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ABSTRACT: RbBaPO,:Eu’* phosphors have been prepared by a high- 250 g avenumber (10°cm) 0 0.0

temperature solid-state reaction method, and the structure was determined - 7 ™ T T '
by Rietveld refinement based on powder X-ray diffraction (P-XRD) data. " i
Their VUV-UV—vis photoluminescence properties are systematically
investigated with three objectives: (1) based on low-temperature spectra,
we clarify the site occupancies of Eu?*, and demonstrate that the doublet
emission bands at ~406 and ~431 nm originate from Eu*" in Ba**
[Eu?*(I)] and Rb* [Eu**(II)] sites, respectively; (2) an electron-vibrational
interaction (EVI) analysis is conducted to estimate the Huang—Rhys UV light
factors, the zero-phonon lines (ZPLs) and the Stokes shifts of Eu** in Rb* _ ©F
and Ba®" sites; (3) the studies on luminescence decay of Eu**(I) reveal that X-ray
dipole—dipole interaction is mainly responsible for the energy transfer from

Eu**(I) to Eu**(1I), and the energy migration between Eu®*(I) is weak. Finally, the X-ray excited luminescence (XEL) spectrum
indicates that the light yield of the sample RbBagggsEug4osPO, is ~17 700 ph/MeV, showing its potential application in X-ray
detecting.

1. INTRODUCTION RbNa,(Li;Si0,),.” Eu*" occupies the LuOg and K20Oq
Eu?* is one of the lanthanide ions and has 4f’ electronic polyhedrons in K;LuSi,0; with deep red emissions."’ Second,
configuration. It shows Sd—4f emission when the lowest 4£°5d the electron-vibrational interaction (EVI) is another important
state is located below the 6P] level, and has been extensively factor for the luminescence properties of rare earth ions. It has

studied for applications in lighting, display, and scintillation
detection. BaMgAl,,O,,:Eu’* has been a suitable blue-emitting
phosphor in tricolor lamps for years, BaFC:Eu*" is the first
commercially available rare-earth X-ray phosphor, SrA-

significant influence on the position and the width of the
emission band of Eu*"."'™"® Third, the investigations on the

energy-transfer dynamics through fluorescence decays are

,0,:Eu**, Dy*" is a long phosphorescent phosphor with high beneficial to understanding the luminescence processes.' "'
brightness and is widely applied, Srl,:Eu*" is a scintillator with The compound RbBaPO, belongs to ABPO, (A is an alkali
high light output for detecting ionizing radiation, and metal, B is an alkali earth metal) type orthophosphates; it has

Sr[LiAL,N,]:Eu** is considered to be a potential red-emitting 16-21
phosphor for next-generation high-power phosphor-converted

white-light-emitting diodes.'™*

good thermal and hydrolytic stability and wide band gap.
On the basis of systematic studies on the VUV-UV—vis

The following aspects are essential for the development of photoluminescence and X-ray radioluminescence of Eu’'-
novel Eu**-doped luminescent materials. First, the site doped RbBaPO,, in this paper, we report a potential X-ray
occupancy of the doping lanthanide ion must be clarified, phosphor RbBagggsEugosPO, after discussions on the site

because it is one of the most crucial factors for the excitation

i P X occupancies, the EVI, and the energy-transfer dynamics in
and emission wavelengths of Eu®’ in a specific host

compound.”® For instance, the excitation peaks of Eu** in detail.

the 10-fold coordinated Sr** site and 6-fold coordinated Ca**

site of Li,SrCa(SiO,), are found at ~290 and ~375 nm, Received: ~September 10, 2020
respectively.” The emission bands at ~472, ~445 and ~406 Published: November 13, 2020

nm are assigned to Eu** at Sr(I)O,, Sr(III)Og, and Sr(II)O,
polyhedral sites in SrsSiO,Cly, respectively.® The blue emission
peaking at 471 nm originated from the occupancies of Eu** in
the monovalent cation sites Rb*, Nal*, and Na2* in

© 2020 American Chemical Society https://dx.doi.org/10.1021/acs.inorgchem.0c02714
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Figure 1. (a) Rietveld refinement of P-XRD data of synthesized RbBaPO, sample; (b) the coordination environments of Ba** and Rb* sites; (c) the

