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Comparative investigations of the crystal structure
and photoluminescence property of eulytite-type
Ba3Eu(PO4)3 and SI’3EU(PO4)3T

Haipeng Ji,® Zhaohui Huang,*? Zhiguo Xia,*® Maxim S. Molokeev,c'd
Xingxing Jiang,®" Zheshuai Lin® and Victor V. Atuchin®"

In this study, the BasEu(PO4)s and SrzEu(PO4)s compounds were synthesized and the crystal structures were
determined for the first time by Rietveld refinement using powder X-ray diffraction (XRD) patterns. BazEu-
(PO crystallizes in cubic space group /43d, with cell parameters of a = 10.47996(9) A, V = 1151.01(3) A® and
Z = 4; Ba®* and Eu** occupy the same site with partial occupancies of 3/4 and 1/4, respectively. Besides, in
this structure, there exists two distorted kinds of the PO, polyhedra orientation. SrsEu(PO,)s is isostructural
to BasEU(PO4)s and has much smaller cell parameters of a = 10.1203(2) A, V = 1036.52(5) A®. The bandgaps
of BazEu(PO,4)s and SrsEu(POg4)s are determined to be 4.091 eV and 3.987 eV, respectively, based on the UV—-
Vis diffuse reflectance spectra. The photoluminescence measurements reveal that, upon 396 nm n-UV light
excitation, BazEu(POg4)s and SrsEu(PO,4)s exhibit orange-red emission with two main peaks at 596 nm and
prevailing 613 nm, corresponding to the 5D0 — 7F1 and 5D0 — 7F2 transitions of Eu®", respectively. The
dynamic disordering in the crystal structures contributes to the broadening of the luminescence spectra.
The electronic structure of the phosphates was calculated by the first-principles method. The analysis
elucidats that the band structures are mainly governed by the orbits of phosphorus, oxygen and europium,
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1. Introduction

Recently, the rare-earth eulytite-type phosphates A;Ln(PO,); (A
= Ca, Sr, Ba, Pb; Ln = La — Lu, Bi, Y, Sc, In) and related phos-
phors formed by doping with rare-earth ions have attracted
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and the sharp peaks of the europium f-orbit occur at the top of the valence bands.

interest due to their specific spectroscopic properties. Initially,
the eulytite-type structure was recognized in the mineral
Bi,(SiO,); featuring irregular BiOs polyhedra and SiO, tetra-
hedra." Then, with the substitution of P for Si and the charge
balancing (3A** + Ln>") for 4Bi, the formation of the artificial
eulytite-type phosphates with a general formula A;Ln(PO,);
is reasonably supposed and the compounds represent
an important phase family in the AO-Ln,0;-P,0Os ternary
systems.

Owing to the chemical stablity and mild synthesis con-
ditions, A;Ln(PO,); are targeted as hosts for various lumi-
nescent ions in fabricating phosphors for applications in
white light emitting diodes (w-LEDs). Hoogendorp et al.” have
prepared and evaluated the luminescence properties of (Ba,Sr);-
La(PO,);:Ce* phosphors. Xia et al® reported the efficient
color hue tuning of (Ba,Sr);Lu(PO,);:Eu®>" phosphors by cation
substitution. Kuo et al.* and Wang et al.’ prepared the Ce®*/
Th*" and Ce**/Mn*>" co-doped Sr;La(PO,); green- and orange-
red-emitting phosphors. Zhang et al.® prepared Eu**/Tb*" co-
doped Ba,La(PO,); and observed that Tb®" can efficiently
transfer the excitation energy to Eu®* and sensitize the Eu’*
emission. Hou et al” prepared Ba;Gd(PO,);:Tb*" phosphor
and studied the energy transfer from Gd** to the Tb** dopant
ions. You’s group found that warm white light emission
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can be directly obtained from various Eu®**/Mn*" co-doped
eulytite-type phosphates such as Sr;Y(PO,);,° SrzSc(PO,)s,’
BazLu(PO,);,"° and Ba;Gd(PO,);."" They further reported that
tunable emission can be realized by the efficient energy trans-
fer between the dopant ion Mn”" and the structural ion Tb*" in
Sr;Th(PO,4);:Mn>"."? Bettinelli et al.">'* investigated the energy
transfer in the Th*" — Eu®" pair in Sr;Tby.oEU.10(PO,)3, where
the transfer efficiency can be as high as 0.93 and the quantum
yield is promising for lighting technology. These interesting
results inspire us to prepare hosts with luminescent ion and
utilize energy transfer to the dopant to achieve emission color
tuning.

