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Eu3 + photoluminescence is studied in La5Si2BO13 with apatite related structure. La5�xEuxSi2BO13

[x¼0.05, 0.1, 0.3, 0.5, 0.7, 1.0, 2.0] compositions are synthesized. The emission results shows that Eu3 +

ions occupy two different cationic sites viz., La(1) and La(2). The increase in the intensity of 5D0–7F0 line

with increasing Eu3 + content shows the preferential occupancy of Eu3 + in La(2) site due to the existence

of short La(2)–O(4) (free oxide ion) bond. The observation of antiferromagnetic interactions in Gd and

Dy analogues supports the structural features elucidates from photoluminescence studies.

& 2010 Published by Elsevier Inc.
1. Introduction

Apatites have the general formula A5(TO4)3X in which A stands
for the alkali, alkaline earth, trivalent rare earth ions, Pb and Cd
metals, T for P, As, Sb, V, Mn, Cr, Si, and Ge and X for F� , Cl� , O2� ,
S2� , OH� and CO3

2� . The representative of the apatite family is
Ca5(PO4)3F. It crystallizes in the space group P63/m [1] and has
two sites for cations viz., a nine-coordinated 4f site (C3 symmetry)
and a seven-coordinated 6h site (Cs symmetry). In oxyapatites
(X¼Oxygen), the O(4) ion (free oxide ion) does not belong to any
tetrahedron. It is coordinated only to three cations present in the
6h site. Thus, electrostatic interactions between the O(4) ion and
the cations are inadequate. As a result, the 6h site has more
covalent nature than 4f site. Thus, cations with low charge and
large radius will not occupy the 6h site. Indeed, the 4f sites are
either vacant or are occupied by A+ and A2 + ions. Cations with
high charge (A3 +) preferentially occupy 6h sites. The distribution
of the A3 + cations between the 4f and 6h sites depends on the size
and ionicity of the A3 + ion [2]. The free oxide ion (O(4)) is situated
in the plane of the triangle formed by three A—cations. Apatite
structure is versatile. By an appropriate choice of anions and
cations, several isostructural compounds can be synthesized.

Apatites are known to be good host lattices for many
luminescent centers [3,4]. The mineral, Ca10(PO4)6(F,Cl)2, with
apatite structure, doped with Mn2+ and Sb3+ is a well-known
phosphor for fluorescent lamps [5]. Eu3+, being the most important
emitter in the red region of the visible spectrum, has been utilized
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extensively in color televisions and high efficiency fluorescent
lamps [6]. Eu3+ has a simple electronic energy level scheme among
the rare earth ions and the transitions are hypersensitive, i.e., they
depend strongly on the chemical surroundings [7]. Because of these
hypersensitive transitions, Eu3+ has been used as a local structure
probe in determining the microscopic symmetries of different sites
available in various host lattices, such as apatites [8–10]. Such
studies are important to understand physical properties. For
example, recently, the rare earth containing silicate and germinates
oxyapatites have drawn considerable attention due to their high
oxide ion conductivity [11,12]. Understanding the cation distribu-
tion in the lattice would help in shedding light on the ionic
conduction mechanism in these lattices.

La5Si2BO13 crystallizes with apatite related structure [13].
The crystal structure of La5Si2BO13 is shown in Fig. 1. Eu3 +

luminescence has been reported in La5Si2BO13:2%Eu and the
results suggested that Eu3 + occupies two different crystallo-
graphic sites [14]. In the present study, Eu3 + luminescence is used
as a local structural probe to ascertain the above observation and
to understand the site occupancy behavior as a function of Eu3 +

concentration in La5Si2BO13 host lattice. In addition, the Gd and
Dy analogues of La5Si2BO13 have been synthesized and the
magnetic properties have been investigated.
2. Experimental

2.1. Synthesis

La5�xEuxSi2BO13 [x¼0.05, 0.1, 0.3, 0.5, 0.7, 1.0, 2.0] and
Ln5Si2BO13 (Ln¼Pr, Nd, Sm, Eu, Gd, Dy) phases were synthesized
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Fig. 1. Crystal structure of La5Si2BO13.

Fig. 2. Powder XRD patterns of La5�xEuxSi2BO13 phases.

Fig. 3. Variation of hexagonal ‘a’ and ‘c’ lattice parameters with Eu3+ content in

La5�xEuxSi2BO13 [x¼0, 0.05, 0.1, 0.3, 0.5, 0.7, 1.0, 2.0, 3.0, 4.0].

