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Abstract—The structure, the IR absorption spectra, and the luminescence spectra of microcrystals of orthob-
orates Lu; _ [Eu,BO;, Lug o9 _ , Tb,Euj o BO;, and Luj g9 _ Y, Eug ;BO; with 0 < x < 0.25 synthesized at
970°C have been studied. An increase in x leads to a sequential change in the structural state of the orthobo-
rates. At x £0.07—0.1, the compounds form the solid solution with the calcite structure and the microcrystal
sizes 8—20 um, then they become two-phase: the vaterite phase appears along with the calcite structure. At
x 2 0.2—0.25, a whole sample volume has the vaterite structure. It is found that there is correlation between
the structure and the spectral characteristics of these compounds. The luminescence spectra are studied at
various wavelengths of the exciting light, which allowed the obtainment of the information on the structure
of the near- surface layer and the bulk of microcrystals of these samples. The vaterite phase is shown to form
both in the coarse microcrystal bulks (§8—20 pwm), and as fine microcrystals (1—-2 um).
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1. INTRODUCTION

One of most efficient methods of the directional
change in spectral characteristics of various polymor-
phic compounds of borates, molybdates, and tung-
states containing optically active centers is a change in
their structural states, since a rigidly certain lumines-
cence spectrum corresponds to each structural modi-
fication [1—11]. The study of the method of direc-
tional controlling the spectral characteristics of rare-
earth borates is of significant interest, since they can
be used as efficient luminophors for LED light
sources.

Significant changes in the spectral characteristics
of Eu** ions in REBO; (Eu) compounds with a change
the structural state of rare-earth borates allow one to
use them as structure-sensitive and optically active
marks. Since the spectral characteristics of Eu* ions
are substantially dependent on their nearest surround-
ings [12, 13], then, as shown in [14—16], the sample is
single-phase if the short-range order around Eu’* ions
is the same over entire sample volume, which is
demonstrated by the coincidence of the luminescence

spectra (LS) of the near-surface layer of the sample
and its bulk.

As the luminescence of Eu** ions in LuBO; (Eu)
orthoborates is excited by a light corresponding to the

range of the intense absorption of the sample, for
example, in the charge transfer band (CTB), A, =
225—275 nm [2, 3, 14—17], we can obtain information
on the local surroundings of the sample in the near-
surface layer of the crystal. During the resonant exci-
tation of the Eu’" ion luminescence in the region of
the crystal transparency (A., ~ 394 and ~466 nm; elec-
tron transitions ’F, — >L, and " F, — >D,, respectively)
[2, 3, 14—16], we obtain information on the nearest
surroundings of Eu®' ions in the crystal bulk. The
study of the spectral characteristics of the near-surface
layer and the crystal bulk allowed one to obtain the
information on the structure on the surface and in
bulk of microcrystals in solid solutions
Lug g InEu, ,BO; and Lug gy Gd EugBO; [11,
18].

Lutetium borate (LuBO;) has two stable structural
modifications: vaterite (space group C2/c) which
forms at the synthesis LuBO; at 7'= 750—850°C, and
the calcite (space group R3c) formed at 7T = 970—
1100°C. The REBO; orthoborates, where RE = Eu,
Gd, Tb, Dy, and Y have only one structural modifica-
tion vaterite [19—21]. It is shown in [22, 23] that solid
solutions Lu, _ . RE,BO; (RE = Eu, Gd, Tb, Dy, and
Y) at x > 0.15—0.2 synthesized at 7 = 970—1100°C
(temperature of existing calcite phase LuBO;) crystal-
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lize in the vaterite structure. At the same time, it was
established in [11] that solid solution Lu,_ InBO;
consisting of lutetium borate (LuBO;), which has two
stable structural modifications (vaterite and calcite)
and indium orthoborate (InBO;), which has only one
structural modification (calcite) [24—26], synthesized
at 780°C (temperature of existence of vaterite LuBO;)
at x > 0.08—0.1crystallizes in the calcite structure.

The studies of the Iluminescence of the
Ly, 5 _ ,In,Eu, (,BO; compounds when it was excited
in the charge transfer band (A., = 250 nm) and during
the resonant excitation of Eu3* ion (A, = 394 nm)
showed that the structural transformations in
Lug s In,Eu, ,BO; orthoborates, as the In*" ion
concentration increases, start in a near-surface layer of
microcrystals these samples [11]. At x> 0.04, the near-
surface layer has the calcite structure; as the indium
concentration increases, the calcite phase content
increases also in the sample bulk; at x > 0.1, the entire
sample has the calcite structure.

The studies of Lu 49 _ ,Gd,Eu, ,;BO; orthoborates
synthesized at 970°C showed that their structure is
changed with an increase in the Gd concentration. At
0 <x <0.05, the solid solution of the orthoborates is
single-phase and has the calcite structure (space group

R3c¢); at 0.05 < x<0.1, in addition to the calcite struc-
ture, the vaterite phase appears (space group C2/c)
and, at x > 0.1, the solid solution is also single-phase
with the vaterite structure (space group C2/c) [18].
The morphology of orthoborite microcrystals is also
changed simultaneously with the structure. At 0 < x <
0.05, there are coarse microcrystals (15—20 um); in
the Gd3** ion concentration range 0.05 < x < 0.1, in
parallel with coarse microcrystals, fine microcrystals
(1—2 um) appear, the content of which increases with
x; atx > 0.1, the 1—2 wm microcrystals dominate. It is
shown in [18] that the 1—2 um microcrystals have the
vaterite structure (space group C2/c). Coarse micro-
crystals (15—20 pum) in the Lujgy_,Gd.Eu;,BO;
orthoborates are two-phase at 0.05 < x < 0.1. It is
important to note that the vaterite phase reveals itself
at x > 0.05 in the bulk of coarse nicrocrystals having
the calcite structure and it appears also on their sur-
face as the Gd** ion concentration increases further.

Thus, the formation of calcite in Luy o3 _ ,In, Euy (,BO4
microcrystals having the initial vaterite structure takes
place first in near-surface regions of the sample as the
In®*" ion concentration increases, while, in initial
coarse Ly q9 _ ,Gd,Eu, o; BO; microcrystals having the
calcite structure, vaterite forms, as the Gd>* concen-
tration increases, first in the bulks of these micro-
crystals.

It is important to establish how general is
the structure transformation observed in the
Luy 49— ,Gd,Eu, ;BO;samples as the Gd** concentra-
tion increases. As was noted, in parallel with GdBO;,
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orthoborates of some other rare-earth elements
(Eu, Tb, Dy, Y, and other [19—21]) also have only one
structural modification, namely, vaterite in the tem-
perature range under study. This work is devoted to
studies of the changes in the structure, the morphol-
ogy, the IR absorption spectra, and also the lumines-
cence excitation spectra and the luminescence of solid
solutions Lu, _ ,RE,BO; (RE = Eu, Tb, and Y) with
an increase in the RE concentration.

