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In this study the optical spectroscopy, the excited state dynamics and in particular the energy transfer
Tb3*>Ln3* (Ln = Nd or Sm), have been investigated in detail in eulytite double phosphate hosts of the type
SrsTb(PO4)s doped with 1 mol% Ln>*. It has been found that for Ln=Nd and Sm, the energy transfer efficiency
(y7) is 0.76 and 0.73, respectively, thanks to the assistance of fast migration in the Tb®* 5Dy level. The pathway
responsible for the transfer of excitation has been unambiguously identified in the case of Sr3Tbg 9gNdg.01(PO4)3,
whilst the situation is more complex for Sr3Tbg 99Smg 01(PO4)s, due to high density of the final Sm>* states that

could be involved. The Tb®*>Nd>* energy transfer has been tentatively attributed to the exchange interaction
on the basis of the short transfer distance and multipolar selection rules.

1. Introduction

Energy transfer involving trivalent lanthanide ions in inorganic
solids has been and still is a fundamental field in modern luminescence
research [1]. The contribution provided to this area (and many others)
by Professor George Blasse has been invaluable for the advancement of
the understanding of energy transfer and migration processes involving
luminescent ions (see for instance Refs. [2-7]). In particular, Prof. Blasse
studied in detail the migration of excitation in concentrated materials,
especially based on Gd**, Eu®" and Tb®* [7-10].

These investigations, among others, motivated us to perform in the
last years a thorough study the mechanisms responsible for the
Tb3 >Eu®" energy transfer [11-14] in concentrated eulytite com-
pounds of the type AsTb(PO4)3 (A=Sr, Ba), belonging to a class of
luminescent materials that was studied for the first time by Prof. Blasse
[15]. In these materials, fast energy migration occurs among the Dy
level of Tb®" ions. For these reasons, we found it interesting to extend
the previous studies to energy transfer processes involving Tb®" and
other lanthanide ions, such as Nd®* and Sm®*, present as dopants in the
eulytite A3Tb(PO4)3, with the aim of understanding the impact of the
various electronic structures of the co-dopants on the transfer mecha-
nisms and rates. The results of this new investigation are presented and
discussed here.
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2. Experimental and structural data

The eulytite-type compounds SrsTb(PO4)3 and Sr3Tbg ggLng 01 (PO4)3
(Ln=Nd, Sm) were obtained by solid state reaction at high temperature
(1250 °C, 48 h) as described in Ref. [11].

X-ray diffraction patterns were measured using a Thermo ARL X’TRA
powder diffractometer, in Bragg-Brentano geometry, with a Cu-anode as
X-ray source and a Peltier Si(Li) cooled solid state detector. The XRD
patterns were collected with a scan rate of 1.2°/min and an integration
time of 1.5 s in the 5-90° 20 range.

Luminescence spectra and decay curves were collected at room
temperature with a Fluorolog 3 (Horiba-Jobin Yvon) spectrofluorom-
eter. The equipment was composed by a Xe lamp, a double excitation
monochromator and a single emission monochromator (mod. HR320).
The emitted signal was detected by means of a photomultiplier in the
photon counting mode. For the measurement of the decay curves, time
correlated single photon counting technique (TCSPC) was used, with a
xenon microsecond pulsed lamp as excitation source. The decays curves
were fitted by an appropriate software. For the IR measurements, a
linear InGaAs detector working up to 1700 nm was used (512 pixels,
50x500pm).

2590-1478/© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:marco.bettinelli@univr.it
www.sciencedirect.com/science/journal/25901478
https://www.journals.elsevier.com/optical-materials-x
https://doi.org/10.1016/j.omx.2021.100074
https://doi.org/10.1016/j.omx.2021.100074
https://doi.org/10.1016/j.omx.2021.100074
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omx.2021.100074&domain=pdf
http://creativecommons.org/licenses/by/4.0/

V. Paterlini et al.

3. Results and discussion
3.1. Structural investigation

Single eulytite-type phases were obtained for all the synthesized
eulytite double phosphates [Sr3Tb(PO4)s and Sr3TbgggLng o1(PO4)3,
Ln=Nd and Sm], as confirmed by powder X-ray diffraction (XRD). In
Fig. 1, the patterns of the samples are presented; all the diffraction peaks
belong to eulytite structure and no impurity phases are observed.