The Eu®" is one luminescent ion characterized by orange-
red line-type emission from the 4f-4f transition, and Eu®'-
doped phosphors commonly act as a red-emitting component
in w-LEDs.">'® A;Eu(PO,); (A = Ba, Sr, Ca) belong to eulytite-
type phosphates with Eu®" as a structure building ion. These
phosphates may act as stable red-emitting phosphors or hosts
for other dopants (such as Sm®" or Tb*"). In this study, we syn-
thesized BazEu(PO,); and SrzEu(PO,)s, firstly determined their
crystal structures by Rietveld refinement, and characterized the
physical properties concerning the photoluminescence spectra,
diffuse reflectance spectra, bandgap as well as the electronic
structure. Close attention was also paid to the exploration of
the structural disorder influence on the crystallization and the
Eu’" photoluminescence in eulytite phosphates.

2. Experimental and data processing

The high-temperature solid state reaction method convention-
ally used for eulytite phosphate preparation was employed to
crystallize BazEu(PO,); and SrzEu(PO,);. The stoichiometric
mixtures of BaCO;/SrCO; (Analytical Reagent, A. R.), Eu,O3
(99.99%), NH,H,PO, (A. R.) were calcined at 800 °C for 4 h to
decompose the carbonate and ammonium phosphates, and
then were sintered at 1250 °C for 10 h in the air in a tube
furnace. After maintaining at the highest temperature, the
furnace was shut down and the samples were slowly cooled
together with the furnace. After synthesis, the samples were
reground into fine powders.

The X-ray diffraction (XRD) data of the powder samples
were collected on an X-ray powder diffractometer (D/max-IIIA,
Rigaku, Japan) with a step-wise scanning mode over the 260
range of 5-120°, using Cu Ka radiation (1.5406 A) under the
operating electric voltage and current of 40 kV and 100 mA,
respectively. The acquisition of the XRD patterns, which were
submitted to Rietveld refinement, was in the step size of 0.02°
and counting time of 3 s per step. The photoluminescence
spectra were recorded on a fluorescence spectrophotometer
(F-4600, Hitachi, Japan) with a photomultiplier tube operating
at 500 V using a 150 W Xe lamp as the excitation source. The
diffuse reflection spectra were measured on an UV-Vis-NIR
spectrophotometer (UV-3700, Shimadzu, Japan) attached with
an integrating sphere. Pure BaSO, powder was used as a refer-
ence for 100% reflectance.
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The first-principles electronic structure calculations were
performed by CASTEP,'” a plane-wave pseudopotential total
energy package based on the density functional theory
(DFT)."® The functionals developed by Ceperley, Alder, Perdew
and Zunger (CA-PZ) in the local density approximation (LDA)
form were adopted to describe the exchange-correlation
energy."® The optimized ultrasoft pseudopotentials®® were
employed to model the effective interaction between the atom
cores and valence electrons with Ba 55°5p°6s®, Sr 45°4p°5s®, Eu
55*5p°4f’6s?, P 3s”3p> and O 2s”2p” treated as valence elec-
trons, and this allows the use of a relatively small plane-wave
basis set without compromising the computational accuracy.
The plane-wave cut-off 500 eV and Monkhorst-Pack’' k-meshes
spanning less than 0.04 A~ in the Brillouin zones were
chosen. Moreover, to account for the effect of localized f orbits
on the electronic structure, the LDA + U?> method with the on-
site orbital dependent Hubbard U; = 6 eV for europium was
employed in the calculation. In the electronic structure calcu-
lation, the disorder of oxygen atoms was handled by virtual
crystal approximation (VCA). And, because of the large devi-
ation of electron configuration between Ba(Sr) and Eu, to
feature the orbits of Eu in the density of state, two of the
Sr(Ba)/Eu sites were defined as Eu and the other six were defined
as Sr(Ba) atoms directly in a unit cell. The convergence test
shows that the above computational parameters are sufficiently
accurate for the purpose of this study.

