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New noncentrosymmetric alkali rare-earth double borate Rb3SmBg0O;, was found in the ternary system
Rb,0-Sm,03-B,03. The Rb3SmBgO;, powder was prepared by the solid state reaction method at 750 °C for
40 h and the crystal structure was obtained by the Rietveld method. Rb3SmBgO1; crystallized in space group
R32 with unit cell parameters a = 13.4874 (3) and ¢ = 30.9398 (6) A, V = 4874.2 (2) A%, Z = 15. In the three-
dimensional framework structure of RbsSmBgO1,, each [Bs010]°” group is linked to four different Sm-O
polyhedra and, likewise, each Sm-O polyhedron is connected to four neighboring [Bs010]°~ groups. The Sm-

K ds: . . . ? .

B?;‘:;Zr s 0 polyhedra are formed by the face-sharing linked SmOg octahedra. Rb* cations are located in large cavities
Crystal structure of the framework structure. From the thermal stability measurements, the incongruent melting of
Raman Rb3SmBg04; is observed at 1104 K with as high melting enthalpy as H,, = -161.5 J/g. The nonlinear optical

response of Rb3SmBgO1, tested via SHG is estimated to be similar to that of K3YBgO1,. The Raman spectrum
of Rb3SmBg01, is mainly governed by the vibrations of BO, and BOs3 borate groups observed over the
wavenumber range of 287-1550 cm™'. The spectral bands below 270 cm™" were attributed to rotational,
translational and mixed vibrations of Rb;SmBgO; structural units. The luminescence spectrum of Sm>* ions
in the specific local environment of the Rb3SmBgOq, crystal lattice shows the ability to control the
individual band intensity ratio originating from 465/2 level.

Photoluminescence

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

Borate crystals have their rich crystal chemistry that opens a
possibility for the construction of specified materials with different
combinations of physicochemical properties [1-6]. In particular,
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borate crystals are valuable as optical materials because of appro-
priate chemical and mechanical stabilities, a wide transparency
range and high optical damage threshold [1,6-14]. Accordingly, the
crystal growth technology was developed for selected borate mate-
rials to reach the large-sized low-defect single crystals appropriate
for the application in high-power laser systems [15-20]|. Many
known and new borate crystals have been investigated in recent
years in the search for materials with promising nonlinear optical,
piezoelectric, thermophysical and spectroscopic characteristics
[20-36]. Among borate compounds, crystals containing rare earth
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ions are of particular interest because they can be used as hosts in
laser and photonic technologies.

The double borates of general formula AsLnBgO1, (A = K or Rb, Ln
=Y or rare earths) have attracted considerable attention because of
their curious structural and nonlinear optical properties, which
make them promising for various applications [28,29,37-43]. It
should be pointed that AsLnBgO;, compounds are known only for A
= K or Rb and the existence of this structure type for other alkaline
metals and Tl is unclear. AsLnBgO1, compounds crystallize in the
noncentrosymmetric trigonal space group R32 and are characterized
by a short UV cutoff edge, appropriate nonlinear optical properties
and high thermal stability [28,29,38,40|. A centimeter-sized
K5YBs01; crystal was successfully grown by the top-seeded solution
growth method using a K;0-B,03-KBF, flux [37]. Later, a series of
K5LnBgO1,-based phosphors was synthesized and their structural
and photoluminescence characteristics were evaluated [39,41-48].
Today, it turns out that K3LnBgO1, compounds are formed for a wide
composition range, at least for Ln = Y or Lu-Eu [46,49]. As to Rb-
containing borates, the information is evidently scarce and only four
compositions, namely, RbsLnBsO1, Ln =Y, Ho, Eu and Nd, were tested
in experiments [28,29,38,40]. The present study is aimed at the
synthesis of double borate Rb;SmBgO, and the exploration of its
structural, thermal and spectroscopic characteristics. In the struc-
ture, the photoluminescence parameters of Sm>" ion can be de-
termined under the precise control of their crystallographic
environment, and it opens a possibility for the creation of efficient
phosphors, emitting in the red-orange range, on the base of related
hosts, including Rb3YBsO1,. The synthesis of RbsSmBgO;, was car-
ried out by the solid state reaction method. The structural, thermal
and spectroscopic characteristics of the compound were determined
by conventional experimental techniques.

