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ABSTRACT: Eu*' local environments in various crystallographic sites enable the
different distributions of the emission and excitation energies and then realize the
photoluminescence tuning of the Eu** doped solid state phosphors. Herein we
report the Eu**-doped Ca;oM(PO,), (M = Li, Na, and K) phosphors with -
Ca;(PO,),-type structure, in which there are five cation crystallographic sites, and
the phosphors show a color tuning from bluish-violet to blue and yellow with the
variation of M ions. The difference in decay rate monitored at selected
wavelengths is related to multiple luminescent centers in Ca;(M(PO,),:Eu**, and
the occupied rates of Eu®* in Ca(1), Ca(2), Ca(3), Na(4), and Ca(5) sites from
Rietveld refinements using synchrotron power diffraction data confirm that Eu**
enters into four cation sites except for Ca(S). Since the average bond lengths
d(Ca—0) remain invariable in the Ca,;(M(PO,),:Eu*", the drastic changes of bond
lengths d(M—0) and Eu** emission depending on the variation from Li to Na and
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K can provide insight into the distribution of Eu** ions. It is found that the emission band at 410 nm is ascribed to the occupation
of Eu** in the Ca(1), Ca(2), and Ca(3) sites with similar local environments, while the long-wavelength band (466 or 511 nm) is
attributed to Eu®* at the M(4) site (M = Na and K). We show that the crystal-site engineering approach discussed herein can be
applied to probe the luminescence of the dopants and provide a new method for photoluminescence tuning.

B INTRODUCTION

Rare earth (RE)-activated luminescent materials with widely
and continuously tunable excitation and emission wavelength
are of considerable interest due to their applications in light
emitting diode (LED)-based solid-state lighting.l’2 To target
phosphor-converted LEDs with specific photoluminescence
properties, vigorous investigations have been performed on the
different host systems, such as nitrides, fluorides, silicates,
phosphates, and so on.”~> Among them, whitlockite p-
Cay(PO,), host has been studied in recent years due to its
versatile structural types as well as the tunable luminescence
behaviors doped with rare earth.”” The f-Ca,(PO,), host
possesses five independent cationic crystallographic sites named
Ca(1), Ca(2), Ca(3), Ca(4), and Ca(5), and the coordination
numbers are seven for Cal, eight for Ca2, eight for Ca3, three
for Ca4, and six for CaS.! The Ca(1), Ca(2), Ca(3), and Ca(5)
sites are 100% occupied by Ca®" ions, but the Ca(4) site is
occupied by 50% Ca*" ions and 50% vacancies.® Based on the
specific crystal structure of f-Cay(PO,),, many new hosts with
p-Cay(PO,),-type structure can be constructed through ion
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substitution. Partial substitution of Ca®*' by Sr**
(Cay_,Sr,(PO,),) results in a gphase transition (f — ')’ and
a red-shifted Eu** emission.” Furthermore, a new yellow-
emitting  Sr; ;5Ca, ,5(PO,),:Eu’* phosphor was found and
applied to near-ultraviolet (UV) light pumped white LEDs."’
The Ca?" also can be replaced by monovalent M* and trivalent
R*', and this substitution yielded a large number of new hosts
with -Ca;(PO,),-type structure, such as Ca;(M(PO,); (M =
Li, Na, and K),"'~** CagR(PO,), (R = Cr and Rare earth),*~"*
CagMgLn(PO,); (Ln = Y, La),"”” ™" and so on. Among these,
the Eu** doped Ca,Lu(PO,), phosphor shows a broad blue-
green emission band (480 nm),”” and the emission band of
CayY(PO,),:Eu**,Mn?* can be tuned from 486 to 638 nm
through energy transfer from Eu** to Mn*".>