2 X 2 X 2 lattice cell structure of RbBaPO,.

2. EXPERIMENTAL SECTION

2.1. Preparation. The pure host compound and Eu**-doped
RbBaPO, samples were prepared using a conventional solid-state
reaction route at high temperature. The analytic reagents BaCOj;,
Rb,CO;, (NH,)H,PO,, and 99.99% pure rare-earth oxides Eu,O,
were used as starting materials. The reactants were weighed with
nominal formulas RbBa,_,Eu, PO, and ground thoroughly in an agate
mortar. The mixtures were moved to alumina crucibles and prefired at
975 K in air atmosphere for 3 h. Eu®*-doped samples were then
annealed at 1275 K for 6 h under the CO ambience, which was
produced from the incomplete combustion of carbon at high
temperature. After cooling down to room temperature (RT), the
final products were ground into powders for subsequent analyses.

2.2. Characterizations. The phase purity of the synthetic samples
was estimated by powder X-ray diffraction (P-XRD) on a Rigaku D-
MAX 2200 VPC X-ray diffractometer of Cu Ka (4 = 1.5418 A)
radiation at 40 kV and 26 mA. The P-XRD data for refinement were
collected with the 26 range from S to 110° and a 26 step of 0.02° on
the Bruker D8 advanced X-ray diffractometer with a wavelength of
1.54056 A Cu Ka radiation at 40 kV and 40 mA. The Rietveld
refinement was performed using the TOPAS Academic program.””

The UV-—vis excitation and emission spectra as well as the
luminescence decay curves at room temperature (RT) were recorded
on an Edinburgh FLS 1000 model spectrometer, which was a
combined fluorescence lifetime and steady state, equipped with a
cooled housing (—20 °C) photomultiplier PMT-900. The 450 W
xenon lamp was used as the excitation source of steady-state excitation
and emission spectra. A 150 W nF900 lamp with a pulse width of 1 ns
and pulse repetition rate of 40 kHz was used for the measurements of
decay curves. The temperature-dependent spectral measurements in

the 77—500 K range were performed by mounting the samples in an
Oxford cryostat. The spectral measurements at 15 K were performed
by mounting the samples in an Oxford cryostat with a closed cycle
liquid helium apparatus and an Edinburgh FLS 920. The emission
spectra of RbBa,_,Eu PO, (x = 0.001, 0.02, and 0.06) samples at 15 K
as shown in Figure Sla—c were measured about a half a year later
than that of the RbBagggsEuggosPO, sample to further confirm the
dual-site occupancies of Eu** in RbBaPO,.

The excitation and emission spectra in the VUV-UV range were
recorded on the 4B8 beamline of the Beijing Synchrotron Radiation
Facility (BSRF). The sample was pressed into a pill with diameter of
about 1 cm and thickness of about 0.2 cm for middle and far-infrared
reflectance (IR) spectrum measurement on U4 beamline of National
Synchrotron Radiation Laboratory (NSRL). For X-ray excited
luminescence spectra measurements of 100 mg pressed pill samples
at Delft University of Technology (The Netherlands), an X-ray tube
with a tungsten anode operated at 80 kV was used as X-ray source.

3. RESULTS AND DISCUSSION

3.1. P-XRD Patterns and Structure. Based on the P-XRD
data of the synthesized RbBaPO,, sample, Figure la shows the
results of Rietveld refinement which is performed by using
Pnma structure mode.””** The sample is of pure phase, and as-
obtained reliability factors R, R, and Ry indicate good
goodness-of-fit results. The final refined structural parameters
are listed in Table S1. The lattice constants a, b, and ¢ and unit-
cell volume V of RbBaPO, are 7.8178(8), 5.7386(4),
10.0586(0), and 451.26(8) A®, respectively.

https://dx.doi.org/10.1021/acs.inorgchem.0c02714
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Figure 2. (a) Synchrotron radiation VUV-UV excitation (4, = 407 nm; 10 K) and the highest-height normalized lab UV—vis excitation (4., = 406
and 440 nm; 15 K) spectra of RbBag go5Et1,00sPO, sample; (b) the highest-height normalized emission (4., = 325, 360, and 390 nm; 15 K) spectra
of RbBay gosEu10osPO4 sample; (c) the decay curves (4, = 310 nm, 4, = 408 and A, = 360 nm, 4., = 435 nm; 77 K) of RbBaggesEugosPO4

sample.