2. Methods and materials

The Rb3SmBgO;; compound was prepared by the solid state re-
actions using high-purity starting reagents: Rb,CO3 (99.8%, Sigma
Aldrich Ltd.), Sm»03 (99.9%, Red Chemist, Ltd., Russia), and H3BO3
(99.5%, Sigma Aldrich Ltd.). Before weighing, Rb,CO; and Sm;03
were preheated at 850 °C for 8 h to remove any absorbed water. In
the batch preparation, according to the stoichiometric composition,
the reagents were weighed on an analytical balance with the accu-
racy of 0.5 mg. The mixtures of Rb,CO3, Sm,03 and H3BO3 at molar
ratio 3:1:12 were thoroughly ground in an agate mortar, slowly
heated to 500 °C and held for 5 h in the air atmosphere. After that,
the samples were then reground and annealed at 600 °C for 5 h with
intermediate grindings and, finally, at 750 °C for 40 h until the
equilibrium was reached. The equilibrium was specified only when
two successive heat treatments resulted in identical X-ray diffraction
patterns. Temperatures were measured with a Pt-PtRh thermo-
couple. The temperature was controlled to be within + 2 °C with an
OMRON controller. The photo of the synthesized powder sample
is shown in Fig. 1. The powder was flowy and uniform. The light-
orange tint was observed for the samples and it is a characteristic
color of Sm**-containing oxides [50-52].

The powder diffraction data of Rb3SmBgO, for Rietveld analysis
were collected at room temperature with a Bruker D8 ADVANCE
powder diffractometer (Cu-Ka radiation) and linear VANTEC de-
tector. The step size of 20 was 0.021°, and the counting time was 30 s
per step. Rietveld refinement was performed by using TOPAS 4.2
[53]. Almost all peaks were indexed by the trigonal cell (space group
R32) with the cell parameters close to RbsEuBgOq, [40]. Therefore,
this crystal structure was taken as a starting model for Rietveld
refinement, and only the Eu ion was replaced by the Sm ion. The
refinement was stable and gave low R-factors (Table 1, Fig. 2). The
coordinates of atoms and the main bond lengths in the Rb3SmBs01>
structure are given in Tables S1 and S2, respectively. The
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Fig. 1. Photo of as-synthesized Rb3;SmBgO;, powder sample.

Table 1
Main parameters of processing and refinement of the
Rb3SmBgO;, sample.

Compound Rb3SmBgO1>
Sp.Gr. R32
a, A 13.4874 (3)
¢ A 30.9398 (6)
v, A3 48742 (2)
VA 15
26-interval, ° 10-100
Rup, % 1.67
R % 115
Rexpr % 0.62
2.69

Rg, % 1.07

450
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Fig. 2. Difference Rietveld plots of Rb3SmBgO15.

crystallographic data are deposited in Cambridge Crystallographic
Data Centre (CCDC # 2131404). The data can be downloaded from
the site (www.ccdc.cam.ac.uk/data_request/cif).

The SHG response was measured in the back-scattering geometry
by means of the modified Kurtz-Perry powder method [54]. The
sample SHG was excited by the ns pulsed radiation of a Nd:YAG laser
(STA-01-7, Standa) working at A =1064 nm with the 100 mW mean
power. The detailed description of the experimental set up and the
measurement conditions can be found elsewhere [55]. Crystalline
quartz was used as a reference, and the relation SHG(Rb3SmBgO15)
=6.5xSHG(a-Si0,) verifies the selection of noncentrosymmetric
space group for Rb3SmBgO15,.
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Differential scanning calorimetric (DSC) and thermogravimetric
(TG) measurements were performed on an STA 449 F1 Jupiter
thermoanalyzer (NETZSCH) over the temperature range of
30-1150°C in the argon flow. Pt crucibles were used as vessels.
Pt-PtRh thermocouples were used for the measurement. The tem-
perature measurement precision was + 1 °C. The heating and cooling
rates were 10 °C/min.

The experimental Raman spectra of Rb3SmBg0;> compound were
acquired using a triple monochromator Horiba Jobin Yvon T64000
Raman spectrometer operating in the subtractive mode in the
backscattering geometry and were detected by a liquid nitrogen-
cooled CCD cooled to 140 K. The spectral resolution for the recorded
Stokes side Raman spectra was about 2 cm™', and the pixel coverage
was 03 cm™!. The single-mode radiation A=514.5nm from the
Spectra-Physics Stabilite 2014 Ar* laser was used as an excitation
light source, the power on the sample being 3 mW.

