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Abstract

In this article, photoluminescence of Pr** ions in the double tungstate A(M;_y Pry)W,0g (A =Li, Cs,M = Al, Sc, La; 0.0 < X < 0.1) are characterised.
By varying ion radius in A and M sites the crystal structure was modified and even in crystals with similar structural characteristics three distinctive
types of luminescence are observed. When the substitution ions in both A and M sites are relatively small the host lattice exhibits luminescence
dominantly. With the small A site ion (Li*) and the large M site ion (La**, 1.03 A) the Pr** ion exhibits prominent luminescence. With the very
large A site ion (Cs*, 1.67 A) and relatively small M site ion (Sc**, 0.75 A) the Pr3* exhibits both the 4f2—4f5d excitation and the *P; manifold
excitations in the absorption spectrum. These excitation levels lead to two strong emissions from the Pr**. PL characteristics are discussed with

respect to crystal structural criteria.
© 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

Photoluminescence of Pr** doped materials has many unique
features such as quantum cutting (photon cascade emission), UV
tuneable luminescence from 4f!'5d! levels, visible light emis-
sions from *Pg and/or ' D, levels.!:? Quantum cutting phosphor
producing two-photon emission by Pr3* has been investigated
as a promising candidate for an Hg-free Xe-discharge lamp and
plasma display panels with high energy efficiencies.>~

The Pr’* ions in most oxides and fluorides emit blue-
green and/or red light from 3Py level; blue-green lines at
~500nm (*Py — 3Hy) and ~545nm (*Py — *Hs), and/or red
lines at ~618 nm (°Py — Hg) and ~650 nm PPy — 3F;).20
Contrarily, in some oxides the Pr3* emits prominent red lumi-
nescence from ! D5 level instead of the blue- green 3Py emissions:
~608 nm (D, — 3Hy) and ~630 nm (' D, — 3Hp) lines.!"’

The wavelength and efficiency of red emissions from the Pr3*
ion are an important optical parameter in practical applications
such as LED, PDP and discharge lamps. Radiationless de-
excitation of the Pr3* ion from the Py to the ! D, level, so-called
3Py quenching’, leads to the replacement of the 3Py blue-
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green emissions by ' D5 red luminescence in some sesquioxides
(Y203, Lay03) and transition metal oxides.!"’ Multiphonon
relaxation, 4f — 4f cross-relaxation within pairs of Pr’* ions
and charge transfer states 4f> — 4f'L! (L =ligand) via O%>~ can
provide the 3Py quenching pathways.>® Since these processes
are related to the structural characteristics of the host lattice,
Okumura et al.” have suggested that the Py quenching criterion
in terms of Pr3*—02~ bond distance is <2.4 A in sesquioxides.

Boutinaud et al.” ascribed the 3Py quenching to a charge
transfer state (CTS) [Pr**—0?~-M"~D*] closely low-lying in
excitation energy state to the 4f2 [Pr3*—0> -M®* configu-
ration] (the 3Pg level). The CTS mediates the 3Py quenching
(PPo='D; radiationless de-excitation) in V- and Ti-oxides.”-8
When electrons are transferred in a CTS, the electrons return to
the 1D, excitation level of the Pr3*. Relaxation of the D, level
to ground state (*D,—3Hy) emits red luminescence (~608 nm).
Structural characteristics such as the Pr3*—0?~—M bond dis-
tance and orbital overlapping determine the relation of the CTS
to the >Py energy levels. Detailed coordinate diagrams regarding
the relative positions of CTS, *Py and 4f5d levels are given and
discussed by Pinel et al.!"’

A modified structural criterion has been suggested by Pinel
et al. based on the calculated point charge electrostatic potential
value V as in Eq. (1) for some Pr** doped oxide materials.!
They observed a complete >Py quenching in the oxides showing
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the calculated V to be smaller than +3.0 (V<+3.0). Moreover,
the oxides with the calculated V>+3.0 showed a partial 3Py
quenching.

Z(-)  RZH)
V= —; Xt > X,

=

ey

Here N— and N+ indicate the first and second nearest neighbours
with charges Z— and Z+, respectively. R; and R; indicate bond
distances to the first and second nearest neighbours.

In this equation, a high negative value of the first term is
ascribed to either a short Pr’*—0?~ distance or a large coordi-
nation number of O?~. A high positive value of the second term
implies a high coordination number of highly charged metal
cations at a short distance.! Calculated V values for the Pr3* ion
in StMoO, and CaWO,4 were ~+9.5.1 These oxides exhibited
the 3Py + ' D, lines indicating partial >Py quenching.