3. Results and discussion

3.1. Phase formation and structural characteristics

The powder XRD patterns of BazEu(PO,); and SrzEu(PO,);
were collected by the way described above. Previously, their
patterns were indexed (PDF no. 29-0162 and 48-0410), but the
crystal structures remained unsolved. We therefore performed
Rietveld refinements of the two patterns using TOPAS 4.2.%°
Fig. 1 presents the observed (red), calculated (black), and
difference (gray) XRD profiles for Baz;Eu(PO,); and Sr;Eu-
(PO,)3, as refined by Rietveld method. It is found that all peaks
in the patterns can be indexed by a cubic cell (743d) with para-
meters close to those of BazLa(PO,);,>* which is also in the
eulytite-type structure. The pattern of SrzEu(PO,); sample con-
tains a small amount of impurity peaks, the intensities and
positions of which can be fitted by the monoclinic SroIn(PO,),
(PDF 53-179). The In*" ion has ionic radii similar to that of
Eu’". Thus, it is concluded that the impurity is the SroEu(PO,),
compound. The structure of BazLa(PO,); was taken as the start-
ing model for the main phase and was used for Rietveld refine-
ment of BazEu(PO,); and Sr;Eu(PO,);. The site of Ba(Sr) (16¢
site of the I43d space group) was assumed to be occupied by
the Ba(Sr) ion at fixed occupation P = 3/4 and by Eu ion at P =
1/4. With this assumption, the sum of occupancies of all ions
in this site is equal to 1.00. Thus, Ba/Eu (St/Eu) ions locate in
one site and are randomly distributed over the Baz;Eu(PO,);
and Sr3Eu(PO,); crystals. In the crystals, there is one more d-
isordering process in the oxygen sublattice. In the BazLa(PO,);

This journal is © The Royal Society of Chemistry 2015


http://dx.doi.org/10.1039/c4dt03887h

Published on 27 March 2015. Downloaded by Tomsk State University on 16/02/2016 05:05:41.

Dalton Transactions

Ba,Eu(PO,)
6000 s 3
1]
S 4000
o
(&}
=
2 2000
Q \—IJ-
E
O- l
I | FEorrrr et e e L B B O R A
20 40 60 80 100 120
6000
| SrEu(PO,), 93(1)%
I Sr,Eu(PO,), 7(1)%
4000 -
2
c
=
[e}
O
= 2000 l
‘D
c
g
[
04 ~—— ll u i hiu | T VP! S
Jnte .
\l\l 1 | |1 O A A AR L |
T 00 TR TOrT
20 40 60 80 100 120

26, Degrees

Fig. 1 Observed (red), calculated (black), and difference (gray) XRD
profiles of BazEu(PO4)s and SrzEu(PO,)s refined by Rietveld method.
Bragg reflections are indicated with tick marks.

crystal, the PO, tetrahedron is disordered over two positions
with probability 0.65/0.35, that is governed by the bonding
requirements of the metal atoms.”* Our structural model
accounts for this and generates two different oxygen sites O1
and O2 corresponding to two different orientations of PO,
tetrahedrons. The occupancy of O1 ion is equal to x and the
occupancy of O2 ion is equal to (1 — x). The value of x took the
starting value 0.65 and was then refined. The refinement was
stable and ended with relatively low R-factors. Fig. 2 depicts
the refined crystal structures by VESTA,> in which the two
different orientations of PO, tetrahedrons are diversely
colored. The Eu’" ions are isolated by the surrounding PO,
groups. The final structural parameters together with the
details of the refinement are listed in Table 1. The crystallo-
graphic information file (CIF) of BazEu(PO,); and SrzEu(PO,);
are given in the ESIL.{

Besides, the synthesis of sample with nominal composition
of CazEu(PO,); was also performed using the same procedure
as described in the Experimental section. The result, however,
was a failure giving the phase mixture of Cas(PO,), and EuPO,.
In comparison, we noticed that, if Eu®>" in the Ln site of
A;Ln(PO,); is completely substituted by La’", it is possible
to crystallize a series of isostructural BazLa(PO,)s;,>*>°
Sr;La(POy4); > 2° and CazLa(PO,);.>° Actually, the preparation of

This journal is © The Royal Society of Chemistry 2015
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Fig. 2 (a) Schematic crystal structure illustrations of BasEu(PO,)s. Ba is
green, Eu is pink, [PO1l, is blue and [PO2], is gray-blue. (b) Coordination
geometry around the Ba/Eu site viewed along the c axis.