Photoluminescence measurements were performed with the
help of Horiba Jobin Yvon T64000 spectrophotometer using laser
excitation at several selected generation lines from the Spectra
Physics Stabilite 2017 Ar ion laser. The T64000 spectrophotometer is
featured by a very high signal to noise ration that enabled obtaining
high quality luminescent spectra from the sample with a high
luminescent ion concentration.

3. Results and discussions
3.1. Crystal structure

The crystal structure of Rb3SmBgO;, is shown in Fig. 3. The
Rb3SmBgO;, structure contains a three-dimensional framework
composed of [Bs010]°~ groups bridged by Sm-O polyhedra (Fig. 3).
The [Bs010]° group consists of one BO, tetrahedron and four BO;
triangles that form double B-O rings via the common tetrahedron.
All the B-O rings in this structure can be divided into two groups,
with one group approximately parallel and the other - perpendicular
to the c axis. Each [BsO1o]°~ group is bound to four different Sm-O
polyhedra and, likewise, each Sm-O polyhedron is bound to four
neighboring [Bs010]°”~ groups. The Sm-O polyhedra are formed by
the face-sharing linked SmOg octahedra. Rb* cations are located in
large cavities of the framework structure (Fig. 3). Checking crystal
structure for the presence of missed symmetry elements revealed
the presence of possible pseudotranslation c/2. However, there is the

Rb BO,BO,
\ ©

lg

I The structural element
¢/2 pseudotranslation  \hich breaks c¢/2 translation

Fig. 3. Crystal structure of Rb3SmBgO;,. The unit cell is outlined. Lone atoms, except
Rb, are omitted for clarity.

Journal of Alloys and Compounds 905 (2022) 164022

0,93 . 0,96 0,99
IR(n), A

Fig. 4. Cell volume dependence per ion radii of Ln and A elements in the known
A3LnBs0;, compounds with A =Rb and K. The V* values are calculated from cell vo-
lume V by formula V*= Vx15/Z, where Z is the number of formula units in the
unit cell.

Rb ion which breaks this translation, as seen in Fig. 3, and only
[BsO10]°” structural motifs are arranged with pseudotranslation. It
should be noted that, under some conditions, the Rb/Sm disordering
is probable and can lead to the appearance of this new c/2 transla-
tion and phase transition.

The unit cell volume (for Z=15) dependence on the effective
radius of Ln3" ion in AsLnBgO;» compounds is shown in Fig. 4.
The structural parameters of the known A3;LnBgO;, compounds are
presented in Table 2. The effective Ln>* ion radii for coordination
number 6 were considered [57]. As it is seen in Fig. 4, the
dependences for K and Rb can be well fitted by linear functions
V*= 2211.05 xIR(Ln) +2586.04 and V*= 2656.56 xIR(Ln) +2327.82,
respectively. In the AsLnBgOq, family, the trigonal structure is per-
sisted for a wide range of Ln elements. In the K5LnBgO1; crystals, the
lowest possible unit cell volume value is reached in K3LuBgO1,, but
the upper limit for the existence of this structure is unclear today.
The RbsLnBgO;, crystals are known for bigger ions Sm** and Nd**,
but the upper and lower limits of the subfamily remain unclear.

Table 2
Known compounds AsLnBgOq, and their cell parameters.
Chemical Space Cell parameters, A Cell volume, A>  Reference
composition group,
z
K3LuBgO12 R32, a = 13.1549(8), 2243.7(3) [46]
75 c=14.9713(9)
K3YBGO12 R32,15 a=132202(19),  4583.29(1) [37]
¢ =30.281(6)
K3TbBgO1» R32, a=13.2310(12), 2311.8(4) [56]
75 ¢ =15.2490 (6)
K3GdBgO12 R32, a = 13.2490(9), 2326.5(4) [47]
75 ¢ =15.3038(10)
KsEuBgO12 R32, a=13.2610(17) 2342.6(7) [49]
7.5 c=153822(19)
RbsEuBsO1,  R32,15  a=13.4732(2), 4848.6(2) [40]
¢ =30.8424(6)
Rb;SmBgO1»  R32,15  a=13.4874(3), 4874.2(2) This work
¢ =30.9398(6)
RbsNdBgO1,  R32,15  a=13.5236(4), 4935.6(3) [38]
¢ =31.1617 (10)
Rb3YBsO12 R32, a =13.3894(3), 2357.1(3) [31]
75 ¢ =15.2031(7)
RbsHOBsO1;  R32,15  a=13.4078(2), 4723.45(12) [30]

€ =30.3398 (4)
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Fig. 5. . DSC/TG curves recorded for Rb3SmBgO1;.

