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Structural and spectral characteristics of Pr1−xLuxBO3 orthoborates
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The structure, IR absorption and luminescence spectra of Pr0.99−xLuxEu0.01BO3 orthoborates synthesized at

970◦C were studied at 0 ≤ x ≤ 0.99. An increase in the concentration of lutetium leads to a sequential change of

the structural state of the orthoborates. At first, the orthoborates are single-phase and have an aragonite structure

(0 ≤ x ≤ 0.1). Then, they become two-phase and contain the aragonite and vaterite phases (0.1 < x < 0.6).
With a further increase in x (0.6 < x ≤ 0.8), the compounds are single-phase with a vaterite structure, then they

contain the vaterite and calcite phases (0.8 < x ≤ 0.95), and, finally, they become single-phase with a calcite

structure (0.95 < x ≤ 0.99). An unambiguous correspondence between the structural modification and IR spectra

of these compounds was established. It is shown that the emission of Eu3+ ions is observed in samples where the

concentration of europium exceeds that of praseodymium.
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1. Introduction

Spectral characteristics of orthoborates, doped with op-

tically active rare-earth ions (Eu3+, Tb3+, Ce3+), depend

on the sample’s structural state [1–4], therefore the study

of methods for targeted change of their structure is of

considerable interest. It was shown in [5] that the

solid solution Lu1−x InxBO3, consisting of lutetium borate

(LuBO3) having two stable structural modifications, vaterite

and calcite [6–8], and indium borate (InBO3) having only

one structural modification — calcite [9–11] synthesized

at 780◦C (existence temperature of vaterite LuBO3) with

x > 0.08−0.1 crystallizes in the calcite structure. At

the same time, Lu1−xRExBO3 solid solutions (RE=Eu, Gd,

Tb, Dy and Y), consisting of lutetium borate and REBO3,

having only one structural modification — vaterite [6–
8], with x > 0.15−0.2, synthesized at T = 970−1100◦C

(existence temperature of calcite phase LuBO3), crystallize
in the vaterite structure [12–15].

An increased concentration of In3+ ions in

Lu0.98−xInxEu0.02BO3 orthoborates synthesized at 780◦C

leads to an increase of the calcite phase: with 0 ≤ x < 0.03

the solid solution has a vaterite structure, a calcite

phase occurs at 0.03 ≤ x ≤ 0.08 along with vaterite,

while with x > 0.08−0.1 the compound has a calcite

structure. The samples’ morphology changes along with

structural transformations. Vaterite microcrystals (with

0 ≤ x < 0.03) have a size of ∼ 0.3−1µm. When indium

concentration increases, larger microcrystals sized ∼ 3µm

appear along with smaller ones (0.3−1µm). Quantity

of large microcrystals increases with an increase of the

calcite phase share. The samples of In0.98Eu0.02BO3 with

a calcite structure have well-faceted microcrystals sized

3−5µm [11].

An increased concentration of RE in

Lu0.99−xRExEu0.01BO3 (RE=Gd, Eu, Tb, Y) orthoborates

synthesized at 970◦C leads to a successive change of their

structure: with 0 ≤ x ≤ 0.05−0.1 the solid solution of

orthoborates is single-phase and has a calcite structure

(space group R3̄c); with 0.05−0.1 < x ≤ 0.1−0.25 a

vaterite phase (space group C2/c) forms along with the

calcite structure, while with x > 0.1−0.25 the solid solution

is single-phase with a vaterite structure (space group

C2/c) [12–15]. Morphology of orthoborate microcrystals

changes simultaneously with the structure. Microcrystals

of the calcite modification have a size of 15−20 µm.

Small microcrystals (1−2µm), number of which increases

with increase of x , form (along with large ones) in

the concentration interval RE 0.05−0.1 < x ≤ 0.1−0.25

where the samples are two-phase. With x > 0.1−0.25

there are chiefly microcrystals sized 1−2µm with a vaterite

structure.

Papers [11–15] were dedicated to the study of solid

solutions of lutetium borate having two structural modifi-

cations (vaterite and calcite) and borates having only one

modification of lutetium borate: either calcite (InBO3) or

vaterite (REBO3, RE=Eu, Gd, Tb, Dy, Y). Paper [16]
describes the structural state of the solid solution of LuBO3,

synthesized at 970◦C, and lanthanum orthoborate (LaBO3)
whose structure is neither calcite nor vaterite. The LaBO3

compound has two phase states: the low-temperature

orthorhombic aragonite phase (space group Pnma) and the

high-temperature monoclinic phase (space group P21/m),
to which LaBO3 changes over at 1488◦C [6,17]. La3+ ions
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in the aragonite structure are surrounded by nine oxygen

ions, while boron ions have a trigonal coordination by

oxygen [18–25]. It should be noted that Lu3+ ions in the

calcite structure, e.g. in LuBO3, are surrounded by six

oxygen ions, while boron atoms have, like the aragonite,

a trigonal coordination by oxygen — (BO3)
3− [26]. At

the same time, Lu3+ ions in the vaterite structure are

surrounded by eight oxygen ions, while three boron atoms

with a tetrahedral environment by oxygen make up a group

(B3O9)
9− in the form of a three-dimensional ring [27,28].