It is well known that eulytite double phosphates with the formula
A3M(PO,4)3 (A=Ca, Sr, Ba; M=La-Lu, Y, Bi) are cubic (space group 143d)
and isomorphous with the mineral eulytine (BisSi3O12) [15,16]. The
crystal structures of the materials under investigation have been
recently described [13]. The partial substitution of Tb3* with 1 mol% of
another lanthanide ion (in the present study Nd** or Sm®") has a
negligible impact on the cell parameter of the doped phase with respect
to the undoped one.

3.2. Luminescence spectroscopy

3.2.1. SrsTb(POy)s eulytite doped with Nd>*

The luminescence spectra of the Sr3Tbg ggNdg 01(PO4)s eulytite are
shown in Fig. 2(a) and (b) in the visible and NIR regions, respectively.

The excitation spectrum of the emission observed at 542 nm is shown
in the Fig. 2(a). Irradiation in the near UV is bound to excite in practice
only Tb%", since its concentration is 99 times higher than the one of
Nd3*. The visible emission spectrum obtained upon excitation in the
levels above 5D3 (close to 350 nm) is dominated by emission from the
5p, level of b3+ (Figure 2a); no emission from 5D is observed due to
efficient cross relaxation leading to fully non-radiative °D3—°D4 decay.
Conversely, excitation at the same wavelength gives rise to emission
bands in the NIR region that are clearly assigned to transitions origi-
nating from the *Fs 5 level of Nd>* to lower lying Iy (J=9/2, 11/2, 13/
2) (Fig. 2(b)). This indicates that Tb>*>Nd>" energy transfer is present.
The *F3/5 emitting level is populated by multiphonon relaxation from
4G5 /2 (see below) across the levels located in between, since the eulytite
phosphate host has high energy phonons available (up to 900 cm™) [17,
18].

This observation agrees with the conclusions drawn by Nakazawa
and Shionoya in their study about energy transfer between rare earth
ions in Ca(POs), glass [19], who attributed this process to the resonant
mechanism:

SDYTH*H) + Ton(Nd*H) — TEg(TH*F) + *Gsp(Nd*H). €}
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Fig. 1. X-ray diffraction powder patterns of undoped and doped Sr3Tb
(PO4)3 samples.
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Fig. 2. (a) Visible RT emission spectrum of Sr3TbggoNdg 01(PO4)3 with exci-
tation at 378 nm. (b) NIR RT emission spectrum of Sr3Tbg goNdg 91(PO4)3 with
excitation at 488 nm.

In Fig. 3, the mechanism responsible for the population of Nd>* “Fs 5
emitting level by energy transfer from Dy level of Tb3™" is depicted.

The decay curve of the °Dy level of Tb®", measured upon pulsed
excitation at 378 nm, is shown in Fig. 4.

The profile is exponential with a decay constant 77 n5g=0.64 ms,
compared with the value 773,=2.68 ms obtained for neat Sr3Tb(POg4)3
[11]. This indicates that the Tb>*—Nd** occurs following fast energy
migration in the Tb®* subset of ions (5D4 level) [13,20].

The effective energy transfer probability kg can be estimated from
the expression [21]:

U trpna = U Trp + ker 2

where 71 and tp.n4 are the 5D4 decay times in the absence and in the
presence of the Nd3+ dopant. The resulting value is kg(Tb—Nd)=
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Fig. 3. Dieke diagram of the energy levels arising from 4f" configurations of
Nd3*, Tb®* and Sm>®*. The population mechanism of the Nd>* *Fs/, and Sm>*+
4Gs,/, emitting levels by energy transfer from the Dy level of Tb®* is also re-
ported. Adapted from G. H. Dieke, H. M. Crosswhite, The Spectra of the Doubly
and Triply Ionized Rare Earths, Appl. Opt. 2 (1963) 675-686.

1.19x10° sl Additionally, the energy transfer efficiency yr can be
estimated using [22]:
Nr=1-Trp-NalT1p 3

and the value y7{Nd)=0.76 is found. The transfer efficiency is relatively
high; slightly larger values were found for Sr3Tb(PO4); and BasTb
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Fig. 4. Room temperature 5Dy decay curve of Tb%" (hexe = 378 nm) in
Sr3Tb.99Ndp,01(PO4)3.