RbBaPO, has two metal cation sites Ba>* and Rb*. The
coordination environments of Ba®* and Rb" sites are displayed
in Figure 1b and the bond lengths of Ba’>*—0?~ and Rb"—0*"
are listed in Table S2. The Ba** ion is connected with nine O*~
ions with low point symmetry C, whereas Rb" is larger than
Ba** and coordinated by ten O~ ligands. The average bond
length of Ba**—0%" is ~2.855 A, and that of Rb"'—0* is
~3.031 A. The nearest distance of Rb*—Rb* (~4.177 A) is
close to that of Ba**—Ba®* (~4.064 A). Figure 1c shows the 2
X 2 X 2 lattice cell structure of RbBaPO, host. The Rb" ions
mainly distribute along the b direction, whereas the Ba®* ions
parallelly distribute along the lattice planes the of a and ¢ axes
to construct Ba®" layers. The Ba®" layers stack along the b
crystal axis. The BaOo, RbOy,, and PO, polyhedra form the
RbBaPO, structure.

The P-XRD patterns of RbBa,_ ,Eu,PO, (x = 0.001—0.08)
samples and the refined result of RbBaPO, are shown in Figure
S2. All samples are in agreement with the refined results. This
indicates that Eu?* ions are successfully incorporated into
RbBaPO, lattices. The high-quality P-XRD patterns of selected
RbBa,_,Eu PO, (x = 0.02, 0.04 and 0.08) samples and their
Rietveld refinement results are shown in Figure S3a—c. The
obtained reliability factors R, R, and Ry indicate a good
refined quality. It is demonstrated that RbBa,_,Eu,PO,
samples are single purity phase.

3.2. VUV-UV-vis Photoluminescence of
RbBag g95EUg 00sPO4. Plots a and b in Figure 2 are the
VUV-UV excitation spectrum (4,,, = 407 nm) recorded with
synchrotron radiation facility at BSRF at 10 K, the highest-
height normalized UV—vis excitation (4., = 406 and 440 nm)
and the emission (4, = 325, 360, and 390 nm) spectra
collected by FLS 920 spectrometer of RbBagggsEuggosPOy
sample at 15 K. It shows that the excitation intensity below

17423

~200 nm in Figure 2a is very weak. For host compounds with
similar compositions to RbBaPO,, we found in previous work
the host exciton peaks at ~7.61 eV in NaCaPO, and ~7.65 eV
in KSrPO,, respectively.'”” The weak excitonic absorption in
the current case may relate to the low energy-transfer
probability from host to doping Eu** ions, the delocalization
of Eu** 5d electron into the conduction band when the high-
lying 5d excited states are higher than the conduction band
minimum,** and/or other unknown reasons. To determine the
exciton peak location of RbBaPO,, the VUV excitation spectra
of two samples Rb, ¢,Bag 96Gdy ¢,PO, and
Rb, 93Bag994Ce 003PO, were recorded at 10 K and shown in
Figures S4 and SS, respectively. The host exciton peak (E,,) is
found to be ~7.37 eV (168 nm) in Figure S4 and ~7.43 eV
(167 nm) in Figure SS. The mean value 7.40 + 0.03 eV of
RbBaPO, found from Figures S4 and SS is compatible with the
values of NaCaPO, and KSrPO,.'””" So the band gap of
RbBaPO, is estimated to be 7.84 eV after extra adding exciton
binding energy (0.008E,,> = 0.44 eV) to E,, (7.40 eV).

The strong excitation bands beyond 220 nm result from 4f—
5d transitions of Eu**. The profiles of the two excitation curves
in the 300—410 nm range are somewhat different, by
monitoring emissions at 406 and 440 nm, respectively. The
excitation band of 440 nm emission slightly shifts to the long-
wavelength side in comparison with that of 406 nm emission.
We suspect that these observations relate to different site
occupancies of Eu** in the RbBay gosEu 09sPO,4 sample and will
discuss this issue below.

Upon 325 nm excitation, we record the main emission peak
at about 406 nm and a weak shoulder band at about 431 nm in
Figure 2b. When we move the excitation wavelength to 360
and 390 nm, the shoulder emission band gradually becomes
more pronounced and the main emission peak slightly shifts to

https://dx.doi.org/10.1021/acs.inorgchem.0c02714
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Figure 3. (a) Experimental and fitted synchrotron radiation infrared reflectance spectrum of RbBag g95Eug 09sPO,4 at RT; (b) the emission spectrum
(Aex = 360 nm; 15 K) and corresponding electron-vibrational interaction (EVI) analysis.