2. EXPERIMENTAL
2.1. Sample Synthesis

The samples of polycrystalline powders of lutetium
orthoborate doped with Eu3*, Tb**, and Y** were syn-
thesized by interaction of rare-earth element oxides
with a potassium tetraborate melt by the reaction

= 2Lu1_xREXBO3 + K2B204.

The potassium tetraborate amount taken into the
reaction provided the excess of the boron-containing
reagent with respect to the stoichiometric amount by
10—20%. The initial compounds for synthesizing
lutetium orthoborate were potassium tetraborate
K,B,0, - 4H,0, oxides Lu,0;, Eu,0;, Tb,0;, Y,0;,
and nitric acid. All the chemical substances used in
this work corresponded to analytic grade. Ions Lu®",
Eu?*, Tb**, and Y*>* were introduced to the reaction as
aqueous solutions of their nitrate salts which were pre-
pared by the dissolution of initial rare-earth oxides in
nitric acid. The synthesis of the microcrystalline pow-
ders of lutetium orthoborate doped with Eu?*, Tb?*,
and Y>* was carried out as follows. A weighted amount
of crystalline potassium tetraborate (hydrate) and the
corresponding volume of the calibrated aqueous solu-
tion of rare-earth nitrides were placed into a ceramic
cup and carefully mixed. The obtained aqueous sus-
pension was heated on an electric stove and the water
was removed during a careful boiling. The obtained
solid product was annealed at 600°C for 20 min for
removing the residual moisture and decomposing
nitrate salts. The solid product—precursor was ground
in an agate mortar, and the obtained powder was
placed in a ceramic crucible 5 mL in volume or in a
metallic cylindrical mold to form the powder as tablets
15 mm in diameter and 2.0—2.5 mm in thickness at a
pressure of 5 kbar. Both precursors (the powder and
the tablet) were subjected to high-temperature anneal-
ing at 7= 970°C for 2 h. The obtained products were
treated by the aqueous solution of hydrochloric acid
with the concentration 5 wt % for 0.2 h. The separa-
tion of the orthoborate polycrystals were performed by
filtering of the obtained aqueous suspension with sub-
sequent washing with water, alcohol and drying the
product on a filter. The obtained powders of ortho-
borate polycrystals were conclusively dried in air at
T=200°C for 0.5 h.
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The products—precursors (the powder or the tab-
let) were pressed to elucidate the influence of their ini-
tial densities on the morphology of the obtained
orthoborate microcrystals.

2.2. Methods of the Studies

X-ray diffraction studies were carried out on a
Rigaku SmartLab SE diffractometer using the Cuk|,
radiation, A = 1.54178 A, 40 kV, 35 mA.The angular
range is 20 = 10°—140°. The phase analysis of the sam-
ples and the calculation of the lattice parameters were
performed using the Match and PowderCell 2.4 pro-
grams.

The IR absorption spectra of the samples were
measured on a VERTEX 80v Fourier spectrometer in
the spectral range 400—5000 cm~' with the resolution
2 cm~!. For the measurements, the polycrystal pow-
ders were ground in an agate mortar and then depos-
ited as a thin layer on the crystalline ground KBr sub-
strate.

The morphology of the samples was studied using
a Supra 50 VP X-ray microanalyzer with an adapter for
EDS INCA (Oxford).

The photoluminescence spectra and the lumines-
cence excitation spectra were studied on an installa-
tion consisting of a light source (DKSSh-150 lamp),
two monochromators MDR-4 and MDR-6 (spectral
range 200—1000 nm, dispersion 1.3 nm/mm). The
luminescence was registered by a FEU-106 photomul-
tiplier (the spectral sensitivity range is 200—800 nm)
and am amplifying system. The MDR-4 monochro-
mator was used for studying the luminescence exci-
tation of the samples, and the MDR-6 monochroma-
tor was used for studying the luminescence spectra.

The spectral and structural characteristics, and
also the morphology of the samples were studied at
room temperature.

3. X-RAY DIFFRACTION STUDIES

Figure 1 shows the X-ray diffraction patterns of the
powder samples of the Lu; _,RE.BO; (RE = Eu, Tb,
and Y) compounds. The phase compositions of the sam-
ples are given in Table 1. Orthoborates Lu, _ ,Eu, BO; at
0<x<0.07, Lujyg9_ , Tb,Euy,BO;at 0 <x<0.09, and
Luggy_ Y Euy(BO; at 0 < x < 0.10 are single-phase
and have the calite structure (PDF 72-1053), i.e., the
rhombohedral R3¢ structure (space group no. 167),
Z=6. Solid solutions Lu, _ ,Eu,BO;at 0.07 <x<0.2,
Lugge_ . TbEuy(BO; at 0.09 < x < 0.2, and
Lug g9 Y Euy 5 BO;at 0.1 <x<0.25 are two-phase: in
parallel to the calcite structure, the vaterite phase is
observed: monoclinic, C2/c (space group no. 15),

=12 [27]. As seen from Table 1, the vaterite phase
content increases with the concentration of RE3* ions.
Compounds Lu, _ ,Eu,BOjand Lu o _ , Tb,Eu; ;,BO;
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Fig. 1. X-ray diffraction patterns of the Lu; _ ,RE,BO;
(RE = Eu, Tb, and Y) samples (0 < x <0.25).

at x 2 0.2, and Luyjg9_,Y,Euy;BO; at x = 0.25
becomes single-phase once again and have the vaterite
structure (Table 1).

Thus, in orthoborates Lu; _ . RE,BO; (RE = Eu,
Tb, and Y), as well as in the Luj gy _ ,Gd Eu;,BO;
compounds, we can separate three ranges of the RE
concentrations, in which there are certain structural
states. As the RE concentration increases, the sequen-
tial change of two types of the crystalline phases takes
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Table 1. Effect of the RE3* concentration on the content of
calcite and vaterite phases in orthoborates Lu; _ ,RE,BO;
(RE = Eu, Tb, and Y)

(ﬁEI;EiEXT]?JO;) Calcite phase Vaterite phase
RE o | (8:Gno. 167), % | (S.G.no. 15), %
Eu, 1 100 0
Eu, 7 100 0
Eu, 9 86.5 13.5
Eu, 11.5 36 64
Eu, 15 4 96
Eu, 20 0 100
Tb, 7 100 0
Tb, 9.5 96.5 3.5
Tb, 10.5 79 21
Tb, 12 72 28
Tb, 15 14 86
Tb, 20 0 100
Y, 10 100 0
Y, 15 80 20
Y, 20 10 90
Y, 25 0 100
*Eu, 9 100 0
*Eu, 15 25 75
*Tbh, 14 39 61
*+Th, 16 0 100
*Y, 15 52 48
Y, 20 4.5 95.5

*Samples subjected to pressing before annealing.
**The data of [10].

place. First, solid solution Lu, _ . RE ,BO; (RE = Eu,
Tb, and Y) has the calcite structure; then, as the RE
concentration increases, the Lu;_,REBO; com-
pound becomes two-phase: the vaterite phase appears
in addition to the calcite structure; at further increase

SHMURAK et al.

in the RE concentration, the solid solution has the
vaterite structure (Table 2).