Generally, a solid state compound involving two or more
sites, which luminescent center ions (such as Eu**, Ce**) can
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occupy, will be challenging for photoluminescence tuning.**
The Eu** emission changes greatly depending on the local
environment of Eu®* in different sites, which is called crystal-
site engineering.”>*® As an example of Ca,SiO,:Eu?*, Eu** with
low doping level prefers occupying the Ca(ln) sites
corresponding to green-yellow emission, and for higher Eu**
content, the red emission could be assigned to the Eu*" in the
Ca(2n) sites.”> Based on these results, for the f-Cay(PO,),
structure, there are five different crystallographic sites for
Eu’*to occupy, which should lead to different Eu**
luminescences. Actually, in our previous work,” we found
Eu’* occupied four sites corresponding to two groups of
emission bands. Moreover, we gave the relationships between
the distribution of Eu** in four sites and the luminescent
property. It was proposed that the short-wavelength emission
band was ascribed to the Eu** ions occupied over Ca(1), Ca(2),
and Ca(3) sites, and these three sites have the same point
symmetry Cl, while the long-wavelength emission band was
owing to the Eu®" ions entering the 6-fold coordination M(4)
site with point symmetry C3.”” In Ca;(Na(PO,),:Eu*", Yu et al.
considered that there are also four luminescence centers, but
they result from Eu®" entering into the Ca(1), Ca(2), Ca(3),
and Ca(5) sites.”® The structure of Ca,Na(PO,); was not
clear, and even the Na(4) site was not mentioned.
Furthermore, Liu et al. reported the structure of Ca;K-
(PO,),:Eu** phosphor and found that the size of K* was too
large to be normally replaced by Eu** ions. The broad band was
also attributed to Eu** occuping the Ca(1), Ca(2), Ca(3), and
Ca(S) randomly, which was corresponding to 460, 489, 544,
and 600 nm.”” The above results for Eu>" luminescence from
the Ca(1), Ca(2), Ca(3), and Ca(5) sites are not consistent
with our proposed model that the different luminescent
behaviors are due to the distribution of Eu?* in the Ca(l),
Ca(2), Ca(3), and M(4) sites.

Therefore, to probe the relationship between Eu**
luminescence and the different distributions of Eu®* in diverse
sites and confirm to which crystallographic site for Eu** the
emission band belongs, we design the Ca;(M(PO,),:Eu** (M =
Li, Na and K) and investigate Eu®* emission depending on the
variation from Li to Na to K ions. The variation in decay rate
with respect to different detection wavelengths is examined in
detail to verify the coexistence of multiple luminescent centers.
Furthermore, the occupied rates of Eu** in five sites of
CNP:0.1Eu** suggest that Eu® enters into Ca(l), Ca(2),
Ca(3), and M(4) sites, answering for the two emission bands.
By combining the drastic changes of M—O bond length and
Eu®" emission by varying the M ions, the distribution of Eu**
ions in Ca;oM(PO,), has been confirmed.

B EXPERIMENTAL SECTION

Materials and Preparation Method. Ca,,_,M(PO,),:xEu*" (M
= Li, Na and K; 0.001 < x < 0.1) were synthesized by a solid-state
reaction. CaCO; (A.R.), Li,CO; (AR.), Na,CO; (AR.), K,CO,
(AR.), NH,H,PO, (AR.), and Eu,0; (99.99%) were used as raw
materials. Stoichiometric amounts of the required cation sources were
combined and ground together with a small amount of ethanol using
an agate mortar and pestle until the mixtures were almost dry (above
25 min). Mixtures were then shifted to the crucible and preheated at
800 °C for 3 h. After being ground, the powder mixtures were sintered
again at 1350 °C for 4 h under a reducing atmosphere of N,—H, (5%).
After firing, the samples were cooled to room temperature in the
furnace and were ground again.

Characterization. Powder X-ray diffraction (XRD) measurements
were performed on a D8 Advance diffractometer (Bruker Corporation,
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Germany), operating at 40 kV and 35 mA with Cu Ka radiation (4 =
1.5406 A). The scanning rate for phase identification was fixed at 8°
min~" with a 26 range from 15° to 60°, and the data for the Rietveld
analysis were collected in a step-scanning mode with a step size of
0.02° and S s counting time per step over a 26 range from 5° to 120°.
Synchrotron powder X-ray diffraction (SXRD) data were collected at
TPS 09A (Taiwan Photon Source) of the National Synchrotron
Radiation Research Center and using an X-ray wavelength of 0.82656
A. The 15 keV X-ray source is delivered from an in-vacuum undulator
(TU22), and the powder diffraction patterns were recorded by a
position-sensitive detector, MYTHEN 24K, covering a 26 range of
120°. The powder sample was loaded into a 0.5 mm capillary for
uniform absorption and faster rotation during data collection. Due to
the small gaps between detector modules, the two data sets were
collected 2° apart with 60 s exposure time, and the data were merged
and gridded to give a continuous data set. Rietveld refinement was
performed by using TOPAS 4.2.°° The room-temperature photo-
luminescence (PL) and photoluminescence excitation (PLE) spectra
were carried out by a fluorescence spectrophotometer (F-4600,
HITACH]I, Japan) equipped with a photomultiplier tube operating at
400 V and a 150 W xenon lamp as the excitation source. The low-
temperature luminescence properties were measured on a FLSP9200
fluorescence spectrophotometer (Edinburgh Instruments Ltd.,, U.K.).
The luminescence decay curves were also obtained using a FLSP9200
fluorescence spectrophotometer (Edinburgh Instruments Ltd., U.K.),
and an nF900 flash lamp was used as the excitation resource.