3.2. Thermochemical properties

The results of the simultaneous (TG/DSC) thermal analysis of
Rb3SmBs0;, from 378 to 1173 K are shown in Fig. 5. The DSC heating
curve clearly indicates the endothermic effect corresponding to the
melting of the double borate Rb3SmBgO1; at (Teling (Peak) =1104K,
Tmelting (0nset) =1086 K, AH =-161.5]/g). The twinned exothermal ef-
fect (T (onset) =971 K, AH =17.6 ]/g) at the DSC cooling curve related to
the crystallization of the residues appeared after the melt decom-
position of RbsSmBgO;,. The incongruent melting of RbsSmBgO;;, is
additionally confirmed by the XRD patterns of the residual keck ex-
tracted after cooling (Fig. S1). Among the crystalline residues, such
compounds as Rb,(B4050H)4(H,0)3 6 (PDF 00-051-0233) [58], SmBO3
(PDF 00-013-0489) [59], B,O3 (PDF 73-1550) [60] were revealed.
Besides the crystalline compounds, the amorphous component is
significant. In our opinion, at high temperatures, RbsSmBgO1, is de-
composed to SmBO3; and Rb,B405. In the cooling process and at room
temperature, Rb,B40; immediately interacts with the air moisture and
it results in the formation of Rby(B40s0H)4(H;0)3 6. During the heating
and cooling, the TG curve is very clear and there is no weight loss. This
indicates complete absence of volatile impurities or components.

The thermal characteristics of the presently known double bo-
rates AsLnBgOq, (A=K, Ln = Eu-Tb, Lu and Y; A = Rb, Ln = Nd, Sm, Eu,
Ho and Y) are summarized in Table 3. The solid-state reaction
technique was applied in the preparation of all compounds, except
for RbsHoBg0, which was manufactured by the sol-gel method [30].
Unfortunately, the melting investigation of K-containing borates was
carried out only for K3YBgO1, [37]. Phase transitions were observed
for RbsLnBgOq,, Ln =Nd and Ho. Some trend can be seen for the
melting temperatures of Rb-containing compounds. The melting
temperatures of Rb3SmBgO;, and Rb3EuBgO1, are noticeably higher
than those of RbsNdBgO1> and RbsHoBgO1». It is interesting that the
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Fig. 6. Emission spectrum of Rb3SmBs0;, excited at 457.9 nm in comparison with
those of Sm>*-containing molybdates excited at 355 nm.

phase formation enthalpy values are also higher for Rb3SmBg0;; and
RbsEuBgO1,. These relations may be an indication of the increased
RbsLnBgO;, structure stability for middle Ln elements. To verify
the assumption, for comparison, it could be valuable to observe
the melting temperatures and phase formation enthalpies of the
K5LnBgO;, borates.

3.3. Luminescence properties

Fig. 6 depicts the luminescence spectrum of Rb3SmBg01, excited
at 457.9 nm in comparison with the spectra of B-RbSm(Mo0O,), [50]
and BaSmy(MoQ,)4 [51]. The luminescence spectrum of RbsSmBgO1;
contains noticeable broad band forming the background for the lu-
minescent bands of Sm>* ion. This background protrudes from the
460-750 nm peaking approximately at 570 nm. The luminescent
contribution of Sm>* in Rb3;SmBg0;5 is somehow similar to that in
BaSmy(Mo0,4), and strongly differs from that in p-RbSm(Mo04),.
The latter must be ascribed to different local symmetry of the
Sm>" ions in Rb3SmBgO;; and B-RbSm(Mo0O4),. Specifically, the
465,2 - 6H5,2 band experiences a strong intensity redistribution of
the transitions between individual crystal field split sublevels with
respect to p-RbSm(Mo04),, so, this band peak shifts from 574 to
570 nm. “Gsj2 - ®Hyjz and “Gsjz - ®Hopp bands experience smaller
distortion. However, their relative intensity is greatly increased with
respect to those in p-RbSm(MoO4),. The *Fs;, - ®Hy, transition is
observable as a very small peak hardly distinguishable over the
background, while the “lo, - ®Hs; band is completely un-
distinguishable, and only Raman spectral features are observable in
the spectral region it might occupy. The differences of the lumi-
nescence spectra between Rb3SmBgO;, and another reference
crystal, BaSmy(MoQ,), are less pronounced, though one may note
that the maximum band in the borate under study is the *Gs/, - ®Hy,
» one, while in BaSm,(Mo0y,), the *Gs), - ®Hoj, one prevails. Sm ions
in trigonal lattice of Rb3SmBgO1, occupy three inequivalent positions