The alkali double tungstate ALnW,0Og (A =Li, Na, K, Li,
Ln =rare earth) has many advantageous optical properties useful
in laser host materials and the phosphors of LED and X-ray
detectors. However, the luminescence properties of the Pr3* ion
in this double tungstate have not been well understood.!!-12

The alkali double tungstate ALnW,Og has scheelite
related structures with various crystal symmetries and lattice
parameters.!%!! In this study the crystal structure of the dou-
ble tungstate A(M;_x Pry)W»Og (A =Li, Cs, M=Al, Sc, La)
was modulated by substituting A and M sites with various ionic
sizes (A), e.g. A=Li* (0.53), Cs* (1.67), M= AP+ (0.53), Sc>*
(0.75), Y>* (0.90) and La** (1.03). We report three distinct
features of photoluminescence in these double tungstates. The
characteristic luminescence behaviour of A(Mj_x Prx)W,Og
(A=Li, M=Al Sc) is discussed with regard to the substitution
ion size (A) and the structural criterion based on the point charge
potential V.

2. Experimental

The chemical composition of the tungstate samples was
AM1_x Prx)W703 (A=Li, Cs, M=Al Sc, La; 0.0 <X <0.1).
All the samples were prepared by solid state reaction method.
Chemically pure reagents, LiCO3z, La;O3, Pr,O3z, Scy0s,
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Aly03,Cs2CO3 and WO3 were used as the raw materials. Appro-
priate amounts of the raw materials were mixed thoroughly using
a mortar with added ethyl alcohol and were then calcined in air
at 600-700 °C for 5 h. The calcined powders were thoroughly
reground and then fired at 800—1050 °C for 13 h in air. The fired
samples were cooled in the furnace. The photoluminescence
spectra of the fired samples were characterised using a vacuum
ultraviolet PL measurement system (PS-PLUI-XWP1400, PSI).
The X-ray diffraction data were obtained at room temperature
using a DIMAX diffractometer. The point charge potential V
for a known crystal structure was calculated using the software
program WATOMS.

3. Results and discussion

In a scheelite structure such as AWQO, (A =Ca, Ba), the
host lattice complex (tetrahedral WO0,427) operates as the lumi-
nescence centre. Energy transition between O>~ 2p and W%+
5d orbitals produces an electron—hole pair. The host lattice
(WO4%7) emits blue-green light of a 440-540 nm wavelength
range under an excitation source of 250315 nm.'3!# Scheelite
related double tungstates of LIRW;Og (R =Y, Pr) consist of both
the tetrahedral (WO427) and octahedral (WOg0™) complexes. 13
Hence the host lattice as well as the Pr3* jon can be the lumi-
nescence centres in A(M_y Pry)W»Og (A =Li, Cs, M=Al, Sc,
La).

The PL spectrum of the Li(Al;_x Prx)W,0g (X=0.0-0.03)
is shown in Fig. 1. A broad absorption band is observed cen-
tred at 281 nm, over which range both the WO42_ host lattice
and 4f>—4f5d excitation peaks are usually observed.>*!> Since
the luminescence intensities of the absorption and emission
bands are independent of Pr’* doping contents, the Li(Al;_x
Pry)W,Og can be taken to be the host lattice (WO42~) lumines-
cence. In the emission spectrum the Pr>* 3Py lines are shown for
comparison with the host lattice emission.

Li(Sci_x Prx)W;0g (X=0.0-0.04) also shows host lattice
luminescence similar to that of the Li(Alj_x Prx)W;Og. As
summarised in Table 1, it has a broad absorption and emission
bands at 295 and 484 nm, respectively. In addition to the host
lattice luminescence, some weak lines from the Pr2* 3P level
are observed.
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Fig. 1. PL spectrum of the Li(Alj_x Prx)W>0g (X=0.0, 0.002, 0.006, 0.01, 0.03). The excitation spectrum was measured while observing the emission line at

510 nm. The emission spectrum was measured under the 281 nm excitation.
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Table 1

Structure and photoluminescence property of A(M;_x Pry)W,0g (A=Li, Cs, M=Al, Sc,La, 0.0 <X <0.1).

245

Composition (ionic radius, A) Lattice parameters (A), SG

Excitation peaks: relative intensity®

Emission peaks: relative intensity®

. JCPDS 28-0025 Monoclinic
A =Li(0.53), M= Al(0.53) (unknown)
a=9.26,b=11.38,c=4091,

A=Li, M=S5c(0.75) B=90.3, C2/c

A=Li, M=La(1.03) a=b=5.28,c=11.46,14,/a

a=5.73,b=7.90, c=5.46,

A=Cs(1.67), M=Sc B=115.4, Monoclinic

(1) Host excitation (28 1nm): s
Only host lattice

(1) Host (295nm): s
(2) Pr3* 4f—4f transition: w
3P, (J=0, 1, 2) manifold

(1) 4f—4f transition: s
3p;(J=0,1,2)
(2) Host and 42-4f5d: vw

(1) 4f2-4f5d (263nm): s
() 'Sp-Ts: s
(3) 3P, manifold: s

(1) Host emission (510 nm): s
Only host lattice

(1) Host (484 nm): s
(2) 3Py emission: w
3Po—>Hg, *Po—>Hy (495 nm)

