature above
100 K, when the thermal population of the ’F, level of Eu>* begins to be
non-negligible and therefore the 5p,4—7Fs5 and “F;—°D; transitions of
Tb3* and Eu3*, respectively, can be involved in the energy transfer
process. In the 100-310 K temperature range, the fitting of the °D4 decay
curves at different temperatures using an adaptation of the Parent et al.
model [20], supports this conclusion: the refined values of the W
parameter, closely linked to the Tb®*—>Eu®* energy transfer probability,
increase with the temperature. On the other hand, the W parameter no
longer seems to vary with temperature below 150 K and takes a mini-
mum value of 0.11 ms™'. Accordingly, inspection of the excitation
spectra in the 12-100 K temperature range reveals that the Tb>">Eu®*
energy transfer efficiency does not change significantly. However, below
100 K, a different mathematical model is required to properly fit the >Dy4
decay curves. At these temperatures, the dynamics of the energy transfer
process possibly changes because Tb>" ions in non-regular crystal sites
may affect the Th>*>Eu®" energy transfer dynamics. For potential ap-
plications in luminescence thermometry, this material offers two
distinct temperature-sensing mechanisms. The temperature-dependent
5D, lifetime can be used for sensing across the entire 12-310 K range.
In contrast, the relative emission intensities of Tb>" and Eu®* ions are
only sensitive to temperature changes above 100 K. This highlights the
ability to use either or both methods, depending on the specific tem-
perature range of interest.
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