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Lanthanide orthoborates of composition LnBO3 (Ln = Tb, La, Pr, Nd, Sm, Eu, Gd, Dy, Y) and LaBO3:Gd, Tb,
Eu have been prepared by metathesis reaction. This method provides a convenient route for the
synthesis of orthoborates and its solid solutions at low temperatures. Powder X-ray diffraction and FT-IR
spectroscopy were used to characterize these borates. Rare earth borates, (LnBO3) are isomorphous with
different forms of CaCO3 depending on the radius of rare earth ion. LaBOs, LaBO5:Gd, Tb, Eu, PrBOs,
NdBO; crystallized in aragonite structure, SmBOs crystallized in H-form and TbBOs, EuBO3, GdBOs3,
DyBOs, YBOs3 crystallized in vaterite structure. The structural analysis of TbBO3 was carried out. The
morphology of these borates was obtained from Scanning electron microscopy. Spin-Hamiltonian
parameters for Gd>* are deduced from room temperature electron spin resonance spectrum of LaBO5:Gd.
The luminescence of LaBOs:Tb, Eu gave characteristics peaks corresponding to Th**, Eu®* respectively.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Transition metal and rare earth orthoborates of composition
LnBOs (Ln = trivalent transition or rare earth ion) have attracted
considerable attention owing to their remarkable properties and
potential applications. For instance ferric borate, FeBOs, is a canted
antiferromagnet with calcite structure and has favorable magnetic
properties for high-speed magneto-optical applications [1,2].
Calcite type VBOs; and CrBOs also possess interesting magnetic
properties [3]. Rare earth orthoborates of composition LnBO3;
(Ln=Gd, Y, etc.), on the other hand, are found to be promising host
materials for VUV phosphors [4]. High VUV transparency and
exceptional optical damage threshold of LnBOs; type materials
makes them worthy of investigations. Keszler has reviewed the
potential applications of transition metal and rare earth borates
[5]. It is well known that phosphors based on orthoborates have
attracted much attention due to their high stability and low
synthetic temperature. Rare earth doped orthoborates are good
host lattices for luminescence of Eu*, Tb®" and used in flat
displays, mercury-free fluorescent tubes etc. For example, (Y,
Gd)BO5:Eu*/Tb?* has found application in plasma display panels
(PDPs) as a red/green phosphor [6-9].
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Rare earth orthoborates, LnBOs, are isomorphous with CaCOs.
These rare earth borates crystallize in aragonite, vaterite and
calcite forms similar to that of CaCOs. It is observed that the type of
crystal lattice adopted by the lanthanide borate depends on the
radius ratio of Ln®>* and 02~ (Ln®*/0?"). Lanthanide borates having
a radius ratio (Ln>*/0?~) of 0.71 and above crystallize in aragonite
structure (e.g. LaBO3, NdBO3). If the radius ratio is in the range
0.71-0.61, the corresponding borate crystallizes in vaterite
structure (SmBOs-YbBO3). Borates having the radius ratio 0.607
and less adopt both calcite and vaterite structures depending on
the preparation temperature [10]. Aragonite structure is charac-
terized by a nine coordinated central metal ion (Ln®**) in a
hexagonal close packing of orthorhombic unit cell with Pnam(62)
space group [11]. Vaterite type LnBOs materials crystallize in
hexagonal lattice with P63/m(176) space group and the lanthanide
ion is coordinated to eight oxygen atoms in a trigonal bicapped
antiprism [12]. The calcite structure has rhombohedral symmetry
with space group R3C (Z=6) and the lanthanide ion is in six
coordination [13]. In addition to these three forms, some of these
rare earth orthoborates also exist in ‘high temperature form’ (H-
form) which is quite different from these structures.