(PO4)3:Eu3+ in which the doping level was ten times higher [14]. The
material is able to convert UV-visible excitation to NIR emission from
4F3/2, but it must noted that significant non-radiative losses are pre-
dicted to occur through the almost resonant back-transfer process:

"Fe(Tb>) + ‘F3n(Nd*") = "Fi(T6* ) + “Ij5p(Nd>). Q)

The study of this transfer lies beyond the scope of this paper, as our
present experimental facilities do not allow us to measure the decay of
4115 /2(Nd3+) upon pulsed excitation.

3.2.2. SrsTh(POy);3 eulytite doped with Sm>*

As shown in Fig 5a, the room temperature visible emission spectrum
of Sr3Tbg 99Smg 1(PO4)3 measured upon excitation at 402 nm (4F7/2
level of Sm®") shows four well defined emission bands assigned to
transitions from the *Gs,, level of Sm®*, which is populated by multi-
phonon relaxation, and terminating onto the final levels °Hy, with J=5/2
(peaking at 564 nm), 7/2 (598 nm), 9/2 (645 nm) and 11/2 (705 nm)
[23].

On the other hand, the emission spectrum excited at 378 nm shows
two additional main bands, peaking at 488 and 542 nm and assigned to
the °D4—’Fg and °D4—’Fs transitions of Tb3+, respectively. The emis-
sion spectrum obtained upon excitation at 485 nm shows the same bands
as for Aexc=378 nm, apart from the 5D4—7Fg which is resonant with the
excitation. Sm>" does not appear to be excited at this latter wavelength,
although absorption in this region has been reported [24]. As noted
above in the case of Nd3+—doped sample, Tb3* concentration is 99 times
higher than the one of Sm3", and therefore its excitation can be
considered as negligible. Fig. 5b shows the NIR emission spectrum
measured at RT upon excitation at 488 nm. The bands peaking at 903,
946, 1028, 1176 and 1413 nm are assigned to transitions from the *Gs o
level of Sm®* to the levels °H 5 (J=5/2-11/2) respectively [25].

Fig. 6 shows the excitation spectrum of the sample under investiga-
tion measured with Aey, =542, 598 and 645 nm.

The emission at 542 nm does not correspond to any excitation
transition related to Sm®*, and the relevant excitation spectrum presents
the typical features of Tb%t in eulytites [11], with dominant peaks at 378
and 488 nm, corresponding to transitions to the 5D3 and °Dy levels. On
the other hand, the excitation spectra measured with A¢;, =598 and 645
nm shows both Sm>*-related features, such as the peak at 402 nm
(6H5/2—>4F7/2) and the structure located in the region 420-475 nm, and
Tb>*-related peaks, such as the ones in the UV region, and especially at
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Fig. 5. (a) Visible RT emission spectrum of Sr3Tbg g9Smg 01(PO4)3 with excitation at 378 , 402 and 485 nm. (b) NIR RT emission spectrum of Sr3Tbg 99Smg o1(PO4)3

with excitation at 488 nm.

378 and 488 nm. It is therefore clear that Tb®*—Sm>" energy transfer
takes place, as documented for other oxide materials (see for example
[24,261).

The process responsible for the energy transfer process is assigned as

SDYTH*M) + CHsnp(Sm®™) ="Fo(Tb* ™) + “Iopn, 'Gypp (S, 5)

on the basis of the energy level diagrams of the two ions [27], and the
spectral overlap between the excitation of Sm>* and the emission of
Tb3* in the region between 480 and 500 nm [24]. The ‘o /2,4G7 /2 rapidly
relax to the emitting *Gs/ level through multiphonon relaxation (see
Fig. 3).

The room temperature decay curves of the luminescence in the
visible region, after pulsed excitation of Sr3Tbgg9Smyg o1(PO4)s3, are
shown in Fig. 7.

The decay profile of the Dy level of Tb>* is almost perfectly expo-
nential with a decay constant of 0.73 ms. The decay is significantly faster
than for neat Sr3Tb(PO4)3 (2.68 ms) due to energy transfer to Sm>*. As
expected, the exponential profile clearly indicates that the transfer
process occurs in the presence of fast migration among the °Dj levels of
Tb3*. Using equations (2) and (3) the values kz(Tb—Sm)=9.97x10%s!
and n{(Sm)=0.73 are obtained, quite similar to the ones obtained for the
transfer involving the Nd>* dopant.