S. Asiri Naidu et al. / Journal of Solid State Chemistry 183 (2010) 1847–18521848
by the conventional high temperature solid state reaction
method. Ln2O3 (Ln¼La, Pr, Nd, Sm, Eu, Gd, Dy) were preheated
at 1100 1C overnight. The reactants were Ln2O3 (Ln¼La, Pr, Nd,
Sm, Eu, Gd, Dy, Indian Rare Earths, 99.9%), H3BO3 (Merck, 99.8%),
SiO2 (Thermal Syndicate, 99.9%). Typically, the reactants were
mixed in stoichiometric proportions and heated in alumina
crucibles at different temperatures with intermittent grindings.
The heating conditions employed are 300 1C for 6 h, 700 1C for
12 h, 950 1C for 12 h, 1200 1C for 48 h (for La5�xEuxSi2BO13

phases), 900 1C for 24 h, 1400 1C for 24 h and 1500 1C for 12 h
for Ln5Si2BO13 (Ln¼Pr, Nd, Sm, Eu, Gd, Dy) phases.

2.2. Characterization

The powder X-ray diffraction (XRD) patterns were recorded on
a Philips diffractometer (CuKa radiation). The diffraction patterns
were indexed based on the reported pattern of La5Si2BO13;
hexagonal system, space group P63/m (JCPDS file no. 52-0699).
The cell parameters were calculated by least square fitting
method. Photoluminescence excitation and emission spectra were
recorded on powder samples at room temperature using a
spectrofluorometer (FP-6500, JASCO). An R-60 glass filter was
used while recording the excitation spectra to remove the lower
order reflections of the emission wavelength for which the
excitation is recorded. Magnetic susceptibility measurements
were carried out in the temperature range 4.2–300 K in magnetic
fields up to 5 T using a SQUID magnetometer (quantum design).
3. Results and discussion

3.1. Phase formation

Fig. 2 shows powder XRD patterns of La5�xEuxSi2BO13 [x¼0.05,
0.1, 0.3, 0.5, 0.7, 1.0, 2.0] compositions. The reported XRD pattern
of the parent La5Si2BO13 is given for comparison. It is evident from
the XRD patterns that all the compositions have good crystallinity.
A small impurity line at 2y¼291 is observed for these series of
compounds and this could be identified as LaBO3. All the lines can
be indexed based on a hexagonal cell and the synthesized
compositions are isostructural with parent La5Si2BO13

compound. The variation in the hexagonal ‘a’ and ‘c’ lattice
parameters with Eu content is shown in Fig. 3. Lattice contraction
is evident with increasing Eu substitution suggesting solid
solution formation. Vegard’s law behavior suggests statistical
distribution of the substituent in the lattice.
3.2. Diffuse reflectance spectroscopy

The diffuse reflectance spectra (DRS) of La5Si2BO13 and
La4EuSi2BO13 recorded at room temperature are shown in the
inset of Fig. 4. In the case of Eu3 + substituted compound
the broadband (250–300 nm) is due to the charge transfer from
O2�–Eu3 +. The sharp absorption lines correspond to the



Fig. 5. Emission spectra of La5�xEuxSi2BO13 under 394 nm excitation wavelength.
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transitions within the 4f 6 levels of the trivalent europium. The
band gap values derived using the Kubelka–Munk function are
6.31 eV and 6.41 eV for La5Si2BO13 and La4EuSi2BO13, respectively.
These optical band gap values are smaller than that of silicates
and borates for instance RE2SiO5 and RBO3 [15], which could be
due to the presence of free oxide ions [O(4)] in apatite structures.
The covalent nature of the metal O(4) bond leads to band
broadening and thereby results in reduction of band gap.