It is important to note that the concentration
ranges of doping rare-earth elements (x), at which the
structural states are changed, are noticeably larger in
orthoborites Lu, _ ,RE,BO; (RE = Eu, Tb, and Y)
than in Lug o9 _ ,Gd, Eu,,,BO; (Table 2).

Figure 2 demonstrates the change in the phase
composition of Lu, _ Eu,BO; as the Eu** concentra-
tion increases. As seen from Fig. 2, the solubility limit
of Eu* ions in the calcite (rhombohedral) modifica-
tion of LuBO; is ~7 at %, and the solubility limit of
Lu®* ions in the vaterite (monoclinic) modification of
EuBO;is ~80 at %. Similar dependences of the changes
in the phase compositions were obtained for ortoborates
Lugg9_ ,Tb,Euy(BO; and Luggg_ Y, Euy o BO;. The
solubility limits of Tb3" and Y* ions in the rhombohe-
dral modification of LuBO; are ~9 and 10 at %,
respectively, and the solubility limit of Lu* ions in the
monoclinic modifications of TbBO; and YBO; are
~80 and 75 at %, respectively. The significant differ-
ences in the solubility limits of ions Eu?*, Tb?*, and
Y** in LuBO; and ions Lu*" in EuBO;, TbBO;, and
YBO; are related to the fact that the Lu*" ion radius
(0.867 A) is markedly smaller than the ionic radii of
ions Eu’* (0.987 A), Tb>* (0.956 A), and Y>* (0.928 A)
[28]

It should be noted that we observed similar
changes in the phase compositions in molibdates
(Lu, _ ,Eu,),(M00O,); and tungstates (Lu, _ .Eu,),(WO,);
[29, 30].

4. MORPHOLOGY OF THE SAMPLES

4.1. Morphology of Orthoborates Lu;_ .Fu BO;

and Lugg9_ Tb, Eu,BO;

In the Lu,_,EuBO; and Luggy_,Tb,Eu,,BO;
samples, in the range of concentration of Eu?* 0 <x <
0.07 and Tb*" 0 < x < 0.09, respectively, which have,
according to the data of the X-ray analysis, the calcite
structure (Table 1), there are coarse microcrystals
with sizes ~15—20 um (Figs. 3a, 3f). As the europium

Table 2. RE concentration regions, in which there are certain structural states of orthoborate Lu; _ ,RE,BO; (RE = Eu, Tb,

and Y)
The values of x, at which there are the structures noted
Compound — — -
Calcite (R3c¢) Calcite (R3¢) + vaterite (C2/c) Vaterite (C2/c)
Lu,_,Eu,BO; 0<x<0.07 0.07 <x<0.2 x20.2
LU0_997bexEUO.01BO3 0<x< 009 009 <x<0.2 x=20.2
*Luo.gg_dexEu0V01B03 0< x< 005 005 <x< 01 x> 01
* Data from [18].
PHYSICS OF THE SOLID STATE  Vol. 63 No. 12 2021
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Fig. 2. Phase composition of the synthesized
Lu, _ \RE,BOj as a function of the ratio of rare-earth ele-

ments in the batch at 0 <x<0.2.

(terbium) concentration increases, fine 1-2 um
microcrystals appear in addition to the coarse micro-
crystals. As the concentration of Eu*"(Tb*") ions
increases, the amount of the fine microcrystal
increases and that of coarse microcrystals decreases;
in this case, the amount of the vaterite phase increases
(Figs. 3b, 3c, 3g, 3h, and 3k). In the samples
Luy3Eu,,BO; and Luj;9Tby,Eu;,BO; having the
vaterite structure (Table 1), there is majority of fine
microcrystals (Figs. 3d and 31).

Thus, based on the studies of the phase composi-
tions of the LujgEu,,BO; and Lu,,4Tb,,Eu,,BO;
samples, it can be assumed that the 1-2 pim micro-
crystals in Lu,_ ,Eu BO; and Lu,¢_ , Tb,Eu; 5 BO;,
as well as in the Lujgy_,GdEu,,BO; [18] com-
pounds, have the vaterite structure.

The estimation of the ratios of the volumes of fine
and coarse microcrystals in Figs. 3b, 3c, 3h, 3k, and 31
(in  samples  Lugg EugooBO;,  LugggsEug;sBOs,
Lugg7Tbg 1,Eug 0 BOs,  and  LuggsTby,5Eug ¢, BO;)
showed that the content of fine microcrystals in the
vaterite phase is ~0.4, 6—7, 3—4, and 13—14%, respec-
tively. At the same time, according to the data of the
X-ray phase analysis, the vaterite phase content in
these samples is significantly higher, namely, 13.5,
64, 28, and 86%, respectively (Table 1). This fact
shows that the coarse microcrystals (15—20 pwm) in
compounds Lu,_ Eu,BO; at 0.07 < x < 0.2 and
Lugg9_ ,ITb,Eu,(BO5 at 0.09 < x < 0.2, as well as in
samples Lug g - ,Gd,Eu,,BO;5 at 0.05 < x < 0.1 are
two-phase and contain the vaterite and calcite phases.

It should be noted that the ratio of the contents of
fine and coarse microcrystals is substantially
dependent on the method of synthesizing the samples.
If the batch was subjected to pressing before annealing
at  970°C, then, in the *LugygsEu, ;sBO;,
*LuggsTby 14Eug 0 BO;3, and  *Lugg3Tbg ;sEug o BO;s
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samples containing 75, 61%, and 100% vaterite,
respectively, the majority of microcrystals have size 8—
12 um and the content of fine 1—2-um microcrystals
is lower by many times than in the samples which were
not subjected to the preliminary pressing (Figs. 3e,
3m, and 3n). This fact shows that, in the
*LuggsEuy;sBO; and  *LuggsTby,4EuyBO; com-
pounds obtained after annealing at 970°C of pressed
tablets, microcrystals with sizes §—12 um are two-
phase. At x > 0.16, 8—12-um microcrystals in
*Lugy g9 _ o Ib,Euy(BO; have the vaterite structure
(Fig. 3n), while, in the Lug 9 _ , Tb,Eu o;BO; samples,
which were not pressed preliminarily, the 1-2-um
microcrystals have the vaterite structure after anneal-
ing at 970°C (Fig. 31).

