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Ce*-doped SroLu(PO,); polycrystalline material has been synthesized using a solid state reaction at high
temperature. Luminescence spectroscopic properties and emission decay kinetics have been studied upon UV-
VUV excitation. Emission from Ce®
low-temperature spectra. Ce>* ions have been shown to prefer occupying Sr** sites rather than Lu®* sites. The
temperature-dependent decay curves of Ce®** 5d—4f emission demonstrate an excellent luminescence thermal

* ions located in two types of crystallographic sites has been identified in

1. Introduction

Cerium-doped luminescent inorganic materials have deserved great
attention of the researchers over the last two decades while considered
to be promising for application as phosphors for white light-emitting
diodes (WLEDs), fluorescent tubes and CRT and as phosphors and
scintillators for detectors of ionizing radiation [1-10]. Due to the strong
influence of local environment to 5d electron, luminescence properties
of crystals doped with Ce®>* ions are host dependent. In other words,
the 5d energy level structure, crystal field splitting, Stokes shift, loca-
tion of 5d levels relative to the host bands and some other properties
vary significantly in different materials, that have been systematically
studied by Dorenbos while analyzing a large number of the reported
data [11-15].

Our search for new promising materials for scintillation application
has led us to the synthesis and study of the double phosphate SrgLu
(PO,); doped with Ce>* ions. The whitlockite-type phosphates M3*R
(PO4); (M = Ca, Mg, Zn, Sr; R = Cr, Ga, In or rare-earth ions) and their
derivatives have been widely studied in different fields of materials
over the last two decades. Many f-Caz(PO4)»-related compounds [16]
including CagR(AO,); and CagMgR(AQ,4),; (A = P and V; R = Cr, Ga, In
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or rare-earth ions) are found to be materials for solid state lighting
[17-22] and bioimaging [23] applications, laser systems [24] and non-
linear optical devices [25,26]. Many of these complex oxides are known
as ferroelectrics [25,27], antiferroelectrics [28,29] and catalysts [30].
On the one hand, substitution of Ca?* with divalent ions with smaller
ionic radii (e.g., with Mg“) in the crystal structure of CagR(POy),
promotes the formation of CagM?*R(PO,), and slows degradation of
polar structures to centrosymmetric ones that implies the changing of
the space group from R3c to R3cor R3m [29,31]. On the other hand, the
presence of dopant cations with large radii (e.g., Pb2") in the lattice of
CagM?*R(PO,), does not lead to nonpolar structure and the space
group R3c, in which the compound crystallizes, remains [32]. When Ca
is substituted by Sr, the crystal structure changes to monoclinic one that
is described in the space group I2/a [33]. Optical spectroscopy studies
of SroSc(PO4); [34] and Srolu(PO4),:Eu®*, Mn®* [35], SroSc
(PO4),:Ce3, Mn?™ [36], Sroln; — L, (PO,),:Eu®" [37] and SreA(PO.),
(A = In, Ga):Eu®" [38] have confirmed the significant potential of the
corresponding whitlockite-related hosts for the development of new
series of WLED phosphors.

The SroLu(PO4); host lattice possesses many advantages, such as
good chemical stability, easy chemical routes for the preparation,
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relatively large bandgap energy and large effective atomic number of
38.9, that makes it challenging to test it as a host for Ce** doping and
potential scintillator applications. However, luminescence spectro-
scopic properties of Ce® " -activated SroL.u(PO,); have not been studied
yet. Note that Ce3>* ion demonstrates site-dependent luminescence
properties while having the most simple electronic structure among the
lanthanide series and is widely used as an optical probe to understand
the crystal field strength and local structure features [4,12-15,39,40].

The present paper is focused on low temperature luminescence
VUV-UV spectroscopy as well as luminescence decay measurements of
Ce3+-d0ped SroLu(PO,),. Furthermore, Ce>™ 5d energy level structure
and site occupation preferences are studied and identified.

2. Experimental
2.1. Sample preparation

The powder sample of SroLu(P0O4);:0.5%Ce>* was prepared by a
conventional solid-state reaction. The stoichiometrically weighed re-
actants of SrCO; (A.R.), NH4H,PO,; (A.R.), CeO5 (99.9%), Lu,O3
(99.99%) with 5 wt% of H3BO3 (A.R.), added as fluxing agent, were first
thoroughly ground in an agate mortar and pre-sintered in alumina
crucible at 873K for 3 h, and then sintered at 1563 K for 3h in a CO-
reducing atmosphere. Finally, the as-synthesized material was left in
the off-switched furnace to get slowly (naturally) cooled down to the
room temperature in a continuous CO flow. The resulting material was
ground again into a white powder.