The following might be anticipated as a result of synthesis

(at T = 970◦C) of a solid solution of LaBO3 orthoborate,

which has an aragonite structure at this temperature, and

LuBO3 which has a calcite structure at T = 970◦C: the

La1−xLuxBO3 compound, with an increase of the Lu3+(x)
concentration, will have an aragonite structure first, and then

a calcite phase will arise along with the aragonite structure,

and the compound will have a calcite structure with a

subsequent increase of x . However, as shown in [16], a

different sequence of structural state alternation is observed

in the La0.98−xLuxEu0.02BO3 compound with increase of x .
With 0 ≤ x ≤ 0.1 the compounds are single-phase and have

an aragonite structure. With 0.15 ≤ x ≤ 0.8 the samples of

La0.98−xLuxEu0.02BO3 are two-phase, they contain aragonite

and vaterite phases. With 0.8 < x < 0.88 the orthoborates

have a vaterite structure (space group P63/mmc). With

0.88 < x < 0.93 the samples of La0.98−xLuxEu0.02BO3 are

two-phase, they contain vaterite and calcite phases. Finally,

with 0.93 ≤ x ≤ 0.98 the orthoborates are single-phase

and have a calcite structure (space group R3̄c). Thus,

when the Lu3+ concentration in La0.98−xLuxEu0.02BO3

compounds synthesized at 970◦C increases, a vaterite

phase first forms along with an aragonite phase, de-

spite the fact that the LuBO3 orthoborate synthesized

at T = 970◦C has a calcite structure. A calcite phase

stable at the given temperature arises, along with the

vaterite structure, only with x > 0.88. It should be

noted that 2 at.% Eu3+ in La0.98−xLuxEu0.02BO3 com-

pounds were used as an optically active and structure

sensitive label and did not significantly affect the sample

structure.

With an increase of Lu3+(x) concentration, a vaterite

phase forms in the samples of La0.98−xLuxEu0.02BO3

(which initially have an aragonite structure), like in the

samples of Lu1−xRExBO3 (RE=Eu, Gd, Tb, Dy and Y), in
the sample bulk first, and then a vaterite structure forms in

the entire sample. At the same time, a calcite phase (with

0.88 < x < 0.93) in La0.98−xLuxEu0.02BO3 orthoborates

with the vaterite structure forms in the sample’s near-surface

regions first, and then a calcite structure forms in the entire

sample, like in the samples of Lu0.98−xInxEu0.02BO3.

It is important to determine the commonness of

the structure rearrangement observed in the samples of

La0.98−xLuxEu0.02BO3 with an increase of Lu3+ ions con-

centration. It is known that, along with LaBO3, the Pr

and Nd orthoborates synthesized at T = 970◦C also have

an aragonite structure [6,29–31]. The present paper is

dedicated to revealing changes of the structure, morphol-

ogy, IR absorption spectra of Pr0.99−xLuxEu0.01BO3 solid

solutions with 0 ≤ x ≤ 0.99.

Praseodymium orthoborate PrBO3, like lanthanum or-

thoborate LaBO3, has two phase states: a low-tempe-

rature orthorhombic aragonite phase (λ-PrBO3) (space

group Pnma) and a high-temperature triclinic phase

ν -PrBO3 (space group P-1), two which PrBO3 changes over

at 1500◦C [6,29–31]. Pr3+ ions in the aragonite structure

(λ-PrBO3), like La
3+ ions in LaBO3, are surrounded by nine

oxygen ions, while boron ions have a trigonal coordination

by oxygen (BO3)
3− [29–31].

2. Experimental procedures

2.1. Sample synthesis

Samples of orthoborate polycrystalline powders of com-

position Pr0.99−xLuxEu0.01BO3 were obtained by interaction

of oxides of rare earth elements with molten potassium

tetraborate according to the reaction:

(0.99 − x)Pr2O3 + x Lu2O3 + 0.01Eu2O3 + K2B4O7

= 2 Pr0.99−xLuxEu0.01BO3 + K2B2O4.

The potassium tetraborate amount taken for the reaction

provided a 10−20% excess of the boron-containing reagent

in relation to the stoichiometric amount. The initial

compounds for orthoborate synthesis were potassium tetrab-

orate tetrahydrate K2B4O7 · 4H2O and calibrated aqueous

solutions of nitrates of rare earth elements. All the used

chemical substances were
”
analytical reagent grade“.

