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Abstract

Eu**-doped pyrophosphate ceramic SrZnP,O, was prepared by the solid-state reaction method. The ceramic was investigated by XRD, SEM,
photoluminescence excitation and emission spectra, and decay curves. The red luminescence only arises from the °Dy level of Eu’" ions.
The microstructure was investigated by the luminescence probe of Eu*™ ion. There are two kinds of Eu** luminescence centers, which occupy
both Sr>* and Zn>" sites. The energy transfers could only be detected from the Eu®* ions doped on Zn>*-sites to those on Sr**-sites. The possible
defects and charge compensation mechanisms were discussed on the base of crystal structure and luminescence properties. Besides, the reason

why the luminescence of Eu** doped on Zn>*-sites is quenched at room-temperature was analyzed.

© 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved
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1. Introduction

Compounds doped with rare-earth ions (RE) are important
functional materials for optical technology and luminescence
display due to the rich 4f/~4f transitions in 4f" ions [1-6].
Phosphate has been paid great attentions because of its
excellent properties, e.g., large band gap and high absorption
in VUV-UV region, the moderate phonon energy, high
chemical stability and exceptional optical damage threshold
[7,8].

The crystal structures of pyrophosphates M,P,0; and (A,
M),P,0, (A and/or M an alkaline earth or divalent 3d-metal
ion) have been widely investigated in the past decades [9—12].
Different applications of pyrophosphates have been reported,
for example, the photoluminescence of RE-doped Sr,P,05 [13]
and a-Ca,P,0; [14], magnetic properties of BaMP,O, [15],
FePb, _,Ba,P,0,; (0<x < 1) [16], and AMP,0,; (A=Mg, Ca,
Sr or Ba; M=Cr, Mn, Co, Ni, Cu, Zn, Cd or Pb) [17],
dielectric properties of SrZnP,0O; composites [18], etc.
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Mixed pyrophosphates STMP,O; (M=Mg, Ca, Ba, Zn, Cr,
Mn, Fe, Co, Ni, Cu, Cr or Cd) can form a series of compounds,
which are all isostructural to a-Ca,P,0;. There are two cation
positions in a-Ca,P,07, i.e Ca(1) and Ca(2). They correspond
to the Sr*™ and M in StMP,0; structure. The difference is that
the coordination number of M sites in SrMP,O, decreases
from 8 in a-Ca,P,0O; to 5, leading to the [MOs] groups
[11,19]. For example, SrZnP,O; belongs to the series of
isotypic crystal structures and is closely related to a-Ca,P,0-.
Fig. 1(a) is a projection, on to [100], showing the distribution
of ions in SrZnP,0; structure. The unit contains two indepen-
dent phosphorus centers tetrahedrally coordinated; Zn*" shows
a (4+1) square-pyramidal coordinated with oxygen. ZnOs and
P,O; build a three-dimensional framework with channels; Sr
ions occupy the channels surrounded by eight O atoms. The
spatiality of this structure is the chain arrangements of SrOg
dodecahedron along the [010] direction as shown in Fig. 1(b).

Luminescence properties of RE-doped SrZnP,O; have been
paid great attentions. Hoppe et al. [20] investigated the structure
and luminescence of STIMP,0, (M =Zn, Sr) co-actived with Eu*"
and Mn”". It is suggested that for the co-doping of Eu** and Mn?
* in StZnP,0, it is desirable to keep the Sr—Zn distance as short
as possible for the energy-transfer from Eu®** to Mn**, because
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Fig. 1. (a) The schematic views of double unit cell of StZnP,O; structure
along a-direction and (b) the coordination geometries of SrOg chains along
b-direction.

7Zn0Os and SrOg are directly connected via a common O bridge.
Yuan et al. [21] reported that the quantum efficiency of violet—
blue emitting phosphor StZnP,O;:Eu** was as high as 96% of
the standard commercial BaMgAl;,O 17:Eu*t phosphor. as a
phosphor, SrZnP,O:Eu®* exhibits great potentials such as
ultraviolet light emitting diode and photo-therapy lamps. Besides
the efficient energy transfer from Eu®* to Mn®* [22], and Ce™™" to
Tb>* [23] take place in SrZnP,O; host.