As for the RT decay curves of the 4G5/2 level of Sm3+, the one ob-
tained upon direct excitation at 402 nm, corresponding to the ‘F;
level, and observation at 598 nm (transition 4G5/2—>6H7/2) is almost
exponential with a decay constant for 4G5/2 of 2.19 ms, with a minor
faster component at short times of about 0.7-0.8 ms, attributed to a
small degree of overlapping with the SD4—7F, transition of Tb>*. For the
sake of comparison, the decay of 4G5/2 in diluted Sr3Y(PO4)3:1 mol%
Sm>* was measured by us to be exponential with a decay time of 2.74 ms
(not shown), whilst in the similar host BasLu(PO4)3:1 mol% Sm>* it was
estimated to be 2.32 ms [20]. The temporal profiles of the *Gs, emission
upon excitation at 378 (5D3) and 488 nm (5D4) are perfectly superim-
posable, and show a well evident rise, followed by an exponential decay
with a time constant of 2.17 ms. The exponential build-up of the

emission at short times after the pulsed excitation has a time constant of
about 0.50 ms and is attributed to the feeding of by °D4 due to the energy
transfer process; this confirms the conclusions drawn above about the
transfer process. It is worth noting that the emission from the *Gs 5 level
of Sm®* cannot be quenched from any efficient back energy transfer to
Tb3", due to energy mismatch of the states involved.

A comparison between the resulting colours in the two materials is
shown in the CIE diagrams (Fig. 8).

Since Nd>* presents emission only in the NIR region upon excitation
into the °Dj level of Tb®™, only the green feature of Tb3* is obtained for
Nd**-doped material. Conversely, upon the same excitation, both Tb>*
and Sm>" emission are present in the visible region, with a domination
of the latter. Therefore, the obtained colour is located in the orange
region. Similar CIE are obtained when the same sample is excited at 485
nm as in this case, clearly the emission band at 485 nm, that is resonant
with the excitation, does not contribute to the final emission spectrum,
leading to a slight shift in the CIE coordinates but always in the orange
region). Finally, at 402 nm, Sm>" ion is selectively excited and the final
spectrum in the visible region results in a red colour due to sole emission
of this ion.

3.2.3. Impact of the crystal structure on the energy transfer mechanism
Details about the crystal structure of the materials under investiga-
tion have been reported before [13,14,16]. There is only one site for
both divalent and trivalent cations with coordination number 9 and
point symmetry C3. The A2*/M3" cations are located in a disordered
way in a single crystallographic site, with a relative occupation of
0.75/0.25. As reported in section 3.1, the lattice parameters are in
practice constant after dilute substitution of Tb>" with Nd>* or Sm>*
(doping) due to the close similarity of their ionic radii (1.095 A for Tb3+,
1.163 A for Nd®* and 1.132 A for Sm3* in 9-fold coordination) [28].
As for the local environment of the cations, Each A%*/M>* ion is
surrounded by other identical 11 nearest neighbour A%*/M3* cationic
sites. Therefore, due to the abovementioned occupation factors, one
trivalent ion on average is surrounded by 11 x 0.25=2.75 trivalent near



V. Paterlini et al.

Sr,Tb(PO,),: 1%Sm3**

Excitation int. (arb. un.)

Wavelength (nm)

Fig. 6. RT excitation spectrum of Sr3Tbgg9Smg o1(PO4)3 measured with Aep
=542, 598 and 645 nm.

Sr,Th(PO,);: 1%Sm**

0
© E )Lexc =378 nm
)\.em =598 nm
/ ©=0.5ms (rise) + 2.17 ms
S 104
'S ]
—
O
2
=
9
£ 1024 |
1  Agxc=378nm Aexc = 402 nm
Aem = 542 nm Aem = 598 nm
t=0.73ms ‘ t=0.77 ms + 219 ms
10° ; | E . . :
0 2 4 6 8

Time (ms)

Fig. 7. RT decay curves of the luminescence in the visible region, after pulsed
excitation of Sr3Tbg g9Smg o1 (PO4)3.

