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Photoluminescence properties of Pr-doped alkaline-earth titanatas{®a,Sr,Ba)qe;T110; are
investigated by emission, excitation, and diffuse reflectance spectra at room temperature. The intensities
of red luminescence and absorption dud-t6 transition of P#' ions increase in the order of Pr-doped
cubic SrTiQ, tetragonal BaTi@ and orthorhombic CaTi{ The small red luminescence for Pr-doped
SrTiOs is increased by substituting Sr by Ca and Ba even if the substituted samples have the same cubic
structure as SrTi@and the lattice parameters are close to that of SgTi@e red luminescence intensity
is intense for orthorhombic samples of which the excitation spectra show a peak corresponding to valence-
to-conduction band edge and a shoulder referred to as B band. The photoluminescence properties are
discussed in relation to the crystal structure.

Introduction Pt ions after valence-to-conduction band transition, in other

Rare-earth ions are often used as activators for light- words, CT transition from oxygen to titanium ions, by UV
emitting materials. The light emission usually originates from light excitation. Recently, Boutinaud et al. proposed that the
4fr—A4fn transition via excited states such as charge transfer B band is ascribed to Py/Ti**-to-Pr*/Ti® * CT transition?
(CT) state between rare-earth ions and ligand ioris 8" Although the red luminescence intensity of Pr-doped SgTiO
state of rare-earth ions, and so on. Because factors tois very small, Okamoto et al. reported that Pr-doped SgTiO
determine the light-emitting properties such a$—4ff" synthesized with 23 mol % Al shows a strong red photolumin-
transition probability and relaxation process from the excited escence about 200 times higher than that for Al-free sarfiples.
state to 4f excited state are affected by host materials, it is At the same time, Itoh et al. reported that Pr-doped SgTiO
important to understand the relation between the factors andwith addition of Al shows a strong red emission by low-vol-
environment of rare-earth ions in solids. Recently, lumines- tage electron excitationSince these reports, the substitution
cence properties of Pr-doped alkaline-earth titanates with aof Ti*" ions in SrTiQ and BaTiQ by trivalent ions such as
perovskite-type structure have been investigated because ofAI3+, G&*, and Irf" have been reported to enhance the red
the strong red emission as summarized in the next paragraphluminescence intensiy1° Jia et al. reported that the red
The perovskite-type oxides, ABDare materials of which  Juminescence intensity of Pr-doped, S€aTiOs increases
the physical properties, such as electric, magnetic, dielectricwith increasingc and suggested that an energy transfer from
properties, and so on, have been widely investigated in pr jons to the CT state of T¥)" complex is a reason for

relation to the crystal structure because the materials havethe small red emission intensity of Pr-doped SrIi©
relatively simple but various crystal structures that can be
changed by substitutions of both A and B site ions with large
fraction. Therefore, Pr-doped alkaline-earth titanates are
suitable materials for the investigation of the relationship
between light-emitting properties and crystal structure.
Diallo et al. first reported that Pr-doped CaTiGhows
intense red emission by ultraviolet (UV) light excitatibh.
The red emission is ascribed to%4f4f2 transition of P#"
ions from the excited statdD, to the ground statéH,. In
addition, they observed a shoulder (referred to as B band) (3) Boutinaud, P.; Pinel, E.; Dubois, M.; Vink, A. P.; Mahiou, B.
. . . Luminescenc2005 111, 69.
in the low-energy side of the valence-to-conduction band 4y okamoto, S.; Kabayashi, H.: Yamamoto, HAppl. Phys1999 86,
(referred to as A band) edge in the diffuse reflectance 5594, .
spectrum of Pr-doped CaTi@nd ascribed it to the 45d" (5) ftoh, = Toki, H.; Tamura, K.; Kataoka, Bpn. J. Appl. Phys1999
band of P¥" ions. Based on these results, they proposed that (6) Okamoto, S.; Tanaka, S.; Yamamoto, It. J. Mod. Phys. 2001,

an energy transfer occurs to the excited 4f or 5d levels of 15, 3924.
9y (7) Okamoto, S.; Yamamoto, Hppl. Phys. Lett2001, 78, 655.