In this work, we gave a deep investigation to answer the
question where the RE ions can be accommodated in pyropho-
sphate lattices. There are two cations (Sr and Zn) in the
S1tZnP,0; host, it is a question where or which site between Sr
and Zn the RE ions will occupy in this lattice. Eu’™ is selected
as the structural probe to investigate the crystallographic
distribution and the microstructure environments of Eu*" ions
in SrZnP,0O, ceramics.

2. Experimental

Eu’**-doped SrZnP,0O- ceramics were prepared by the solid-
state reaction method using stoichiometric amounts of high
purity fine powders: SrCO;, ZnO, NH4H,PO, and Eu,Os;.
Firstly, the mixture was ball-milled for 2 h with water. The
slurry was dried and pre-heated at 850 °C for 6 h. Then
calcined powders were ball-milled again with water and some
organic dispersant. The mixture was dried again and uniaxially
pressed into pellets. The pellet was sintered at 1000 °C for 6 h
in air atmosphere.

The X-ray diffraction (XRD) patterns were collected on a
Rigaku D/Max-2000 diffractometer operating at 40 kV, 30 mA
with Bragg—Brentano geometry by using Cu Ko radiation
(A=1.5418 A). The optical excitation and emission spectra were
recorded by a Perkin-Elmer LS-50B luminescence spectrometer
and a Hitachi F-4500 fluorescence spectrophotometer.

The excitation source is a dye laser (Spectron Laser Sys.
SL4000) pumped by the second harmonic (532 nm) of a
pulsed Nd:YAG laser (Spectron Laser Sys. SL802G). The
samples were placed in a liquid helium flow cryostat for
measurements in the variable-temperature region (15-300 K).
The laser beam was focused inside the sample with a cross-
sectional area of about 3 mm?® The 355 nm pulsed laser with
about 7 mJ pulse energy was used for UV-irradiation on the
samples. The luminescence decays were measured by mon-
itoring the given emission from the samples under the pulsed
laser excitation. The luminescence was dispersed by a 75 cm
monochromator (Acton Research Corp. Pro-750) and observed
with a photomultiplier tube (PMT) (Hamamatsu R928).
Suitable filters were used to eliminate the intense laser
scattering. The slit widths of the monochromator were
normally set to give a resolution of 0.025 nm for emission
spectra and the pulse width of 5ns. Decay profiles were
recorded with a LeCloy 9301 digital storage oscilloscope in
which the signal was fed from PMT, and were fitted to
appropriate one- or two-exponential functions to obtain the
lifetimes of emitting levels.

3. Results and discussions
3.1. The phase formation

Fig. 2 shows the X-ray powder diffraction patterns of
0.5 mol% Eu’*-doped SrZnP,O, compared with the PDF2
card number 49-1026 (SrZnP,0-) selected from the Interna-
tional Centre for Diffraction Data (ICDD) database. It is clear
that the positions and relative intensities of the main peaks in
the samples match well with the standard card. No impurity
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Fig. 2. XRD pattern of Eu3+—doped S1ZnP,07 compared with the corresponding
standard PDF2 cards 49-1026.
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Fig. 4. The photoluminescence excitation (a: A.,, =587 nm) and emission
(b: dex=254) spectra of StZnP,07:Eu*t 5 mol%.

lines were observed, and all the reflections could be well
indexed to the SrZnP,0; single phase.

Fig. 3 shows the SEM micrograph of SrZnP,O, ceramic.
The ceramic consists of closely packed grains. Furthermore,
surfaces of the crystal grains are smooth, indicating that well-
crystallized phosphate ceramics could be obtained under an air
atmosphere.

3.2. Photoluminescence excitation and emission spectra

The photoluminescence excitation and emission spectra of
SrZnP,0-:Eu** 5.0 mol % are shown in Fig. 4. The broad band
in the excitation spectrum (Fig. 4a) from 200 to 300 nm with a
maximum at 256 nm is the charge transfer (CT) from the 2p
orbital of the O*~ to the 4f orbital of Eu** ions. The sharp lines in
the region of 350-500 nm are transitions between the "F, and *H,,
Dy, °Gy, °Le, 5D2, 1 levels. Obviously, the intensity of the CT band
is much stronger than that of f~f transitions in near UV
wavelength. This indicates that the phosphors cannot be efficiently

excited by the radiation of near UV-emitting InGaN based LED
chips (around 400 nm).

