Physics of the Solid State, 2023, Vol. 65, No. 5

09,04

Evolution of the spectral and structural characteristics of borates formed
during the interaction of lanthanum and scandium oxides

with a potassium tetraborate melt
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The structure, morphology, IR spectra, as well as luminescence spectra and luminescence excitation spectra
of europium-doped borates formed during the interaction of lanthanum and scandium oxides with a potassium
tetraborate melt at 970°C with the general formula Lag 99_xScxEug 01BO; were studied. It is shown that with an
increase in the Sc¢** concentration, three compounds are successively formed: LaBOs, LaSc;(BOs)4, and ScBO;3.
At 0 < x <0.26, the samples are single-phase and have the structure of LaBO; aragonite. Within the range of
0.26 < x < 0.75, the samples are two-phase and contain the structures of LaBOs aragonite and LaSc;(BO;3)s
huntite. At 0.75 < x < 0.85, LaSc3(BO;3)4 is observed. Within the range of 0.85 < x < 0.97, the samples are
two-phase and consist of LaScs;(BO3)4 huntite and ScBOjs calcite. At 0.97 < x < 0.99, the ScBOs samples have
a calcite structure. Correspondence between the structure and spectral characteristics of these compounds was

established.
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1. Introduction

Recently, much attention is paid to the investigation
of rare earth borates ReBO; (Re=Lu, Eu, Tb, Gd,
La) and ReMe;(BOs3)s (Re = La,Eu,Sm) (Me= Al Sc),
since they may be used as high-performance color display
phosphors, X-ray phosphors, LED light sources, non-linear
crystals [1-7]. To enable these compounds to be used in
practice, directional change of their spectral response is
essential. Change in structural state of polymorphous phos-
phors is known to be one of the most efficient methods of
their directional emission spectrum change, since each struc-
tural modification of borates containing optically active sites
has its own unique luminescence spectrum (LS) [8-12].
Luminescence spectra of various structural modifications
of borates Lu;_xResBOs;:Eu (Re = Gd,Tb,Eu,Y) and
Lu;_xInkBOs:Eu are studied in [10-15]. These com-
pounds contain LuBO3;, ReBO; and InBOs;. Lutetium
orthoborate has two stable structural modifications: va-
terite forming at T = 750—850°C and calcite forming at
T =970—-1100°C. ReBO3 (Re = Gd,Tb,Eu,Y) orthobo-
rates has a vaterite structure while InBO3; has a calcite
structure [16-21].

In Lugos_xInyEup ¢2BO3 orthoborate synthesized at
T =780°C (the temperature of existence of the low-
temperature LuBOj; vaterite) with increased In concen-
tration, the following structural modification sequence
(SMS) is observed: vaterite — vaterite 4 calcite — calcite.
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These samples are crystallized in the calcite struc-
ture at In>10at.% [15] In Lugg9_xRexEug ¢1BO3
(Re=Eu, Gd, Tb, Y), synthesized at T =970°C
(temperature of existence of the LuBO; calcite
phase) with increased Re concentration, the following
SMS is observed: calcite — calcite 4 vaterite — vaterite.
Lug.99_xRexEug 01BOs samples are crystallized in the va-
terite structure at Re > 10—25 at.% for different Re [11-14].
In luminescence spectra of Lugog_xInxEug ¢,BOs; and
Lug 99_xRexEug 01BOs samples having a calcite structure,
two narrow bands with Ay.x = 589.8 and 595.7nm (elec-
tronic transition Dy — ’Fy) [8-15].  Vaterite modifica-
tion luminescence spectrum of these compounds contains
three bands: in 588—596nm (°Dy — ’F;), 608—613 and
624—632nm (°Dy — 'F,) regions [6-13]. Therefore, Eu*
contained in the compounds and having a calcite and
vaterite structure feature orange and red luminescence,
respectively.

In luminescence spectrum of LaBOs;(Eu) lanthanum
orthoborate having an aragonite structure (space group
Pnam), bands with Ap. = 589.4,591 and 592.6 nm
(°Do — "F;) and some bands in the range of 608—628 nm
(°Do — 'F,) have the highest intensity [22-25]. It is
important that the spectral luminescence distribution of
LaBOs(Eu) that has an aragonite structure is closer to the
spectral luminescence distribution of ReBO3(Eu) that have
a vaterite structure than to orthoborates that have a calcite
structure.
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The luminescence excitation spectra (LES) of the main
luminescence bands of various structural modifications of
ReBO;(Eu) (Re =La, Gd, Eu, Y, Lu) borates have wide
bands (charge transfer bands (CTB)) in the ultraviolet
spectrum, whose maximums for the aragonite, vaterite
and calcite phases occur at ~ 283, ~ 242 and ~ 254 nm,
respectively. LES of these compounds also contain several
narrow bands in the range of 290—500nm corresponding
to resonance excitation of Eu?™. Bands A = 394nm
("Fy — °Lg); 466.5, 469nm ("Fy — >D,) are most intense
in the long-wavelength region [3,9-12,22-25]. Tt should be
also noted that the normalized intensities of the LES bands
are close in orthoborates having the aragonite and vaterite
structure, while, for the calcite structure, the intensity of
the charge transfer band is significantly higher than that of
the resonance bands. The presence of the dominant short-
wavelength band is an important feature of the LES samples
having the calcite structure.

It was shown for the first time in [26,27] that a
band with Ay = 469 nm (’Fy — °D;) in the luminescence
excitation spectra (LES) and a band in the 577—582nm
(°Dop — "Fy) region in the luminescence spectra of
Lag 99_xRexEug 01 BO3; (Re = Tb,Y) may serve as structural
state indicators for a sample. A band with A = 469 nm
is observed in LES of samples having a vaterite structure,
while it is not observed in samples with an aragonite
structure. In LS, if the maximum of the band corresponding
to transition Do — ’Fy occurs at wavelengths less than
580 nm, then the sample has an aragonite structure, if it
occurs at A greater than 580nm, then the sample has a
vaterite structure.

Structural and spectral characteristics of
Lag g99_xRexEug 01BO3 (Re:Tb, Y), Lao.ggfouxEuO.ozBOL
Pro.99_xLuxEug.01BO; and Lug.99—xSmyEug.01BO;
orthoborates synthesized at T =970°C are investigated
in [22,26-29]. LaBO; and PrBO; have two structural
modifications. An orthorhombic phase — aragonite (space
group Pnam) is the low-temperature phase of these
compounds. At T = 1488°C, LaBOs transits to a high-
temperature monoclinic phase (space group P2;/m), and
PrBO;3 at T = 1500°C changes to a triclinic phase (space
group P(—1)) [30-35]. The triclinic structure (space group
P(—1)) is the low-temperature phase of SmBOj;, while
at T =1065—1150°C (according to various publications),
SmBO; has a vaterite structure (P63/mmc) [17,36-38].

It is worth to note that La*" ions in the aragonite
structure are surrounded by nine oxygen ions, while boron
ions have a trigonal coordination by oxygen [32-35]. Lu*
ions in the calcite structure, e.g. in LuBOs3, are surrounded
by six oxygen ions, while boron atoms have the same
trigonal coordination by oxygen — (BO3)>~ [39]. Sm>* ions
in the triclinic structure of SmBO; are surrounded by eight
oxygen ions, while boron ions have a trigonal coordination
by oxygen [36]. At the same time, Lu** ions in the vaterite
structure are surrounded by eight oxygen ions, while three
boron atoms with tetrahedral environment by oxygen make

up a (B309)°~ group in the form of a three-dimensional
ring [39-41].