The properties of the materials depend on the method of
preparation, sample purity and particle distribution [14]. It is
observed that use of alternative synthesis routes such as wet
process [15], flux evaporation [12], ball milling [16], hydrothermal
[17,18] and metathesis method offer the possibility of obtaining
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high purity materials and some times the micro structure/
morphology control. To our knowledge, this is the first attempt
to prepare lanthanide orthoborates LnBOs and its solid solutions by
metathesis approach at temperatures which are lower than
reported [7,10,12,16,19-21]. In this paper, we present the
preparation of orthoborates LnBOs; (Ln=Tb, La, Pr, Nd, Sm, Eu,
Gd, Dy, Y) and LaBOs:Gd, Tb, Eu by metathesis approach employing
LnCl; and NaBO,. ESR of LaBO3:Gd and luminescence of LaBOs:Tb,
Eu is also presented.

2. Experimental
2.1. Metathesis synthesis

Stoichiometric amounts of Tb407 or Ln,03 (Ln = La, Nd, Sm, Eu,
Gd, Dy, Y) or PrgOq; required for LnBOs (Ln = Tb, La, Pr, Nd, Sm, Eu,
Gd, Dy, Y) and LaBO5:Gd, Tb, Eu (2.5, 5, 7.5 and 10 mol%)
compositions are dissolved in concentrated HCI to obtain aqueous
LnCl5 solutions. This solution is evaporated to dryness to expel
excess HCI. The dried LnCl5 solid and 10% excess NaBO, are ground
thoroughly using spectral grade acetone. All the resultant
materials are heated at 650 °C/14 h except LaBO3, NdBO3, SmBOs,
EuBO5 and GdBOs, which are sintered at both 650 and 900 °C/6 h.
The obtained products are washed with de-ionized hot water
several times to remove NaCl, B,O3 and NaBO,. The remaining solid
is dried on a hot plate. The probable reactions for orthoborates and
their solid solutions are given below.

650°C/14h

LnCls + 3NaBO, "~ *"LnBO; + B,05 + 3NaCl (1)
(1 — x)LaCls +-xLnCl; +3NaB0,***-*4"*"La; ,Ln,BO3+B,05+3Nacl
(Ln = Gd, Tband Eu; x = 0.025,0.05,0.075and 0.1) (2)

2.2. Solid state method

Stoichiometric amounts of H3BO3; and Tb407 or Ln,03 (Ln = La,
Nd, Sm, Eu, Gd, Dy, Y) or PrgO;; required for LnBO3 (Ln = Tb, La, Pr,
Nd, Sm, Eu, Gd, Dy, Y) composition are ground thoroughly using
spectral grade acetone for several hours. The resultant materials
are heated at 500 °C/5 h, 700 °C/5 h, and 900 °C/5 h with interme-
diate grindings.

The powder X-ray diffractograms are recorded at room
temperature on Shimadzu XRD-7000 powder X-ray diffractom-
eter using Ni filtered monochromatic Cu-Ko radiation of
wavelength 1.5406 A. The scan speed is 2°/min in the range
20 =10-80°. Infrared spectra were recorded in the form of KBr
pellets in the wave number range 1500-400 cm~! using JASCO
IR-5300 spectrometer. SEM images were recorded on the
HITACHI S-3700N variable pressure scanning electron micro-
scope (VP-SEM). Room temperature ESR spectra were recorded
on a JOEL PE-3X, X-band spectrometer equipped with a 100 kHz
field modulation unit. The ESR spectrometer was optimized for
modulation amplitude receiver gain, time constant and scans
time. The luminescence spectra are recorded with Fluorolog
spectrophotometer equipped with a 40 W Xenon lamp as the
excitation source of radiation at room temperature. Cylindrical
pellets (=10 mm diameter and ~3 mm thickness) of the samples
are obtained by applying uniaxial pressure of 200 MPa. The
pellets are sintered at 900 °C for 4 h (for density measurements)
and coated with silver paint (for AC conductivity measure-
ments). Experimental densities of sintered pellets are measured
by Archimedes principle using xylene as immersion liquid.
Theoretical (from X-ray diffraction) densities are obtained from
unit cell dimensions. AC Impedance and conductivity measure-

ments are carried out using HP4192A Impedance analyzer at
room temperature in the frequency range 100 Hz-1 MHz.