Microcrystalline orthoborate powders were synthesized

as follows. A weighed amount of potassium tetraborate

tetrahydrate was placed in a ceramic cup, stoichiometric

amounts of aqueous solutions of rare earth nitrates, taken

in the required ratio, were added and thoroughly mixed.

The obtained aqueous suspension was heated on a hot

plate and water was driven off under weak boiling. The

obtained solid solution was annealed at 550◦C for 20min to

remove water and nitrate decomposition products, and then

thoroughly ground in an agate mortar. The obtained powder

was transferred into a ceramic crucible and subjected to

high-temperature annealing at T = 970◦C for 2 h. The

annealing product was treated with aqueous solution of

hydrochloric acid with the concentration of 5wt.% for 0.2 h

while constantly mixing on a magnetic mixer. Orthoborate

polycrystals were isolated by filtering the obtained aqueous

suspension, followed by washing with water, alcohol,

and product drying on a filter. The obtained powders

of orthoborate polycrystals were finally dried in air at

T = 200◦C for 0.5 h.
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Figure 1. Diffraction pattern for samples of Pr0.99−xLuxEu0.01BO3 (0 ≤ x ≤ 0.99).

2.2. Research methods

X-ray diffraction studied were performed using a

Rigaku SmartLab SE diffractometer with CuKα radi-

ation, λ = 1.54178 Å, 40 kV, 35mA. Angular interval

2θ = 10−140◦ . Phase analysis of the samples and calcula-

tion of lattice parameters were performed using the Match

and PowderCell 2.4 programs.

The IR spectra of the samples were measured in a

VERTEX 80v Fourier-spectrometer in the spectral range

Physics of the Solid State, 2022, Vol. 64, No. 4
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Table 1. Content of aragonite (A), vaterite (B) and calcite (K) phases in samples of Pr1−x−y−zLuxEuyTbzBO3

Concentration RE, at.% A, VA, B, VB, K, VK ,

Pr Lu Eu Tb % Å3 % Å3 % Å3

99 0 1 0 100 118.6 0 − 0 −

89 10 1 0 100 118.4 0 − 0 −

74 25 1 0 67 118.2 33 112.1 0 −

49 50 1 0 19 118.2 81 111.9 0 −

29 70 1 0 0 − 100 109.8 0 −

19 80 1 0 0 − 100 108.1 0 −

9 90 1 0 0 − 31 106.4 69 114.6

4 95 1 0 0 − 2 − 98 114.0

1 98 1 0 0 − 0 − 100 113.2

0 99 1 0 0 − 0 − 100 113.1

1 97 2 0 0 − 0 − 100 113.3

1 96 3 0 0 − 0 − 100 113.5

2 96 0 2 0 − 0 − 100 113.5

2 94 0 4 0 − 0 − 100 113.6

No t e. VA — volume of aragonite unit cell reduced to Z = 2, VB — volume of vaterite unit cell, Z = 2, VK — volume of calcite unit cell reduced to Z = 2.

of 400−5000 cm−1, resolution being 2 cm−1. For mea-

surements, the polycrystal powders were ground in an

agate mortar, and then were applied in a thin layer onto

a crystalline polished substrate KBr.

The sample morphology was studied using a

Supra 50VP X-ray microanalyzer with an add-on for EDS

INCA (Oxford).

Photoluminescence spectra and luminescence excitation

spectra were studied on a unit that consisted of a light

source — DKSSh-150 lamp, two MDR-4 and MDR-6

monochromators (spectral range 200−1000 nm, dispersion

1.3 nm/mm). Luminescence was recorded by means

of photomultiplier FEU-106 (spectral sensitivity range

200−800 nm) and an amplification system. The MDR-4

monochromator was used for studying the luminescence ex-

citation spectra of the samples, the MDR-6 monochromator

was used for studying luminescence spectra. Spectral and

structural characteristics, as well as the morphology of the

samples were studied at room temperature.

3. X-ray diffraction studies

Diffraction patterns for the powder sample of

Pr0.99−xLuxEu0.01BO3 orthoborates are shown in Fig. 1. The

phase composition of the studied compounds and unit cell

volumes are given in Table 1.

The Pr0.99−xLuxEu0.01BO3 orthoborates with

0 ≤ x ≤ 0.1 are single-phase and have an aragonite

structure (PrBO3, PDF 01-079-8645) — Pnma (space
group � 62), Z = 4. The samples are two-phase in the

interval 0.1 < x < 0.6 — along with aragonite, they contain

a vaterite phase (PDF 74-1938) — P63/mmc (space group

� 194), Z = 2. The samples have a vaterite structure in

the interval 0.6 < x ≤ 0.8. With x > 0.8, a calcite phase,

space group (R3̄c) � 167 (PDF 72-1053), Z = 6, amount

of which increases with increase of Lu3+ concentration,

is observed along with the vaterite. The samples in the

concentration interval 0.8 < x ≤ 0.95 are two-phase and

contain vaterite and calcite phases. With x > 0.95 the

samples are single-phase with a calcite structure.