Table 3

Thermal parameters of compounds AsLnBgO15.
Compound Ion radii of Ln®*, A Synthesis: Temperature, K / Time, h Phase transition / Melting point, K Enthalpy, J/g Reference
K3EuBgO1; 0.947 1023/24 - - [49]
K3GdBgO1, 0.938 1033/20 - - [47]
K3TbBgO1; 0.923 1023/72 - - [56]
K3YBgO12 0.900 973/120 -/1214 - [37]
K3LuBgO12 0.861 1023/48 - - [46]
Rb3NdBgO12 0.983 973-1023/24-72 936/1070 -122.4 [38]
Rb3SmBgO1; 0.958 1023/40 -/1104 -161.5 This work
Rb3EuBg01; 0.947 973-1023/24-72 -/1101 -160.6 [40]
RbsHoBgO12 0.901 facile sol-gel method and calcined at 1023/5 988/1091 -120.7 [30]
Rb3YBsO12 0.900 973/48 -/1094 - [31]
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with local symmetry Cs (two sites) and D3 (third site) while, e.g., in
B-RbSm(Mo0,4), Sm3* ions occupy a single site with the local sym-
metry C,. Distribution of bands in Rb3SmBgO1; is the average over
that from three different sites and, therefore, this distribution is
somehow intermediate one between two reference crystals.

The RbsSmBgO;, excitation at another wavelength, 514.5 nm,
leads to the luminescence spectrum of Sm>" ions that is generally
very close to that excited at 457.9 nm. Both laser wavelengths used to
excite the Rb3SmBgO;, luminescence are out of evident resonance
with Sm>®* ion transitions from the ground state. Then we must as-
sume that they fall into a weak and broad absorption band of some
point defects of the crystal structure, e.g. anion vacancies or some-
thing else. These vacancies concentration is expected to be rather
small in view of a good quality of the XRD pattern. Excitation of
these vacancies leads to the energy transfer to 419/2 (in case of the
457.9 nm excitation wavelength) or to 4F3,2 (in case of the 514.5 nm
excitation wavelength) with the subsequent radiativeless relaxation
to 4G5/2 and the luminescence from this state. Assuming that non-
resonant Raman cross section is the same for both excitation wa-
velengths and calibrating the laser power by the Raman lines in-
tensity, we deduce that the Sm>* luminescence excited at 457.9 nm is
32.7 times higher than that excited at 514.5 nm. This value reflects
the ratio of absorption cross sections of the defects multiplied by
energy transfer probability for every excitation wavelength. It is
interesting to note that the p-RbSm(Mo04), reference crystal spec-
trum contains no background invoking that the point defect con-
centration in the reference crystal is much smaller than that in the
borate under study.

3.4. Vibrational properties

The Raman spectrum of Rb3SmBgO;, measured at room tem-
perature is shown in Fig. 7. The group theory analysis predicts 220
vibrational modes with the following irreducible representations
Tvib= 53A; +57A; + 110E, where the A; and A, modes correspond to
non-degenerate modes, while the E modes are double-degenerate.
Here, the acoustic modes are A, + E, while the Raman- and infrared-
active modes are as follows: Traman =53A1 + 109E, Tipfrared = 56A;
+109E. The contribution of particular ions to vibrational spectra [61]
can be found in Table 4. At the same time, as it was shown above, the
crystal structure of RbsSmBgO;> contains [Bs010]>~ units consisting
of the BO, tetrahedron and BOs; triangles. The Raman spectrum
range from 1180 to 1550 cm™! is related to the vs-like antisymmetric

Rb;SmBgO,,

>
‘»
c
Q
£
c
©
IS
ol
o
v; BO;
v T = T ' T ® T . T * T
0 250 500 750 1000 1250 1500

Wavenumber, cm™

Fig. 7. Raman spectrum of Rb3SmBg0;, powder.
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Table 4
Wyckoff positions of ions and corresponding irreducible representations of vibra-
tional modes in structure of Rb3SmBgO15.