3. Results and discussion
3.1. Powder XRD

The powder XRD patterns of the product obtained by the
reaction between NaBO, and TbCl; (at 650 °C) before and after
washing with de-ionized water are shown in Fig. 1(a) and (b)
respectively. The powder XRD of sample before washing was
characterized by peaks belonging to TbBO3, NaCl (marked as *),
NaBO, (represented as A), B,O3 (shown as []) and TbCls phases
(represented as #) (Fig. 1(a)). The presence of diffraction peaks
corresponding to TbBOs, NaCl and B,0s indicate that the reaction
has taken place in a metathetic pathway as shown in equation 1.
The excess NaBO, and unreacted TbCl; also appear as weak
diffraction lines. Fig. 1(b) shows the powder XRD pattern of the
product obtained after washing with de-ionized water. All the
observed d-lines are consistent with reported TbBO3 [JCPDS No.
24-1272] and free from impurities. The structural analysis of
TbBOs is carried by Rietveld refinement program MAUD. It
crystallizes in hexagonal lattice (vaterite structure) with space
group P63/m. The observed and calculated XRD patterns are shown
in Fig. 2. The reliability factors obtained from the refinement are
Rwp=21.7%, Ry =15.2%, Rexp=16.49%. The unit cell parameters
obtained for a and c are 3.813 + 0.02 and 8.879 = 0.02 A respec-
tively, which are close to the reported values [JCPDS Card No. 24-
1272]. The atomic coordinates of ThBO3 obtained from the Rietveld
analysis are given in Table 1.
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Fig. 1. Powder XRD patterns of TbBO5 prepared at 650 °C (a) before washing and (b)
after washing with de-ionized water.
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Fig. 2. Observed and calculated XRD patterns of TbBOs.

Table 1

Atomic coordinates of TbBOs.
Element = Wyckoff position  Site occupancy  x y z
Tb 2b 1 0 0 0
0o(1) 4f 1 0.667 0.333 0.108
0(2) 6h 13 0770 -0.159 025
B 6h 1/3 0.642 0489 025

The powder XRD patterns of LaBO3:Gd, Tb, Eu after washing
with de-ionized water are found to be similar with each other and
comparable with reported data for LaBOs [JCPDS No. 12-0762].
Fig. 3(a)-(e) shows the powder XRD patterns of LaBO5:Gd (0, 2.5, 5,
7.5 and 10 mol%). These patterns (prepared at 650 °C) have d-lines
belonging to only aragonite structure without any trace of H-LaBO3
impurities. Further, it was also noticed that no H-LaBO3; was
formed when the sample was prepared at 900 °C. The X-ray
powder patterns of LaBOs3:Gd, Tb, Eu were analyzed using least
square fit method employing the POWD software [22] to obtain the
unit cell parameters. The observed d-lines and unit cell parameters
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Fig. 3. Powder XRD patterns of LaBO5:Gd (a) 0 mol%, (b) 2.5 mol%, (c) 5 mol%, (d)
7.5 mol% and (e) 10 mol% prepared at 650 °C.

of LaBO3 were given as input parameters to obtain the calculated d-
lines and unit cell parameters. LaBO5:Gd, Tb, Eu samples were
found to crystallize in orthorhombic lattice (aragonite structure)
with Pnam(62) space group. It is noticed that for low concentra-
tions of dopant ion (< 10 mol%), single phase materials were
obtained. When the concentrations of dopant are above 10 mol%, a
mixture of phases was obtained. Thus, the metathesis reactions in
the present investigation are useful for the preparation of solid
solutions when the dopant concentration is low.

The powder XRD of PrBOs prepared at 650 °C is shown in
Fig. 4(a). The d-lines PrBOs are similar to the d-lines of LaBO3 and
NdBOs. Since the ionic radii of Pr3* (1.06), La*>* (1.14) and Nd**
(1.04) are approximately same and the fact that the ratio of Ln®*/
02~ (Ln="Pr, La and Nd) falls in the range 0.81-0.74, they are
expected to crystallize in aragonite structure [10]. To our
knowledge, the d-lines of PrBO; are not indexed. However,
Tananaev has reported the observed d-lines for PrBOs ([23], JCPDS
No. 23-1384) and Laureiro et al. have reported the lattice
parameters of PrBOs; and noticed that both PrBOs; and NdBOs
are isomorphous [24]. Therefore, the d-lines of PrBO; are least
square fitted and the unit cell parameters of NdBOs are given as
input parameters. The unit cell parameters of PrBO3 were found to
bea=5.74,b =8.09, c = 5.05 A. These unit cell parameters are close
to those reported [24]. It crystallizes in orthorhombic lattice with
aragonite structure and the space group is Pnam(62).