2.2. Characterization

Powder X-ray diffraction (XRD) patterns were collected using a
Shimadzu XRD-6000 X-ray diffractometer operating at 40kV and
30 mA with Cu Ka (A = 1.5406 A) radiation in the 26 range from 10° to
60° with a step of 0.01°. XRD analysis was carried out employing the
ICSD-Web database (2018/11).

The measurements of excitation and emission spectra upon excita-
tion with VUV-UV synchrotron radiation were performed using a VUV
spectroscopy setup mounted at the Beamline 4B8 of Beijing
Synchrotron Radiation Facilities (BSRF). Technical characteristics of
the setup were briefly described in Ref. [41]. The samples were
mounted on a closed-cycle helium cryostat holder (Janis CCS-UHV/
204) that allows temperature varying from 10 to 300 K. All the ex-
citation spectra were corrected with the real time excitation spectrum
of sodium salicylate for the wavelength-dependent variation of the in-
cident light intensity and excitation monochromator response.

The decay curves were recorded using an Edinburgh Instruments
FLS980 fluorescence spectrometer equipped with a cooled single-
photon counting photomultiplier tube (Hamamatsu R928 P) as detector
and a 30 W nanosecond flash lamp (pulse width ~1 ns, pulse rate
40-100 kHz) filled with hydrogen as an excitation source (wavelength
200-400 nm). The sample was mounted on a sample holder of an
Oxford Instruments Microstat N2 cryostat cooled with liquid nitrogen.
The temperature was adjusted from 78 to 300 K. For the measurement
in the temperature range from 300 to 650K, a home-made setup of
temperature control system was used, with temperature accuracy of
about = 0.5K.

3. Results and discussion
3.1. Crystal structure

The whitlockite-related phosphates SrgA(PO,4); (A = Sc, Cr, Fe, Ga,
In) and SroR(PO4); (R = Tm-Lu) have been earlier shown to be iso-
structural and adopt the symmetry of the space group C2/m, Z = 4, for
their unit cells [42]. However, a detailed crystal structure refinement
supported by selected area electron diffraction has revealed the
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conclusive evidence that SroA(PO4); (A = Sc, Cr, Fe, Ga, In) are
nevertheless centrosymmetric while the lattice is characterized by the
symmetry of space group I2/a, Z = 4 [42,43]. Crystal radii of A®* (A =
Sc, Cr, Fe, Ga, In) and R®** (R = Tm-Lu) sites in 6-fold coordination
vary from 0.755 A (*V(Cr**)) to 0.930 A (*V'(In**)) and from 1.001 A
@'(Lu®*)) to 1.020 A (*V'(Tm®*)), respectively [44,45]. Note that the
relative difference between the smallest r''(Cr®*) and the largest
r{(Tm®") is 35.1%. Therefore, the compounds SrsA(PO,); (A = Sc, Cr,
Fe, Ga, In, Tm-Lu) are featured by a high unit cell capacity as all of
them crystallize in the space group I12/a, Z = 4 [42,43].

Although gadolinium and terbium S-Caz(PO,),-related phosphates
can be easily prepared via the solid-state reaction [46], the phases SrgR
(PO4)7 (R = Gd, Tb) usually contain trace impurities of eulytite-type
Sr3R(PO4)3 (R= Gd ("7%) and Tb ("2%)). Obviously, at one annealing
temperature, the quantity of an impurity in SrgR(PO4); (R = Y and
Gd-Lu) grows when crystal radius of lanthanide cations increases. For
one composition, the quantity of the impurity increases simultaneously
with annealing temperature. The real composition of a phase related to
B-Cas(PO,), is also written as Srg1.s5xR;—x(PO4)7, R= Y and Gd-Lu
[46]. Whitlockite-related compounds are not found in the group of SrgR
(PO4)7, R = La-Sm [43,46], whereas the sample with the nominal
composition of SrgEu(PO,4), contains just a large amount of Sr3(PO4)»
and SrzEu(PO,); in addition to the B-Cas(PO,4),-related phase [46].
Employing Eu®" ion as optical probe, Ma et al. have recently proved
that both Sr?* and R®** (R = In, Ga) ions in their corresponding
noncentrosymmetric (Sr?™) and centrosymmetric (R®*) sites can be
substituted by lanthanides in SrgR(PO4);, R = In, Ga [38]. Given the
observations listed above, we conclude about the possibility of doping
SroLu(PO,), with relatively low concentration of Ce** that in turn is
revealed with the powder XRD study of SrgLu(P0O,4);:0.5%Ce®* (Fig. 1).