B RESULTS AND DISCUSSION

Many previous researchers have described the crystal structure
of f-Ca;(PO,),, which can be also written as $-Ca,;(PO,) 4
and when two univalent metals M" ions (M = Li, Na, and K)
are substituted for one divalent Ca®* ion, -Ca,yM,(PO,),
host can be obtained, namely, Ca;(M(PO,),. Therefore,
Ca;oM(PO,); is assigned to the f-Ca;(PO,),-type structure
in this work. In the Ca;oM(PO,), host, there are five
independent cation sites, named as Ca(1l), Ca(2), Ca(3),
M(4), and Ca(5) sites, respectively. All sites are 100% occupied
by Ca ions or M ions. Figure Sla (in the Supporting
Information) shows the XRD pattern of CayoM(PO,),:0.1Eu**
(M = Li, Na, and K), and the results indicate that all peaks of
the samples can be well ascribed to a trigonal (R3c) phase
Ca;oK(PO,); (JCPDS card no.45-0138). Moreover, Rietveld
analysis of the selected chemical compositions of CaggyLi-
(PO,)-:0.1Eu** (abbreviated to CLP hereafter), CayoNa-
(PO,);:0.1Eu** (abbreviated to CNP hereafter), and CagoLi-
(PO,),:0.1Eu*" (abbreviated to CKP hereafter) samples have
been conducted, and the results, as shown in Figure S1b—d,
also verified that the three phases were isostructural with f-
Ca;(PO,),-type structure. The crystallographic parameters
obtained from XRD Rietveld refinements for the CayoM-
(PO,);:0.1Eu** (M = Li, Na, and K) samples are summarized
in Table S1. Given that the ion radius of alkali metal (Li, Na,
and K) is Li < Na < K, the lattice expansion should take place
compared to the peaks of CLP. The dependence of the lattice
parameters (a and c) and cell volume (v) on the ionic radius of
M in CagoM(PO,),:0.1Eu** (Li, Na, and K) is shown in Figure
1. It can be seen that lattice parameter a and cell volume V
increase depending on different cations from Li to Na and K.
However, the lattice parameter ¢ decreases. The reason is
associated with special rotation of polyhedra. Herein, if two
polyhedras MO, have a joint O ion and the M—O—M angle is
big (>150—160°), then under heating the bond length M—O
become bigger, and it leads to the M—O—M angle decreasing.
This process looks like rotation of these two polyhedra in
different directions. The most important thing is that the
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Figure 1. Dependence of the lattice parameters (a and c) and unit cell

volume (v) on the ionic radius of Li, Na, and K in CayoM-
(PO,),:0.1Eu**.

distance between M:-M becomes smaller and the cell
parameters decreased. As we find that the heating process
leads to a decrease of the cell parameter and sometimes the cell
volume, similarly doping by a bigger ion has the same effect as
the heating process, so that the reason for contraction of cell
parameters can be similar.