4.2. Morphology of Orthoborates Lu g9_ Y. EuyBO;

The Luyg_ Y, Euy o BO; orthoborates samples at
0 <x<0.1, which have the calcite structure, according
to the X-ray phase analysis data (Table 1), consist of
coarse ~15—20-um microcrystals (Fig. 4a). Atx > 0.1,
the 8—18-um microcrystals are mainly observed, and
the volume of the fine 1—2-pum microcrystals is many
times smaller than that of the coarse microcrystals
(Figs. 4b, 4c, and 4d). The largest amount of the
1—2-pm  microcrystals is observed in the
Lug .Y, ;sEu, 0, BO5 samples (Fig. 4b). The estimation
of the ratio of the volumes of the fine and coarse
microcrystals in these samples in Fig. 4b shows that
the content of the fine microcrystals, which are in the
vaterite phase, is ~1% even in these samples. At the
same time, according to the X-ray phase analysis data,
the content of the vaterite phase in these samples is
significantly higher and is 20% (Table 1). This fact
shows that coarse 8—18-um microcrystals in the
Lug .Yy sEug 0 BO; compound are two-phase and
contain the vaterite and calcite phases.

According to the X-ray phase analysis data, at
0.1 <x < 0.25, the Luggg _  Y,EuyqBO; compounds
are two-phase; therefore, the microcrystals (§—18 um)
of these compounds are also two-phase. At x > (.25,
the Lug g9 Y, Euy o;BO; samples have a vaterite struc-
ture (Table 1); therefore, microcrystals 8—20 um in
size are single-phase and have a vaterite structure. In
these microcrystals, there are many distortions of con-
tinuity in the crack form (Figs. 4a, 4d, and 4e).

It should be noted that, unlike on orthoborates
Lu, _ ,Eu,BOj;and Lu, 4 _ , Tb,Eu, o BO;, the pressing
of the Lug o9 _ Y, Euy o BO; tablets before annealing at
970°C only slightly influences the morphology of
these samples. In the Lugq_ Y, Eu;,BO; samples
with 0.1 < x £ 0.2, which were subjected to pressing
before the annealing, the 8—20 wm microcrystals are
observed, and the content of fine microcrystals is
much lower (Figs. 4f, 4g, and 4h). At 0.1 < x < 0.2,
according to the X-ray phase analysis data, the
8—20-um microcrystals are two-phase (Table 1). It
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Fig. 3. Morphology of Lu;_,EuBO3; and Lujgg_,Tb,EujyBO;:

(a) Lugg3Eug g7BO3, (b) Lugg1Eug g9BO3,

(¢) Lug ggsEug 115BO3, (d) LuggEug,BO3, (e) *LuggsEugsBO3, (f) LuggoTbg g7Eug01BO3, (2) Lug ggsTbg 105Eug 01 BO3,

(h) Lug g7Tbg 15Eug 0;BO3, (k) Lug g4Tbg 15sEug 91 BO3,

(1) Lu0_79Tb0~2Eu0.01BO3, (m)

*Lug g5Tbg 14Eug 91 BO3,

(n) *Lug g3Tbg 16Eug 01 BO; ((e, m, and n) are the samples subjected to pressing before annealing).

should be noted that these microcrystals have numer-
ous cracks and defects (Figs. 4f, 4g, and 4h).

Thus, the morphology of orthoborates
Lug g9 _ Y Eu, o, BO; noticeably differs from the mor-
phologiesofthe Lu, _ ,Eu,BO;and Lu, o9 _ . Tb,Eu, 4, BO;
compounds. The Lug ¢ _ Y Eug o BO; samples having
the vaterite structure consist mainly of the §—20 pum
microcrystals, while the Lu,_ EuBO; and

PHYSICS OF THE SOLID STATE

Lug g9 _ ,Tb,Eu,( BO; samples with the vaterite struc-
ture consists of the 1—2-pum microcrystals.

5. RESULTS OF THE IR SPECTROSCOPIES

Figure 5 shows the IR absorption spectra of the
compounds Lujg_ EuBO; (0.01 < x < 0.2),
Lugge_ ,Tb,Eu,,BO; (0.07 < x < 0.2), and

Vol. 63  No. 12 2021
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(n

Fig. 3. (Contd.)

Lug g9 _ Y Euy,,BO; (0.1 £ x < 0.25) [23, 31, 32].
The spectra of orthborates LuggEujyBO;3,
Lug 9, Tbyg,07Eug,BO;3, and Lug 0¥y 10Eug 0 BO; (Fig. 5,
spectra I, 4, and 7), which have the calcite structure
and are single phase, according to the X-ray phase
analysis data (Table 1), have the IR absorption bands
near 1230, 770, 740, and 630 cm~' due to the B—O bond
vibrations in the structure with the trigonal coordina-
tion of boron atoms characteristic of the calcite phase
[23, 31, 32]. The Luyg4Eu,,BO;, Luj,9Tb,,Eu,,BO;,
and Luy;,Y,,5Eu, 0 BO; samples have the vaterite
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structure (Table 1). The IR spectra of these samples
(Fig. 5, spectra 3, 6, and 9) contain the absorption
bands near 570, 720, 880, 940, 1040, and 1100 cm™!
characteristic of the samples with the vaterite struc-
ture, in which boron atoms have the tetrahedral coor-
dination of atoms [3, 23, 31, 32].

In these spectra, the absorption bands are also due
to the B—O bond vibrations. They were observed
repeatedly in the spectra of orthoborates of various
rare-earth elements (Gd, Er, Dy, Ho, Yb, and Y) with
the vaterite structure [33—35]. The IR spectra of
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(2)

Fig. 4. MOIphOlOgy 0fLu0_99 _xYxEu0_01B03 samples: (a) Lu0_89Y0.1Eu0_01BO3, (b) Ll10.84Y0.15E110.01B03, (C) Lu0.79Y0V2Eu0.01BO3,
(d) Lug 74Yg 25Eug 01BO3, (€) Lug 740 25Eug 1 BO3, (f) *Lug 84Y 15Eug 01 BO3, (8) *Lug 84Y0 15Eug 01BO3, (h) *Lug 79Y( 2Eug 9/ BO;3

(f, g, and h) are the samples subjected to pressing before annealing.

PHYSICS OF THE SOLID STATE  Vol. 63  No. 12 2021



THE PECULIARITIES OF THE SPECTRAL CHARACTERISTICS

o
oo
629
746
773
1236

748

774

1238
EN

o
oo
T
<
(@}
(9%

Absorbance, arb. unit:
o
o BN
-

L 6
04 r on
o~
v
0 A 1 PE—
08 B \O on \O
& =R & 7
04+
0 1 1 1 1 1 i
L c
0.8 I cc YV oy v 8
C
0.4 v
O J 1 1 1 1 1
0.8+ 9
0
O 4 r p ;‘
v
O 1 1 1 1 L PR
600 800 1000 1200 1400 1600
Wavenumber, cm™!
Fig. 5. IR absorption spectra of orthoborates: (/)

Lug g9Eug 01 BO3, (2) Lug gEug ,BO3, (3) Lug gsEug ;sBO3,
(9 Lug gy Tbg g7Eug 9 BO3, (5) Lug79Tbg 2Eug ¢/BO3,
(6) Lug g7Tbg 1Eug 0BO3, (7)) Lug ggYg.10Eug 91 BO3,

(8 Lug 74Y0.25Eu0 91 BO3, and (9) Lug 34Y 15Eup ;BO3.

orthoborates LujgsEuysBO;, Lugg,Tbg ,Eu o BOs,
and Lug .Y, ;sEug o, BO; correspond to the two-phase
state of these compounds and include the absorption
bands of calcite (c¢) and vaterite (v) (Fig. 5, spectra 2,
5, and &). As was established by the X-ray phase anal-
ysis, the calcite/vaterite phase ratios in these samples
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are 4/96, 72/28, and 80/20%, respectively (Table 1).
These phase ratios agree well with the ratios of the
intensities of the corresponding absorption bands of
the c and v phases in the IR spectra (Fig. 5, spectra 2,
5, and §).