As long as there are no cards for SrgLu(PO,); and Srs;Lu(PO,)s
available in the ICSD-Web database (2018/1I), the XRD patterns of the
counterparts SroIln(PO,4); (ICSD #59,722; [42]) and SrsLu(PO,4); (PDF
#33-1344) have been taken into consideration. The powder XRD pat-
tern of SroLu(P0,);:0.5%Ce>" is found to agree well with the main
phase of SrgLu(PO,); while indicating the presence of ca. 6-7% SrsLu
(PO4)3 which is isotypic to Sr3Y(POy)s [47] in the prepared sample
(Fig. 1). This result stays in line with the crystallographic studies of
isostructural SrgR(PO4); (R = In, Gd) where crystal radii of R37 jons in
6-fold coordination are rV'(In**) = 0.93A and rV'(Gd3®*) = 1.078 A
[44,45]. The relative difference between these values counts 15.9%. In
contrast to SroIln(PO,); which exists as a single phase, the formation of
SroGd(PO,), is followed by the presence of “7 wt% Sr3Gd(PO4)s [46].
Crystal radii of Ce** and Lu®** in 6-fold coordination in the lattice of
StoR(PO4); (R Ce, Ln) are r'(Ce**)=1.150A and
VI(Lu*) = 1.001 A, respectively, that gives the relative difference of
14.9%.

In summary, SroLu(P0O4);:0.5%Ce>* crystallizes in the monoclinic
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Fig. 1. Powder XRD pattern of SroLu(P0,4),:0.5%Ce>" and standard cards of
SroIn(PO4); and SrsLu(POy)s.
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space group I2/a, Z = 4 [46]. The asymmetric unit is characterized by
five crystallographically nonequivalent sites (8f) of Sr with the C,;
symmetry, one position (4a) of Lu with the C; symmetry, four P, and
fourteen O sites. The Sr (2) and Sr (1, 3, 4, 5) sites are coordinated by
eight and nine oxygen atoms, respectively. Therefore, one can conclude
that there are two types of strontium sites in the unit cell of the SrgLu
(PO,); host. The crystal radii of Sr** cations located in the positions
with  coordination numbers CN=8 and CN=9 are
V(S +) = 1.390 A and rX(Sr2*) = 1.425 A, respectively [44,45]. In
turn, Sr** can be substituted with Ce®™" in the sites of both types as the
corresponding values of rVI(Ce®*) and (F**(Ce®™) are 1.270A and
1.320 ;\, respectively. Therefore, similar to Eu3+-doped SroIn(PO4),
[38], SroLu(PO.,), doped with Ce* is featured by the presence of Ce®™*
in crystallographic sites of C; (8- and 9-fold coordination) and C;
symmetry (6-fold coordination). Considering the structural chemistry of
SroLu(P0,),:Ce®** discussed above, Ce** ions are expected to occupy
both lutetium (C;) and more predominantly strontium (C;) sites as there
are 144 strontium (C;) ones and just 16 lutetium (C;) positions per unit
cell. This along with concentration quenching, previously analyzed for
isostructural lanthanide-doped SroIn(PO,); [38], may lead to the fact
that emission from Ce®* ions located in the Lu®" sites is either insig-
nificant, or hardly distinguished in luminescence spectra of SroLu
(P0O4)7:0.5%Ce> ™.

3.2. Luminescence VUV spectroscopy and ce®* site occupancy

In order to probe the dopant sites of Ce>* in SroLu(P0O,),:Ce®*, low
temperature emission and excitation spectra of SroLu(P0O,4);:0.5%Ce>*
have been studied. Fig. 2 demonstrates emission spectra recorded upon
excitation at 3.76 eV (330nm) and 4.77 eV (260nm) at T = 10K. The
former consists of a typical Ce>* 5d — 4f doublet emission band that
can be fitted with two Gaussians, centered near 3.09 eV (401 nm) and
3.34eV (371 nm) (Fig. 2a). We note that the fitting the 5d — 4f emis-
sion with Gaussians is quite relative and is rather used for simplicity,
while normally the 5d — 4f emission (as well as 4f — 5d excitation)
bands have a Pekarian shape that is typical for electronic transitions
characterized by Huang-Rhys parameter close to 1 [48,49]. The energy
difference between the two Gaussian bands is "0.25eV, that is very
typical value for the energy difference between 2F;,, and °Fs , states of
Ce®*. Accordingly, these two emission Gaussian bands are attributed to
Ce®* radiative transitions from 5d to 2F7/2 and 2F5/2 states, respec-
tively. Upon excitation at 4.77 eV (260 nm), a much broader emission
band is revealed (Fig. 2(b)). In addition to the two emission bands as
fitted in Fig. 2(a), other two bands can be distinguished at the high
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Fig. 2. Emission spectra of SroLu(P0O,);:0.5%Ce®* upon excitation at
E..=3.76¢eV (a) and E,, = 4.77eV (b) at T = 10K.
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Fig. 3. Excitation spectra of SroLu(P0,),:0.5%Ce®* recorded monitoring Ce(1)
emission at E,,, = 3.02 eV (a) and Ce(2) emission E,,,, = 3.79¢eV (b)at T = 10K.