Fig. 4(b) and (c) shows the powder XRD patterns of NdBO;
prepared at 900 and 650 °C respectively. The d-lines of the product
obtained at 650 °C are consistent with reported d-lines [JCPDS No
12-0756] corresponding to orthorhombic lattice with aragonite
structure. However, some additional lines (shown by * in Fig. 4(c))

- (a)
-
-
by
[=] T
o o~ : o™
o~ oﬂ'
-— ; o™~
N |
b © P o
o SoeN o] =M o™
. [=,1] N_o NN : o v<hn <=
S - TR TG N
8
2
7]
=
2
=
(b)
b, ll
* (c)
*
* %
T ] T I T I T I T I T I T

2 0 (degree)

Fig. 4. Powder XRD patterns of (a) PrBO3 prepared at 650 °C, (b) NdBOs prepared at
900 °C and (c) 650 °C.
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of low intensity belonging to high temperature form, H-NdBOs,
were also observed [JCPDS No 13-0488]. Additional experiments
were carried out to obtain phase pure NdBOs (aragonite). The
sample prepared at 900 °C shows only d-lines belonging to NdBO3
(aragonite) without any trace of H-NdBOs (Fig. 4(b)). This is
consistent with the results reported earlier [15].

The powder XRD pattern of SmBOs prepared at 650 °C consists
of d-lines corresponding to H-SmBO5 [JCPDS No. 13-0489] (major)
and vaterite SmBO3 [JCPDS No. 74-1930] (minor). SmBO3 is known
to exhibit phase transformations from H-SmBOs; to SmBOs3;
(vaterite) at 1100 °C and back to H-form at 1300 °C when prepared
by wet process [15]. It was also reported that H-SmBOs is never
obtained in pure form at low temperature. The sample prepared at
900 °C is characterized by d-lines belonging to only H-form. Thus,
our observations are consistent with earlier reported results [15].

Fig. 5(a) and (c) shows the powder XRD patterns of EuBO3 and
GdBOs prepared at 650 °C. Both the patterns were characterized by
d-lines belonging to hexagonal vaterite and a few less intense lines
(indicated by * in Fig. 5(a) and (c)), possibly belonging to H-forms of
EuBOs; and GdBOs. All the d-lines (except indicated by *) are
consistent with the reported JCPDS data [JCPDS Nos. 74-1931 for
EuBO3; and 74-1932 for GdBOs]. The d-lines corresponding to H-
EuBOs are similar to those reported by Lemanaue et al. [15]. The
positions (26) of less intense d-lines (indicated by *) observed in
GdBOs are similar to the d-lines observed in H-EuBOs and therefore
may be due to high temperature form of GABO3; (H-GdBO3) which
is not reported so far. Additional experiments were carried out to
know the stability of H-forms of EuBO3; and GdBOs. The samples
were prepared again at 900 °C using the same reactants. It was
noticed that the powder XRD patterns of the products prepared at
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Fig. 5. Powder XRD patterns of (a) EuBOs; prepared at 650 °C and (b) 900 °C, (c)
GdBO3 prepared at 650 °C and (d) 900 °C.

900 °C were consistent with pure vaterite form of EuBO3; and
GdBOs as shown in Fig. 5(b) and (d) respectively.

The powder XRD patterns of DyBOs; and YBOs prepared at
650 °C contain only peaks belonging to vaterite LnBOs (Ln = Dy and
Y) structure and are in good agreement with their respective JCPDS
data [JCPDS Nos. 74-1933 for DyBO3 and 74-1929 for YBOs].