about 407 and 410 nm. The phenomenon can be seen not only
in this RbBag g9sEug0osPO, sample, but also in other samples.
As shown in Figure Sla—c, similar results were recorded in
samples RbBa,_,Eu,PO, (x = 0.001, 0.02, and 0.06), although
these three samples were stored for about half a year before the
measurement. The main peak shifts to the long-wavelength
direction and the shoulder band is more conspicuous under
390 nm excitation in comparison with that under 325 and 360
nm excitation. These observations are somewhat different from
those in references, in which only a broad asymmetric band
was seen, but no shoulder band was found in the emission
spectra.'®"” Besides, the emission peaks were reported to shift
to longer wavelengths with the increase in Eu?" concentrations,
and the red shift of the emission band was explained by the
change in the crystal field around Eu**. Because no impurity
phase was detected in these samples as mentioned in section
3.1, we think that the dual-site occupancies of Eu** ions may
be the main reason for the evolution of the emission profile
under different excitation wavelengths in this paper. Because
Ba** and Eu’' ions have similar ionic radii and the same
valence states, the Ba®* site should be one of the two sites that
Eu** occupies.

The emission energy of Eu** at the Ba®* site of RbBaPO, can
be predicted using the equation E(Eu®") = (0.64 + 0.02)
E(Ce*) + (0.53 £ 0.06) eV.”> Ce*" ions have been reported to
occupy Ba®* sites in RbBaPO,.'® In Figure S5, the doublet
5d,-’Fs 7/, emissions of Ce*" in Rb, g03Bagg04Ceq o3Py are
approximately observed at 3.83 and 3.58 eV, respectively.
Using above equation, the emission energy of Eu*" at the Ba®"
site of RbBaPO, is predicted to be at 2.98 + 0.14 eV (~416
nm). This position is closer to the main peak at about 406 nm
and shows more differences from the shoulder band at about
431 nm. It seems to imply that the main peak at 406 nm is
from the emission of Eu* at the Ba®" site and that the shoulder
band is the emission of Eu** at another type of site. However,
because of the error margin of approximately 0.2 eV of the
prediction, we do not merely use this prediction as an
unambiguous argument to assign the site occupancies of Eu*"
ions.

The site nature can be further understood by the
comparison of the emission of Eu®* in isomorphic host
compounds KSrPO,, KBaPO, and RbBaPO,.””*”*” These
compounds crystallize in an orthorhombic structure with the
space group Pnma, and have a single 9-fold coordinated Sr** or
Ba®* site with C, point symmetry. Referring to the data in
Table S3, the emission peak of Eu** at the Ba®" site of KBaPO,
has been observed at 419 + 2 nm, and that at the Sr** site of
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KSrPO, was found at 423 + 1 nm.'”?**® Because the BaO,
polyhedron is larger than that of SrOy, the crystal field splitting
(CFS) energy of the Eu** Sd orbital at the Ba*" site is likely to
be smaller than that at the Sr** site. As a result, the emission
wavelength of Eu*" at the Ba®* site of KBaPO, (419 + 2 nm) is
expected be slightly shorter than that at the Sr** site of KSrPO,
(423 £+ 1 nm). Similarly, it is expected that the emission peak
of Eu®* at the Ba®" site of isomorphic RbBaygesEu0sPO,
locates at shorter wavelength (<423 + 1 nm). So the main
peak of about 406 nm is attributed to the emission of Eu** at
Ba?* site of RbBagggsEug0sPO, (marked as Eu**(I)), and the
shoulder band of about 440 nm is ascribed to the emission of
Eu** at another type of site (labeled as Eu**(II)). The Eu**(II)
is most likely Eu’* in the Rb" site in consideration of the
structure of RbBaPO,.

To evaluate the positions of the main and shoulder bands,
we fitted the emission curves with a sum of two Gaussian
functions (Figure S6). Under 325 nm excitation, two peaks are
at ~24.6 X 10*> cm™' (406 nm) and ~23.2 X 10° cm™' (431
nm). They show a slight red shift when excited at 360 nm.
Upon 390 nm excitation, the two peaks shift to ~24.4 X 10°
cm™ (410 nm) and ~23.1 X 10° cm™ (433 nm). The longer
wavelength is more likely to excite Eu**(II) ions, so the relative
intensity of Eu®*(II) emission becomes gradually stronger
under 325, 360, and 390 nm excitation. Two factors, the
increasing emission intensity of Eu**(II) and the conjoint
influences of Eu**(I) and Eu**(II) emissions, make both bands
appear to shift toward longer wavelengths in fitting results. The
increase in Eu**(II) emission draws the main emission peak
toward the long wavelength direction, and the red shift of the
main peak, in turn, makes the shoulder band appear at the
longer wavelength side.