6. LUMINESCENCE SPECTRA
AND LUMINESCENCE
EXCITATION SPECTRA

The luminescence spectra of the Eu** ions in the
LuBO;(Eu) samples having the calcite structure con-
tain two narrow bands with A,,,,, = 589.8 and 595.7 nm
(the D, — "F, electron transition) [2, 22, 23]. The
luminescence spectra of the Eu’" ions in the vaterite
modification REBO;(Eu), where RE = Lu, Tb, Y, and
Gd, contains three bands in the wavelength region
588—596 nm (the >D, — "F; electron transition), 608—
613 nm and 624—632 nm (°D, — 'F,) [2—4, 22].
According to the X-ray phase analysis data, ortho-
borates Lu,_ EuBO; at 0 < x < 0.07,
Lugge_ , Tb . Euy;BO; at 0 < x < 0.09 and
Luygy_ ,Y,Euy(BO; at 0 < x < 0.1 have the calcite
structure. The Lu, _ ,Eu,BO;and Lu, g9 _ , Tb,Eu; o BO;
have the vaterite structure at x = 0.2 and
Lug g9 _ Y Euy(BO;, at x> 0.25 (Table 1).

In this work, the Eu®' ions with concentration
1 at % were used as optically active and structurally
sensitive marks in the samples of the lutetium borates
doped with Tb and Y.

6.1. The Luminescence Excitation
Spectra of Orthoborates

The spectrum of the excitation of the most intense
luminescence band of Eu’* ions in the calcite modifi-
cation Lu, _ ,Eu,BO; (A« = 589.8 nm) of lutetium
borate at x = 0.07 is shown in Fig. 6, spectrum /. Sim-
ilar spectra are observed for Lu, _ \Eu BO;at 0 <x <
0.07. The luminescence excitation spectra of bands at
Amax 589.8 and 595.7 nm coincide. In the
luminescence excitation spectra (LES) of the
Lu,_ .Eu,BO;at 0 <x<0.07 obtained at 970°C, there
are a broad short-wave band at wavelengths 220—
290 nm (A, ~ 260 nm) (the charge transfer band) and
a number of narrow bands in the wavelength range
290—-500 nm (Fig. 6, spectrum /). In this spectral
range, the band corresponding to the resonant exci-
tation of Eu** ions (A, = 394 nm ("F, — °Ly)) is the
most intense. The charge transfer band intensity is
higher by a factor of ~10 than the intensity of the band
with A, = 394 nm. The existence of the dominating
short-wave band is an important feature of LES of the
samples with the calcite structure. Another situation is
observed in the Lu, _ Eu, BO; samples with the vater-
ite structure.
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LES of the most intense luminescence band of
Eu** ions (A, = 593.3 nm) in lutetium borate doped
with 20 at % Eu with the vaterite structure (Table 1)
also contains the broad short-wave charge transfer
band with a maximum at ~247 nm and a number of
narrow resonant bands, from which the most intense
band is at A, = 394 nm, and also there are bands at
~467 and 469 nm ("F, — °D,) (Fig. 6, spectrum 2). In
the samples containing 20 at % Eu, the intensity of the
resonant band at 394 nm is higher by a factor of ~1.6
than that of the charge transfer band.

The luminescence excitation spectra of main lumi-
nescence bands of orthoborates Lug g9 _ Y, Eug 4, BOs
are similar to LES of the Lu, _,Eu,BO; compounds
(Fig. 6, spectra 3 and 4). In the luminescence exci-
tation spectra of the most intense luminescence band
of the calcite modification of the Luj Y, Eug 6 BOs
samples (A, = 589.8 nm), the ultraviolet band
(charge transfer band) ~250 nm has the highest inten-
sity (Fig. 6, spectrum 3). The intensity of the resonant
band corresponding to the excitation of Eu®' ions
(394 nm) is more than 30 times lower than the CTB
intensity. The luminescence excitation spectrum of the
band with A, = 593.3 nm for Lu; .Y, ,sEu,,BO;
samples with a vaterite structure (Table 1) contains a
broad short-wave band (CTB) with a maximum at
~243 nm and a number of narrow resonant bands,
from which the most intense band is at 394 nm (Fig. 6,
spectrum 4). It is important to note that the CTB
intensity in the vaterite modification of lutetium
borate doped with 25 at % Y higher than the intensity
of the resonant excitation band of Eu** ions (394 nm)
by a factor of only ~1.2.

As the luminescence of Eu®* ions is excited by a
light corresponding to the range of the intense absorp-
tion of the sample (in the charge transfer band), we
obtain information on the nearest surroundings of the
Eu’" ions in a near-surface layer of microcrystals in
the sample. As the luminescence of the sample is
excited in the transparence range (A = 300—500 nm),
we obtain information on the nearest surroundings of
Eu?* ions in the bulk of microcrystals of the sample.

In the luminescence excitation spectrum (LES) of the
most intense luminescence band of Eu®* ions in the cal-
cite modification of orthoborate Lu,g,Tbyq;EuyqBOs
Moy = 589.8 nm), we observe a broad band in the
wavelength range 220—290 nm (charge transfer band),
a narrow band with A, = 378 nm, and a very weak res-
onant excitation band of Eu®*' ions A,, = 394 nm
(Fig. 6, spectrum 5). It should be noted that the band
at 378 nm is observed in LES of the most intense lumi-

nescence band of Tb*" ions in the LuggsTb,sBO;)
samples having the calcite structure A,,,, = 541.8 nm)
(°D, — "F5)). In addition to the band at 378 nm, the
LEC of Tb** ions contains still four bands in the short-
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Fig. 6. Luminescence excitation spectra of ortho-
borates: (]) LUO_93EU.O_07BO3, (2) Luo_gEuo.zBO3, (3)
Lug g9Yo.1Eug01BO3, (49 Lug74Yp25Eug0BO3, (3)
Lug 92Tbg 07Eug,01BO;3,  (6)  Lug 79TbgEug 0 BO;.

(1, 3, 5) Ay = 589.8 nm; (2, 4, 6) Ay = 593.3 nm.

wave spectral range with A, = 235, 260.2, 273.5, and
284.3 nm (the 4% — 4f75d" transition) [3, 4, 23].