The unit cell volume monotonically decreases with

an increase of Lu3+ ions concentration, in the interval

0 ≤ x ≤ 0.1 in single-phase samples having an aragonite

structure. This indicates a substitution of Pr3+ ions, having

the ionic radius of 1.052 Å, with Lu3+ ions having a consi-

derably smaller ionic radius (0.867 Å) [32]. The maximum

possible dissolution of Lu3+ ions in the aragonite phase

Pr0.99Eu0.01BO3 is ∼ 10 at.% (Fig. 2, 3). The composition

of the forming solid solution is ∼Pr0.89Lu0.1Eu0.01BO3. In
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Figure 2. Phase composition of the synthesized samples

of Pr0.99−xLuxEu0.01BO3 depending on Lu concentration in the

charge: a square — aragonite, a triangle — vaterite, a circle —
calcite.
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Table 2. Regions of Pr and La concentrations where certain structural states of Pr0.99−xLuxEu0.01BO3 and La0.98−xLuxEu0.02BO3

orthoborates exist

Values of x at which the given structures exist

Compound Aragonite Aragonite+ Vaterite Vaterite+ Calcite

(Pnma) Vaterite (P63/mmc) calcite (R3̄c)

Pr0.99−xLuxEu0.01BO3 0 ≤ x ≤ 0.1 0.1 < x < 0.6 0.6 < x ≤ 0.8 0.8 < x ≤ 0.95 0.95 < x ≤ 0.99
1 La0.98−xLuxEu0.02BO3 0 ≤ x < 0.15 0.15 ≤ x ≤ 0.8 0.8 < x < 0.88 0.88 ≤ x < 0.93 0.93 ≤ x ≤ 0.98

No t e. 1 — The data of [16].

the course of subsequent doping, the additional lutetium

does not make part of the aragonite structure but is

consumed for increase of the vaterite phase amount.

The volumes of the unit cells of the aragonite and vaterite

phases in the two-phase aragonite−vaterite region, with

0.1 < x < 0.6, remain virtually constant (Fig. 3). The

approximate composition of the vaterite phase, estimated

along the boundary of vaterite unit cell volume change

is Pr0.4Lu0.59Eu0.01BO3. As seen from Fig. 2, the ratio

between aragonite and vaterite phases changes in the

concentration interval 0.1 < x < 0.6. Only the calcite phase

whose unit cell volume decreases with increase of x is

observed in the concentration interval 0.95 < x ≤ 0.99.

Consequently, when Lu0.99Eu0.01BO3 is doped with Pr3+

in the concentration range of 0−4 at.%, the calcite unit cell

volume increases, which means praseodymium dissolution

in the lutetium orthoborate with a calcite structure. The

maximum possible dissolution of Pr3+ ions in the calcite

phase is ∼ 4−5 at.% (according to the boundary of unit

cell volume change). The composition of the forming solid

solution is ∼Pr0.05Lu0.94Eu0.01BO3.

With subsequent increase of praseodymium concen-

tration in Lu0.99Eu0.01BO3, in the concentration interval

0.95 ≥ x ≥ 0.9, the calcite phase is complemented by a
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Figure 3. Volumes of unit cells of structural modifications

Pr0.99−xLuxEu0.01BO3 reduced to Z = 2: a square — aragonite,

a triangle — vaterite, a circle — calcite.

vaterite phase whose cell volume increases with an increase

of praseodymium content in the charge (i.e. it increases

with a decrease of lutetium content), the ratio between the

number of vaterite and calcite phases also changes (Table 1,

Fig. 2, 3).

The samples in the concentration interval 0.6 < x ≤ 0.8

are single-phase with a vaterite structure, the whole addi-

tional praseodymium amount is dissolved in vaterite and

increases the unit cell volume. The limit of Pr3+ solubility

in the vaterite phase is achieved when the concentration

of Pr3+is ∼ 39 at.% (60 at.% Lu3+). Further increase of

praseodymium concentration does not lead to a change in

the vaterite unit cell volume, but is consumed for increase

of aragonite phase amount in the two-phase region with

0.1 < x < 0.6.