3.3. Photoluminescence studies

3.3.1. La5�xEuxSi2BO13 [x¼0.05, 0.1, 0.3, 0.5, 0.7, 1.0, 2.0]

Fig. 4 shows the photoluminescence excitation spectra of Eu3 +

in La5Si2BO13 host lattice for different Eu3 + concentrations. The
spectra are recorded under 617 nm emission. The excitation
spectra show a band in the region 230–350 nm with lmax¼293
nm and this corresponds to O2�–Eu3 + charge transfer band (CTB)
and correlates well with DRS data. The CTB maximum value is
higher when compared with O2�–Eu3 + CTB maximum (270 nm)
in LaBO3:Eu3 + [16]. The charge transfer transitions depend on
covalent nature of O2�–Eu3 + bond; the higher the covalency of
the O2�–Eu3 + bond, the absorption maximum shifts towards
longer wavelength side. In the present study, the large shift in CTB
maximum reveals the more covalent nature of O2�–Eu3 + bond
[due to the presence free oxide ion O(4)]. The sharp excitation
peaks between 350 and 500 nm correspond to Eu3 + intra-4f

transitions. The excitation of Eu3 + occurs from the ground 7F0

level to various higher levels of Eu3 + ion. The 7F0–5L6 line at
394 nm is the strongest line in the excitation spectra. An
interesting observation is that the intensity of CTB transitions is
more than that of intra-4f transitions at lower Eu3 + concentration
(xr0.1) and at higher Eu3 + concentrations (xZ0.1) the converse
is observed. A similar observation is made in the cation and anion-
deficient silicate apatite Sr3(La1�xEux)(SiO4)6 [17].

The PL emission spectra of La5�xEuxSi2BO13 [x¼0.05, 0.1, 0.3,
0.5, 0.7, 1.0, 2.0] under 394 and 465 nm excitation wavelengths
are shown in Figs. 5 and 6, respectively. A single emission line is
Fig. 4. Photoluminescence excitation spectra of La5�xEuxSi2BO13 (x¼0.05, 0.1, 0.3,

0.5, 0.7, 1). Inset shows the diffuse reflectance spectra of La5Si2BO13 and

La4EuSi2BO13.

Fig. 6. Emission spectra of La5�xEuxSi2BO13 under 465 nm excitation wavelength.
observed at 579 nm and is attributed to 5D0–7F0 transition which
shows small splitting for low concentrations of Eu3 + doping
(xr0.1). It is a well-known fact that the 5D0–7F0 transitions are
usually observed when Eu3 + occupies a site with either Cn, Cnv or
Cs symmetry. In the presently studied compound, La5Si2BO13, the
local site symmetry of La(2) (6h site) is Cs and that of La(1) (4f site)
is C3. Thus, from the presence of emission line corresponding to
5D0–7F0 transition, it can be concluded that Eu3 + occupies either
of the sites. However, the splitting of the line corresponding to the
5D0–7F0 transition indicates the presence of Eu3 + in more than one
crystallographic site. This splitting is very clearly observed at low
concentrations of Eu3 + and as the concentration increases, these
two emission lines overlap with each other resulting in the
broadness of 5D0–7F0 transition as observed in the inset in Fig. 6.



Fig. 7. Emission spectra of La3Eu2Si2BO13 under different excitation wavelengths.

Fig. 8. Variation of hexagonal ‘a’ and ‘c’ lattice parameters with ionic radii of

Ln5Si2BO13 (Ln¼La, Pr, Nd, Sm, Eu, Gd, Dy).
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Due to experimental restrictions, we could get only the room
temperature data and low temperature data will show this
splitting very clearly. The presence of two emission lines for
5D0–7F0 line even at x¼0.05 and 0.1 show that Eu3 + distributes in
the 6h as well as 4f sites. In general, cations with small size prefer
the 6h site due to the higher electrostatic charge available due to
the presence of free oxygen [2]. Eu3 + (0.91 Å) being smaller than
La3 + (1.01 Å) is expected to occupy the 6h site albeit, not small
enough to prefer the 6h site exclusively. Accordingly, in the
present case, it is observed that Eu3 + occupies both 6h and 4f

sites.
The important feature is the strong emission intensity of this

forbidden transition. It is reported that 5D0–7F0 transition will have
high intensity when there exists a short and highly covalent Eu3+–
O2� bond [18]. In La5Si2BO13, the La(2) site has more covalent nature
than La(1) because of existence of short La(2)–O(4) (free oxygen ion)
bond. Thus, it is expected that Eu3+ preferentially occupies the La(2)
site. The intensity of the 5D0–7F0 transition increases with increase in
Eu3+ concentration. At low Eu3+ concentrations (xr0.1), the
5D0–7F0 emission maximum is at 580.5 nm and a shoulder is clearly
observed at 579.5 nm. As the Eu3+ concentration increases, the
emission maximum of 5D0–7F0 transition shifts towards 579.5 nm.
This points out that more Eu3+ occupies either La(1) or La(2) sites
predominantly. A similar behavior was reported in the case of
Bi1�xEuxCa4(PO4)3O where more Eu3+ occupies Ca(2) site with an
irregular coordination environment at higher concentration and in
that case the Bi3+ with the 6s2 lone pair electrons prevent Eu3+ to
occupy Ca(2) site at low concentrations [19]. Similarly, in the
present study, the shift in the emission maximum of 5D0–7F0