Finally, we recorded two decay curves (4 = 310 nm, 4, =
408; A, = 360 nm, A, = 435 nm) of Eu**(I) and Eu**(II) in
RbBay g9sEug 09sPO,4 at 77 K that are displayed in Figure 2c.
Decay curves show an exponential characteristic. Each decay
curve was fitted with single exponential decay functions to
obtain the lifetimes 7, = 383 ns and 7, = 460 ns for Eu**(I) and
Eu**(Il), respectively. They are in the range of lifetimes
reported for other Eu**-doped materials with similar emission
wavelength, such as BaMgSiO,:0.007 Eu** (420 nm, ~324
ns),”® SrAl;BO,:0.03 Eu®** (410 nm, ~430 ns),”’ and
Ko,RbysBaPO,:0.03 Eu** (424 nm, ~484 ns)."” The ratio
7,/7, (~0.83) is close to the ratio j—i (= %?z = 0.84), because

2
the radiative decay time is proportional to the third power of
the average emission wavelength in a given host.*
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3.3. Electron-Vibrational Interaction and Temper-
ature-Dependent Luminescence of Eu?* in
RbBag g95EUg 005PO,4. The Eu** emission band is formed by
a series of electron-vibrational transition lines that have been
broadened and smoothed by lattice dispersion. The band
shape of Eu®* can be described by the Pekarian-type spectral
distribution which can be simplified to eqs 1 and 2 at low
temperature (kT < fiw).>" Because the doping content is low
(x = 0.005) in the case of Figure 3, we neglect the interactions
of the Sd excited state and 4f ground state between Eu**(I)
and Eu**(II) systems herein and roughly regard the total Eu*"
emission shape as the sum of the two independent Eu**(I) and
Eu**(II) emission shapes as expressed in eq 3.

—Scp —hw/kT
p=¢3 [1 + s )

P! P+1 (1)
b E, - E
) (2)
=S,ch, —hwl/kT
e 1§t
Itotal = Iql_l 1 + Slze—
B! P+1
-S,cP, —hw2/kT
e 25,2
+4,—=2 (1 + 32267)
B! P+1 (3)

Where A, and A, are the emission ratios of Eu**(I) and
Eu** (1), S, and S, are the Huang—Rhys factors, 7w, and fiw,
the effective phonon energies, and P, and P, are the number of
effective phonons coupled with Eu**(I) and Eu**(II)
emissions, k is the Boltzmann constant (6.950 X 107! (cm
K)™), and T is temperature (15 K).

To estimate the possible effective phonon energies, we
measured the middle-far IR spectrum of RbBay ¢9sEug 4sPO, in
wavenumber 50—1500 cm™' range at RT using synchrotron
radiation facility at NSRL as shown in Figure 3a. The
experimental curve is fitted with a model for the complex
dielectric function consisting of Lorentz oscillators.

2
Wy

e(w)=8w+z b
k

a)oz,k - - ky,w (4)

Where ¢, is the real part of the complex dielectric function at
high frequency; @, @y, and y; are the plasma frequency,
phonon frequency, and damping factor of the kth oscillator,
respectively. The fitting curve is shown in Figure 3a and fitting
parameters are listed in Table S4, which provide the initial
referred iw, and hw, values for the following fitting procedure
of electron-vibrational interaction (EVI) analysis of Eu**
emissions in RbBa g9sEug 50sPO,.

We select the emission spectrum under 360 nm excitation
for the EVI analysis and show the fitting results in Figure 3b.
The simulated parameters of EVI analysis of
RbBag g9sEug gosPO, sample are listed in Table 1. The
coincidence of fitted and experimental curves indicates a
good simulation quality. The fitted emission peaks of Eu**(I)
and Eu**(II) are approximately located at 24.4 X 10° and 22.8
X 10° cm™, which are near the Gaussian fitting results (~24.6
x 10° and ~23.2 X 10° cm™/, respectively). As a result, the
energies of zero-phonon lines (ZPLs) of Eu**(I) and Eu**(1I)
are estimated to be 25.8 X 10°> cm™ (388 nm) and 24.7 X 10°
cm™' (405 nm), respectively. The ZPL energy of Eu**(I) is
close to the location of the intersection (25.6 X 10° cm™, 390