Thus, the following conclusions can be made based

on the X-ray diffraction studies. Five regions of Lu3+

concentrations, where certain structural states exist, can be

distinguished in Pr0.99−xLuxEu0.01BO3 orthoborates, like in

La0.98−xLuxEu0.02BO3 compounds [16]. As lutetium con-

centration grows, three types of crystalline phases change

successively: aragonite, vaterite and calcite (Table 2).
This process can be represented schematically as fol-

lows: aragonite (with 0 ≤ x ≤ 0.1)→ aragonite+ vaterite

(0.1< x < 0.6)→ vaterite (0.6< x ≤0.8)→vaterite+ calcite

(0.8<x≤0.95)→ calcite (0.95 < x ≤ 0.99).
The maximum possible dissolution of Lu3+ ions in

the aragonite phase Pr0.99Eu0.01BO3 is ∼ 10 at.%. The

approximate composition of the vaterite phase, according

to the boundary of vaterite unit cell volume change, is

Pr0.39Lu0.6Eu0.01BO3. The maximum possible dissolution

of Pr3+ ions in the calcite phase is ∼ 5 at.%. A low value

of Pr3+ limit solubility in the calcite phase of composition

Lu0.99Eu0.01BO3 is probably due to a large difference in the

ionic radii of Pr3 and Lu3+.

It should be noted that the interval of Lu3+ concentra-

tions were a vaterite phase exists in Pr0.99−xLuxEu0.01BO3

orthoborates (0.6 < x ≤ 0.8), is much larger than in

La0.98−xLuxEu0.02BO3 (0.8 < x < 0.88) (Table 2).

4. Sample morphology

The samples of Pr0.99−xLuxEu0.01BO3 with 0 ≤ x ≤ 0.1,

which have an aragonite structure according to the X-ray

Physics of the Solid State, 2022, Vol. 64, No. 4
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Figure 4. Morphology of the samples of Pr0.99−xLuxEu0.01BO3: a — Pr0.99Eu0.01BO3, b — Pr0.49Lu0.5Eu0.01BO3, c —
Pr0.29Lu0.7Eu0.01BO3, d — Pr0.09Lu0.9Eu0.01BO3, e — Pr0.04Lu0.95Eu0.01BO3, f — Lu0.99Eu0.01BO3, g — Pr0.01Lu0.97Eu0.02BO3,

h — Pr0.02Lu0.96Tb0.02BO3.

Physics of the Solid State, 2022, Vol. 64, No. 4



476 S.Z. Shmurak, V.V. Kedrov, A.P. Kiselev, T.N. Fursova, I.I. Zver’kova

diffraction analysis data (Table 1), contain microcrystals

sized ∼ 2−8µm (Fig. 4, a). When concentration of

Lu3+ increases (0.25 ≤ x ≤ 0.7), the samples contain small

(0.5−1µm) and larger microcrystals (3−5µm). According
to the X-ray diffraction analysis data, an increased con-

centration of Lu3+ ions leads to a decrease of aragonite

amount and an increase of the vaterite share (Table 1). As
the vaterite phase amount increases, the number of small

crystals (0.5−1µm) increases (Fig. 4, b, c). The samples

of Pr0.99−xLuxEu0.01BO3 with x = 0.7 and 0.8, containing

100% of vaterite (Table 1), consist of microcrystals sized

0.5−3µm (Fig. 4, c). As the Lu3+ concentration further

increases (with 0.8 < x < 0.95), the number of small

microcrystals (0.5−1µm) decreases, while that of larger

ones (∼ 2−4µm) increases (Fig. 4, d). A decrease of the

vaterite phase amount and an increase of the calcite phase

share are observed in this range of Lu3+ ion concentrations

(Table 1). The samples of Pr0.04Lu0.95Eu0.01BO3, containing

98% of calcite, have chiefly microcrystals sized ∼ 2−4µm

(Fig. 4, e). Lu0.99Eu0.01BO3 orthoborates with a calcite

structure consist of microcrystals sized 3−10µm (Fig. 4, f).
Thus, addition of a small number of Pr3+ ions (∼ 5 at.%)

to Lu0.99Eu0.01BO3, like La3+ [16], leads to a noticeable

change of microcrystal sizes, but does not change the sample

structure (Table 1).
Microcrystals sized 3−10µm (Fig. 4, g) are observed

in LuBO3 orthoborates containing 1 at.% Pr, 2 and 3 at.%

of Eu, which have a calcite structure (Table 1). The same

microcrystals are observed in the LuBO3 samples containing

2 at.% of Pr, 2 and 4 at.% of Tb, which also have a calcite

structure (Table 1) (Fig. 4, h).
The following conclusions can be made based on the mor-

phology study of Pr0.99−xLuxEu0.01BO3 with 0 ≤ x ≤ 0.99.