In Lagg9_xRexEup0BO; (Re=Tb,Y) synthesized at
T =970°C (temperature of existence of LaBOj; arago-
nite and ReBO; vaterite phases), the following structural
modification sequence (SMS) is observed with an increase
in Re concentration: aragonite — aragonite + vaterite — va-
terite [26,27]. At the same time, in Lag og—xLuxEug 02BO3
and Proo9_xLuxEug01BOs orthoborates synthesized at
T = 970°C (temperature of existence of LaBO3 and PrBOs
aragonite phases and LuBOj calcite phases), an unexpected
structural modification sequence is observed with an in-
crease in Lu’t concentration: aragonite — aragonite -+ vate-
rite — vaterite — vaterite + calcilte — calcite [22,28].

In Lug.g9_xSmyEug ¢1BO3 synthesized at T =970°C
(temperature of existence of LuBO; calcite phase and
SmBOs triclinic phase), gradual change of three structural
states is also observed with an increase in Sm** concentra-
tion: calcite — calcite 4 vaterite — vaterite — vaterite + tri-
clinic phase — triclinic phase [29]. This structural state
sequence includes vaterite as an intermediate phase like in
Re;_xLuyBOs3(Eu) (Re = La, Pr), synthesized at 970°C.

Thus, with an increase in Lu concentration in
Re;_xLuyBO3(Eu) (Re=1La,Pr) and in Sm concentra-
tion in Lu;_xSmyxBO3;(Eu), these compounds first form
a vaterite phase from the aragonite and calcite phases
which are equilibrium at the synthesis temperature and
only then transit to a structure which is equilibrium at the
synthesis temperature. It should be noted that the Sm3*
concentration range in which the vaterite phase exists in
Lug.99—xSmyxEug 01BO; synthesized at 970°C is very wide
0.3 < x <0.95, while the triclinic phase exists in a very
narrow range — 0.98 < x <1 [29].

It is important to note that in Lu;_xRexBO;:Eu,
(Re=Gd, Tb, Eu, Y) and Lu;_xInyBO; synthesized
at 970°C, transition to the final structural modifica-
tion takes place at In> 10at.% and Re > 10—25at.%
(for different Re) [11-15]. At the same time, in
Lag.99—xRexEug,01BO3 (Re=Tb,Y), Lag og_xLuyEug.02BO3,
Pro.99_xILuxEug01BO; and Lug.g9_xSmyEug ¢1BO3; syn-
thesized at T =970°C, this process is completed at
X > 0.8—0.98 (for different Re) [22,26-29).

In [22,26-29], solid solutions of LaBO3 and ReBOj3 rare-
earth ion borates (Re =Tb, Y, Sm, Lu) are studied. The
investigation of solid solutions of LaBO3 and non-lanthanide
borates is of interest. Solid solutions of LaBOj; and
ScBOs3 borates with general formula Lag 99_xScxEug.01BO3
(0 < x<0.99) are studied herein.

Scandium orthoborate (ScBOs) is known to have one
structural modification — calcite [17,19,42]. However, [43]
shows that a vaterite phase is formed when amorphous
precursor ScBOs is annealed first in a narrow temperature
range 710—730°C, and a calcite phase is observed at
temperatures higher than 740°C.

Structure, IR spectra, morphology, luminescence
spectra and luminescence excitation spectra  of
Lug.g9_xSexEug01BO3s at 0 < x <0.99 are investigated
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herein. The correspondence between structure and spectral
characteristics of these compounds is established. Eu’*
ions, like in our previous investigations, were used as
optically active and structure-sensitive labels in amounts not
affecting the structural transformations of orthoborates.

2. Experimental procedures

2.1. Synthesis of samples

Policrystalline powder samples of Lag g9_xScxEug.01BO3
were synthesized at 0 < x <0.99 by interaction of lan-
thanum, scandium and europium oxides with potassium
tetraborate melt according to reaction

(0.99 — X)Lay03 + XS¢203 + 0.01Eu,03 + KB40
= 2Lag.99_xScxEug.01BO3 + K;B,04.

The amount of potassium tetraborate taken for the
reaction provided an excess of the boron-containing reagent
with respect to the stoichiometric amount by 10—20%.
K;,B407 - 4H,0, metal oxides and nitric acid were used as
precursor for the synthesis. All chemicals were of ,,analytical
reagent grade”. Metal ions were reacted in the form of
aqueous solutions of their nitrate salts obtained by dissolu-
tion of initial metal oxides in nitric acid. Microcrystalline
borate powders were synthesized as follows. Accurately
weighed crystalline potassium tetraborate (hydrate) and
appropriate volumes of calibrated aqueous solutions of rare
earth nitrates were placed in a ceramic cup and mixed
thoroughly. The obtained aqueous suspension was heated
on a hot plate with water distilled off at a moderate boil.
The resulting solid product was annealed at 550°C during
20 min to remove any residual moisture and to decompose
the nitrate salts. The solid precursor product was carefully
ground in an agate mortar and then the resulting powder
was placed in a ceramic for annealing at T = 970°C
during 3h. The derived products were treated with 5 wt.%
aqueous solution of hydrochloric acid during 0.2h. Borate
polycrystals were extracted by filtering the obtained aqueous
suspension, followed by washing with water and alcohol and
drying on the filter. The obtained polycrystal powders were
finally air dried at T = 120°C during 0.5 h.

2.2. Research methods

X-ray diffraction examinations were performed using a
Rigaku SmartLab SE diffractometer with CuK,-radiation,
1 =1.54178A, 40kV, 35mA. Angular spacing is
20 = 10—140°. Phase analysis of the samples and calcu-
lation of lattice parameters were performed using Match
and PowderCell 2.4 software.

IR absorption spectra were measured using VERTEX 80v
Fourier spectrometer in a spectral range from 400 to
5000 cm~! with resolution 2cm~!. For measurements, the
polycrystal powders were ground in the agate mortar, and
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then applied in a thin layer onto a polished KBr crystalline
substrate.

The sample morphology was examined using Supra 50VP
X-ray microanalyzer with INCA EDS accessory (Oxford).

Photoluminescence spectra and luminescence excitation
spectra were studied using a unit consisting of a light
source — DKSSh-150 lamp, two MDR-4 and MDR-6
monochromators (spectral range from 200 to 1000nm,
dispersion — 1.3nm/mm). Luminescence was recorded
by means of FEU-106 photomultiplier (spectral sensitivity
range from 200 to 800nm) and an amplification sys-
tem. MDR-4 monochromator was used to study the
luminescence excitation spectra of the samples, MDR-6
monochromator was used to study luminescence spectra.
Spectral and structural characteristics as well as morphology
of the samples were studied at room temperature.