Table 1. Simulated Parameters via EVI Analysis in
RbBa, g9sEuy oos PO, Sample

parameters values
A, 1.74 x 107
S, 691
Aw; (cm™) 204
Eo(1) (em™) 25.8 x 10°
A, 6.95 X 10°
S, 8.64
hw, (cm™) 221
Ey(2) (em™) 24.7 x 10°

nm) between the normalized excitation spectrum of 406 nm
emission and normalized emission spectrum at 325 nm
excitation."> The effective phonon energies of Eu**(I) and
Eu?*(II) are estimated to be 204 and 221 cm™, which are close
to the value 207.28 cm™ in Table S4. Hence the Stokes shift
values AS for Eu®*(I) and Eu**(II) are calculated to be 2.62 X
10* and 3.60 X 10° cm™' according to AS = (25 — 1)hw,
respectively.

The temperature-dependent emission map (4., = 310 nm)
of the RbBay g9sEuy oosPO,, sample is shown in Figure 4a. With
increasing temperature, the intensity of the Eu®* emission
decreases gradually. To analyze the influence of temperature
on the emission shape of Eu®* in the two sites, the emission
spectra of 77 and 500 K are selected to be normalized and
shown in Figure 4b. With raising temperature, the emission
band broadens to the larger wavenumber side. The observation
may relate to the different thermal-quenching and thermal-
broadening characteristics of two luminescence centers. As a
rough estimation, each emission spectrum is fitted by a sum of
two Gaussian functions. When temperature increases from 77
to 500 K, the integrated intensity of Eu®'(I) decreases about
35% and that of Eu?*(II) about 44%, but the value of the full
width at half-maximum (fwhm) of Eu?*(I) increases
approximately 58% (from ~1.35 X 10° to ~2.1 X 10° cm™")
and that of Eu**(II) approximately 47% (from ~1.83 X 10° to
~2.69 X 10° cm™).

3.4. Concentration-Dependent Luminescence Spec-
tra and Energy Transfer Dynamics of RbBa,_,Eu,PO,
Samples. To investigate the effect of concentration on
Eu?*(I) and Eu**(II) emission, we collected the emission
spectra of RbBa, ,Eu,PO, with different doping concen-
trations (x = 0.001—0.08) under 310 nm excitation at RT.
Figure Sa shows normalized emission spectra of these samples
in terms of the integral intensity of the emission bands. The
shoulder band at long wavelength hand lifts gradually with
increasing concentration. Meantime, the main emission peak
shifts gradually from 406 to 415 nm. These tendencies become
more obvious when the doping concentration (x) is above
0.04. According to emission spectra of RbBa,_,.Eu PO, in
Figure S7, we estimated the total integral area in 380—490 nm
range, read the main peak height and the height at 431 nm, and
plotted them as a function of doping concentration (x value) in
Figure Sb. Herein, the main peak height and the height at 431
nm are regarded as rough indicators of emission intensities of
Eu’’(I) and Eu**(II), respectively. The main peak height
increases at first, and reaches a maximum when x = 0.03, then
decreases with increasing doping concentrations. In contrast,
the height at 431 nm always increase with increasing x value
except for the point of x = 0.04. As a whole, the integral
intensity of Eu®" clearly increases with increasing content until
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Figure 4. (a) Temperature-dependent emission map (4., = 310 nm) of RbBay gosEt1,09sPO, sample; (b) the normalized emission spectra (4., = 310
nm) of RbBaggesEugosPO, sample at 77 and S00 K, and corresponding Gaussian fitting results of emission spectra.
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Figure 6. (a) Decay curves (4, = 310 nm, 4., = 407 nm) of RbBa,_,Eu, PO, (x = 0.001—0.08) samples at RT and fitting curves via Inokuti—
Hirayama model (eq S), the inset shows linear fitting results with eq 7; (b) the decay curves (4., = 310 nm, 4, = 407 nm) of RbBa,_ Eu,PO, (x =
0.04 and 0.08) samples at RT and fitting curves via Yokota—Tanimoto model (eqs 8 and 9).

x = 0.03, and then keeps almost invariable except for the
deviation point with x = 0.04. The observations may relate to
the factors such as site occupancies, energy transfer between
Eu**(I) and Eu**(II), and crystal field splitting at different
doping levels in following discussions.