It is important to note that, when exciting Tb?* ions
in the Lu,q,Tb,o;Eu,,BO; samples (A, = 378 nm
("Fy — °Dy)), the luminescence of Eu’' ions is
observed, which demonstrates unambiguously on the
energy transfer from Tb3" ions to Eu* ions. The short-
wave bands observed in LES of Tb3" ions have the
form of weak peculiarities in the charge transfer band
in LES of Eu’* ions (Fig. 6, spectrum 5). The intensity
of the resonant luminescence excitation band of Eu**
ions (A, = 394 nm) is ~40 times lower than that of
CTB, while the intensity of the band at 378 nm is
~10 times lower than the CTB intensity.

The luminescence excitation spectrum of the most
intense luminescence band of Eu®" ions in the vaterite
modification of orthoborate Lug;9Tb,,Eu;,BO;
(Aax = 593.3 nm) is shown in Fig. 6 (spectrum 6). In
the LES, there are two broad short-wave bands with
Aex = 242 and 285 nm and a number of narrow bands
in the wavelength range 360—390 nm from which the
band at 378 nm is the most intense. Moreover, in the
Vol. 63
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LES of Lug49Tb,,Eu;,,BO;, there is resonant lumi-
nescence excitation band of Eu** ions (A, = 394 nm)
and also the bands at 467, 469 nm ("F, — °D,), and
489 nm. The excitation spectrum of the most intense
luminescence band of Tb** ions in the Lu,¢Tb,,BO;
samples having the vaterite structure (A, =
542.3 nm) (°D, — "Fs)) have the bands at 242 nm and
285 nm (transition 4/® — 4f75d"), narrow bands in the
range 360—390 nm, bands 378 and 489 nm (F; — 3D,)
[3, 4, 23]. Thus, in the vaterite structure of orthobo-
rates Lu,,4Tby,Eu,,BO;, as well as in the calcite
modification, the luminescence of Eu’" ions is
observed during the excitation of Tb** ions (A, = 242,
285, 378, and 489 nm), which demonstrates the energy
transfer from Tb3" ions to Eu’" ions. For the calcite
and vaterite modifications of Lug¢_ , Tb,Euj 5 BOs;,
the Eu®* ion luminescence intensity, in the case of
excitation by the light with A,, = 378 nm, is several
times higher than that at the resonant escitation of
Eu?* (A, = 394 nm). Thus, to obtain information on
the nearest surroundings of Eu®" ions located in the
bulk of these samples, the Eu?" ion luminescence
spectra will be studied at A, = 378 nm.

It should be noted that the intensity of the 242-nm
band (l,5,) in the LES of Tb*" ions in the
Lu, 3Tb, ,BO; samples is lower than the 285-nm band
intensity (/,45) by a factor of 1.3 [23]. At the same time,
L, in the LES of Eu?* ions in Luy ;9Tb,,Eu, (,BO; is
higher than 7,45 by a factor of 1.24 (Fig. 6, spectrum 6).
The increase in the intensity of the band at 242 nm by
a factor of 1.6 in the Lu,;9Tb,,Eu,,BO; samples is
most likely due to the superposition of the 242-nm
band and the charge transfer band disposed in the
same wavelength range.

Based on the studies of the luminescence excitation
spectra of Eu** ions in the Luy ¢ _ , Tb,Euy ; BO; sam-
ple, the following conclusion can be made. The infor-
mation on the nearest surroundings of Eu?* ions in a
near-surface layer and in the bulk of the sample can be
obtained exciting the luminescence of Eu** ions by the
light with A, = 250—240 nm and 378 nm, respectively.

6.2. Luminescence Spectra of Orthoborates

Lu;_ Eu,BOj;and Lu,oy_ . Th Eu,,BO;
Figure 7 shows the luminescence spectra (LS) of
Lu,_ EuBO;(x=0.07,0.09, 0.115, 0.15, and 0.2) com-
pounds excited by the light (A., = 394 nm) correspond-
ing to the resonant excitation of Eu* ions and in the
charge transfer band maximum (A, ~ 260—245 nm).
The luminescence spectra of the Lu, _ ,Eu,BO; sam-
plesat 0 <x<0.07 having, according to the X-ray anal-
ysis data, the calcite structure (Table 1) are identical.
In these samples, the luminescence spectra of the
near-surface layer (A, = 260 nm) and the sample bulk

PHYSICS OF THE SOLID STATE  Vol.63 No. 12

2021

1805

(Aey =394 nm) coincide (Fig. 7, spectra 1 and 2). They
contain the bands with A, = 589.8 and 595.7 nm
characteristic of the calcite modification LuBO; (Eu)
[2, 22, 23]. In the Lu, ¢;Eug 0oBO; samples, the lumi-
nescence spectrum of the near-surface layer (A, =
250 nm) contains the bands with A, = 589.8 and
595.7 nm characteristic of the calcite modification
Lu, _ ,Eu,BO; (Fig. 7, spectrum 3). At the same time,
the luminescence spectrum of the sample bulk (A, =
394 nm) contains as the bands characteristic of the
calcite modification, so the bands corresponding to
the vaterite structure of these microcrystals (Fig. 7,
spectrum 4). In the Lu, 4, Eu, 1oBO; samples contain-
ing 13.5% vaterite (Table 1), the amount of fine 1—
2-um microcrystals having the vaterite structure is
only ~0.4% (Subsection 4.1, Fig. 3b). Thus, a signifi-
cant fraction of the vaterite Lu,q,Euj (9 BO; phase is
contained in the 15—20-um microcrystals. The
appearance of the bands of 588—596, 608—613, and
624—632 nm in the luminescence spectrum during the
resonant excitation of Eu’" ions (A, = 394 nm)
demonstrates that the vaterite modification in these
samples forms in the bulk of coarse 15—20-pm nicro-
crystals, while their near-surface layer has still the cal-
cite structure. Further increase in the europium con-
centration leads to the appearance of the vaterite phase
also in the near-surface layer of the microcrystals. In
the Lu, ¢ssEu, ;5sBO; samples, the luminescence spec-
tra of the sample bulk and near-surface layer contain
the bands characteristic of the calcite (589.8 and
595.7 nm) and vaterite (588—596, 608—613, and 624—
632 nm) phases (Fig. 7, spectra 5 and 6). These sam-
ples contain 36% calcite and 64% vaterite. The lumi-
nescence spectra of the near-surface layer and the bulk
of the Lu,¢Eu,,B0O; sample contain only the bands
characteristic of the vaterite modification of LuBO;
(Eu) (Fig. 7, spectra 7 and &). These samples consist
of the majority of the 1—2-pum microcrystals. This fact
shows that the 1—2-pum microcrystals of orthoborates
Lu, _,Eu,BO; have the vaterite structure, as well as
the 1-2-um Lugyg_ ,Gd,Eu,,BO; microcrystals
[18].