Table 1 Main parameters of the processing and refinement of
BazEu(PO,)s and SrzEu(PO,)s

Compound BazEu(PO,); Sr;Eu(PO,);
Space Group 143d 143d
alA 10.47996(9) 10.1203(2)
VIA® 1151.01(3) 1036.52(5)
zZ 4 4
20-interval/® 5-120 5-120
No. of rflns 87 79
No. of params of refinement 36 62
Ry (%) 9.40 13.31
Ry, (%) 7.19 9.48

0.91 1.12
Ry (%) 1.75 1.66

CazEu(PO,); has been reported by firing at 1400 °C for 4 days
followed by air quenching,*" which is practically stringent. In
the present case of A;Eu(PO,);, when Ba*>" is fully substituted
by Sr**, the cell volume considerably decreases from 1151.01(3)
to 1036.52(5) A%, while the cell volume of CazEu(PO,); was
reported to be 960.63 A®*' Thus, it is assumed that the ion
radius ratio of A**/Ln*" dominates the phase formation ability
of pure A;Ln(PO,);, and the Ca®" with the effective radius of
1.18 A (CN = 9)* fails to fulfil the ratio requirement. Here, we
would like to further summarize the reports on the eulytite
phosphate A;Ln(PO,); structures, where A site is Ba, Sr, or Ca,

Dalton Trans., 2015, 44, 7679-7686 | 7681
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Table 2 Reported eulytite phosphates AzLn(PO,4)z, A = Ba, St, or Ca?

A =Ba, Sr, or Ca

Compounds Ba Sr Ca

A;Bi(PO,); 33,34 35737 24:38,39
ASY(PO,); y10-42 843,44 45,46 (quench)
A3La(PO4)3 Y6,26,4?,48 ¥427-29,49,50 30 (quench)
AgLu(PO4)g Y10,51,:-2 Y53 N

A;Sc(POy); Y Y° Y®?
Ang(PO4); Y7,11,36,57 Y58—61 Y62 (quench)
A;Tb(PO,); o3 e N

AzEu(PO,)3 Y Y Y*' (quench)

Y indicates that the compound can be purely crystallized; N indicates
that the nominal compound cannot be purely crystallized or has not
been reported on.

and Ln site is Bi, Y, La, Lu, Sc, Gd, Tb, or Eu, as shown in
Table 2. Predominantly, compounds with A = Ba, Sr, Ca can
form pure eulytite phases. The A;Ln(PO,); (Ln = Lu and Tb)
with A = Ba, Sr can form a pure phase; while when A = Ca, the
formation of a eulytite structure can be achieved only by devel-
oped processing such as quenching. In the eulytite-type struc-
ture, the A and Ln ions share the same site and, the
crystallization is problematic when smaller Ca®>" and relatively
big Ln** ions are combined.

Previously, Barbier et al.>* performed refinements of Ca;Bi-
(PO,)s and BasLa(PO,); using neutron diffraction data, and
found that the oxygen sublattice disorder in the type of
rotational disorder of the tetrahedral groups can be expected
to occur in all mixed metal eulytites. The reason is intrinsically
associated with different metal-oxygen bond lengths and most
eulytite phases are thermodynamically stable only at high
temperatures. The presence of a heavy metal atom and the
lone-pair bonding stabilize the eulytite structure at lower tem-
perature and reduce the structural disorder degree by retaining
the oxygen atoms in positions close to those observed in
Bi4(Si0,);. Large metal atoms such as Ba and Sr appear to have
a stabilizing effect on the structure, whereas the Ca analog can
be purely obtained only by quenching.**