To further investigate how the substitution of different alkali
metal ions (Li, Na, and K) affects the Ca;(M(PO,),:Eu®*
luminescent properties, the excitation and emission spectra of
Ca;oM(PO,),:0.001Eu** (M = Li, Na, and K) are recorded and
their comparisons are given in Figure 2, along with the inset
photographs of the samples under 365 nm UV lamp irradiation.
Additionally, the influence of Eu®* concentration on the
luminescence properties of Ca;(M(PO,); is also investigated
by varying the Eu** content between 0.001 and 0.08. Figure
2a,b exhibits the normalized excitation spectra and emission
spectra of the CLP samples with the different Eu’*
concentrations (x = 0.001, 0.005, 0.01, 0.03, 0.05, and 0.08).
Upon the increasing of x, there is always one dominating
emission band centered at 414 nm with a narrow bandwidth
when monitored at 276 nm. However, the origin of a very weak
hump in the range of 480—600 nm will be discussed later.
Furthermore, the emission intensities have an obvious
increasing trend with increasing Eu®" concentration, and then
the emission intensity declines dramatically due to the
concentration quenching. From the normalized excitation
spectra as presented in Figure 2a, it can be seen that the
dominant excitation band of Eu®" is located at about 276 nm.
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Figure 2. Normalized excitation spectra and emission spectra of Ca;o_,M(PO,),:xEu** (M = Li, Na, and K) (0.001 < x < 0.08) samples: (a, b) M =
Li, (c, d) M = Na, and (e, f) x = K. Inset: photographs of three samples upon excitation at 365 nm.
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However, additional excitation band centered at 355 nm in the
low energy side emerges accompanied by increasing x, but the
intensity is weak. As can be seen from the normalized excitation
spectra and emission spectra of CNP:xEu** (x = 0.001, 0.005,
0.01, 0.03, 0.05, and 0.08) in Figure 2c,d, even if the Eu®"
content is 0.001, there are two distinct emission bands located
at 410 and S11 nm, respectively, in the range of 380—650 nm
recorded for A, = 327 nm. The emission intensities of two
bands first increased and then decreased as a function of x. As
shown in Figure 2¢, it can be seen that the normalized
excitation spectra of CNP:xEu** consists of two bands within
the scope of 250—450 nm, and the main band is centered at
276 nm and the other shoulder on the low energy side of the
spectrum is located at 327 nm. Figure 2e,f shows the
normalized excitation spectra and emission spectra of
CKP:xEu®* (x = 0.001, 0.005, 0.03, 0.05, and 0.08). Under
excitation at 290 nm, it also gives two emission bands centered
at 410 and 466 nm, respectively. With the increasing of Eu**
concentration, the emission intensity of the shorter-wavelength
side at 410 nm decreases gradually together with the gradual
increase of the longer-wavelength side at 466 nm, which will
also be discussed later. The excitation spectra of CKP:xEu®*
contain three peaks centered at 290, 327, and 385 nm,
respectively. Comparing to their emission spectra of
CLP:0.001Eu**, CNP:0.001Eu**, and CKP:0.001Eu*, for the
emission spectra of CLP:0.001Eu** the 410 nm band
dominates. However, the emission spectra of CNP:0.001Eu*"
and CKP:0.001Eu®** contain two obvious broad bands.
Therefore, we can conclude that the emission band located at
410 nm is intrinsic for the three samples under investigation;
however, the second emission band differs in position from
CNP:0.001Eu** and CKP:0.001Eu** (511 and 466 nm).
Possibly the two emission bands in the CNP:0.001Eu®* and
CKP:0.001Eu** indicate that Eu®* ions enter into different
crystallographic sites corresponding to different luminescence
centers.
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As mentioned above, there are five independent crystallo-
graphic sites in Ca;;M(PO,);. From Rietveld refinement
analysis for the as-prepared samples, the coordinated number
is seven for Ca(1), six for Ca(2), seven for Ca(3), six for M(4),
and six for Ca($), and the average bond length of five sites in
the CLP:0.1Eu*", CNP:0.1Eu*", and CKP:0.1Eu** are shown in
Table S2. For the Ca(5) site the average bond lengths are 2.26,
2.24,and 2.28 A corresponding to CLP, CNP, and CKP. Small
Ca—0 bond length implies that it is unsuitable for doping Eu*".
However, the average bond length of Ca(1), Ca(2), Ca(3), and
M(4) sites is big enough for Eu*". The ionic radii of M ions (in
six coordination) are 0.76 A for Li*, 1.02 A for Na*, 1.38 A for
K*, and 1.17 A for Eu**. In CLP:Eu** (only a dominated 410
nm band), even if the Li—O bond length is relatively bigger
(2.54 A), we suppose that the Eu** ions will not prefer to enter
the M(4) site owing to the charge mismatch and ion radius
mismatch. Thus, Eu** ions are potentially distributed over
Ca(1), Ca(2), and Ca(3) sites. For CNP and CKP, Eu’* ions
can occupy Ca(1), Ca(2), Ca(3), and M(4) sites due to no
definite limits.