It is important to note that the conclusion that the
vaterite phase forms in the bulk of the microcrystals
having the calcite structure is confirmed by the results
of studying orthoborates *Lu, ¢sEu, ;sBO; subjected to
pressing before annealing. The mean size of the
microcrystals of these samples is §—15 um, and the
number of fine 1—2-um microcrystals is very small
(Fig. 3e). In the luminescence spectrum of these sam-
ples bulk containing 25% calcite phase and 75% vater-
ite phase (Table 1) (Fig. 7, spectrum 10), there are
only the bands characteristic of the vaterite LuBO;
(Eu) phase. At the same time, the luminescence spec-
trum of the near-surface layer contains the bands of
the calcite and vaterite modifications of LuBO; (Eu)
(Fig. 7, spectrum 9).
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Fig. 7. Luminescence spectra of orthoborates Lu; _ ,Eu,BO5: (I, 2) Lujg3Eug;BO;3, (3, 4 Lugg;Euyg9BO3, (5, 6)
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(2,4, 6,8, 10) Aoy = 394. *Luy g5Eug 15BO; is the sample subjected to pressing before annealing.

Figure 8 shows the Iluminescence spectra of
orthoborates Lujgy_,Tb Eu,;BO;. In these com-
pounds, the changes in the luminescence spectra due
to an increase in the Tb** concentration are similar to
the changes observed in orthoborates Lu, _,Eu,BO;.
At0<x<0.09, the Luj¢9_ , Tb,Euj o BO; samples are
single-phase and have the calcite structure (Table 1).
The luminescence spectra of these samples coincide.
Figure 8 (spectra / and 2) show, as an example, the
luminescence spectra of the near-surface layer (A, =
250 nm) and the bulk (A, = 378 nm) of the
Luy 4, Tb, o7Eu, 4, BO; samples. They contain bands at
589.8 and 595.7 nm characteristic of calcite modifica-
tion of LuBO; (Eu). The luminescence spectrum of
the near-surface layer (A, = 250 nm) of the
Luy g35Tbg 19sEuy o;BO; samples also contains the
bands corresponding to the calcite modification of
LuBO; (Eu) (Fig. 8, spectrum 3). At the same time,
when exciting the bulks of these samples (A, =
378 nm), we observe as the bands characteristic of the
calcite and the vaterite structures of these samples
(Fig. 8, spectrum 4). In the Luggs5Tbg 9sEug 0 BO;
samples containing 21% vaterite (Table 1), the sum-
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mary volume of the fine 1-2-um with the vaterite
structure is only ~2% (Subsection 4.1, Fig. 3g). Thus,
the main fraction of the vaterite Lu, ¢; Eu, ;oBO; phase
is contained in the 15—20 pm microcrystals. The
appearance of the bands of 588—596 nm, 608—613 nm,
and 624—632 nm in the luminescence spectrum of the
bulk of these microcrystals (A., = 378 nm) demon-
strates that the vaterite modification in coarse 15—
20 um microcrystals of the Lujgy_,Tb.Euj,BO;
samples forms in their bulks. With a further increase in
the concentration of Tb3* the vaterite phase is also
formed in the near-surface layer microcrystals. In the
orthoborates Lu,g4Tb, sEu, BO; containing 86%
vaterite, the luminescence spectrum of the sample
bulk contains only the bands characteristic of the
vaterite modification, while the spectrum of the near-
surface layer has the bands characteristic of the calcite
and also the vaterite structures of these samples
(Fig. 8, spectra 5 and 6). At the concentration 20 at %
Tb3* jons, the luminescence spectra of the bulk and the
near-resistance layer have the bands characteristic of
only the vaterite modification of Lug o9 _ , Tb,Eu, ;; BO;
(Fig. 8, spectra 7and &).
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Fig. 8. Luminescence spectra of orthoborates Luggg_ ,Tb,EuggBOs: (I, 2) LuygrTbgg7EuyBOs; (3, 9
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245 nm; (2, 4, 6, and 8) A, = 378 nm.

6.3. Luminescence Spectra
of the Luyog_ .Y Eu, ,;BO; Orthoborates

As noted in Subsection 4.2, the morphology of
the Lugg_ Y, Eu,,BO; orthoborates noticeably
differs from the morphologies of the Lu,_,Eu,BO;
and Lujg_,Tb,Euy,BO;  compounds. The
Lugg9_ Y, Eu,y o BO; samples in the Y** concentration
range under study consist mainly of §—20 um micro-
crystals, and the content of the fine 1-2 um micro-
crystals is very low. The highest content of the fine
1—2-um microcrystals (~1% of the whole volume) is
observed in the Lug,Y, sEuy o BO; (Fig. 4b); at the
same time, this sample contains 20% vaterite phase
(Table 1), which shows that the main fraction of the
vaterite phase is contained in the 8—20 pum microcrys-
tals. It should be noted, as well, that the pressing of the
tablets before annealing at 970°C only slightly influ-
ences the morphology of Lujg_ .Y, Eu;yBOs; in
these samples, at 0.1 < x < 0.25, there are §—20 pum
microcrystals.
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Figure 9 (spectra /—&) shows the luminescence
spectra (LS) of the Lujgy_,Y,Eu,, BO; compounds
containing 10, 15, 20, and 25 at % Y>* excited by the
light corresponding to the resonant excitation of Eu**
ions (A, = 394 nm) and in the maximum of the charge
transfer band (A,, ~ 250—243 nm). LS of these sam-
ples, which have the calcite structure at 0 < x < 0.1
(Table 1), according to the X-ray phase analysis data,
are identical. In these samples, the luminescence
spectra of the near-surface layer (A, = 250 nm) and
the sample bulk (A, = 394 nm) coincide (Fig. 9, spec-
tra 7 and 2). They contain the bands with A,,,, = 589.8
and 595.7 nm characteristic of the calcite modification
of LuBO; (Eu). In the Lugg¢,Y, ;sEug 0 BO; samples
containing 80% calcite and 20% vaterite (Table 1), LS
of the near-surface layer contains only the bands char-
acteristic of the calcite modification of LuBO;(Eu)
(Fig. 9, spectrum 3). At the same time, in LS of the
bulk of these microcrystals, there are bands character-
istic both the calcite and vaterite modifications (588—
596, 608—613, and 624—632 nm) of these compounds
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Fig. 9. Luminescence spectra of orthoborates Lug g9 _ Y, Eug 0;BO3: (1, 2) Lug g9Y( 1 Eug 91 BO3; (3, 4) Lug g4Y(.15Eu 91 BO3;
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*Lug 79Y 2Eug ¢ BO;3 are the samples subjected to pressing before annealing.

(Fig. 9, spectrum 4). These results demonstrate that
the vaterite phase form first in the coarse 8—20-pum
microcrystals.

The luminescence spectra of the bulks of the
Lug79Yy,Euy 4, BO; samples containing 10% calcite
and 90% vaterite contain only the bands characteristic
of the vaterite modification of LuBO; (Eu) (Fig. 9,
spectrum 6). At the same time, LS of the near-surface
layer contains as the bands characteristic of the calcite
modification (589.8 and 595.7 nm), so the bands char-
acteristic of the vaterite modification of these com-
pounds (Fig. 9, spectrum 5). LS of the near-surface
and the bulk of the Lu,,Y,,5Eu, 4, BO; orthoborate,
which has the vaterite structure (Table 1), contains
only the bands observed in the vaterite modification of
these samples (Fig. 9, spectra 7and §).