(1) 3Py emission
3py—Fy: s

3P0—3H4: m

3P0—3H6: w

(2) 'D,—H,4 emission: w
(1) 3Py—Hg: s

(2) 'D,—Hy: s

(3) Host: w

(4) Host (281nm): w

4 Relative intensity of luminescence lines; strong (s), medium (m), weak (w), very weak (vw).

Differently from the previous samples, Li(La;_yx Pry)W,Og
(X =0.007-0.1) shows narrow excitation lines of Pr3* 4f—4f tran-
sitions (*P; manifold) at 450-480 nm.>*® Both the host lattice
and the 4f2-4f5d excitations are very weak as shown in Fig. 2.
The 3Py level emits the strongest red line at 650 nm (3P0—3F2).
In addition, a weak red line from the 'D, at 605 nm (1D2—3H4)
was observed.

The Cs(Sci_x Pry)W>0g (X=0.0~0.04) exhibits substan-
tially different luminescence behaviour than does the Li(Laj_y
Pry)W,0g. The Pr3* 4f2-4f5d excitation!* in addition to 3P,
manifold excitations are characteristically observable in the
absorption spectrum as shown in Fig. 3. The narrow line at
~395 nm is presumed to be from Pr3* 1Sy-11g 373, because the
un-doped sample (X =0.0) does not show this line. Energy tran-
sitions between the 4f5d—'S level and the intra-configurational
4f—4f transition (1Sp—'1g) of Pr3* has been reported by Kiick
et al.>> in detail. The emission spectrum of the Cs(Sci_x
Prx)W,0g (X=0.007-0.04) consists of two strong red emis-
sions at 616 nm (PPy—>Hg) and 605 nm (!D,—Hy). The host
lattice luminescence is very weak. The strong intensity of the
605 nm line (1D2—3H4) indicates that the 3P quenching to Ip,
level occurred substantially in this sample.
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Crystal phase analysis by XRD for the A(M;_x Pry)W,Og
(A=Li, Cs, M=Al, Sc, La) samples is shown in Figs. 4 and 5.
Fig. 4 shows the XRD patterns of Li(Algg9Prgo1)W20g
and Li(LagosPrgos)W20g. The diffraction peaks of
Li(Alg.g9Prg9;)W20g can be indexed by JCPDS 28-0025
(B-LiAIW,0Og). The structural detail of this double tungstate is
not known yet, but can be presumed to be monoclinic, a crystal
system to which many double tungstates belong. The diffraction
peaks of Li(Lag 96Pro.04)W20Og are indexed by JCPDS 85-0443
of the tetragonal structure CaWQy4 (I4;/a) as shown in upper
part of Fig. 4.

Fig. 5 shows the XRD patterns of the Li(Sci_y Pry)W,Og
(X=0.0,0.04) and Cs(Sc1—x Prx)W>0g (X=0.0, 0.04). In upper
part the diffraction peaks of the Li(Sci_x Pry)W»Og are indexed
by JCDPS 72-0751 (LiFeW,0g, SG C2/c). The analysed lat-
tice parameters are summarised in Table 1. In the lower part
the Cs(Sci_x Prx)W,Og patterns are indexed by a monoclinic
cell (a=5.728A, b=7.896A, c=5.458A, f=115.4°) calculated
using the TREOR software program.

Presently crystal structural information on the double
tungstate in this study is insufficient for clearly testing the struc-
tural criterion for the 3Py. But it is worthwhile to discuss the PL
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Fig. 2. PL spectrum of the Li(La;_x Pry)W20g (X=0.007, 0.02, 0.05, 0.1). The excitation spectrum was measured while observing the emission at 650 nm. The

emission spectrum was measured at the 450 nm excitation.
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Fig. 3. PL of the Cs(Sci—x Pry)W,03 (X=0.0, 0.007, 0.01, 0.04). The excitation spectrum was measured while observing the 650 nm emission. The emission

spectrum was measured under the 450 nm excitation.

characteristics with regard to the ion size (A) in A and M sites,
and the point charge potential V of the Pr3*.