3. X-ray diffraction examinations

Diffraction patterns of Laggg_xScxEug¢1BO3; sample
powders and their phase composition depending on the
mole ratio of lanthanum and scandium in the charge
with 0 < x <0.99 are shown in Figures 1 and 2. With
0 <x<0.26, the samples are single-phase and have
an LaBOj; aragonite structure, space group Pnam(62)
(PDF 12-0762), Z=4. With 0.26 < x < 0.75, the sam-
ples are two-phase — besides the aragonite structure,
trigonal phase LaSc;(BOs3)s4, space group R32H (155),
Z =3 (huntite structure) was observed [44]. With fur-
ther increase in Sc3t concentration, relative amount of
huntite grows, while relative amount of aragonite de-
creases. With 0.75 < x < 0.85, LaSc3(BOj3)s lanthanum-—
scandium borate is observed that is known to have
3 crystalline modifications: trigonal (space group R32)
and two monoclinic (space group C2/c and Cc) [44,45].
Lag 24Sco.75Eu0.01BO3 samples contain ~ 98.5% of the
trigonal phase, space group R32H and ~ 1.5% of the mono-
clinic phase, space group C2/c (15) (PDF 051-0106), Z =4.
Lag.14Sco.85Eu9.01BO3 sample has a trigonal structure, space
group R32H. With 0.85 < x <0.97, the samples are
two-phase and contain LaScs3(BOs)s4 huntite and ScBOs
calcite, space group R3c (167), PDF 79-0097, Z = 6. With
further increase in Sc3t concentration, amount of calcite
grows, while amount of huntite decreases. Scg.99Eug 0;BO3
sample contains ~ 97% of calcite and ~ 3% of Sc,03
(PDF 05-0629). It should be noted that in samples
containing 31, 37, 48, 60, 70, 85, 90, 95 and 97 at.% of
Sc**, the existing huntite phase has a trigonal structure
(space group R32H). Thus, with an increase in Sc3*
concentration in Lag 99_xScxEug 01 BO3 samples synthesized
at 970°C, three compounds are formed gradually —
lanthanum orthoborate, lanthanum — scandium borate
LaSc3(BOs3)4, ScBO3 scandium orthoborate.

Figure 3 shows the volumes of lattice cells observed
in Laggg_xScxEug1BO; at 0 <x <0.99 reduced to
(La,Sc)BOs formula unit. When scandium concentrations
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Figure 1. Diffraction patterns of Lag.o9—xScxEug.01BO3; (0 < x < 0.99) samples.
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Phase content and lattice cell volume reduced to (La,Sc)BOs formula unit, for LaBO3; (Va) aragonite, LaSc3(BO3)s4 (Vu) huntite and
ScBOs(Ve) calcite depending on the scandium content in Lag 99—xScxEug.01BO3 charge

Sc, at.% Aragonite, % Ve A3 Huntite, % Vi, A3 Calcite, % Ve A3
in the charge space group Pnam A space group R32H H space group R3c ©
0 100 61.80 0 — 0 -
15 100 61.80 0 — 0 —
26 100 61.79 0 — 0 —
31 82 61.78 18 - 0 -
37 73 61.79 27 55.66 0 —
48 54 61.75 46 55.67 0 -
60 22 61.74 78 55.64 0 —
70 7 61.66 93 55.59 0 —
V75 0 - ~ 100 5553 0 -
85 0 — 100 55.51 0 —
90 0 - 65 55.29 35 50.03
95 0 - 26 55.30 74 50.11
97 0 — 13 55.25 87 50.14
299 0 - 0 - ~ 100 50.16

Note. D Lag 24Scg.75Eug 91 BO3 sample contains ~ 98.5% of the trigonal phase, space group R32H and ~ 1.5% of monoclinic phase, space group C2/c.

2) Scy.99Eug 01 BO3 sample contains ~ 97% of calcite and ~ 3% of Sc,0s.

Hu?tite

Aragonite

0]
(e

N

Calcite

D
[«

N
S

Phase content, %

[\
)

0 20 40 60 80 100
Concentration of Sc in batch, at.%

Figure 2. Phase composition of Lag g9_xScxEug,01BO3 depending
on the rare earth ratio in the charge with 0 < x < 0.99: square —
Lag.99_xEug 01 BO3 aragonite, triangle — Lag.99Sc3Eug 01 (BO3)4
huntite, circle — Scg 99Eug 01 BO3 calcite.

in the charge are 0 < x <0.26 in a single-phase sample,
the aragonite lattice cell volume (V,) is unchanged (Table,
Figure 3). When La3* are substituted with Sc**, obvious
decrease in V54 would have been observed, because the ionic
radius of Sc3* (0.73438 A) is 1.5 as small as the ionic radius
of La’* (1.11482A) [46]. Uniformity of Va proves that
Sc3+ ions are not included in LaBOs structure, when their
mole content in the charge is up to 26%. This conclusion
is also supported by the fact that with 0 <x <0.26
diffraction patterns of Lag g9_xScxEug 0;BO3 contain only
the lines specific to Lagg9Eugo;BO3 aragonite structure
and no diffraction line displacement of aragonite phase is
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observed (Figure 4,a). To check whether there is any
diffraction line displacement, non-overlapping lines (111)
for aragonite and (021) for huntite were selected. According
to the microprobe elemental analysis, the products not
subjected to acid treatment contain scandium, while these
compounds treated with aqueous solution of hydrochloric
acid contain no scandium. Thus, it can be suggested
that with 0 < x <0.26 scandium is not included in the
crystalline structure of LaBOs, but rather forms an acid-
soluble amorphous compound with boron-containing reac-
tion products.

With 0.26 < x < 0.75, a slight decrease in the aragonite
cell volume and a slight line displacement of aragonite into

(3 N N
[0} S [\S]
T T il
>
=
2
[©] L]
S, |
a :
TToooom
"
"
n
[ ]
.

V4

Reduced unit cell volume, A3

54 L
32 : Calcite
50 | e

0 10 20 30 40 50 60 70 80 90 100
Concentration of Sc in batch, at.%

Figure 3. Volumes of aragonite, huntite and calcite lattice cells
depending on rare earth ratio in the charge with 0 < x < 0.99 re-
duced to (La,Sc)BO3 formula unit: square — aragonite, triangle —
huntite, circle — calcite.
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Figure 4. Position of diffraction lines of Lag.g9_xScxEug 01 BO; with different Sc concentrations in the charge: @ — line of (111) aragonite
phase Lag.g9—xEu.01BO3, b — line of (021) huntite phase Lag.99Sc3Eug.01(BO3)4.

a larger angle region (Figure 3; 4,a) is observed suggesting
that a small amount of La*" is substituted with Sc3*. At the
same time, in this Sc3* concentration range, the cell volume
of LaSc3(BO4); (Vi) huntite remains almost the same and
line positions of this phase is not changed (Figure 3; 4,b). In
the scandium concentration range 0.75 < x < 0.85 where
LaSc3(BOy4)3 huntite is observed, the lattice cell volume Vi
and position of (021) lines are unchanged (Figure 3; 4, 5).
With 0.85 < x < 0.97, LaSc3;(BO4)3 cell volume is slightly
decreased. Diffraction lines of the huntite phase are dis-
placed into a larger angle region (Figure 3; 4, b) suggesting
that a small amount of La3* is substituted with Sc3*
and the volume of LaSc3(BOy)s lattice cell is decreased.
In the scandium concentration region 0.85 < x < 0.99, the
volume of ScBOj calcite lattice cell is virtually unchanged.
(Figure 3, Table).