3.2. FT-IR spectra

Generally crystalline transition metal and rare earth borates are
characterized by complex anions that arise from either planar BO3
or tetrahedral BO4 or both BO3 and BO,4 units. For an isolated planar
trigonal BO3; group, six fundamental modes of vibrations are
expected [25]. They are v, (symmetric stretch, non degenerate,
950 cm™ 1), v, (out of plane bending, non degenerate, 740 cm™ 1), v3
(antisymmetric stretch, doubly degenerate, 1250 cm~!) and v, (in
plane bending, doubly degenerate, 600 cm~!). Tetrahedral BO,
group, on the other hand, gives nine fundamental modes of
vibrations: v; (symmetric stretch, non degenerate, 1000 cm™!), v,
(bond bending, doubly degenerate, below 950 cm™'), v5 (stretch-
ing mode, triply degenerate, near 600 cm™') and v4 (bending mode,
triply degenerate, below 600 cm™!). Rare earth orthoborates of
aragonite structure and the high temperature orthoborates (H-
LnBO3; Ln=La, Nd, Sm and Eu) consists of planar BOs units
whereas orthoborates having vaterite structure are characterized
by BO4 tetrahedral units [15]. FT-IR spectra of all the samples were
recorded in the range 2000-400 cm ™. The band positions of TbBO3
were characterized by bands due to BO, tetrahedra (vaterite
structure). Table 2 shows the FT-IR band positions of LaBO3:Gd, Tb,
Eu. The observed band positions are similar to its parent compound
LaBO3; and characteristic of planar BOs units [15]. The FT-IR
spectrum of PrBOs is found to be similar to LaBOs and reported
earlier [26]. It shows the characteristic bands due to planar BO3
units. The FT-IR spectrum of NdBOs; prepared at 650 °C shows
characteristic bands due to both aragonite (planar BO3) and its H-
form (planar BO3) [15]. On the other hand, the FT-IR spectrum of
the NdBOs prepared at 900 °C is characterized by bands due to only
aragonite structure (planar BOs). Fig. 6 shows the FT-IR spectra of
SmBO; prepared at 650 and 900 °C. The IR spectrum of SmBO3;
prepared at 650 °C (Fig. 7(a)) consists of bands belonging to H-form
(BO3 units) and vaterite structure (BO,4 tetrahedra) (shown by
arrows) while the FT-IR spectrum of SmBO; prepared at 900 °C
(Fig. 7(b)) is characterized by bands due to H-form (BOs planar)
only. The FT-IR spectra of EuBO; and GdBOs prepared at 650 °C
show the characteristic bands due to vaterite structure (BO4
tetrahedra) and their H-forms (BOs; planar) whereas the FT-IR
spectra of both the samples prepared at 900 °C show only bands
due to vaterite structure (BO4 tetrahedra). These infrared spectral
results are consistent with their corresponding powder XRD data
[15]. The FT-IR spectra of DyBO3 and YBO5 prepared at 650 °C show

Table 2

Infrared band positions (cm~!) of LaBO5:Gd, Tb and Eu prepared at 650°C/14h.
Compound V3 vy vy Vg
LaBOs 1280 941 789, 717 613, 594
LaBO5:Gd (2.5 mol%) 1275 939 790, 713 611, 610
LaB0s5:Gd (5 mol%) 1273 940 791, 714 610, 592
LaB0O5:Gd (7.5 mol%) 1278 940 792,713 611, 592
LaBO3:Gd (10 mol%) 1279 941 791, 713 611, 592
LaBOs5:Tb (2.5 mol%) 1277 939 791, 713 610, 592
LaBO5:Tb (5 mol%) 1274 940 792,714 611, 592
LaBO5:Tb (7.5 mol%) 1280 940 792,713 611, 592
LaBOs5:Tb (10 mol%) 1281 940 792, 711 611, 592
LaBOs5:Eu (2.5 mol%) 1275 940 791, 714 610, 592
LaBOs5:Eu (5 mol%) 1275 940 791, 714 610, 592
LaBO3:Eu (7.5 mol%) 1279 940 792, 707 611, 592
LaBOs5:Eu (10 mol%) 1282 941 791, 710 612, 592
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Fig. 6. FT-IR spectra of SmBO3 prepared at (a) 650 °C and (b) 900 °C.

only bands due to tetrahedral BO4 units (vaterite structure) and are
consistent with powder XRD results. The band positions of all the
samples prepared at 650 °C are given in Table 3 along with their

assignments.