energy side by applying the Gaussian fitting. The latter suggests the
presence of two peaks, centered near 3.53eV (351 nm) and 3.81eV
(325 nm), which remain a typical Ce®* doublet emission band. (The
two low energy Gaussians in the fitting of the 4.77 eV excited spectrum
are not shown for brevity). Finally, two types of Ce>* 5d — 4f lumi-
nescence located in the violet and UV regions are disclosed and are
further denoted as Ce(1) and Ce(2) emissions. Note that upon excitation
at 3.76 eV, only Ce(1) emission is observed while excitation at 4.77 eV
gives rise to the observation of both the emission features that makes
the corresponding emission spectrum more complex and broad (Fig. 2).

The presence of the Ce®>* 5d — 4f emission from two different types
of crystallographic sites is further demonstrated with excitation spectra
measurements performed at T = 10K (Fig. 3). The spectrum recorded
monitoring Ce(1) emission at 3.02 eV (411 nm) reveals the onset related
to the beginning of Ce(1) 4f — 5d excitation transitions at about
3.45eV (359nm) that is followed by the strong doublet excitation
feature with peaks located near 3.73eV (332nm) and 3.97 eV
(312 nm). Other Ce(1) excitation features are less pronounced and ap-
pear as enhancements centered 4.72eV (263 nm), 5.21 eV (238 nm),
and broader complex feature spread up to about 7eV. In turn, the
spectrum recorded monitoring Ce(2) emission at 3.79 eV (327 nm) re-
veals the beginning of 4f — 5d transitions at about 3.90 eV (318 nm)
with the first excitation peak at 4.02 eV (308 nm). Less intense but still
well pronounced broad excitation features are observed to center near
4.76 eV (261 nm) and 5.19 eV (239 nm). Weak enhancements in the Ce
(2) excitation spectrum are also observed at 5.60eV (221 nm) and
6.40 eV (194 nm). The observed features in Ce(1) and Ce(2) excitation
spectra are assigned to the transitions from the 2Fs, ground state to the
different levels of the 5d configuration of Ce®>*. Note that some ex-
citation bands appear in both the spectra that may indicate the presence
of an energy transfer between the emission centers of two types. The
energy transfer can be realized through reabsorption of Ce(2) emission
by the emission centers responsible for Ce(1) emission. This is favorable
due to the overlap of Ce(2) emission and the most intense Ce(1) ex-
citation band in the range of about 3.5-4.0 eV (Figs. 2 and 3). It is worth
mentioning that the reabsorption can be responsible for unusual re-
lative intensities of Ce(2) doublet components where high-energy part
(related to relaxation into the ?Fs,, ground state) is noticeably sup-
pressed. Table 1 gathers information about the observed Ce®** emission
features.

To further identify the site occupancy, a crystal-field splitting (CFS)
should be considered which is related to the shape and size of the anion
coordination polyhedron [15]. Generally, with the increase of
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Table 1
Absorption (Ee) and emission (E.p,) energies, and Stokes shift (AS(A)) for two
types of Ce®>* emission observed in SrgLu(PO,); spectra.