According to the X-ray diffraction examinations of
compounds with general formula Lag g9_xScxEug 01 BO3 at
0<x<0.99, a conclusion may be made that with an
increase in Sc*>* concentration in the charge, gradual change
of three types of structural states is observed: aragonite
LaBO; (0 < x < 0.26) — aragonite + huntite LaSc3(BO4)3
(0.26 < x < 0.75) — huntite (0.75 < x < 0.85) — huntite
+ calcite ScBO;3 (0.85<x<0.97) — calcite (0.97<x<0.99).

attention shall be paid to the fact that
with increase of X another compound is formed
in  Laggg_xScxEug 9 BO3 samples, besides LaBOj
and ScBO; — LaSc3(BOs3)s lanthanum-scandium
borate. At the same time, only orthoborates are
formed in Lag 99_xRexEug 1 BO3 (Re =Tb, Y, Lu)
compounds studied before when Re’* concentration is
increased: Lao.ggEu0.01BO3, Lao.ggfoexEuo_01BO3 and

Reo.99Eu0.01BO3 [22,26,27].

Special

4. Morphology of samples

In Lagg9_xScxEup0;BO3; in concentration range Sc3t
0 <x<0.26 having an aragonite structure (Table)
according to the X-ray diffraction analysis, mostly
microcrystals with size ~ 1—-6um are observed
(Figure 5, a, b) La0_62800.37Eu0.01BO3 samples
(73% of LagogoEug¢1BO3; aragonite (A) and 27% of
Lag 99Sc3Eug 01 (BO3)4 huntite (H), Table) contain, besides
those mentioned above, elongated microcrystals in the form
of well faceted columns whose opposite ends are pyramidal
(Figure 5,c). With further increase in Sc>* concentration,
the number of ,,columnar microcrystals grows (Figure 5, d).
In  Lap24Sco.75Eup.01BO3  and  Lag.14Sco.g85Eug.01BO3
samples containing 100% of huntite, ,columnar®

Physics of the Solid State, 2023, Vol. 65, No. 5
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Figure 5. MOI‘phOlOgy of borates La0<99_xSCxEUQ,01BO3 a — La0‘84SC(),15EU(),01B03; b — La0‘73SC(),26EU(),01BO3; c —
Lag.62Sco.37Eu0.01BO3; d — Lag.39Sco.6Euo.01BO3; e — Lag.14Sco.85Eu0.01BO3; f — Lag.ooSco.9Eu0.01BO3; g — Lag.02S¢0.97Eu0.01BO3;

h — Sco.99Eug.01BO3.
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microcrystals 0.3—1 x 1-4um in size are primarily
observed (Figure 5,e). Lag.09Sco.9Eug,0;BO3 samples
(65% of (H) and 35% of calcite SCo.ggEu0.01BO3 (C)),
besides ,,columnar“ microcrystals, contain microcrystals
1—4um in size (Figure 5,f). With further increase in Sc3*
concentration, the number of ,columnar® microcrystals
decreases. In Lag 02Sco97andg 01 BO; samples (13% of H
and 87% of C), primarily microcrystals 1-3um in size
and a small amount of larger microcrystals 4—5um in size
are observed (Figure 5,g). Sco.99Eug01BO; orthoborates
having a calcite structure contain microcrystals 1—3 um in
size (Figure 5, k).

Morphology study of Lag 99_xScxEug 01 BO3
(0 < x <0.99) borates suggests that Lag 99Sc3Eug o1 (BO3 )4
samples having a huntite structure contain well faceted
columns 0.3—1 x 1—4um in size with pyramidal opposite
ends (Figure 5,¢). Lag g9Eug 01 BO; orthoborates having an
aragonite structure contain microcrystals 1—6um in size
(Figure 5, a), and the size of Sco 99Eug 01BO3 microcrystals
having a calcite structure is equal to 1—3 um (Figure 5, /).

5. Results of IR-spectroscopy

Figure 6 shows IR spectra of Laggg_xScxEug ¢1BO3
orthoborates at 0 < x <0.99 in the frequency range of
internal vibtations of the B-O bonds. In spectra of
Lao,99Eu0,01B03 and La(),73SC(),25EuO,01BO3 samples, ab-
sorption bands 593, 613, 723, 789, 940 and 1306 cm™!
marked as ,,a“ (Figure 6, spectra /,2). According to the
X-ray diffraction analysis, these samples crystallize in the
aragonite lattice (Table). In the aragonite structure, each
boron atom is surrounded by three oxygen atoms and
forms a planar ion (BOs3)*~ with positional symmetry Cs.
According to the internal vibrations analysis of this ion
in the aragonite structure [47], IR absorption bands 592
and 613cm~! may be attributed to bending in-plane
vibration v4, doublet 723, 789 may be attributed to bending
out-of-plane vibration v,, and the absorption bands 940
and 1306cm~! may be attributed to symmetric v; and
asymmetric vs stretching vibrations, respectively (Fig. 6,
spectrum /). Similar spectra were observed in [48,34]. In
spectra of Lag 99_xScxEug 01 BO3 samples containing 31, 37,
48, 60, 70at% Sc**, along with bands ,a“, new bands
occur which are marked as ,t“ (Figure 6, spectra 3—6).
These samples are two-phase — besides LaBO3 aragonite
phase, they contain LaScs3(BOs)4 aragonite phase, space
group R32H (Table).

Crystalline structure with general formula ReM3;(BO3)4,
where Re = La—Lu, Y; M=Al, Ga, Cr, Fe, Sc belongs
to the structural type of CaMg;(BO;3)s huntite mineral
which crystallizes in a trigonal structure and belongs to
space group R32. Compared with calcite, the huntite
structure includes two types of BO; groups in the form
of equilateral triangles with symmetry D3 and isosceles
triangles with symmetry C, [49,50]. A factor group analysis
of internal vibrations of (BOs3)*~ in this structure and
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Figure 6. IR spectra of borates Laggo—xScxEug01BO3
I — LaggEupoBOs; 2 — Lag73Sco.26Eu0.01BOs; 3 —
Lag.62Sco.37Eu0.01BOs; 4 —  Lags1Sco4sEuo.o1BOs; 5 —
Lag30Sco.6Bup.01BOs; 6 —  Lag9Sco7Eup01BOs; 7 —
Lag.24Sco.75Eu0.01BO3; 8 — Lag.14Sco.ssEug.01BOs; 9 —
Lag.09Sco.9Bup.01BO3; 10 — Lag.0sSco.0sEup01BOs; 11 —
Sco.99Eu0.01BOs.  For spectra /—10, zero values of the y axes
are shown by a dotted line. The insert shows scaled-up spectrum
regions in 900—1000 and 1250—1280cm ™! ranges on the x and
y axes.

investigation of IR spectra of ReM3(BOs)s borates are
described in [51]. In accordance with selection rules for
IR spectra of compounds with space group R32 and two
types of (BO3)>~ ions, the following are allowed: one band
of vibrations v; (E), three bands of vibrations v, (2A; + E)
and four vibrations v; and v4 (A 4+ 3E) each [51].