With the synthesis method used here, the samples having an

aragonite structure consist of microcrystals sized ∼ 2−8µm

(Fig. 4, a). Pr0.29Lu0.7Eu0.01BO3 and Pr0.19Lu0.8Eu0.01BO3

orthoborates (100% of vaterite) consist of microcrystals

sized ∼ 0.5−3µm (Fig. 4, c). It should be noted that the

Lu1−xRExBO3 compounds (RE=Eu, Gd, Tb), obtained

by the same method and having a vaterite structure,

consist of microcrystals sized (∼ 1−2µm) [23,24]. The

Pr0.99−xLuxEu0.01BO3 (0.95 ≤ x ≤ 0.99) compounds with

a calcite structure consist of microcrystals whose sizes with

x = 0.95 and 0.99 are equal to ∼ 2−4 and ∼ 3−10µm

respectively (Fig. 4, e, f).

5. Results of IR spectroscopy

It is known that borates of rare earth elements with the

general formula REBO3 (RE=La−Lu) are characterized

by structures with complex anions, formed by flat trigonal

groups BO3 or tetrahedrons BO4, or by BO3 and BO4

groups simultaneously [26]. The PrBO3 compound in the

orthoborate series pertains to the structural type of arag-

onite, in whose crystal lattice the anions (BO3)
3− are flat

trigonal groups. Fig. 5 gives the IR absorption spectra for the
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Figure 5. IR spectra of Pr0.99−xLuxEu0.01BO3 orthoborates:

1 — Pr0.99Eu0.01BO3, 2 — Pr0.89Lu0.1Eu0.01BO3, 3 —
Pr0.74Lu0.25Eu0.01BO3, 4 — Pr0.49Lu0.5Eu0.01BO3, 5 —
Pr0.19Lu0.8Eu0.01BO3, 6 — Pr0.09Lu0.9Eu0.01BO3, 7 —
Pr0.04Lu0.95Eu0.01BO3, 8 — Pr0.01Lu0.98Eu0.01BO3. The zero

values of ordinate axes for the spectra 1−7 are showed by a

dashed line.

Pr0.99−xLuxEu0.01BO3 compounds with 0 ≤ x ≤ 0.98 in the

frequency range of vibrations of B−O-bonds. The spectrum

for the sample of composition Pr0.99Eu0.01BO3 (Fig. 5,

spectrum 1) contains absorption bands 594, 615, 717,

791, 947 and 1306 cm−1. The absorption spectrum for

Pr0.99Eu0.01BO3 (Fig. 5, spectrum 1) is similar to the

spectrum for PrBO3 with an aragonite structure given

in [30,33]. An analysis of vibrations of planar ions

(BO3)
3−, performed in [26], makes it possible to classify

the absorption bands 594, 615 and doublet 717, 791 cm−1

as bending vibrations ν4 and ν2, respectively, while the

absorption bands 947 and 1306 cm−1 — as stretching

vibrations ν1 and ν3 of B−O bonds respectively.
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The IR spectra for the samples of Pr0.99Eu0.01BO3 and

Pr0.89Lu0.1Eu0.01BO3 (Fig. 5, spectra 1 and 2) coincide.

According to the X-ray diffraction analysis data, both

samples have an aragonite structure (Table 1). Along with

the aragonite phase, additional bands
”
v“ (Fig. 5, spec-

tra 3, 4) appear in the spectra of Pr0.99−xLuxEu0.01BO3

samples with an increase in the Lu concentration at

0.25 ≤ x ≤ 0.8. Their intensity increases with increase of

the Lu concentration, while intensity of the bands of the

aragonite phase
”
a“ decreases. The absorption spectrum for

the sample of Pr0.19Lu0.8Eu0.01BO3 (Fig. 5, spectrum 5)
has a group of intensive absorption bands in the range

of 800−1200 cm−1 with the maxima at 876, 933, and

1088 cm−1, as well as weak absorption bands 569 and

712 cm−1. No aragonite phase lines are observed in

the spectrum, the spectrum is similar to the spectrum

for the sample of La0.1Lu0.88Eu0.02BO3 with a vaterite

structure [16]. The vibrational spectrum of borates in a

vaterite structure differs considerably from their spectra in

an aragonite and calcite structure. This is due to the tetra-

gonal coordination of boron atoms with the formation of an

anion (B3O9)
9− in the form of a three-dimensional ring in

this structure. The absorption band of stretching vibrations

of B−O-bonds in a vaterite structure is in the range of

800−1200 cm−1, while in aragonite and calcite structures

with a trigonal environment of boron atoms it is in the range

of 1200−1400 cm−1 [26,33,34]. According to the X-ray

phase analysis data, the sample of Pr0.19Lu0.8Eu0.01BO3 is

single-phase and has a vaterite structure (Table 1).
With subsequent increase of Lu3+ concentration

(0.8 < x ≤ 0.98), additional bands
”
c“ (Fig. 5,

spectra 6−8) appear in the IR spectra of the

Pr0.99−xLuxEu0.01BO3 compounds in addition to the

absorption bands of the vaterite phase
”
v“. The spectrum

for the sample of Pr0.01Lu0.98Eu0.01BO3 has only the

absorption bands 631, 748, 773 and 1242 with a shoulder

∼ 1260 cm−1 (Fig. 5, spectrum 8), corresponding to the

calcite structure spectrum [13,26]. The absorption bands

631, 748, 773 cm−1 due to bending vibrations, while the

band with the maximum of 1242 cm−1 — by stretching

vibrations of B−O bonds.