transition can be assigned to the predominant occupancy of Eu3+ in
the La(2) site at higher concentrations. Another proof for this arises
from the relative emission intensity of magnetic and electric dipole
transitions, 5D0–7F1 and 5D0–7F2, respectively. An insight into this
will provide important information related to the occupancy of Eu3+

in different crystallographic sites in the apatite crystal structure. The
magnetic-dipole transition 5D0–7F1 is dominant when Eu3+ occupies
a site with center of symmetry and in the case of non-centrosym-
metric environment the electric dipole transition 5D0–7F2 will be the
intense emission line [7]. A change in the relative emission
intensities of these lines with increasing Eu3+ content will reveal
the change in the Eu3+ environment. Under 394 nm excitation
wavelength, the 5D0–7F1 line is higher in intensity than the 5D0–7F2

line at lower Eu3+ concentrations. The intensity of 5D0–7F2 transition
line increases for higher Eu3+ concentrations. This clearly points that
Eu3+ occupies a more symmetric site at low concentrations and this
site is the La(1) site with 9 coordination and at high concentrations
the irregularly coordinated La(2) site is occupied. In contrast, under
465 nm excitation wavelength, the intensity of 5D0–7F2 transition
line is relatively higher than that of the 5D0–7F1 transition line at all
Eu3+ concentrations.

The Eu3+ emission spectra of La3Eu2Si2BO13 compound under
394 and 465 nm excitations are shown in Fig. 7. From the emission
spectra it is clear that the electric dipole 5D0–7F2 transition is more
intense than the magnetic-dipole 5D0–7F1 transition. It is obvious
that Eu3+ ions predominantly occupies the La(2) site.
3.3.2. Ln5Si2BO13 (Ln¼Pr, Nd, Sm, Eu, Gd, Dy)

All the title compounds are synthesized for the first time in the
present study. The XRD patterns show that all are single phase
suggesting that the apatite structure is flexible enough to
accommodate wide ionic size range. The patterns could be
indexed based on a hexagonal unit cell with space group P63/m,
isostructural with La5Si2BO13. The variation in lattice parameters
as a function of the ionic radii of the lanthanides is linear (Fig. 8).
An intriguing feature is that both the hexagonal ‘a’ and ‘c’
parameters contract with decreasing size of the lanthanide ion. In
apatites with space group P63/m, substitutions at 6h lattice site
results in the variation in the ‘a’ axis [20]. Substitutions at the 4f

site do not affect the ‘a’ axis since shorter bonds of 6h site lie in
the directions [h k 0]. It is also reported that the variation in ‘c’
lattice parameter depends on the substitutions at the 4f site.
The crystal structure of La5Si2BO13 with space group P63/m is
close to that of apatite. Thus, the observed variation of both ‘a’ and
‘c’ parameters reveals that indeed the lanthanide ions are
distributed on both 6h and 4f site. This is in agreement with the
conclusions drawn regarding the site occupancy of Eu3 + from PL
studies as reported in the previous sections.



Table 1
Atomic coordinates and agreement factor of Ln5Si2BO13 [Ln¼Gd, Dy].

Gd5Si2BO13 Dy5Si2BO13

4f Gd(1)-0.3333a 1/3,2/3,�0.0047(8) Dy(1)-0.3333a 1/3,2/3,�0.0046(7)

6h Gd(2)-0.5a 0.2324, �0.0115,1/4 Gd(2)-0.5a 0.2336, �0.0091,1/4

6h B-0.1666a 0.4036, 0.3741,1/4 B-0.1666a 0.4036, 0.3741,1/4

6h Si-0.3333a 0.4036,0.3741,1/4 Si-0.3333a 0.4036,0.3741,1/4

6h O(1)-0.5a 0.3273,0.4848,1/4 O(1)-0.5a 0.3273,0.4848,1/4

6h O(2)-0.5a 0.5952,0.4683,1/4 O(2)-0.5a 0.5952,0.4683,1/4

12i O(3)-1.0a 0.3452,0.2559,0.0719 O(3)-1.0a 0.3452,0.2559,0.0719

2a O(4)-0.1666a 0,0,1/4 O(4)-0.1666a 0,0,1/4

Rp 1.69 1.51

Rwp 15.7 11.8

Rexp 1.31 1.2

w2 3.24 2.84

a Occupancy.