IR spectra of Lag 24Sco.75Eu9.01BO3 and
Lag.14Sco.35sEup.01BO3 samples having R32H structure
contain only absorption bands ,,t“: 630, 665, 717, 752, 775,
968, 1234, 1238 (Figure 6, spectra 6, 7). According to
IR spectra analysis of ReMj3;(BOs3)s compounds with
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trigonal modification R32H described in [51-55], two wide
intense bands with crests 1234 and 1338cm™! in the
frequency range ~ 1200—1400 cm~! may be assigned to
asymmetric B-O stretching vibrations v3 of (BOs3)*~ in
two independent positions in the structure: with positional
symmetry D3 and C,, respectively; several bands in range
~ 610—800 cm~! may be assigned to bending vibrations v,
and v, and weak band ~ 968 cm~! may be assigned to
symmetrical vibration v;.

Comparison between IR spectra of LaggoEugo;BOs
samples  having the  aragonite  structure  and
La().24SC().75Eu()_01BO3 and Lao.14SCO.g5Euo_01BO3 samples
having trigonal structure R32H shows that: strong vibration
absorption band v3; 1306cm~! in the aragonite structure
is within vibration frequency range v; of trigonal structure
R32H, intense bending vibration frequency 723cm™! of
the aragonite phase is very close to vibration frequency
717 cm~! of LaSc;(BOs), phase, and vibration absorption
strength v; (968cm~!) in R32H phase is very weak
compared with v; (940 cm™!) in the aragonite phase.

The X-ray diffraction analysis shows that the amount
of aragonite phase decreases and the amount of trigonal
phase increases in Lug g9 xScxEug 01BOs (0.31 < x <0.7)
samples with an increase in Sc concentration (Table). This
change in the phase ratio is fully compliant with the changes
in absorption band intensities in IR spectra — intensities
of bands ,a“ decrease, while that of bands ,t° increase
(Figure 6, spectra 3—6).

As described in Section 3, Lag 24Sco.75Eug.01BO3; sample
contains 98.5% of the trigonal phase, space group R32H and
1.5% of monoclinic phase, space group C2/c (Figure 1,
Table). It has been found earlier that ReAl;(BO;)4 rare
earth borates, where R=Y,Nd—Yb, may have rhombo-
hedral structure R32 and monoclinic modifications C2/c
and C2 close to it [56,57). These compounds are of
polytype nature distinguished by the presence of fragments
with different type of ordering [58]. Possible similar
polytype structures are expected for lanthanum-scandium
borates [50]. It is shown in [54] that IR spectrum of
YAl3(BOs)4 with R32 structure has a band ~ 1310 cm~! in
the form of an shoulder which is characteristic to IR spectra
of monoclinic phase C2/c. Similar weak absorption band
~ 1260 cm~!, marked as M is observed in the spectrum of
Lag 24Sco.75Eug 01 BO3 sample (Figure 7 spectrum 7, insert)
with trigonal structure R32H. This may be caused by
the presence of monoclinic phase fragments in the trigonal
structure of Lag4Sco.75Eug.01BO3; sample. This band is
also observed in IR spectra of other samples (Figure 7
spectra 5,6,8 9). However, diffraction patterns of these
samples contain no monoclinic phase reflections (Figure 1),
which may be associated with a lower content of the
monoclinic phase in these samples.

In IR spectra of Scgog9Eup0:BO3; sample containing
~ 97% of calcite and ~ 3% of Sc,03, absorption bands 644,
752, 775, 1236 and 1279cm~! (,,c*) are observed which
are caused by internal B-O stretching vibrations of trigonal

Physics of the Solid State, 2023, Vol. 65, No. 5

(BO3)*~ ion with local symmetry D3 (Figure 6, spec-
trum /7). Similar spectrum has been observed earlier in
borates with calcite structure [12,15,48]. Band 644 and
doublet 752 and 775cm~! are assigned to asymmetric
and symmetric B-O bending vibrations — vs and v;,
respectively, and wide band 1200—1400 cm~! with maxi-
mums 1236 and 1279 cm~! is assigned to asymmetric B-O
stretching vibrations.

In IR spectra of two-phase Lag 09Sco.o0Eu0:BO3; and
Lag.04Sco.95sEu9.01BO3 samples containing a trigonal phase
and calcite phase (Table), absorption bands specific to
these structures — ,t“ are ,c“ are observed (Figure 6,
spectra 9, 10). According to the phase composition of these
samples, absorption band intensity of the trigonal phase
decreases and absorption band intensity of calcite increases
with an increase in Sc3* concentration.

Therefore, the IR spectroscopy examination of
Lag.99—xScxEug01BO3 (0 < x <0.99) system has shown
that, with growth of Sc** concentration in the frequency
region of B-O stretching vibrations of BOj; trigonal groups,
vibration spectrum of samples changes and well-defined
correspondence is observed between the IR spectra and
structural state of samples. While the coordination number
of boron remains unchanged as opposed, for example, to
Lag 9s—xLuj_xEug02BOs system [22]. During transition
from structure to another, positional symmetry of (BO3)>~
and the number of types of boron atom positions in the
lattice cell change.

6. Spectral characteristics of borates
Lag.g9_xScxEuy.1BO;3

6.1. Luminescence spectra and luminescence
excitation spectra of Laj ¢9Eug ¢;BO;,
Lag.99Sc3Euq.01(BO3)s and Scy.g9Euyg.0;BO3

According to the X-ray diffraction analysis (Section 3),
with an increase in Sc concentration, Lag 99_xScxEug 01BO3
initially have (A) Lagg9Eug¢BO; aragonite structure,
then, besides the aragonite, Lag 99Sc3Eug o1 (BO3)s (LSBO)
lanthanum—scandium borate occurs and has huntite struc-
ture (H), and with x = 0.99, Scg.99Eu,01BO3 orthoborate
has calcite structure (C). luminescence spectra (LS) of
these compounds are shown in Figures 7 and 8. In LS
of Lago9Fug o BOs; with the aragonite structure, bands
with Amax are observed: 578.6nm (2.143¢V) (electronic
transition *Dy — "Fy); 589.4, 591, 592.6 nm (2.103, 2.078,
2.092eV) (°Dg — 'F); 611.6, 614.5, 617.4, 619.8, 623 nm
(2027, 2018, 2.008, 20006, 1.990eV) (Do — "F);
~653.5nm (1.897¢V) (°Dy — 'F3); 681.6, 684, 700.6,
701.6nm (1.819, 1.813, 177, 1.767¢V) (°Dy — "Fy).
Bands with A, = 614.5 and 701.6 nm have the maximum
intensity (Figure 7, spectrum I; Figure 8, spectrum /).
Similar spectra were observed in [22-25].

LS of Lagg9Sc3Eug01(BOs)s contains bands with
Amax = 589.8, 595.7nm (2.102, 2.08 ¢V) (Dy — "Fy); 610.2,
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6138, 6158nm (2.03, 2.02, 20136¢eV,) (°Dy— "F);
6922, 6974, 7012nm (1.709, 1778, 1.768¢V)
(°Do — "F4). Bands with A, = 613.8 and 615.8 nm have
the highest intensity (Figure 7, spectrum 2; Figure 8,

spectrum 2). Note that the luminescence spectrum of
EuAl;(BOs3)4 europium alumoborate with huntite structure
studied in [59,60] contains bands 591, 596 nm (°Dy — 'Fy);
613, 618nm (°Dy — 'F); ~ 650nm (°Dy — 'F3); 699,
704nm (°Dy — "F4). Bands with Ap.x = 613 and 618 nm
have the highest intensity. Luminescence spectrum of
Lao_«;gSC3Eu0.01(BO3)4 is similar to LS of EuA13(BO3)4.
Clear difference in position is observed between long-
wavelength band of transition (°Dg — ’F;) and bands
corresponding to transition (°Dy — "Fy).