Optical Materials: X 11 (2021) 100074

neighbour ions. This implies that in the neat terbium eulytite each Tb>*
ion has 2.75 Tb®* nearest neighbours, and in the Tb/Ln materials 2.722
Tb3* and 0.028 Ln®* ions nearest neighbour ions (Ln=Nd, Sm). In the
presence of the Ln®" dopant the crystallographic positions of the atoms
are unchanged and so the distances Tb®*-Tb%* and Tb3*-Ln3* are
considered identical. In a previous paper [14] we have reported that in
the same host the distances between a reference cation and the nearest
neighbour ones have three possible values, i.e. 3.971(2) A (x3), 4.378(1)
A (x2) and 4.754(1) A (x6). We can safely adopt these values for the
nearest neighbour Tb3*-Nd3* and Tb3"-Sm3* distances in the materials
under investigation. As migration among the D, levels of Tb%™ is very
fast, the excitation will reach a donor ion which has at least one Nd>* or
Sm>" ion in a nearest neighbour position. This implies that the energy
transfer process presumably occurs across a short distance (3.971-4.754
1°\), and that short-range interactions, such as electric
quadrupole-electric quadrupole (EQ-EQ) and/or exchange, could play a
dominant role.

In fact, in the case of the Th>*>Eu®" energy transfer in Sr, Sr/Ba and
Ba-eulytites, Carneiro Neto et al. have recently shown, through the
comparison of detailed theoretical calculations and experimental data
derived from luminescence spectroscopy, that these hypotheses are
indeed correct [14]. Presumably, a similar situation occurs for the ma-
terials under investigation. At this stage, a few comments can be made.
In the case of the Tb®+*—Sm®" transfer, the final states for Sm®™ lie in an
energy region that very dense with levels, and at least two states
[419/2,4G7/2 (Sm3h)] are involved; this makes a simple analysis unfea-
sible in the absence of detailed theoretical calculations. On the other
hand, the Tb>*>Nd>* is much simpler and more amenable to some
considerations.

The transfer mechanism (1) in the past has been assigned, in a Ca
(PO3),, glass doped with low amounts of Tb%* (3%) and Nd>* (0.1-3%),
to the electric dipole-electric quadrupole interaction [19,29]. In the
present case, given the short transfer distance and the previous theo-
retical results on the Tb®*—Eu>* case, this mechanism presumably is not
the dominant one. On the other hand, the low values of the squared
reduced matrix elements of the unit tensor operator <||U®W||>2 (for
A=2, 4, 6) for the 5D4—>7F4 of Tb®* [27] do not appear to be compatible
with an EQ-EQ interaction, since this requires high values of <||U?||>2
for the transitions involved in the two optical centres [30]. For this
reason, we tentatively attribute the transfer to exchange interaction,
being aware that detailed theoretical calculations are required in order
to obtain a full understanding of the transfer mechanism.

b3+

4. Conclusions

Energy transfer processes of the types Tb>*->Nd®* and Tb**»Sm3*
have been studied at room temperature in eulytite double phosphate
materials with stoichiometry Sr3Tbg 99Ndg.01(PO4)3 and
Sr3Tbg.99Smg o1 (PO4)3. As already found for (Ba,Sr)3Tb; xEuy(PO4)s, the
transfer of excitation from the Tb%" to the dopant is assisted by very fast
energy migration in the °Dj subset of levels, and effectively occurs be-
tween nearest neighbour ions. For this reason, the transfer efficiency
results to be high compared to what observed in other hosts. The transfer
mechanisms have been identified for both dopant ions and, in the
simpler case of the Nd** acceptor, there are indications that the short-
range transfer process, occurring for distances close to 4 A, is mainly
due to the exchange interaction requiring wavefunction overlap. This
agrees with the rule of thumb proposed by Blasse and Grabmaier for
Ln>* ions, allowing exchange for donor-acceptor distances lower than 5
A [20]. The present indication should clearly be corroborated by
detailed theoretical calculations. As a last remark, we note that, in the
materials under investigation. downshifting from the near UV and the
visible regions to the near IR [31] can be obtained. The efficiency of this
process remains to be ascertained in the case of the eulytite activated
with Nd*".
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(b) CIE 1931
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Fig. 8. CIE diagrams for (a) Sr3Tbg.99Ndg.01(PO4)3 and (b) Sr3Tbg.g9Smg 01 (PO4)3 samples.
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