Voort et al. [24,25] have investigated the influence of an
effective charge at the Eu’" ions on the quantum efficiency
under charge-transfer (CT) excitation (gcr) in the calcium and
zirconium compounds. The results have been explained by a
model which relates the sign of the effective charge to the
shape and position of the parabola in the configurational
coordinate diagram [24]. It has been suggested that the ions
with intraionic transitions (f~f in Eu’*) in some calcium
compounds seem to show efficient luminescence if they have
a positive effective charge. Whereas the luminescence of the
jons are involved in an interionic transition (CT between Eu>*
and O®7) is weak. A positive effective charge gave rise to a
large relaxation in the CT state and a low gcr value [26]. For a
negative effective charge, the relaxation was predicted to be
less and gt was high [24,27]. Followed by this model, it could
be suggested that the effective positive charge of the Eu*" ions
at Sr** sites in SrZnP,O; may be relatively weak.

The emission transitions of *Dy— 'Fy 1 534 are convenient to
characterize the different kinds of Eu’" sites in a structure.
Fig. 4(b) presents the emission spectrum of StZnP,0,:0.05Eu’*
excited by 254 nm (Hg lamp). The excitation of 254 nm can be
considered as a non-selective one, all Eu’™* sites will be excited.
There are groups of sharp lines assigned to the transitions of
SDy—"E; (J=0-4) levels of Eu>*. The emission at about 580
and 613 nm are the transitions of 5D0—>7F0 and 5D0—>7F2,
respectively. The emission intensities corresponding to the
5D0—>7F3,4 transitions are weak. The dominated red emission
transitions of 587, 593, and 595 nm are attributed to the
magnetic dipole transition of *Dy— F;, indicating that Eu**
is located at the site of inversion symmetry [28].

Fig. 5 is the emission spectra in the region of °Dy—F,
transition under the excitation of 254 nm for the samples doped
with Bu** of 0.5, 3.0 and 5.0 mol %. All the spectra show similar
emission positions. Two emission peaks at 579.18 nm (17,266
em™ ') and 578.06 nm (17,300 cm ™ ') could be observed, which
were labeled as A and B, respectively. Because there are no
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Fig. 5. The luminescence spectra of SrZnP,O-:Eu** 0.5, 3.0 and 5.0 mol% in

the wavelength region of the "Dy — F, transitions under excitation of 254 nm-
UV light at 300 K.
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Fig. 6. The excitation spectra for "Fo—°D, transition of Eu’® ions in
SrZnP,07:Eu** 0.5 mol%. The spectra were obtained by monitoring the total
luminescence at 15 K and at 300 K. The spectra were obtained with a 580 nm
filter before the sample and by setting monochrometer in zero order of
diffraction to pass all the SDy—F; (J=0-4) emission of Eu’* from the
samples. The peaks are labeled by Eu**(A) and Eu*(B).

emissions from the upper energy level (SDLZ,) as mentioned above,
the presence of two-site distributions in the “Dy— 'F, transition
range confirms that Eu** ions were introduced into the lattices on
two different crystallographic sites.

3.3. The excitation spectra of "Fy— Dy transition

In order to confirm the two Eu’* site-distributions, the
excitation spectra of SrZnP,07:0.05Eu>" were investigated by
monitoring the total luminescence using dye laser (Fig. 6).
At 15K and 300 K, only two excitation peaks at 579.18 nm
Eu**(A) and at 578.06 nm Eu>*(B) corresponding to "Fy— D,
transitions can be observed. The excitation site Eu*(B) is
weak, however, the site Eu’*(A) has a stronger intensity. This
confirms that Eu® *(A) is the dominated site. The 7F0 and 5D0
levels are non-degenerant and the spectra associated with
transitions between them should contain as many lines as the
number of non-equivalent sites. This further indicates that Eu**
ions occupy two sites in SrZnP,O;:Eu’*.