In the luminescence spectrum of Scpg9Eug o BO3; sam-
ple, bands with Apax = 589.6 and 596,2nm (2.103 and
2.079¢eV) (°Dy — "Fy) have the highest intensity. Their
position is close to the position of bands in LuBOs(Eu)
calcite modification [10-12] and in lanthanum-scandium
borate corresponding to transition Dy — ’F; (589.8 and
595.7nm). At the same time, the luminescence spectrum of
Lag 99—xScxEug 91 BO; aragonite (0 < x < 0.37) (Figure 7
and 8) is close to LS of Eu’* in vaterite modifica-
tion ReBOs3(Eu), where Re = (Lu, Tb, Y, Gd), contain-
ing bands in 588—596nm (°Dy — ’F;), 608—613 and
624—632nm (°Dg — 'F,) regions, with each of them
consisting of several narrow bands [3,8-12].

Luminescence excitation spectra (LES) of the
most intense luminescence bands of Lagg9Eug¢1BOs3,
La()_ggSC3Eu0.01 (BO3)4 and SCO.99E110_01BO3 having
aragonite, huntite and calcite structure, respectively,
are shown in Figure 9, spectra 1,3, 9. In LES of
Lao,ggEu0,01BO3 (LBO) and La0,99803Eu0,01 (BO3)4
(LSBO) wide band (1 =230—330nm) (charge transfer
band — CTB) with maximums at ~ 280 and ~ 278 nm,
respectively, is observed in UV spectrum. LES’s of these
samples also contain several narrow bands in the range
of 290—500nm corresponding to resonance excitation of
Eu?*. In the longwave region for LBO and LSBO, bands
with maximums at Aex =394 and 395nm ("Fy — L)
and 4655 and 466nm ('Fy — D;), respectively, are
the most intense. Thus, LES of Lagg9Eug o BO3 and
Lag 99Sc3Eug 01 (BO3)4 are close to each other.

The luminescence excitation spectrum of the most intense
luminescence band of Sc99Eug.01BO3 (Amax = 589.6 nm)
having calcite structure (C) (Table) is shown in Figure 9,
spectrum 9. It contains wide band 210—270nm (CTB)
with a maximum at A ~ 242nm and several bands in
range 290—500nm. Band A = 394nm corresponding to
the resonant excitation of Eu®* is the most intense. CTB
intensity in these samples is ~ 15times as high as the
intensity of band 394 nm. LES of Scy 99Eug01BO3 is closer
to LES of calcite modification of LuBO3(Eu) where CTB
with a maximum at ~ Aex = 254 nm is observed, and the
CTB intensity is ~ 25times as high as the intensity of
band 394 nm [10-12].

Rare-earth ions — Re** (including also Eu®*) are known
to be sensitive to the nearest environment [61,62]. There-
fore, the change in the local environment of Re** ions can
be evaluated by the change in their spectral characteristics.
Eu** ions allow to monitor the structural state both inside
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Figure 9. Luminescence excitation spectra of borates
Lag.99xScxEug.01BOs. I — LapgEup0BOs; 2
Lag.73Sco.26Eu0.01BO3; 3 —  Lags1Sco.4sEu0.01BOs; 4
Lag.24Sco.75Eu0.01BO3; 5 —  LagoScooEup.01BO3; 6 —
Lag.02Sco.97Eu0.01BOs; 7 —  Lag.oeSco.oEug.01BO3; 8
Lag.02Sc0.97Eu0.01BO3; 9 —  Sco.99Eug.01BOs. 1-3

Amax = 614.5 nm; 4—6 Amax = 613.8 nm; 7-9 —
Amax = 589.6 nm.

and on surface of a sample. The information about the im-
mediate environment of Eu3* inside the sample may be ob-
tained by exciting luminescence of Eu** using light with the
energy corresponding to the resonance excitation of Eu’*
(Aex ~ 394 and ~ 466 nm) in the transmission region of the
samples (A > 300nm) [13-15]. Luminescence excitation of
Eu®" rare-earth ions by light with an energy within the in-
tense absorption region of the sample (1 = 225—300nm) —
charge transfer band(O%>~ (2p) — Eu®" (4°)) [63] allows
to obtain the information on local environment of Eu**
ions in the near-surface crystal layer [13-15]. As shown
in [64-66], when the short-range order surrounding Eu’*
ions is the same for the whole sample, which is supported
by the coincidence of luminescence spectra (LS) of the
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near-surface layer and sample volume, the sample is single-
phase.

6.2. Luminescence excitation spectra of borates
Lap.g9_xScxEug.01(BO3)4

Luminescence excitation spectra (LES) if the most
intense luminescence bands of Lag g9—xScxEug 01(BO3)4 bo-
rates at X = 0.26, 0.48, 0.75, 0.9, 0.97 and 0.99 are shown in
Figure 9. LES of La0_73Sco_26Eu0.01B03 (lmax =614.5 nm)
having the aragonite structure (A) (Table) is almost the
same as LES of Lagg9Eug 01 BO; (Figure 9, spectra 1, 2).
It contains CTB with a maximum at ~ 280nm and
several narrow resonant bands of Eu’t ions with bands
whose maximums are at A.x = 394 and 465.5nm being
the most intense of them. Such luminescence excitation
spectra with Ap,x = 614.5nm are observed for samples
containing 31, 37 and 48at.% Sc’*, which contain 82%
(A), 18% huntite (H) (82A/18H); 73A/27H and 54A/46H,
respectively (Figure 9, spectra 2, 3, Table). It should be
noted that the intensity of the band with A = 394nm
in these samples in ~ 4.5times lower than that of CTB.
LES of the most intense luminescence band of Eu?* ions
(;tmax =613.8 nm) in Lao,gg_xSCXEuO,01(BO3)4 at X = 0.6;
0.7; 0.75; 0.85, which have the following structures —
22A/78H; 7A/93H and 100H, respectively, contain a
wide band (CTB) with a maximum at Aex = 278 nm and
bands with maximums at Ax = 395 and 466 nm (Figure 9,
spectra 4,5). In LES of the band with Ay, = 613.8 nm,
corresponding to a trigonal modification of lanthanum-
scandium borate, in Lag g9_xScxEug 01(BO3)s samples con-
taining 90; 95 and 97 at.% Sc>* having structures 64H /36C
(C-calcite); 26H/74C and 13H/87C, respectively, CTB
(lex = 280nm) and bands with Aex = 395 and 466 nm are
observed (Figure 9, spectra 6,7). At the same time, in
the luminescence excitation spectrum with A,,,x = 589.6 nm
specific to the calcite modification of Scgg9Eug 0;BO3
(Figure 8, spectrum 3), in Lagg9_xScxEug 01(BO3)s sam-
ples containing 90, 95 and 97at% Sc3*, two CTBs
(Aex ~ 240 and 280nm) are observed in the UV region.
In Lag ¢9Sco.9Eug 91BO3, bands with Acx ~ 240 and 280 nm
have the same intensity, in Lag 04Sco.95sEug.01BO3; samples,
intensity of 240nm band is ~ 4.5times as high as that
of 280 nm band. In borates containing 97 at.% Sc>*, a band
with Aex ~ 280 nm occurs in the form of an shoulder on the
longwave decline of 240 nm band (Figure 9, spectra 7, 8).
LES of these samples also contain bands with Acx = 395
and 466nm. As reported above, the charge transfer
band in LES for the most intense luminescence band of
calcite modification Scg 99Eug.01BO3 (Amax = 589.6 nm) has
its maximum at ~ 240nm (Fiure 9, spectrum 9). It
should be notes that in luminescence excitation spectra
with lmax = 613.8nm of Lao.99,XSCXEu0_01 (BO3)4 samples
containing 60—97at.% Sc**, intensity of resonance band
(395nm) (Ig,) with an increase in Sc3* concentration
initially grows with respect to the CTB intensity (Icrs),
achieves its crest at 90at% Sc3*, and then decreases.
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Igo/Icts at 60, 90 and 97 at.% Sc** is equal to 0.45, 0.8
and 0.6, respectively.