Emission type E.x (eV) Eerm (eV) AS (eV)
1 3.73 3.32 0.41
2 4.02 3.81 0.21
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Fig. 4. Luminescence decay curves recorded at T = 78 K monitoring Ce(1) at
Eem = 3.87eV and Ce(2) emission at E,, = 3.10eV upon excitation at Ee
=4.77¢eV, and E,, = 3.75eV, respectively. Inset shows temperature depen-
dence of Ce(1) and Ce(2) emission lifetime.

coordination number and bond length, the CFS decreases. The average
bond length of nine coordinated Sr(1), Sr(3), Sr(4) and Sr(5) sites is
nearly the same being about 2.70 A. The average bond length for eight
coordinated Sr(2) site is about 2.6 A. According to the inverse re-
lationship of the CFS to the bond length and the coordination number,
the Ce®* ions responsible for the lower energy Ce(1) emission should
substitute for Sr(2) sites. The Ce®" ions with smaller CFS located in Sr
(1), Sr(3), Sr(4) and Sr(5) sites are responsible for the higher energy Ce
(2) emission. Because of very similar bond length and the same co-
ordination number of the Sr(1), Sr(3), Sr(4) and Sr(5) sites, the corre-
sponding emissions appear the same way in the spectra.

Manifestation of Ce®* ions appeared in the SrsLu(PO4); phase
cannot be reasonably distinguished in the presented emission and ex-
citation spectra. On the one hand, this is explained by obviously low
content of the Sr3Lu(PO4); phase. On the other hand, the coordination
number of Sr>* and mean values of Sr-O bond lengths in the cells of
SrgR(PO4); and Sr3R(PO4)s (R = Y, In, Lu) are almost identical
[42,46,47]. This suggests that crystal field parameters for Ce** ions
located in Sr(1), Sr(3), Sr(4) and Sr(5) sites in SroLu(PO,4); are very
similar to those for Ce®** in the SrsLu(PO4); phase with small amount in
SroLu(PO,),. Therefore, emission bands from Ce®* in the SrsLu(PO4)s
phase are expected to overlap with those related to Ce(2) emission in
SrgLu(PO,),. The latter is another reason that contribution to emission
spectra from Ce>" ions located in the lattice of SrsLu(PO4); can be
neglected.

Host-related contribution to the excitation spectra are not expected
to be induced as a typical bandgap of double phosphates is related to
much wider ranges from about 8-9.3 eV [50-52] that exceeds the upper
energy limit of the VUV setup used for the performed measurements.

3.3. Temperature-dependent decay time measurements

As discussed in the previous section of the emission and excitation
spectra (Figs. 2 and 3), there are two types of Ce>* emission related to
the different (groups of) crystallographic sites of Ce** in SroLu(POy);.
Accordingly, luminescence decay curves for the two Ce®* emission
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types monitored at 320 nm and 400 nm at 78 K are presented in Fig. 4.
Both the decay curves are satisfactory fitted with a single exponential
decay function. The fitting results suggest that at T = 78 K the lifetime
of Ce(1) and Ce(2) emission features is 33 and 25 ns, respectively. Note,
that the lifetime of Ce®** ions responsible for higher energy Ce(2)
emission is shorter than that observed for lower energy Ce(1) emission
being in agreement with Fermi’s Golden Rule. The measured Ce>" 4f—
5d emission lifetime is consistent with that for some other Ce>*-doped
double phosphates, e.g., LisLu(PO4), (t=20 ns) [5], KsLu(PO4), (two
emission sites with T, =25 ns t,= 34 ns) [6], CagLu(PO,); (29 ns) [22].

The inset in Fig. 4 represents temperature dependences of Ce(1) and
Ce(2) emission lifetimes. Both the emissions demonstrate a quite good
thermal stability over the wide temperature range. While Ce(1) emis-
sion reveals firm tendency to decay above 500 K it is quite hard to apply
any quenching model to the observed dependence due to the low var-
iation of the measured lifetime through the entire temperature range.

Given that the decay curves recorded for Ce(1) and Ce(2) emissions
keep single exponential decay behavior, one can conclude that the
presence of other types of Ce>* emission centers is negligible. Among
those, there are Ce>* ions substituting for Lu®* sites and trace amounts
of Ce>* which may be adopted the SrsLu(PO4)3:Ce>* phase.

4. Conclusions

Ce®*-doped SroLu(PO,4); can be prepared through high-temperature
solid-state reaction method. Whitlockite-related SroLu(PO4),:0.5%Ce> "
crystallizes with monoclinic unit cells I2/a, Z = 4. Two types of Ce>*
5d — 4f emission centers have been observed and determined through
low-temperature UV-VUV spectroscopic study. It has been shown that
Ce®* ions responsible for lower energy Ce(1) emission substitute for Sr
(2) sites while those located in Sr(1), Sr(3), Sr(4) and Sr(5) sites are
responsible for higher energy Ce(2) emission. The Ce®* 5d — 4f
emission of both types demonstrates good thermal stability that makes
SroLu(P0,),:Ce®* to be promising material for solid state lighting or
scintillation applications.
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