3.4. The site-selective emission spectra

The site-selective emission spectra were recorded for
S1ZnP,05:0.005Eu>* under excitation into Eu**(A) (Fig. 7a) at
300 K and Eu3+(B) sites (Fig. 7b) at 15 K. The results represent-
ing 5D0—>7F 7 (J=1-4) emission clearly show two distinct spectra
for two samples, especially in the case of *Dy— F; transitions.

It is a well-known theory that the maximum splittings
transitions for 5D0—>7FJ (J=0, 1, and 2) are 1, 3 and 5,
respectively, for each site in a crystal field. In fact, under the
selective excitation into the 5D0 Eu3+(B), the emission
spectrum (ex=578.06 nm) (Fig. 7b) presents more than 7
emission lines for that in Dy — 'F, transitions.

Two of the emission lines are located at the same position
with those obtained under the selective excitation into Eu>*(A)
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Fig. 7. The site-selective emission spectra of SDy—"F; (J=1, 2) for the site
Eu**(A) exciting at 579.18 nm and that for Eu**(B) at 578.06 nm at 300 K (a)
and 15 K (b) in SrZnP,05:Eu** 0.5 mol%. The symbols “*” labeled in Fig. (b)
indicate the emission lines which are from Eu’™" site A.

(labeled as ““” in Fig. 7(b)). So under the excitation into Eu3+(B),
the emission lines come from both Eu’*(A) and Eu**(B) sites. In
this case, by comparing the two spectra, the Stark components of
the °Dy— 'F; (J=0-2) transitions for the two sites can be derived
and are reported in Table 1. The fact that the emission from
Eu**(A) can be observed under the site-selective into Eu’*(B)
means the energy transfer occurs from Eu’*(B) (higher energy
site) to Eu*"(4) (lower energy site), and the energy transfer from
Eu**(A) to Eu**(B) cannot occur.

In order to confirm this kind of energy transfer between the
two Bu* sites, the site-selective excitation spectra were mea-
sured by singly monitoring emission from *Dy— F; transition
of Eu**(A) (at 587 nm) and °Dy—F; transition (591 nm) of
Eu**(B), respectively (see Fig. 8(a)). The excitation spectrum by
monitoring the Eu**(A) emission at 587 nm indicates that the
excitation comes from both Eu® *(A) and Eu3+(B). However, the
excitation spectrum of Eu3+(B)-emjssion at 591 nm shows the
excitation line only comes from site B itself (Fig. 8(b)). This
indicates the existence of the energy transfer from Eu**(B) to
Eu’t(A).

To further testify the energy transfer process, the fluorescence
decay curves were measured. Fig. 9 shows the decay curves of
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Table 1
The wavelength (nm and cm ™ ') and energy assignments of SDo—"F; (J=0-2)
transitions for SrZnP,0:Eu’*.

Eu*t(A) Eu’*(B)
nm cm”! nm cm™!
SDo—"Fy 579.18 17,266 578.06 17,300
SDy—"F, 587 17,035 586.5 17,051
593 16,863 591 16,920
594.75 16,814 595.7 16,786
SDy—"F, 613 16,313 610.5 16,380
615.4 16,250 611.1 16,364
621 16,103 613.6 16,297
619.2 16,150
622.3 16,070
AE('F) 221 265
a
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Fig. 8. (a) The site-selective excitation spectra by monitoring *Dy—F,

emission (587 nm in Fig. 7(b) from Eu*™(A) and (b) by monitoring
Dy~ F, emission (591 nm in from Eu**(B) at 300 K and 10 K.

SDy—F; emission under excitation in Eu*"(A) and Eu’*(B)
sites at 300 K. The luminescence from Eu’™(A) exhibits an
exponential decay with a lifetime constant 1.85 ps (Fig. 9).
However, Dy—'F, from Eu**(B) displays a non-exponential
decay with the average lifetime of 0.81 ps (Fig. 9). Such an
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Fig. 9. The “Dy—F, luminescence decay curves under the excitation of
Eu’*(A) and that of Eu’(B) by monitoring *Dy—"F; emission in Fig. 7(b)
from Eu**(A) and Eu**(B).

observation indicates a possible site-to-site energy transfer,
Eu’*(B) is the energy donor and Eu’*(A) is the energy acceptor.