Ion Wyckoff notation Irreducible representations
Rb3, B1-5, 01-10 18f 3A; +3A, +6E

Sm1-2, Rb4 6¢ Ay +A; +2E

Sm3 3a A +E

Rb1 9e Ay +2A; +3E

Rb2 9d Ay +2A; +3E

Rb5 3b A2 +E

stretching vibrations of BOs triangles [62]. The BO3; symmetric
stretching is located between 910 and 956 cm™! [40]. The out-of-
plane bending of BO; groups located in the range of 690-810 cm™'
and the graphical presentation of the vibration related to the
strongest Raman line are shown in Fig. 7. The in-plane BO3 vibra-
tions appeared in the spectrum as the lines in the wavenumber
range from 585 to 635 cm™' [63]. The weak bands around 1600 cm™!
are related to the O-B-0 antisymmetric stretching in the BO4 unit of
the [BsOq0]°~ pentaborate group. The Raman peak observed at
780 cm™! is attributed to the B-O stretching vibrations in BO4 [64].
Due to the fact that BO4 and BO3 are bound to each other inside the
pentaborate molecule, the spectral band at 536cm™! can be de-
scribed as the bending of BsOy [64]. The bending-like v, vibrations
of BO, tetrahedra are located in the range of 365-420 cm™! [65]. The
peak at 287 cm™! is related to the bending vibrations of the Bs0;o
group [64]. The spectral bands below 270 cm™' should be attributed
to the rotational, translational and mixed vibrations of Rb3SmBgO12
structural units [38]. Thus, the Raman spectrum of Rb3SmBgO;; is
mainly governed by the vibrations of BO4 and BO3; borate groups.

4. Conclusions

In the present study, a new noncentrosymmetric borate
Rb3SmBgO;, was synthesized and its basic properties were eval-
uated. The discovery of this compound increased the number of the
known crystals of double trigonal borates AsLnBgO1, (A = Kor Rb, Ln
=Y or rare earths), and, accordingly, some general trends in this
family become clearer. As it is seen, high nonlinear optical property
level cannot be reached in A3LnBgO;, because of the specific or-
ientation of BOs and BO4 borate groups in this structure. Besides, the
growth of big crystals by the industrial Czochralscki method seems
to be impossible, at least, for many compositions because of the
incongruent melting commonly observed in the borates from the
AsLnBs0,, family. These two factors greatly complicate the appli-
cation of these borates in frequency conversion systems and the
laser technology. However, for several borates from the As;LnBgOq;
family, including RbsSmBgO;;, a good thermal stability was ob-
served, and this is a promising factor for the creation of efficient
phosphor materials. The stability of the matrix structure for a range
of Ln elements opens the way for high doping levels in the solid
solutions on the base of AsLnBsO1, without structural defects gen-
eration, and it is a promising feature for low optical losses in the
phosphor systems.

The luminescence spectrum of Sm>" ion in the specific local
environment of the Rb3SmBgO1, crystal lattice shows the lumines-
cent band intensities distribution that is an intermediate one be-
tween such reference molybdate crystals like BaSmy(Mo00O4)4 and p-
RbSm(Mo04),. Specifically, p-RbSm(Mo04), shows the domination
of orange band “Gs, - ®Hs)z, while BaSm,(Mo0,)4 - domination of
deep-red 4G5/2 - 6H9/2 band. The crystal under study demonstrates
an intermediate case, e. g. the domination of mild-red 4G5/2 -
6H7/2 band.

To determine the boundaries of the AsLnBgO;, family, the ex-
istence of trigonal borates should be tested for different A and Ln
elements. As to A" ions, first, such ions as Na*, Cs* and TI* should be
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considered. Besides pure compounds, wide-ranged solid solutions
could be investigated, and that open a possibility for tuning the
emission properties of rare earth ions.
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