Thus, the study of the IR spectra has shown that an

increase of Lu3+ concentration in the Pr0.99−xLuxEu0.01BO3

system (0 ≤ x ≤ 0.98) leads to a change of the IR spectra

of the samples according to the sequence of change of their

phase composition (Tables 1 and 2): aragonite→ aragoni-

te+ vaterite→ vaterite→ vaterite+ calcite→ calcite.

6. Luminescence spectra
and luminescence excitation spectra

Luminescence is not observed in Pr0.99−xLuxEu0.01BO3

orthoborates with 0 ≤ x ≤ 0.98 in the studied wavelength

range of 350−800 nm. A possible reasons of lumines-

cence absence in these compounds is due to the fact

that a charge transfer from Pr3+ to Eu3+ takes place

in praseodymium- and europium-containing borates as

follows: Pr3+ + Eu3+ → Pr4+ + Eu2+. This process is

possible since praseodymium may have the valency 3+
and 4+, while europium may have the valency 2+ and

3+ [32]. A charge transfer from Ce3+ ions to Eu3+

ions (metal−metal charge transfer (MMCT)) according to

the scheme Ce3+ + Eu3+ → Ce4+ + Eu2+ was previously

observed in pioneering papers [35,36] in a number of

compounds, including cerium- and europium-doped borates.

A charge transfer from one activator to another leads to

quenching of luminescence of the activators involved in this

process.

When stoichiometry of charge transfer from

praseodymium to europium is implemented, the number

of Eu3+ ions with quenched luminescence must be equal

to the number of Pr3+ ions. Therefore, if concentration of

europium ions in a sample exceeds the concentration of

praseodymium ions, luminescence of an excessive number

of Eu3+ must be observed. This assumption was checked

by synthesizing samples of LuBO3 doped with 1 at.% of

Pr and 1 at.% of Eu, 1 at.% of Pr and 2 at.% of Eu, as well

as 1 at.% of Pr and 3 at.% of Eu. All the three samples,

according to the X-ray diffraction analysis data (Table 1),
have a calcite structure. According to the aforesaid
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Figure 6. Luminescence spectra for Pr0.99−x−yLuxEuyBO3
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assumption, luminescence is not observed in the samples of

Pr0.01Lu0.98Eu0.01BO3, but luminescence of Eu3+ ions is ob-

served in Pr0.01Lu0.97Eu0.02BO3 and Pr0.01Lu0.96Eu0.03BO3

orthoborates whose luminescence spectra and luminescence

excitation spectra are shown in Fig. 6, spectra 1, 2 and Fig. 7,

spectra 1, 2. The most intensive bands in the luminescence

spectra for these samples are the bands with λmax = 589.8

and 595.7 nm (electron transition 5D0 →
7F1), typical for

the calcite modification LuBO3(Eu) [1,37,38]. The ultravio-

let region of the excitation spectra of the most intensive lu-

minescence band (589.8 nm) features a wide band with the

maximum at λex = 254 nm, which corresponds to a charge

transfer band (CTB) [1,3,39]. The band with λex = 394 nm

(electron transition 7F0 →
5L6), corresponding to resonant

excitation of Eu3+ ions, is more than ∼ 40 times smaller

than the CTB (Fig. 7, spectra 1, 2), which is typical for the

calcite modification LuBO3(Eu) [1,3,13,14].
It should be noted that the number of excess Eu3+ ions in

relation to Pr3+ ions in the samples of Pr0.01Lu0.96Eu0.03BO3

(sample 2) is 2 times greater than in the samples of

Pr0.01Lu0.97Eu0.02BO3 (sample 1). Therefore, if a charge
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orthoborates. 1 — x = 0.96, z = 0.02; 2 — x = 0.94, z = 0.04.

is transferred from Pr3+ to Eu3+ in these compounds,

luminous intensity of Eu3+ ions in sample 2 must be

2 times greater than in sample 1. The experiment confirms

this conjecture. The ratios of intensities of the most

intensive bands with λmax = 589.8 and 595.7 nm in the

spectra of samples 2 and 1 are equal to ∼ 2 and ∼ 1.9

respectively (Fig. 6, spectra 1 and 2). This additionally

confirms the aforesaid conjecture that a charge transfer

from Pr3+ ions to Eu3+ ions (MMCT) indeed takes place.

Luminescence of Eu3+ ions during the MMCT process

can be observed only in samples where concentration

of Eu3+ ions is more than concentration of Pr3+ ions.