Usually, the luminescence from an isolated ion shows an
exponential decay with a certain lifetime z [29]. When any
energy transfer occurs from a donor to an acceptor, the decay
of the donor emitting ions could be non-exponential depending
on average donor—acceptor distance. The non-exponential
decay curve in Fig. 9(b) can be fitted to the energy transfer
model suggested by Inokuti and Hirayama [30]. The energy
transfer process for the dipole—dipole interaction between two
Eu’" ions is given by the equation

1/2
I(t) = Ipexp —T—t()—a<i) (1

70

where, [ is the initial emission intensity for t=0, 7 is intrinsic
lifetime of donor ions, and a is a constant which includes
energy transfer rate and critical energy transfer distance (Ry) of
donor—acceptor depending on temperature [30]. The intrinsic
lifetime for Eu’*(B) site obtained by fitting the decay from
Eq. (1) is 1.24 ms (7).

It is expected that the emission from Eu’t(A), e.g. the lines
indicated by “” in Fig. 7(b), has a rise time in the initial stage
by exciting Eu**(B) because the energy transfer process leads
to feeding the 5DO state of Eu3+(A). However, no clear buildup
of the D, state for Eu**(4) was observed in the decay.

3.5. The structural assignments of Eu’* ions

StZnP,0; crystallizes in a monoclinic system with the space
group of P2;/n (14). The unit cell has four crystallographically
independent cation sites, i.e., one S site (Wyckoff 4e site) with
coordination number (CN) of 8, one five-coordinated Zn*" site
and two four-coordinated P°" sites. The [ZnOs] units and the
[P,O;] groups form a three-dimensional framework with channels
along [100] and [010], in which the St ions fill [20,31].
However, two sites were identified for Eu>* ions in the SrZnP,0,



1610 L. Qin et al. / Ceramics International 40 (2014) 1605-1611

lattice, that is, Eu>*(A) at 579.18 nm and Eu®*(B) at 578.06 nm
by site-selective laser-excitation spectroscopy.

The possible defects could be generated in the hosts as Eu®"
ions were doped in SrZnP,0- lattices because of 2+ valences
of cations Sr** and Zn*", it could be proposed that Eu** ions
will occupy Sr** or Zn* sites. The charge compensation can
be achieved by two possible mechanisms: the first is that Eu**
ions substitute for Sr** or Zn** and combine with Sr** or Zn**
vacancies, this forms a dipole complex of [2(Eu§:’)'—V”Sr] or
[2(Buz})*-V”2,]. This is a very common mechanism in RE
doped inorganic components such as Eu**-doped apatites [32];
and the second mechanism is related to interstitial oxygen, O;,
in the lattices [2(Eud) -0O";] or [2(Eu3) -0",].

The ionic radii of Bu’" (CN=8), S'* (CN=8) and Zn>"
(CN=5) are 1.066 A, 1.26 A, and 0.66 A, respectively, then Eu**
ions occupy preferably Sr** sites. So the dominated Eu®*(A) could
be assigned to Eu*" ions occupying on Sr** sites in the lattices. It
can be seen from the emission spectra in Fig. 5 that *Dy— 'Fo
emission at A 579.18 nm (17,266 cm ') is dominated at any Eu*
doping level. This is reasonable that Eu®" ions prefer to occupy
Sr** site over Zn®" site. The remained Eu’*(B) site could be
assigned to Eu’* occupying on Zn>" sites on the base of the
luminescence results by the following facts.

Firstly, Eu’"(A) presents longer luminescence decay lifetime
than that of Eu’*(B). Usually, Eu’* centers with shorter
lifetime are correlated to a more flexible Eu**-local structure,
whereas the ones with longer lifetime corresponds to more
rigid ligands-to-metal local surroundings [33]. In StZnP,0O;
lattices, Zn*" ions occupy square-pyramidal coordination and
are isolated in the structure. However, the edge-shared SrOg
form zig-zag chains along [010] direction in interlayer between
[ZnOs] units and [P,07] groups [20]. The surroundings of St
ions are more rigid than that of Zn>* ions.