Three distinctive types of PL behaviours observed in AM_x
Prx)W;0g3 (A=Li, M=Al, Sc) are summarised in Table 1.
When the A site ion is small (A=Li*, 0.53) and the M
site ion is also small (or medium sized) [A=Li*(0.53),
M = AI3*(0.53)/Sc3*(0.75)], the samples [A(M|_x Pry)W»Og
(A=Li, M=Al, Sc)] become a host lattice for luminescence.
With the small A site ion (A =Li*, 0.53) and large M site ion
(M=La3+, 1.03), the sample [Li(La;_x Prx)W,Og] exhibits
Pr3* 4f—4f excitation (°P; manifold) and 3Py emissions with
scarce 3Py quenching. In the other sample Cs(Sci_x Prx)W»Og
with the very large A site ion (A =Cs*, 1.67) and the moderate
M site ion (M =Sc*, 0.745), both the Pr’* 4f2-4f5d and *P,
manifold excitations occur. These excitation levels lead to two
strong emissions of 3Py—3Hg (616 nm) and 'Dy—3Hy (605 nm).

The point charge potential V of Pr3* ions in the Li(Laj_x
Prx)W,0g (X=0.007-0.1) would be ~+9.0, since this sam-
ple has the same space group and similar lattice parameters as
CaWO4,.! The V value of Li(Sci_x Prx)W;Og is calculated as
~+12 using the structural parameters of LiFeW;Og. The other
sample, Cs(Sci_x Prx)W>Ogs, is supposed to also have a large
positive V value due to the highly charged W®* ion and large

(a)

Li(Laj.x Pry)W20g . x =0.05

Li(Laj.x Pry)W30g (JCPD 85-0443)
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Fig. 4. XRD patterns of the Li(M;_x Prxy)W,Og (M = Al, La). The upper pattern
(a) is indexed by JCPDS 85-0443 (CaWOy, 141/a). The lower pattern (b) is
indexed by JCPDS 28-0025 (B-LiAIW,0s).

co-ordinations (6 or 8 CN) around the M site in the structure.'*

Hence the point charge potential V of the Pr3* ion in the A(M | _x
Prxy)W>0g (A=Li, M=Al, Sc) can be presumed to have the
same order of ~+10.

Even when the order of the V values is similar, the dou-
ble tungstates in this study show substantially different PL
characteristics. The host lattice luminescence of the AM;_x
Pry)W>0g (A=Li, M=Al, Sc) samples (V~+10) has little
relation with regard to the criterion. The Li(La;_x Pry)W;Og
(X=0.007-0.1) with V=~+49.0 conforms to the structural
criterion! for the partial 3Py quenching and hence the lumines-
cence shows both the 3P (strong 3P0=>F, line) and the 1D,
(weak ID,—3H, line).

For the Cs(Sci_x Prx)W»0Og sample we would suggest that
the characteristic 4f—4f5d excitation and population of ' Sy level
led to 'D,—3Hy (605 nm) emission independently of the 3Po
quenching. In this route a de-excitation to 'D; level can be
attained by 4f5d-1Sy-'D, and/or 'Sp—'D, (~400 nm) transi-
tion.

Further analytical work needs to be carried out on the detailed
structural environment around the Pr3* ion, W—O complex type
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Fig. 5. XRD patterns of the A(Cs;—x Pry)W»0Og (A =Li, Cs). Two patterns in
the upper part (a) are indexed by JCDPS 72-0751 (LiFeW;,0g, C2/c). The lower

two patterns (b) are indexed by a monoclinic unit cell (a= 5.728A, b=7.896A,
c=5.458A, B=115.4°) calculated by TREOR program.
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and the relation between the host lattice and Pr3* excitations
which divide the double tungstate into three distinct PL charac-
teristic types.

4. Conclusion

The double tungstate A(Mj_x Prx)W,03 (A=Li, M=Al,
Sc) has a similar order of point charge potential values (V ~ +10)
due to a highly charged W°* ion and large co-ordinations
(6 or 8 CN) around the M site. Even for similar V values
three distinctive features of luminescence were observed by
us among the double tungstates. When the A site ion is small
(A=Li*, 0.53) and the M site ion is small (or moderate) in
size [M = AI3*(0.53)/Sc3*(0.75)], the double tungstate becomes
a host for lattice luminescence consisting of broad absorption
and emission bands. With a small A site ion (A =Li*, 0.53) and
a large M site ion (M =La>*, 1.03), the tungstate exhibits Pr3*
4f—4f excitation (°P; manifold) and 3Py emissions with scarce
3Py quenching. When the A site ion is very large (A =Cs*, 1.67)
and the M site ion is moderately sized (M:Sc3+, 0.75), the
double tungstate shows coexistence of the Pr’* 4f2-4f5d and
3P, manifold excitations. These excitation levels lead to two
strong emissions of the Pp—*Hg and 'D,—>Hy. Population of
the excitation energy states, such as 4f>—4f5d excitation and
1S, level can be a possible route leading to 1D,3H, emission
independently of 3P, quenching in Cs(Scj_x Pry)W»Og. Fur-
ther study on the crystal structural environment around the Pr3*
ion, and on the relative coordinates between host lattice excita-
tion and optical energy levels of Pr3+in the double tungstate are
necessary.
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