This circumstance explains the absence of luminescence in

Pr0.99−xLuxEu0.01BO3 orthoborates with 0 ≤ x ≤ 0.98.

It is interesting to study the spectral characteristics

of Pr1−zLux−zTbzBO3 orthoborates where Tb3+ ions are

optically active. The luminescence excitation spectra

and luminescence spectra for the most intensive lumi-

nescence bands of Pr0.02Lu0.96Tb0.02BO3 (sample 3) and

Pr0.02Lu0.94Tb0.04BO3 orthoborates (sample 4), which have,

according to the X-ray diffraction analysis data, a calcite

structure (Table 1) are shown in Fig. 7 and Fig. 8

respectively.
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The luminescence excitation spectrum for samples 3

and 4 has four bands in the short-wave spectrum re-

gion with λex ∼ 235, 260, 274 and 283 nm (transi-
tion 4 f 8 → 4 f 75d1) and a narrow resonance band with

λex = 378 nm (7F6 →
5D3) (Fig. 8, spectrum 1). This

spectrum is typical for luminescence of terbium in the

calcite modification LuBO3(Tb) [1,4,13]. The most intensive

bands in the luminescence spectrum for the samples of

Pr0.02Lu0.96Tb0.02BO3 and Pr0.02Lu0.94Tb0.04BO3 are the

luminescence bands, typical for the calcite modification

LuBO3(Tb), with λmax = 541.8 and 549.5 nm (5D4 →
7F5),

the amplitudes of which are comparable (Fig. 8, spec-

tra 1, 2) [1,4,13]. Luminous intensity of samples 3 and 4

is proportional to concentration of Tb ions in the samples:

in sample 4 it is ∼ 2 times higher than in sample 3.

We might expect luminescence of terbium ions to occur

in Pr0.98−xLuxTb0.02BO3 orthoborates when concentration

of Pr ions is considerably higher than 2 at.%. However,

luminescence of Tb3+ ions is not present in the samples

containing 98 and 28 at.% of Pr. Possibly, since Tb

may have the valency 2+, 3+ and 4+ [32], a charge

transfer from Pr3+ to Tb3+ also takes place at higher

concentrations of Pr3+ ions, which results in quenching of

terbium ions luminescence. Thus, luminescence of Eu3+

ions is observed in Pr1−xLuxBO3(Eu) orthoborates where

concentration of Eu3+ ions is higher than concentration

of Pr3+ ions. Luminescence of Tb3+ ions is observed in

the samples of LuBO3(Pr, Tb) containing 2 at.% of Pr3+

and 2 at.% of Tb3+, but is absent in Pr0.98−xLuxTb0.02BO3

orthoborates with 0.7 ≥ x ≥ 0.

7. Conclusion

The present paper is dedicated to studying the structure,

morphology, IR spectra of Pr0.99−xLuxEu0.01BO3 orthobo-

rates with 0 ≤ x ≤ 0.99 synthesized at 970◦C.

We have established a one-to-one correspondence be-

tween the structural modification and IR spectra of these

compounds.

Five regions of Lu3+ concentrations, where cer-

tain structural states exist, can be distinguished in

Pr0.99−xLuxEu0.01BO3 orthoborates.

With 0 ≤ x ≤ 0.1, the Pr0.99−xLuxEu0.01BO3 orthobo-

rates are single-phase with an aragonite structure (space
group Pnma). The IR spectra have the absorption bands

594, 615, 717, 791, 947 and 1306 cm−1 which correspond

to the aragonite phase PrBO3.

With 0.1 < x < 0.6 the samples are two-phase — they

contain aragonite and vaterite phases. The IR spectra have

the bands typical for aragonite and vaterite structures.

With 0.6 < x ≤ 0.8 the compounds become single-

phase with a vaterite structure (space group P63/mmc).
The IR spectra have the absorption bands 569, 712, 876,

933 and 1088 cm−1, typical for orthoborates with a vaterite

structure.

With 0.8 < x ≤ 0.95 the samples are two-phase — they

contain vaterite and calcite phases. The IR spectra have the

bands typical for the vaterite and calcite modifications of

these samples.

With 0.95 < x ≤ 0.99 the orthoborates are single-phase

with a calcite structure (space group R3̄c). The IR spectra

contain the absorption bands 631, 748, 773, 1242 cm−1

typical for orthoborates with a calcite structure.

It is shown that luminescence of Eu3+ ions is observed

in the samples of LuBO3(Pr, Eu) where europium concen-

tration exceeds praseodymium concentration.

Thus, the three types of crystalline phases: aragonite, va-

terite and calcite successively change each other (as lutetium
concentration increases) in Pr0.99−xLuxEu0.01BO3 orthobo-

rates synthesized at 970◦C, like in La0.98−xLuxEu0.02BO3

compounds.
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