3.3. SEM

The morphology of rare earth orthoborates (LaBOs;, NdBOs,
SmBOs3, EuBO3; and GdBOs) prepared at 900 °C was examined by
SEM measurements. The SEM images of representative samples are

Table 3

1223

shown in Fig. 7. All the samples exhibit a distribution of particle
size over a wide range. The shape of the particles is irregular.

3.4. ESR spectra of LaBO3:Gd

The electronic configuration of Gd3* is [Xe] 4f” and its ground
state is 5S7j,. The Hamiltonian for such an ion is given by [27]

H= HZeeman + HCF (3)

where, Hzeeman and Hcg correspond to Zeeman and crystal field
interactions. Generally, the crystal field interactions are smaller
than the Zeeman interactions. Then the Hamiltonian is composed
of only Zeeman term resulting a single resonance at g=2. But
strong spin-orbit coupling of 4f electrons of Gd>* breaks the L-S
scheme of energy levels and the ground state multiplet is mixed
with L # 0 states giving rise to a crystal field which is comparable
to exchange coupling energy. Under these conditions the ESR
spectrum is characterized by several lines. The Spin-Hamiltonian is
given [28]

-1 1
H=gugh -S+3 [b305 + b203] + 0 [b303 + b203 + b303]

+ 1o (8808 + BEOF + 204 + bEOY (4)
where H is the magnetic field; S = 7/2; ug is the Bohr magneton; bm
are Spin-Hamiltonian parameters and O are Steven’s operator
equivalents [28].

The room temperature X-band powder ESR spectra of LaBO5:Gd
(2.5, 5, 7.5 and 10 mol%) is shown in Fig. 8. These spectra are
characterized by several anisotropic lines and are similar to those
reported for Gd:LnPO,4, Gd:ZrSiO4, Gd:InBO3 and Gd:Y,Ti,0; [28-
30]. Itis observed that the intensity of the ESR signal decreases with
increasing concentration of Gd>* from 2.5 to 10 mol%. At 2.5 mol% of
Gd>*, the ESR lines were sharp compared to the other concentrations
due to the less number of Gd>* ions on the surface. As the Gd>* ion
concentration increases, the number of Gd** ions on the surface
increases resulting in the broadening of the lines. Therefore,
2.5 mol% is considered as optimum concentration above which
the spin-spin interactions of Gd*" become dominant. The Spin-
Hamiltonian parameters were obtained for this concentration from
its ESR data using expressions reported [28] and are given in Table 4.

Brodbeck and Iton have classified the different types of powder
ESR of Gd3* based on the magnitude of Hcg/hv, where Hc is crystal
field interactions [31]. Based on the ratio of Hcg/hv, the ESR spectra
are divided into three categories: (a) weak, (b) intermediate and (c)
strong.

Infrared band positions (cm~!) of LnBO3 (Ln=Pr, Nd, Sm, Eu, Gd, Tb, Dy and Y) prepared at 650°C/14h.

PrBOs

NdBO3

SmBO;

EuBOs3

GdBO; TbBO, DyBO3 YBO;

1282v5 (aragonite)

947v, (aragonite)

791v, (aragonite)

715v, (aragonite)

615v,4 (aragonite)
594v, (aragonite)

1382v5 (H-form)
1294v5 (H-form)
1213v3 (H-form)
1165v; (H-form)
1050v5 (aragonite)

950v, (aragonite)

790v, (aragonite)
760v, (H-form)
723v, (H-form)

665v,4 (H-form)
619v, (aragonite)
596v, (aragonite)
559v, (H-form)

1384v; (H-form)
1315v5 (H-form)
1215v3 (H-form)
1166v; (H-form)
1058 (vaterite)

939v, (H-form)
902 (vaterite)
844 (vaterite)

759v, (H-form)
725v, (H-form)

669v, (H-form)

576v,4 (H-form)
559v, (H-form)

1312v5 (H-form)
1216v3 (H-form)
1162v; (H-form)

1023 (vaterite)

911 (vaterite)
860 (vaterite)