6.3. Luminescence spectra of borates
Lay.g9—xScxEug.01(BO3)4

Luminescence spectra (LS) of Lagg9—xScxEug.01(BO3)4
at x =0, 0.26, 0.31, 0.48, 0.6, 0.7, 0.75, 0.9, 0.97 and 0.99
in 580—635nm spectral range with resonance excitation
of Eu’* and in the charge transfer band crest are shown
in Figure 10. LS of near-surface layer (1ex = 280nm)
and volume (Aex =394nm) of Lagg9Eug¢1BO3; which,
according to X-ray diffraction analysis, has an aragonite
structure (Table) coincide (Fig. 10, spectra I and 2).
They contain, as reported, a 587.6nm (°Dg — ’Fp) band,
3 bands in range 587—595nm (°Dy — 'Fy), and 5 bands
in range 610—630nm (°Dy — ’F,). Luminescence spectra
of Lag g9_xScxEup ¢1BO3 at 0 < x < 0.26 having aragonite
structure (A) (Table) according to the X-ray diffraction
analysis are identical. In these samples, LS of the near-
surface layer and volume of the sample coincide like in
Lao.ggEu0.01BO3 sample. In Lao_égSco_31Eu0.01BO3 samples
containing 82A/18H (Table), the luminescence spectrum
of the near-surface layer (1ex = 280nm) contain the bands
specific to aragonite structure LaBO3(Eu) (Figure 10, spec-
trum 3). In LS of this sample volume (1ex = 394 nm), bands
in range 587—595nm corresponding to magnetic dipole
transition (MDT) Dy — ’F; remain unchanged. At the
same time, band intensity ratio in range 610—630 nm corre-
sponding to electric dipole transition (EDT) (°Dy — ’F»)
changes considerably (Figure 10, spectrum 4). EDT is
known to be more sensitive to the variation of local
environment around Re3T, including also Eu®* ions, than
MDT [9,61,62]. Even larger changes are observed in LS
of Lao,62860,37EuO,01BO3 and La0,5lsC(),4gEU.(),()1BO3 sample
volumes containing 73A/27H and 54A/46H, respectively,
(Table) (Figure 10, spectrum 6). In LS of the near-surface
layer of Lag 51Sco.48Eup 01BO3, band intensity ratio changes
in range 610—630nm (°Dy — "F,) (Figure 10, spectrum 3).
In the luminescence spectrum of Lag39Scy¢Eug01BOs
(22A/78H) sample volume, bands with A, = 589.8,
5957, 613.8, 6158nm are observed (Figure 10, spec-
trum &) which are specific to Lagg9ScsEugo1(BO3)4
(LSBO) (Figure 7, spectrum 2). Bands with Apax = 591
and 592.6 nm (°Dy — Fy) (Figure 10, spectrum 8) present
in LS prove that the volume of this sample still contains
the aragonite phase. LS of the near-surface layer of
Lay 39Sco.cEup.01BO3 contains bands specific to aragonite —
587.6nm, 3 bands in range 587—595nm, as well as bands
specific to lanthanum-scandium borate — 613.8, 615.8 nm,
which have the highest intensity (Figure 10, spectrum 7).
In the luminescence spectrum of Lag29Scy7Eug0;BOs
(7A/93H) sample volume, only bands specific to LSBO
are observed. At the same time, LS of the near-surface
layer, in addition to the bands specific to lanthanum-
scandium borate, contains weak 591 and 592.6 nm bands

corresponding to aragonite structure LaBOs;(Eu) (Fig-
ure 10, spectra 9, 10). luminescence spectra of the
volume and near-surface layer of Lag 24Sco 75Eu9.01BO3 and
Lag, 14Sco.g5Eug.01BO3 (100H, Table) coincide. They contain
only the bands specific to trigonal structure (Figure 10,
spectra 11,12). The same spectra of sample excitation
by light with A 282 and 394nm are observed for
Lag.08Sco.9Eu0.01BOs  (64H/36C), Lag.04Sco.95Eu0.01BO3
(26H/74C) and La0_02800.97Eu0.01B03 (13H/87C) samples
(Figure 10, spectra 13—16). It should be noted that the
luminescence of samples containing 90 and 95 at/% Sc>*+
is ~ 2times as intense as that of samples containing 75, 85
and 97 at.% Sc3*. Luminescence spectra of the near-surface
layer (1ex =242nm) and of volume (lex = 394nm) of
Sco.99Eug.01BO3 samples have the calcite structure (Table)
coincide and contain bands with A,,,x = 589.6 and 596.2 nm
(Figure 10, spectra 17, 18).

It should be noted that in the luminescence spectra of
Lag.99_xScxEug 01 BO3; samples at x =0.9,0.95 and 0.97,
which contain 36, 74 and 87% of calcite and 64, 26 and
13% of huntite, respectively (Figure 10, spectra 13—16),
there is no clear evidence that these compounds contain
a calcite phase. This is due to the following causes. As
reported above, in LS of Lagg9Sc3Eug 01 (BO3)s (LSBO),
4 bands with Ay = 589.8, 595.7, 613.8 and 615.8 nm
have the highest intensity. LS of Scg.99Eug01BO3; (SBO)
samples contain bands with Apn,x = 589.6 and 596.2 nm
whose position is close to that of two first bands in LS of
lanthanum-scandium borate. Moreover, resonance excitation
bands of Eu** in LSBO (A = 395, 466nm) and SBO
(394, 465.5nm) almost coincide. Therefore, when any of
these bands is excited in a sample containing huntite and
calcite phases, luminescence of all four bands is observed
(Figure 10, spectra 14, 16), and it does not seem possible
to assess the contribution made by SBO calcite phase in
this luminescence. At the same time, positions of UV band
crest (CTB) in the luminescence excitation spectra of the
most intense luminescence bands of LSBO (Aex = 280 nm)
and SBO (dex = 240nm) differ considerably. This allows
to observe luminescence primarily specific to SBO calcite
when Lag g9_xScxEug01BO3; (0.9 < x < 0.99) samples are
excited by light with 1cx = 240 nm or with Ax = 280 nm for
LSBO huntite. Figure 10 shows borate luminescence
spectra 13, 15 at Ax = 280 nm, because the luminescence
excitation spectrum of most intense luminescence bands
of these samples (Amax = 613.8 and 615.8nm) has its
maximum at Aex = 280 nm (Figure 10, spectra 3, 6).