A well-established method to certify the existence of different
Eu® luminescence centers is to measure the luminescence
lifetime of CNP:0.001Eu** and CKP:0.001Eu?* recorded for A,
= 300 nm, and different emission wavelengths are depicted in
Figure 33" As different luminescence centers set in, the
luminescence lifetime changes greatly because of an additional
nonradiative contribution to the decay process.”” As an
example, luminescence decay curves of CNP:0.001Eu** were
monitored at different detection wavelengths, and the
representative decay curves monitored at 410 and 511 nm
are presented in Figure 3a. All decay curves are (close to) single
exponential. In Figure 3b the lifetimes are plotted as a function
of different monitoring wavelengths. Some remarkable differ-
ences of the lifetimes increasing suddenly are observed. The
lifetimes are evaluated to be 0.72 and 1.07 us for peaks at 410
and 511 nm, respectively. The above results suggest there are
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different luminescence centers in CNP:Eu?*. Furthermore, the
lifetimes and decay curves of CKP:0.001Eu** recorded different
wavelengths are depicted in Figure 3c,d. The lifetimes also
change greatly, verifying two different luminescence centers.
To accurately find sites which are occupied by Eu**, the high-
quality synchrotron powder pattern of CNP:0.1Eu** is
measured. The Rietveld refinement is accomplished for
CNP:0.1Eu** phosphor from the observed SXRD patterns
(Figure 4a), and the final converged weighted profile of R,), is
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Figure 4. SXRD profile for Rietveld refinement result of CNP:0.1Eu**
(a). Crystal structure of CNP:0.1Eu** and the occupied rates of Eu**
in Ca(1), Ca(2), Ca(3), Na(4), and Ca(5) sites (b).

4.45%. The refined model shows that the occupied rates of Eu*"
in Ca(1), Ca(2), Ca(3), Na(4), and Ca(5) sites are 0.4%, 1.4%,
0.3%, 4%, and 0%, respectively (Table S4). So we can conclude
that only four sites are occupied by Eu**, and the results certify
the above result that Eu** cannot enter into the Ca(5) site. It
should be noted that the Na site has the biggest volume over all
five sites with an average bond length of d(Na—0Q) = 2.78 A,
and accordingly it contains the largest amount of Eu** ions
(4%). Figure 4b gives the exact crystal structure of
CNP:0.1Eu** and the Ca/Na atomic site with their
corresponding neighboring atoms from the refined results.
The precise Rietveld refinement data from the high-quality
synchrotron pattern demonstrates the direct evidence from the
solid state structure on the different distributions of Eu?*
dopant in various crystallographic sites, which is also in
agreement with the optical measurement.

Now that there are four cation sites, generally forming four
kinds of emission centers in CNP:Eu?>* and CKP:Eu?*, the
numbers of observed luminescence peaks should be equivalent
to the number of sites occupied by the luminescent center ions.
Actually only two bands are observed in Figure 2d,f. For CNP,
the average Ca/Na—O bond lengths in the Ca(1), Ca(2), and
Ca(3) sites are 2.51, 2.49, and 2.52 A, which are much shorter
than the Na—O bond length 2.78 A (Table S2). The average
Ca—O bond lengths of three sites are similar, indicating the
similar local environment surrounding Eu®" ions. The Eu®*
emission spectra are expected to be similar. Therefore, the four
luminescence centers can be divided into two types: (1) Eu**
occupies the Ca(1), Ca(2), and Ca(3) sites, and (2) Eu®*
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occupies the Na(4) site, respectively. The occupied rates of
Eu®" in the four sites also confirm this division, and why only
two emission bands were included can be explained. The above
analysis also can be suitable for that of the CKP:Eu*".
Comparing to the host of CLP, CNP, and CKP, the
difference is that the ionic radii of Li, Na, and K follow Li < Na
< K. Turning to the influence of Li, Na, and K on the emission
spectra, as shown in Figure Sa, it is found that the emission
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Figure S. Comparison of the normalized emission spectra of
CaggoM(PO,),:0.01Eu** (M = Li, Na, and K) samples (a). Main
average bond lengths (A) of five sites in CagoM(PO,),:0.1Eu*" as a
function of ion radii of M (b). The proposed model on the specific
distribution of Eu** ions in different sites of Ca;oM(PO,), host (c).