758v, (H-form)
724v, (H-form)
690 (vaterite)

669v, (H-form)

573v4 (H-form)
557 (vaterite)

1384v; (H-form)
1325v5 (H-form)
1217v3 (H-form)
1170v; (H-form)
1072 (vaterite) 1074 (vaterite)

1018 (vaterite)

1078 (vaterite)
1013 (vaterite)

1085 (vaterite)
1011 (vaterite)

910 (vaterite)
858 (vaterite)

916 (vaterite)
860 (vaterite)

917 (vaterite)
856 (vaterite)

912 (vaterite)
860 (vaterite)

761v, (H-form)
725v, (H-form)
696 (vaterite)

677v4 (H-form)

700 (vaterite) 702 (vaterite) 711 (vaterite)
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Fig. 7. SEM images of (a) LaBOs, (b) NdBOs, (¢) SmBOs, (d) EuBO3 and (e) GdBOs prepared at 900 °C.

(a) Weak: In this category, Hcg/hv < 1/4 and higher order transitions in the range 2.0 < g < co. In the higher CF strength region, the
with g > 2.0 are strongly forbidden due to the weak Hc. Thus, the ESR spectrum consists of a group of resonances with g > 2.0.
spectra are primarily concentrated in the vicinity of g ~ 2.0. (c) Strong: In this category Hcg/hv > 4, the ESR spectrum is entirely

(b) Intermediate: It is characterized by 1/4 < Hcg/hv <4. This controlled by the few resonances resulting from transitions
category is further divided in to two parts: (i) lower CF strength within the Kramer's levels.
region 1/4 < Hcg/hv <1 and (ii) higher CF strength region
1 < Hce/hv < 4. In the lower intermediate category, the ESR In the present investigation, the ESR spectrum of LaBOs3:Gd

spectra consist of a wide dispersion of resonances with g values (2.5 mol%) is characterized by several lines with g > 2.0. The value
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Fig. 8. ESR spectra of LaBO5:Gd (2.5, 5, 7.5 and 10 mol%).

of Hcg/hv is found to be 1.1. Therefore, it belongs to the
intermediate category on the higher side of the CF strength i.e.
1 < Hcg/hv < 4.

3.5. Luminescence spectra

LaBOs crystallizes in aragonite structure with Cs point group
symmetry and La3" ions are in ninefold coordination to oxide
ligands [32]. On the other hand, GdBOs or TbBO3; or EuBOs
crystallizes in vaterite type structure with Dsgq point group
symmetry and Gd3* or Tb>* or Eu>* ions are coordinated to eight
oxygen ions [33]. However, when a small quantity of Gd>* or Tb**
or Eu®* (< 10 mol%) is doped into LaBOs, its aragonite structure
remains unchanged as shown by their powder XRD data. Thus,
Gd>*, Tb®>* and Eu>* ions are expected to occupy the La3* position
and its local environment is not altered. The luminescence studies
of LaBO3:Tb, Eu are given below.

3.5.1. LaBO3:Tb

Fig. 9a (inset) shows the excitation spectra of LaBO3:Tb (2.5, 5,
7.5 and 10 mol%) under the emission wavelength of 543 nm. These
spectra are characterized by peaks due to “Fg — °Hg (304 nm),
7F5 — SDO (318 nm), 7F5 — 5D2 (352 nm), 7F6 — 5L10 (359 flm),
7F¢ — °Gg (371 nm), “Fg — °D5 (378 nm) and “Fg — °D4 (487 nm)

Table 4
Spin-Hamiltonian parameters (in 10~*cm™!) of LaBO5:Gd.