3.2. UV-Vis diffuse reflectance spectra and bandgap
determination

Bandgap is a basic material property of a compound. For
a powder sample, the diffuse reflectance measurement is a
convenient technique to evaluate the optical absorption properties.
Fig. 3(a) showed the UV-Vis reflection spectra of Ba;Eu(PO,);
and Sr;Eu(PO,);. The Tauc plot based on the Kubelka-Munk
function (eqn (1)) is used to estimate the bandgaps:

(hva)''™ = A(hv — Ey) (1)

Here, £ is Planck’s constant, v is frequency of vibration, « is
absorption coefficient, E, is bandgap, and A is a constant.
Exponent value n denotes the nature of electron transition: n =
1/2 for direct allowed transition and n = 2 for indirect allowed
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Fig. 3 Diffuse reflectance spectra of BasEu(PO4)s and SrzEu(POy,)s (a),
and Tauc's plot of (ah)® as a function of photon energy (hv) for
BazEu(PO,)z (b) and SrzEu(PO,)s (c).

transition. Using the eqn (1), the (hva)'" is plotted against the

hv. A line is drawn tangent to the point of inflection on the
curve to determine the bandgap value E,. Since we do not
know the nature of transition in these compounds, both
n = 1/2 and 2 were examined. From Fig. 3(a), at 310 nm the
reflectance drops steeply with respect to wavelength, and the
bandgaps can be roughly estimated to be 1240/310 = 4 eV;

This journal is © The Royal Society of Chemistry 2015
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here, the case of n = 1/2 generate results closer to the above
value. Thus, as shown in Fig. 3(b, c), the bandgaps of BazEu
(PO,); and Sr3Eu(PO,); were finally determined to be 4.091 eV
and 3.987 eV, respectively.

3.3. Photoluminescence spectra analysis

Both of the powder products are of white color under sunlight
and emit orange-red light under the 365 nm UV light illumina-
tion which suggests similar spectroscopic properties. Thus,
the following luminescence investigation is concentrated on
one of them, namely Baz;Eu(PO,);. Fig. 4 depicts the photo-
luminescence emission and excitation spectra at room temp-
erature. Upon the 396 nm excitation, the emission spectrum of
BazEu(PO,); (Fig. 4a) contains the typical transitions of Eu®*
from the excited °D, energy level to the ground state “F; (j = 0,
1, 2, 3, 4) multiplets."®**®* Two main peaks at 613 nm and
596 nm exhibit the relatively high intensity corresponding to
the allowed °D, — ’F, electric-dipole transition (ED) and
D, — 'F; magnetic-dipole transition (MD), respectively. The ED
transition is super sensitive to the Eu®" site symmetry, whereas
the MD one is insensitive to that, and this behavior can be
used to predict the Eu®" position symmetry. In the considered
case, the prevailing peak at 613 nm dominates the emission,
suggesting that Eu®" in the crystal occupies a noncentrosym-
metric site with low symmetry. Indeed, crystal structure refine-
ment indicates that the Eu and Ba ions share the same site
(', x', x') (x" = 0.0634) in BazEu(PO,);, which has a 16¢ Wykoff
position and site symmetry of “.3.”. Therefore, only a 3-fold
axis goes through this position and there is no inversion
center. The observed emission character of Eu’* is in line with
structural information from the XRD refinement. Moreover,
the emission bands are relatively wide compared with Eu®*
emission in other crystalline matrices; herein, the Eu®" ion
shares the same crystallographic site with the Ba>* (or Sr**) ion
and is coordinated with oxygen occupied in disordered sublat-
tice sites. The specific dynamic disordering in the eulytite-type
compounds is believed to induce much more energy level split-
ting of Eu**, which then causes the broadening of the lumines-
cence emission spectrum of Eu®". The excitation spectrum
monitored at 613 nm is shown in Fig. 4b which contains a
series of sharp excitation bands between 280 and 420 nm.
These sharp bands originate from the intra-configurational 4f-
4f transitions in Eu®’, namely, "F, to °F;, °He, "Hj, °Dy, ’Ls,
®Gs, °G,, °Lg, and °D; at wavelengths 297, 317, 326, 362, 365,
376, 382, 394, and 413 nm, respectively.’® The BazEu(PO,);
luminescence is observed to be similar to that of BazLa(PO,)s:
Eu®".*® The photoluminescence spectra of Sr;Eu(PO,); (Fig. 4c)
is almost similar to that of BazEu(PO,); because, in both
the isostructural phosphates, the luminescence property
originates from the Eu®*" ion which experiences the same site
symmetry.