spectra of the Ca;(M(PO,),:Eu?* contains the same band at
410 nm, but the second band on the long wavelength side only
can be observed as M = Na and K, as also mentioned above.
The CLP:Eu”* with a 410 nm band further confirms that the
Eu®* cannot enter into the Li(4) site in principle because of the
smallest crystallographic site in the CLP host. However, as
mentioned above in Figure 2, we should also mention that
there is a very weak hump in the emission peak of CLP:Eu*’,
which should be possibly related with the occupation of a very
small amount of Eu** in the distorted Li(4) site owing to the
elastic lattice and the possibility in statistics.

The average bond lengths of five sites in Ca;(M(PO,); as a
function of ion radii of M are exhibited in Figure Sb. The
differences of the M—O bond lengths, d(Li—0) < d(Na—0) <
d(K—0), are remarkable when varying the M ions. However,
the average bond lengths of Cal—0O, Ca2—0O, and Ca3-O
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almost remain the same. Therefore, the variation from Li to Na
to K ions only changes the local environment of Eu** ions in
the Na(4) and K(4) sites, which leads to different Eu®*
emission in CNP and CKP, as shown in Figure Sa. However,
the local environment of Eu** ions in the Ca(l), Ca(2), or
Ca(3) sites remains nearly invariable, so that the Eu** emission
should be the same. Anyway, based on the comparison of the
changes of bond-length data and Eu®* luminescence in
Ca;oM(PO,),:Eu**, we propose a model for specific distribu-
tion of Eu?* ions in different sites: the emission band around
410 nm is originated from Eu®" ions that are distributed over
Ca(1), Ca(2), and Ca(3) sites, while the emission band on the
long wavelength side (511 and 466 nm) is attributed to the
Eu® ions that enter the M(4) site (M = Na and K). To further
validate our speculation, two solid solutions of
CaloLio.zNaosKos(PO4)71E‘12+ and Ca;oNay Ky 4(PO,);:Eu**
are designed to provide better insight into understanding the
crystallography occupied. Provided that, the 410 nm emission
band is assigned to Eu*" ions that enter the M(4) site, while the
other band is owing to that Eu®" occupy one Ca(1)—Ca(3)
sites. When Li, Na, and K ions are introduced into one phase,
theoretically the emission spectra of the designed
CayoLiy,Nay Ko 3(PO,),:Eu®* should consist of three bands
(410, 466, and 511 nm). Actually, as can be seen from the
emission spectra of two solid solutions (Figure S2), they both
consist of two bands centered at ~410 nm and ~500 nm. This
result proves the above assumption is invalid and further
confirms that the model for crystallographic occupation of Eu**
we proposed is reasonable in Ca;(M(PO,),:Eu** (M = Li, Na,
and K), as shown in Figure Sc.

Additionally, the second emission bands of CNP:0.01Eu**
and CKP:0.01Eu®" are located at 511 and 466 nm, respectively.
The shift to higher energies of the second emission from Na to
K is due to the crystal field splitting (Dq), and it is expressed as
follows:*

2
ze r4

6R

D= )