LaBO5:Gd (2.5 mol%)

g 2.06753 +0.001
b9 561.05+5.0
b2 297450
B ~7.82+5.0
b2 370.53+5.0
ba ~5.17+5.0
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Fig. 9. (a) (inset) Excitation and (b) emission spectra of LaBO5:Tb (2.5, 5, 7.5 and
10 mol%).

transitions. Since the absorption at 378 nm is maximum, it is fixed
as excitation wavelength for recording the emission spectra. The
emission spectra of LaBO5:Tb (2.5, 5, 7.5 and 10 mol%) is shown in
Fig. 9b. The intensity of all the transitions follows the order:
5>7.5>10> 2.5 mol%. The emission intensity increases up to
5 mol% and then decreases. Thus the critical concentration above
which the concentration quenching (arising due to cross-relaxa-
tion between neighboring Tb3* ions) becomes dominant was found
to be 5 mol%. The non-linear variation in the emission intensity
with the increase in the concentration of Th®* ions indicates the
formation of doped compounds (LaBO3:Gd) and not the mixture
(1 — xLaBO3 and xTbBOs). The emission intensity is expected to
increase steadily with increase in the rare earth ion (Tb3")
concentration, if the compounds form the mixture [34]. The
emission spectrum of LaBOs:Tb (5 mol%) is characterized by f-f
transitions: °D4 — “Fg (480-500 nm), °D4 — ’Fs (535-560 nm),
5D, — "F4 (578-598 nm) and °D4 — ’F5 (614-627 nm). It is similar
to those reported for LuBO5:Tb, GdBO3:Tb and YBOs5:Tb [35-37].

3.5.2. LaBO3:Eu

The excitation and emission spectra of LaBO5:Eu (2.5, 5, 7.5 and
10 mol%) are similar to those reported earlier [38-40]. The
intensity of all the transitions follows the order:
5> 7.5>10 > 2.5 mol%. Hence, 5 mol% was found to be critical
concentration for Eu* doped in LaBO5 also.

3.6. Physical properties

All the rare earth borates prepared by solid state method are
characterized by powder XRD and IR spectroscopy. The powder
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XRDs and IR spectra of these borates are similar to those prepared
by metathesis reaction and reported earlier [10]. Physical
properties of the borates prepared by metathesis and conventional
solid state method are compared. The physical properties such as
density and room temperature AC conductivity are measured for
representative borate LaBOs synthesized by metathesis and solid
state routes. The experimental and theoretical (from X-ray
diffraction) densities of LaBOs; obtained by metathesis are 4.93
and 5.28 g/cm? and those obtained by solid state route are 5.17 and
5.37 g/cm® respectively. The percentage of experimental and
theoretical densities is 96% in solid state sintering route and
93% in metathesis reaction method. The reported density of LaBO3
is 5.309 g/cm> [10]. The density values obtained in the present
investigations are close to the value reported. The AC conductivity
at 1 MHz frequency for LaBOs synthesized by metathesis reaction
is 1.5 x 103 (ohm m)~! and that synthesized by solid state route is
1.0 x 10~ (ohmm)~'. These values match well within the
experimental error.

4. Conclusions

Rare earth orthoborates, LnBOs (Tb, La, Pr, Nd, Sm, Eu, Gd, Dy, Y)
and LaB0Os3:Gd, Tb, Eu have been synthesized by metathesis reaction
between sodium meta borate and LnCls. They were characterized by
powder XRD and FT-IR spectroscopy. TbBO5 (vaterite), LaBOs,
LaBOs:Gd, Tb, Eu (aragonite), PrBO3 (aragonite), DyBOs (vaterite)
and YBOs (vaterite) crystallized in pure phases at 650 °C/14 h.On the
other hand, NdBOs (aragonite + H-form), EuBOs (vaterite + H-form)
and GdBOs (vaterite + H-form) crystallized in mixed phases at
650 °C/14 h with H-form as minor phase. In the case of SmBOs, the
H-form was found to be major phase at 650 °C/14 h. At higher
temperatures (900 °C/6 h), minor phases were disappeared and pure
phases were obtained for these borates. Infrared spectral results
show that aragonite structure and H-forms have trigonal planar BO3
groups, while vaterite structure has BO,4 tetrahedral groups. These
results are consistent with powder XRD results. The SEM images of
these rare earth borates show irregular shape with wide distribution
of crystallites. ESR spectra of LaBO3:Gd was characterized by several
anisotropic lines with g > 2.0. The Spin-Hamiltonian parameters
were calculated and belong to higher side of the “intermediate
category”. The luminescence spectra of LaBOs:Tb, Eu gave charac-
teristic Tb®>* or Eu>* bands.
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