At first, when the doping concentration is very low (x =
0.001), Eu** mainly occupies the Ba®* site and Eu**(I)
emission is dominant. Eu**(I) emission intensity regularly
increases until x = 0.03 due to the increase of population of
Eu*" in Ba®" sites. The increase in energy-transfer rates of
Eu?*(I) — Eu**(I) and Eu**(I) — Eu?*(II) then results in the
quenching of Eu**(I) emission when x > 0.03, and the main
peak height decreases. The intensity of Eu®*(II) emission
gradually increases, which is ascribed to the contribution of

17426

energy transfer from Eu®*(I) to Eu?*(II) and the increase in
Eu**(II) population with the increase of doping concentration.

The crystal field effect on Eu** in RbBaPO, has been
regarded as the main reason for the red shift of whole emission
band.'®"? This can be interpreted because the ionic radii
increase with the relative order Eu** < Ba** < Rb" in the case
of 9- or 10-fold coordination surroundings.32 With the increase
in doping concentration, the Eu**—0* bond distance is
expected to be somewhat shortened, and the Sd electron of
Eu®" experiences a larger crystal field strength. The possible
changes in the crystal field around Eu®" are responsible for this
shift as reported in BaMg,Si,0, Ba(PO;),, K,BaCa(PO,),,
and so on."”**** When we assume that the energies of the 5d
centroid and the Stokes shift are relatively invariant, the Sd—4f
emissions of Eu®*(I) and Eu**(II) shift to the long wavelength
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side because of the increase in Sd crystal field splitting of
Eu?*(I) and Eu**(II), respectively. In addition, the increase in
the Eu®*(II) component and the decrease in Eu®*(I) also
provide a contribution to this red shift.

Further, the energy-transfer dynamics is studied on the basis
of decay curves. Figure 6a shows the decay curves (1, = 310
nm, A, = 407 nm) of RbBa,_,Eu,PO, (x = 0.001—0.08)
samples at RT. At low doping contents with x = 0.001 and
0.003, the decay curves are close to single exponential. When x
increases, the decay curves deviate gradually from that of the
low doping cases. Several mechanisms of energy transfer such
as multipolar and even exchange interactions could make
contributions to the deviation. Since the exchange interaction
only occurs in very short distances (~5 A), the multipolar
interactions are expected to be dominated for our samples with
the doping content below 10%. To estimate the type of
multipolar interaction of energy transfer, we consider only the
energy transfer from Eu®’(I) to Eu’"(II) without energy
migration between donor Eu**(I) ions first and simulate the
decay curves of donor Eu**(I) with the Inokuti—Hirayama

model as follows:>*

I(t) = I(0)exp

;_t + Q(t)?a/s]

0 (5)
_ _4_777 _ i (s)\3/s
Q, - 3 nar(l s )(CDA) (6)
I(t)] t 3
In| =In| —=| - — | =In(— —In(t
( [1(0) To] (-Q) + S (1) .

Where I(t) is emission intensity of Eu** at time t and I(0) is
the emission intensity at t = 0; #, is the concentration (m™) of
Eu?*(II) at the Rb* site, its initial value is estimated by the
doping concentration (0.04 or 0.08) before the simulation
procedure; Cp, is the energy-transfer microparameter, which
has a relation of energy-transfer probability. I'(1—3/s) is the
gamma function and s parameter depends on the type of
electric-multipolar interaction. The s values are 6, 8, and 10 for
the dipole—dipole, dipole—quadrupole, and quadrupole—
quadrupole interactions, respectively. We mathematically
make a transformation and plot the In(-In(I(t)/I(0) — t/z,)
as a function of In(t) as shown in the inset of Figure 6a. The s
value is obtained by the slope 3/s from a linear fitting to decay
curves with eq 7. The average s value 6.2 is close to 6, implying
that the dominant mechanism of Eu** in RbBaPO, compound
is the dipole—dipole interaction. The result is consistent with
the knowledge that Eu** involves Laporte allowed transitions,
and the nonradiative energy transfer between Eu®*(I) and
Eu**(I1) would be mainly dipole—dipole mechanism. It is also
in agreement with the reported result on the basis of emission
spectra.'® The decay curves are simulated with eq 5. The fitting
quality Radjz is all more than 0.99. Table S5 lists other fitting
parameters of simulation via this model.