Figure 11  shows luminescence  spectra  of
Lag.99_xScxEug 01BO3 samples containing 90, 95 and
97 at.% SC3+, when SCo_ggEu0_01BO3 (lex =240 nm)
calcite modification is excited in CTB. In LS of
Lag.g9Sco.9Eug.01BO; samples containing 90at.% Sc3t
(64H/36C (Table)), besides the bands specific to the calcite
phase (589.6 and 596.2nm), bands with Agax = 610.2,
613.8, 6158nm of LaSc3(BOs)4(Eu) huntite structure
are observed (Figure 11, spectrum 7). In LS of borate
containing 95at.% Sc** (26H/74C), band intensity of SBO
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calcite modification grows and band intensity of LSBO
trigonal modification decreases (Figure 11, spectrum 2). LS
of Lao_OQSco.97Eu0.01BO3 (13H/87C) samples (Figure 11,
spectrum 3) coincides with LS of scandium orthoborate
doped with Eu®* (Figure 10, spectrum /7). Presence
of Lagg9_xScxEug 91BOs containing 90 and 95 at.% Sc3t
and bands specific to LaSc3;(BOs3)4(Eu) in LS, when
luminescence is excited in Scp 99Eug 91BO3 (Aex = 240 nm)
CTB, is attributed to the fact that charge transfer bands
in LaSC3 (BO3)4(EU.) (;Lex =280 nm) and SC(),99EL10,01BO3
(Aex = 240nm) are overlapping (Figure 9, spectra 4, 9).
Therefore, when Lagog9_xScxEup9;BO3 samples are
excited at 0.9 <x <0.97 by light with A = 240nm,
the luminescence spectrum of these samples, besides the
bands specific to Scg.99Eug ¢1BO3 calcite modification, may
contain bands specific to LaSc3(BO3)4(Eu) trigonal phase.
Therefore, comparison of the X-ray diffraction analysis
data and spectroscopic measurements shows a correspon-
dence between the structure and spectral characteristics of
Lag.99_xScyxEug.01BO3 at 0 < x <0.99 orthoborates. In-
vestigation of the luminescence spectra of the near-surface
layer and volume of Lag g9_xScxEug 01 (BO3)4 orthoborates
suggests that Lagg9Sc3Eug 01(BOs)s lanthanum-scandium
borate with trigonal huntite structure is formed at X > 0.31
initially in the volume of the samples having the aragonite

structure. With a further increase in Sc* concentration,
the trigonal phase is also formed on the sample surface.
This process is similar to formation of vaterite phase in the
volume of Lag ¢g_xLuyxEug 02BO3 microcrystals having the
aragonite structure [22].

7. Conclusion

This study has investigated the structure, morphology,
IR spectra, luminescence excitation spectra and lumines-
cence spectra of the near-surface layer and volume of
Lag.99_xLuyxSco 01 BO3 borates synthesized at 970°C with
0<x<0.99.

Well-defined correspondence between the structural mod-
ification and spectral photoluminescence characteristics and
IR spectra of these compounds is established. The study of
luminescence spectra at various excitation light wavelengths
allowed to obtain information on the structure of near-
surface layer and volume of the examined samples.

It is shown that in Lag 99_xScxEug g1 BO3; borates with an
increase in Sc** concentration, three compounds are gradu-
ally formed — LaBOj3 lanthanum orthoborate, LaScs(BO3)4
lanthanum-scandium borate, ScBO3; scandium orthoborate.

— With 0 < x <0.26, the samples are single-phase and
have LaBOjs orthorhombic structure, space group Pnam
(aragonite).  The luminescence spectra of Eu’" cor-
responding to the aragonite phase contain bands with
Amax = 578.6nm (transition Do — "Fy); 589.4, 591 and
592.6nm (°Dg — "Fy); 611.6, 614.5, 6174, 619.8, 621.3
and 623nm (°Dg — "F,); ~ 653.5nm (°Dy — "Fs); 681.6,
684, 700.6, 701.6nm (°Dy — ’F4) in the near-surface layer
and volume of microcrystals of these samples. The IR
spectra contain absorption bands 593, 613, 723, 789, 940
and 1306 cm™!, which correspond to the aragonite phase.

— With 0.26 < X < 0.75, the samples are two-phase —
besides the aragonite structure, LaScs(BOs3)4 trigonal struc-
ture, space group R32H is observed. With increase in Sc3*
concentration, relative amount of huntite grows, while rela-
tive amount of aragonite decreases. In luminescence spectra
and IR spectra, bands specific to Lag 99Eug 01 BO3 aragonite
structure and Lagg_xSc3Eug 91(BO3)s huntite structure are
observed.

— With 0.75 <x <0.85, LaSc3(BO3)s lanthanum-
scandium borate is observed. Luminescence spectra of Eu’*
in these samples contain bands with A,,,x = 589.8, 595.7 nm
(°Do — "F1); 6102, 613.8, 615.8nm (°Dy — 'F); 692.2,
6974, 7012nm (°Dg — ’F4). Bands with Ay = 613.8
and 615.8nm have the highest intensity. In IR spectra of
huntite, absorption bands 665, 717, 752, 775, 968, 1234,
1338 cm™! are observed.

— With 0.85 < X < 0.97, the samples are two-phase and
contain LaSc3;(BOs3)4 huntite and ScBOj; calcite, space
group R3c. With increase in Sc** concentration, relative
amount of calcite grows, while relative amount of huntite
decreases. Luminescence spectra and IR spectra contain
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the bands specific to huntite and calcite modifications of
these samples.

— With 0.97 < x <0.99, the samples have ScBO;
calcite structure. In the luminescence spectrum of
Scop.09Eug 01 BOs sample, bands with Ap.,x = 589.6 and
596.2nm (°Dg — ’F;) have the highest intensity. In IR
spectra, absorption bands 644, 752, 775, and 1279 cm™!
are observed.

Thus, in Lag g9_yxScxEug ;BO3 with an increase in Sc3*
concentration in the charge, gradual change of structural
states is observed: LaBOj; aragonite (0 < x < 0.26) — ara-
gonite + huntite ~ LaSc3(BO3)s  (0.26 < X < 0.75) —
huntite  (0.75 < x < 0.85) — huntite 4 calcite ~ ScBO;
(0.85 < x £0.97) — calcite (0.97 < x < 0.99).

It was found that, with an increase in X,
Lagg_yxSc3Eug 1 (BO3)4 huntite is intitally formed in the
volumes of Lag g9_xScxEug 01BO3 samples initially having
the aragonite structure. The further increase in Sc3*
concentration results in the formation of huntite structure
throughout the sample.

MOI‘phOlOgy study of Lag.99_xScyxEug 91 BO3
(0<x<0.99) borate microparticles suggests that
Lag.99Sc3Eug 01 (BO3)4 samples having a huntite structure
contain elongated microcrystals 0.3—1 x 1-4um in size
in the form of well faceted columns with pyramidal
opposite ends. Lagg9Eug01BO; aragonite orthoborates and
Sco.99Eu0.01BO;3 calcite orthoborates contain microcrystals
1—6um and 1-3 um in size, respectively.

Lag.99_xScxEug.01BO3; have high luminescence intensity
and may be used as high-performance red phosphors for
LED light sources.
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