Fig. 9. Observed, calculated and difference powder X-ray diffraction profiles of

Ln5Si2BO13 (Ln¼Gd, Dy). Fig. 10. A plot of inverse susceptibility as a function of temperature (a) Gd5Si2BO13

(b) Dy5Si2BO13.
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Slow scan XRD data were collected on two representative
compounds viz., Ln5Si2BO13 (Ln¼Gd, Dy). The Rietveld refinement
of the powder XRD patterns was done using the FULLPROF
program starting with a model of La5Si2BO13 with the space group
P63/m (n¼176). An excellent fit was obtained for these two
compounds using the hexagonal P63/m symmetry model
(Table 1). The observed, calculated, and difference profiles of
Ln5Si2BO13 (Ln¼Gd, Dy) compounds are shown in Fig. 9. The
difference between the shorter and the longer Ln–O distances is a
measure of the index of the polyhedral distortion. Greater the
difference, higher is the polyhedral distortion. The difference in
La(1)–O(3) and La(1)–O(1) is 0.335 Å reported earlier [13] is
higher than the difference in Gd(1)–O(3) and Gd(1)–O(1)
(0.3231 Å) and Dy(1)–O(3) and Dy(1)–O(1) (0.3283 Å) from the
present study. Thus, the La(1)O9 polyhedra are highly distorted
compared to those of Gd(1)O9 and Dy(1)O9 polyhedra.
Fig. 11. A plot for susceptibility temperature product as a function of temperature.
3.3.3. Magnetic susceptibility studies on Ln5Si2BO13 (Ln¼Gd, Dy)

The temperature dependence of the magnetic susceptibilities
(w) for Ln5Si2BO13 (Ln¼Gd, Dy) was measured in the temperature
range of 4.2–350 K at two different fields, 50 Oe and 5 T. The 1/chi
vs. T plots are presented in Figs. 10 (a) & (b). Insets of Fig. 10
shows the plots of reciprocal magnetic susceptibility versus
temperature in the range 4.2–40 K. Deviation from the
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Curie–Weiss behavior is evident below 10 and 20 K for
Gd5Si2BO13 and Dy5Si2BO13, respectively. The wT vs. T plots are
shown in Fig. 11. It is clear that antiferromagnetic interactions
exist in both the compounds. However, in the presently studied
compounds, both 4f and 6h sites contain rare earth ions as
established from the structural and PL data. The shortest direct
distance between rare earth ions is found to be between the ions
present in 4f sites and are: Gd–Gd¼3.368 Å and Dy–Dy¼3.329 Å.
In Sr2Nd8(SiO4)6O2 compound with apatite structure,
ferromagnetic interactions have been found when the Nd–Nd
distance is more than 3.509 Å [21]. The observed distances in the
present compounds are much smaller than 3.509 Å. Thus, the
observed antiferromagnetic interactions in the present
compounds may have origin in the short Ln–Ln distances.
4. Conclusion

Eu3 + luminescence is used as a local structural probe in
La5Si2BO13 with apatite related structure. PL emission studies
show that Eu3 + occupies two different crystallographic sites La(1)
and La(2). The 5D0–7F0 transition of Eu3 + plays an important role
in determining the occupancy of Eu3 + in different crystallographic
sites. The observed two transitions for the 5D0–7F0 transitions at
low concentrations of Eu3 + indicate that Eu3 + occupies two
different cationic sites. The increase in intensity of the emission
corresponding to that of 5D0–7F0 transition with increasing Eu3 +

content reveals that the occupancy of La(2) site at 6h position by
Eu3 + is more vis-a-vis the La(1) site at 4f position due to the
existence of short La(2)–O(4) covalent bond. Ln5Si2BO13 phases
are isostructural with La5Si2BO13. The observed antiferromagnetic
interactions at low temperature in Gd5Si2BO13 and Dy5Si2BO13

phases can be attributed to the short Ln–Ln bond distances,
confirmed by the structure refinement.
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