In addition, the simulation with the slow energy diffusion
model of Yokota—Tanimoto (eq 8 and 9) is applied to verify
the energy transfer from Eu’*(I) to Eu*"(II) and possible
energy migration between Eu?*(1).>**’

I(t) = I(O)exp(_—t]

To

5 \3/4
3/5[1 + 10.87x + 15.50x ]
exp| Qt
1+ 8.743x ®)
x = DCpy/ 3 (9)
D = 0.5(47ny/3)*3Cpp (10)

Where I(t) is emission intensity of Eu** at time t and I(0) is
the emission intensity when t = 0, n, is the acceptor
concentration (m™), which is the concentration of Eu**(II)
in our case, and n, is concentration (m™3) of donors Eu**(I);
their initial values are estimated by the doping concentration
(0.04 or 0.08) and emission ratio of Eu**(I) to Eu**(II) as
mentioned in Section 3.3. Cp, is the energy-transfer micro-
parameter, Q is also expressed as eq 6, Cpp is energy migration
microparameter, x contains the variable t and is expressed in eq
9, D is diffusion parameter; 7, is the lifetime of Eu**(I) in the
situation of no Eu**(II) acceptors around and set to be 7,, =
440 ns from the decay curves of x = 0.001 and 0.003. This
model is valid in the limit of weak diffusion between donors
(Cpp < Cpa)- When the s parameter is close to 6, the best
agreement of fitted curves with experimental data has been
achieved as shown in Figure 6b. It indicates that the
mechanism of energy transfer is mainly dipole—dipole
interaction. The fitting parameters are summarized in Table
SS. The average Cp, parameter is about 2.52 X 107*¥ m s7/,
and the average Cpp parameter is about 1.99 X 107’ m s7},
which satisfies the rule of the Yokota—Tanimoto model.
Because the diffusion parameter D is not zero and becomes
larger at higher doping content, energy migration between
Eu** (1) also takes part in the process of Eu**(I) — Eu**(II)
energy transfer. But the energy migration between Eu**(I) is
weak in comparison with Eu**(I) — Eu®"(II) energy transfer.
Therefore, the decay of Eu’*(I) is mainly caused by energy
transfer from Eu®>*(I) to Eu®*(II) with the mechanism of
dominant dipole—dipole interaction. When energy-transfer
probability shows the same rate as the decay rate (1/7,) of
isolated Eu?*(I), the critical distance R, is calculated to be
about 11 A.

3.5. X-ray Radioluminescence of RbBagg95EUq go5PO4.
Figure 7 shows the emission spectra of the RbBag ggsEug 09sPO,
sample and crystal BaF, under X-ray excitation at RT. The
crystal BaF, is measured as a reference, and its absolute
scintillation light yields is measured to be ~10000 ph/MeV
(photons emitted per MeV of absorbed X-ray energy). The
emission band maxima at 226 and 310 nm originate from the
core valence luminescence and self-trapped-exciton emission.*®
The asymmetric emission band in the RbBagggsEugoosPO,
sample is from Eu’’(I) and Eu®(II) emissions. The X-ray
excited emission spectrum of RbBa ggsEuy oosPO, sample is in
line with that under VUV-UV excitation. Based on the
calculated ratio of integrated intensity to that of BaF,, the
estimated light yield () for RbBaggosEug00sPO, is 17 700 +
1800 ph/MeV, showing its potential application in X-ray
detecting.

4. CONCLUSIONS

In summary, we prepared the compound RbBaPO, doped with
different concentrations of Eu®* ions, the Rietveld refinement
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Figure 7. X-ray excited emission spectra of RbBagggsEuggosPO,
sample and crystal BaF, at RT.

of P-XRD data confirms that two types of polyhedrons for
metal ions occur in the host compound. The RbO,; and BaO,
polyhedrons are with same C; point symmetry. By using the
structural data and the semiempirical formulas, we assign the
doublet emission bands of Eu** ions with the maxima at ~406
and ~431 nm to arise from Eu*' in Ba®* and Rb" sites,
respectively. The EVI analysis and the temperature-dependent
luminescence further corroborate this assignment. Besides, the
Huang—Rhys factors, the ZPLs, and the Stokes shifts of Eu*' in
Ba®* and Rb" sites are estimated by EVI analysis. The energy-
transfer dynamics are studied by the measurements on the
emission decays of donor Eu** in the Ba®* site and simulated
with the Inokuti—Hirayama model and Yokota—Tanimoto
model. The results show that the dominant mechanism of
energy transfer is electric dipole—dipole interaction. The light
yield value 17700 + 1800 ph/MeV of RbBaggosEu PO,
estimated from the X-ray excited spectrum indicates the
possible application of this phosphor in X-ray detection after
further optimization.
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