Secondly, the energy of >Dy— 'F, transition could be related to
the covalency degree of the Eu—O environments on the base of the
nephelauxetic effect [34,35]. The maximum splitting of 'F,
manifold, AE(7F1), is associated with the overall electrostatic
energy of Eu’" local environments [33]. The high-energy
SDo—F, transition at 578.06 nm Eu’**(B) has high-field sites
with AE(’F;) of 265cm™' (Table 1) indicating that Eu-O
bonding is less covalent. Moreover, the low-energy “Dy—'F,
transition at 579.18 nm Eu3+(A) represents low-field sites AE
(7F1)=221 em™ !, where the Eu-O bondings are more covalent.
This could be explained by the required charge compensations: [2
(Eugf) -V",] for the substitution of the Zn>* ions by Eu**(B),
and [2(Budh)"-0";] for Eu**(A) on S sites.

Thirdly, the complex of [2(Eu§:')'—0,»”] mentioned above for
Eu’*(A) on Sr** is possible. In StZnP,0-, [ZnOs] units and the
[P,O;] groups construct pseudo-layered framework along [010],
Sr** ions occupy cavities between two pseudo-layers (Fig. 1(a)).
There are ample spaces to arrange O,” to compensate the defects
due to the substitution of Eu®* on Sr** sites. It is not difficult to
create O;” due to material preparation in air atmosphere. This kind
of mechanism is also confirmed in the other oxides, e.g., the RE-
doped the apatite [36] and scheelite [37] structure materials.

Finally, similar occupations on both Sr** and Zn*" sites have
been reported for Mn?* in SrZnP,04. It has been concluded that

Mn?* ions located on Sr** sites emit at 640 nm while those
positioned on Zn>" site are responsible for the emission around
530 nm. Considering the ionic radii Eu** (1.066 A) and Mn?*
(0.96 A), it could be proposed that Eu** ions could occupy both
Sr** and Zn** sites. However, Eu’" ions will occupy preferably
the Sr** site.

3.6. The quenching of one of Eu’* ions:Eu’*(B)

At room temperature, it seems that the fluorescence from site
Eu**(B) is greatly quenched. This could be found on the emission
spectrum (254 nm excitation) in Fig. 4, where the emission lines
have nearly the same position as those in Fig. 7. It has been
reported that phonon-assisted energy transfer played an important
role in the infrared-to-visible conversion process in the phosphors
activated with RE ions [38]. In Eu**-doped SrZnP,O», the energy
transfer between Eu®*(A) and Eu®*(B) is a non-resonant process
because of the energy mismatch of 34 cm™ ' (Table 1). Therefore,
the energy transfer requires the assistance of phonons, this phonon
assistance causes the enhancement of energy transfer probability
with increasing temperature. Consequently, Eu**(B) site is quen-
ched at high temperature.

4. Conclusions

According to the results of the laser site-selective excitation
and emission spectroscopy for Eu’" ions, it can be suggested
that rare earth ions can be doped into two crystallographic sites
in pyrophosphate lattices. In the case of Eu’*-doped
StZnP,05, the dominated site (A at 579.18 nm) is assigned
to the Eu**(A) ions occupying on the Sr*" sites in the lattices
by the charge compensation of [2(Eu§f)'—0”,»], while another
minor one Eu’*(B: 578.06 nm) could be assigned to the Eu**
ions occupying on the Zn** by the charge compensation of [2
(Euzt)"-V”,.]. The site-selective excitation and emission
spectra together with the luminescence decays indicate that
the energy transfer occurs from Eu**(B) to Eu>*(A). However,
no energy transfer can take place from Eu**(A) to Eu’*(B).
The Eu3+(A) center exhibits a predominant luminescence at
RT. At room temperature, it seems that the fluorescence from
site Eu>™(B) are quenched. The photoluminescence excitation
and emission spectra of StZnP,0,:Eu”" show that the intensity
of the CT band is much stronger than that of f~f transitions in
the near UV wavelength. SrZnP,0:Eu’* can be efficiently
excited by the UV light, but cannot be efficiently excited by
the radiation of near UV-emitting InGaN based LED chips
(around 400 nm).
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