Figure 9 (spectra 9—12) shows the luminescence
spectra (LS) of the Lugygy_ ,Y,Euy,BO; samples,

PHYSICS OF THE SOLID STATE

which were preliminarily subjected to pressing before
the annealing. In the luminescence spectrum of the
near-surface layer of the *Luy g4 Y, ;sEug o; BO; samples
containing 52% calcite and 48% vaterite contain only
the bands of the calcite modification of LuBO; (Eu)
(589.8 and 595.7 nm) (Fig. 9, spectrum 9). In the
luminescence spectra of the bulk of the
*Lug g4Yo.1sEug o, BO; microcrystals, the highest inten-
sity is observed for the bands characteristic of the
vaterite modification of these sample, whereas these
spectra contain weak bands of the calcite modification
of these orthoborates (Fig. 9, spectrum /0). The lumi-
nescence spectra of the bulks and the near-surface
layer of the *Lu, ,Y, ,Eu, ; BO; microcrystals contain
only the bands characteristic of the vaterite structure
of these compounds (Fig. 9, spectra /1 and 12).
According to the X-ray phase analysis data, these sam-
Vol. 63
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ples contain 4.5% calcite phase and 95.5% vaterite
phase (Table 1).

Thus, based on the studies of the luminescence
spectra of the near-surface layer and the bulk of the
Lug g _ Y Eug o BO; orthoborates, it can be con-

cluded that, at the Y?>" concentrations x > 0.1, the
vaterite phase forms first in the bulk of the coarse 8—
20 um microcrystals.

It is important to note that the study of the lumi-
nescence spectra at various wavelength of the exciting
light enables one to observe the process of formation
of structural modifications in the bulk and on the sur-
face of microcrystals of the samples studied in this
work as the doping impurity concentration increases.

It is shown that the luminescence spectra of the
near-surface layer and the bulk of the Lu, _ [RE,BO;
(RE = Eu, Tb, and Y) microcrystals, having in all the
volume the calcite or vaterite structures, coincide and
contain the luminescence bands characteristic of these
phases: 589.8 and 595.7 nm for the calcite phase, and
588—596, 608—613, and 624—632 nm, for vaterite.

It is found that the vaterite phase in the two-phase
range formes, first, in the bulk of the coarse 8—20-um
particles which had the calcite structure. As the RE
ion concentration increases, the vaterite phase also
forms on the surface of these microcrystal.

In LuBO; borates, the vaterite phase density
(7.42 g/cc) is markedly higher than the calcite phase
density (6.871 g/cc) [20]; thus, as the vaterite phase
forms in the bulk of coarse microcrystals with the cal-
cite structure, the mechanical stresses retarding to this
process will not appear. Since the vaterite phase has a
smaller volume, the formation of the vaterite phase in
the calcite microcrystals, voids form in them; the void
aggregation can lead to a continuity violation and the
crack formation which are observed experimentally
(Figs. 3e, 3m, and 3n; Figs. 4c, 4d, 4e, 4f, 4g, and 4h).

It should be noted that the X-ray phase analysis
gives the information on the sample structure averaged
over its volume, since the penetration depth of the
X-ray radiation and the maximum size of the micro-
crystals under study are close to one another and are
~10—15 um. At the same time, as noted above, the
structures on the surface and in the bulk of a sample
can be substantially different [14—16]. Thus, the use of
optically active and structurally-sensitive marks makes
it possible to study the structure of the near-surface
layer and the bulk of the Lu, _ ,RE,BO; sample in the
dependence on the RE** concentration and to obtain
more complete information on the changes in the
structural states of the compounds under study.

7. CONCLUSIONS
In this work, the structure, the morphology, the IR
absorption spectra, the luminescence excitation spec-
tra, and the luminescence spectra of the near-surface
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layer and the bulk of microcrystals of orthoborates
Lu,_ ,Eu,BO;, Lug g9 _ , Tb,Eug o BO; with0<x<0.20
and Lugg_ Y, EujyqBO; with 0 < x < 0.25 synthe-
sized at 970°C have been studied.

It is found that there is the unambiguous corre-
spondence between the structural modification and
the spectral characteristics of the photoluminescence
and the IR absorption of orthoborates Lu, _ ,RE,BO;
(RE = Eu, Tb, and Y).

The study of the luminescence spectra at various
wavelengths of the exciting light allowed us to obtain
information on the structure of the near-surface layer
and the bulk of the samples under study.

It is shown that an increase in the RE concentra-
tion in ortoborates Lu, _ . RE ,BO; (RE = Eu, Tb, and
Y) leads to a sequential change in the structural state
and spectral characteristics.

- Lu_EuBO; at 0<x<0.07,
Luggy_,Tb,EuyyBO; at 0<x<0.09
and Lugg_,Y,Euy;,BO; at 0<x<0.1

are single-phase and have the calcite structure (space

group R3c). The luminescence spectra of the Eu’*
ions in the near-surface layer and in the bulk of the
microcrystals of these samples, corresponding to this
structure, contain the bands characteristic of the cal-
cite modification (A,,,, = 589.8 and 595.7 nm).

- Lul_xEuXBO:;, Luogg_bexEu001B03 at X 2 0.2
and Lujge_,Y,Euy,,,BO; at  x=0.25

have the vaterite structure (space group C2/c) over
entire volume. The luminescence spectra of the Eu?*
ions in the near-surface layer and the bulk of micro-
crystals in these samples contain the bands character-
istic of the vaterite modifications: 588—596, 608—613,
and 624—632 nm.

—Lu_EuBO; at 0.07<x<0.2
Luggo_ Tb,Euy(,BO; at  0.09 <x<0.2
and Lugg_,Y,Euy;,BO; at 0.1<x<0.25

are two-phase. They contain the calcite and vaterite
phases. In the luminescence spectra, there are bands
characteristic of the calcite and vaterite modifications of
these samples.

The orthoborates Luggy_ Y, Euy,BO; having the
vaterite structure mainly consist of the 8—20 um
microcrystals, while the Lu,_ EuBO; and
Lug g9 _ ,Tb,Eu, (, BO; samples with the vaterite struc-
ture consist of the 1—2-pum microcrystals.

It is found that, in the two-phase region, the vater-
ite phase forms as the 1—2-pum microcrystals, and also
in the bulk of the coarse 8—20-pum microcrystals, as is
the case in the Lu o9 _ ,Gd Eu, ,,BOs;.
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The orthoborates Lu, _ .Eu.BO;,
Lug g9 ,Tb,Eug 5 BO;, and Lug g9 _ Y, Eug o, BO; have
the high luminescence intensity and can be used as
efficient red luminophors for LED light sources.
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