where Dq is the measurement of the crystal field strength, R is
the distance between the central ion and its ligands, z is the
charge or valence of the anion, e is the charge of an electron,
and r is the radius of the d wave function. The bond length K—
O is bigger than that of Na—O, and it leads the crystal field
splitting becoming smaller, while the position of the lowest
energy Sd state (the emitting state) shifts to higher energies.
Thus, a blue shift can be observed. These results further
confirm that the second emission band located at 511 or 466
nm is attributed to Eu®" ions that enter M(4) (M = Na and K).
Furthermore, according to the above discussion, the four
crystallographic sites can be occupied by Eu**, and two sets of
luminescence centers have different surrounding environments;
the emission band around 410 nm is ascribed to the Eu’* ions
that are distributed over the Ca(1), Ca(2), and Ca(3) sites,
which have similar surrounding environments. To distinguish
the difference among the three sites, the excitation and
emission spectra of CKP:0.001Eu®* are recorded at 80 K as
shown in Figure S3, which reflect the intrinsic luminescence
properties of the isolated Eu?*. However, no obvious
differences are observed in the emission spectra monitored at
different excitation wavelengths. This suggests that the emitting
d-levels for the three sites are too close in energy to be clearly
distinguished, even at low temperature.”*
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To understand the correlation of different emission centers,
it is worth noting that the 410 nm emission band of CKP:xEu**
is dominant for x = 0.001 and then the emitting intensities of
both bands (410 and 466 nm) are enhanced as x = 0.005
(shown in Figure 2f). It is assigned to preferential site
occupation of Eu*" in different crystallographic sites. At low
Eu®" concentration, Eu** prefers to occupy the Ca(1), Ca(2),
and Ca(3) sites and affords the emission band at 410 nm,
named the Eu(I) luminescence center. For higher amounts of
Eu®’, Eu®" enters into the K(4) site preferentially, named the
Eu(I) luminescence center, which is responsible for the
emission band at 466 nm. For x > 0.00S, the intensity of the
emission band at 410 nm decreases, and the emitting intensity
of the 466 nm band strengthens and becomes the dominant
emission. A possible cause for the phenomenon is related to the
energy transfer behaviors among different Eu®* sites due to the
presence of two luminescence centers (Eu(I) and Eu(Il)). In
the case of energy transfer, there are additional decay channels
that shorten the lifetime of the excited state.>* Therefore, to
determine if the energy transfer is responsible, the concen-
tration dependence of the luminescence lifetime, monitored at
Aem = 410 and 466 nm, is considered. Figure 6 shows the decay
curves and lifetime values of Eu(I) and Eu(II) in CKP as a
function of x. As can be seen from the variation of lifetime
values in different emission centers (Figure 6¢), the values for
both of the two emission centers are shortened obviously upon
increasing the Eu® concentration, especially for the shorter
wavelength side of the emission band (410 nm). The above
results indicate that the intensity changes between two bands
(410 and 466 nm) in the CKP:xEu*" are caused by energy
transfer from Eu(I) to Eu(II).

B CONCLUSIONS

In summary, we presented a crystal-site engineering approach
to probe the Eu*" luminescence in different crystallographic
sites of Ca,M(PO,); (M = Li, Na, and K) and realize
photoluminescence tuning from bluish-violet to blue and
yellow. Eu** emission in CLP gives one dominated peaks at
about 410 nm, while two emission bands can be observed in
CNP:Eu** (410 and 511 nm) and CKP:Eu®* (410 and 466
nm), respectively. The variation in decay rate with respect to
different detection wavelengths has verified the coexistence of
multiple luminescent centers in Ca;oM(PO,),:Eu**. The
Rietveld refinement using synchrotron powder diffraction
data confirms the different occupied rates of Eu** in the
Ca(1), Ca(2), Ca(3), Na(4), and Ca(5) sites of Ca;oNa(PO,)..
The influence of Li, Na, and K on the Eu?* luminescence and
average bond-length d(M—O) provide insight to probe the
distribution of Eu** ions from another insight into the
distribution of the crystallographic sites. Combing the drastic
changes of the d(M—0) bond length (d(Ca—O) almost stays
the same in three sites) and Eu*" emission, we confirm that the
emission band at 410 nm is due to the distribution of Eu** in
the Ca(1), Ca(2), and Ca(3) sites with similar local structures,
while the long-wavelength band (466 or 511 nm) is attributed
to the Eu®* that enters the M(4) site (M = Na and K). The
blue-shift (511 to 466 nm) of the second emission peak is due
to the crystal field splitting by varying from Na to K in M(4)
sites. These results demonstrate that the crystal-site engineering
approach can control the distribution of the RE dopants in the
solid state compounds and open a new gate for the
photoluminescence tuning and optimization.
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Figure 6. Decay curves of the defined Eu(I) (a) and Eu(Il) (b)
emission centers in CKP:xEu’* as a function of x and the dependence
of the lifetime values of Eu(I) and Eu(Il) on different Eu**
concentrations in CKP:xEu?* (c).
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