3.4. Electronic structure analysis

The BazEu(PO,); and Sr3Eu(PO,); exhibit similar electronic
structures. The partial density of states (PDOS) projected

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 (a) Photoluminescence emission (PL) spectrum of BazEu(PO,)s
under 396 nm light excitation, (b) photoluminescence excitation (PLE)
spectrum of BazEu(PO4)s monitored at 613 nm, and (c) photo-
luminescence emission and excitation spectra of SrzsEu(POg,)s.

onto the constituent atoms of them are plotted in Fig. 5.
Some characteristic features can be accordingly deduced:
(1) the PDOS of europium in different spin states split
seriously from each other due to the strong spin-related
correlation for the f-electrons, while no obvious spin-split-
ting was observed for other elements; (2) the Ba 5s, Sr 4s,
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and Eu 5s orbits are deeply located in the inner energy level
below —20 eV, which is difficult to be excited by the external
perturbation of the optical electric field, indicating that they
almost make no contribution to the optical properties
related to the electronic transition across the forbidden
band. These orbits hybridize little with each other, verifying
that they almost do not participate in the formation of the
covalent bonds; (3) the energy states between —20 eV and
—9 eV mainly consist of Ba 5p (Sr 4p), Eu 5p, P 3s and O 2s
orbits. The strong hybridization between the Eu, P and O
orbits in this region indicates the strongly covalent P-O and
Eu-O interactions. However, the sharp peaks of Ba 5p (Sr 4p)
orbitals occur at —10 eV (—14 eV), proving the strong
ionicity of barium (strontium); and (4) the energy levels near
the forbidden bands are mainly composed of P 3p, O 3p
and Eu 4f orbits. This indicates that the optical property is
dominantly determined by the electron transitions within
(PO,)*~ groups and the f-f transition of europium. Especially
a sharp peak of the Eu 4f orbital of the spin-up electrons
occupies the top of the valence bands and contributes a
lot to the bottom of the conduction bands, verifying that
the electron transition to the °D, configuration dominates
the photoluminescence properties of BazEu(PO,); and
Sr3Eu(PO,)s.
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4 Conclusions

BazEu(PO,); and Sr;Eu(PO,4); can be successfully synthesized
at 1250 °C via the high temperature solid state reaction
method followed by furnace-cooling while the Caz;Eu(PO,);
analog cannot purely crystallize in the same way. The ion
radius ratio of A**/Ln*" dominates the phase formation ability
of pure A;Ln(PO,);. Rietveld refinements show that Ba;Eu(PO,);
and Sr;Eu(PO,); are isostructural, both holding the cubic
eulytite-type disordered structure in space group I43d.
Ba;Eu(PO,); has cell parameters of a = 10.47996(9) A, V =
1151.01(3) A%, Z = 4, while Sr;Eu(PO,); has much smaller cell
parameters of @ = 10.1203(2) A, V = 1036.52(5) A>. Based on the
diffuse reflectance spectra, the bandgaps of BazEu(PO,); and
Sr3Eu(PO,); are estimated to be about 4.091 eV and 3.987 eV,
respectively. Upon 396 nm UV light excitation, Ba;Eu(PO,);
and Sr;Eu(PO,); exhibit orange-red emission with two main
peaks at 596 nm and 613 nm, corresponding to the *D, — "F,
and D, — ’F, transitions of Eu®", respectively. The 613 nm
emission dominates the photoluminescence property because
the Eu®*" ion occupies the 16c Wykoff position in the crystal
which has no inversion center. The electronic structure calcu-
lation verifies that the Eu 4f orbital mainly occupies the top of
the valence bands and the bottom of the conduction bands,
and the electron transition to the *D, configuration dominates
the photoluminescence properties.
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