(8) An, H.-K.; Kang, S.; Suh, K.-SJ. Mater. Sci.2001, 12, 157.

The A and B band edges are expected to be controlled to
some extent by mixing Ca, Sr, and Ba ions at the alkaline-
earth site. In the present study, photoluminescence properties
are investigated for Pr-doped (Ca,Sr,Ba)d #lid-solution
materials. The photoluminescence properties are discussed
in relation to the solid-solution effect at the alkaline-earth
site and the average radius of the alkaline-earth ions.
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SrTiO; Table 2. Compositions, Perovskite Parameterg,), Space Group
(S.G.), Point Symmetry (P.S.) at the Alkaline-Earth Site, and the
Number of Symmetry Operations (N.S.O.) of Prepared
PrACa;—xSrx)o.997TiO 3 0on Line (2) in Figure 1

X z & (A) S.G. P.S. N.S.O.
1 0.0024(3) 3.905 Pm8m o 48
i 0.8 0.0024(3) 3.892  l4/mcm Dy 8
! 0.7 0.0023(3) 3.883 14/mcm Dy 8
)' ) 0.6 0.0023(3) 3.876 Bmmb G, 4
At N 0.5 0.0025(3) 3.869 BmmB G, 4
) -/, insoluble ~~. 7 7 0.4 0.0023(3) 3.860 Pnma Gn 2
. . 0.35 0.0024(3) 3.855 Pnma Gh 2
CaTiOs BaTiO; 03 0.0023(3) 3851 Pnma Gn 2
Figure 1. Phase diagram of (Ca,Sr,Ba)%ié¥ C (cubic), T (tetragonal), 0 0.0024(3) 3.824  Pnma Gn 2
and O (orthorhombic) indicate the crystal system of samples in the respective . ) )
region. Dots and thick lines indicate compositions of prepared samples. Table 3. Compositions, Lattice Parameters, and Perovskite
Parameter of Prepared Pr(Ca;—x—,SrxBay)o.997TiO3 on Line (3) in
Table 1. Compositions and Lattice Parameters of Prepared Figure 1; Space Group IsPnma
PrA{Cai—x—ySrxBay)o.997TiO 3 0N Ilgmmgngl) in Figure 1; Space Group Is N y 7 a(A) b (A) c(A) a0 (A)
X 035 0 0.0023(3) 5.4581(1) 7.7080(1) 5.4466(1) 3.855
X y z a(A) 0.2 0.05 0.0022(3) 5.4582(9) 7.7070(7) 5.435(1)  3.852
1 0 0.0024(3) 3.9050(4) 0.1 0.09 0.0023(3) 5.461(1) 7.704(1) 5.435(1) 3.852
0.7 0.111 0.0023(3) 3.904(1)
0.5 0.185 0.0024(3) 3.902(2) of these samples are cubic and the lattice parameters are close to
0.35 0.241 0.0023(3) 3.902(3) that of SrTiQ as shown in Table 1. The compositions of samples

. . on line (2) in Figure 1 are tabulated in Table 2. The XRD peaks of
Experimental Section samples were indexed by the space groups reported in the

Pr-doped (Ca,Sr,Ba)Tigpolycrystalline samples were prepared literaturet? A perovskite parameter defined as= V3, whereV

by a solid-state reaction method. Appropriate amounts of is the volume per ABQ is often used instead of the unit cell volume

CaCQ, SrCQ, BaCQ, TiO, and PgOi1 corresponding to in order to compare the unit cell size of perovskite-type oxides

Pro.0o{Car—x—ySKBa)0.097TiO3 were mixed in an agate mortar with  with different unit cells. It is found that the perovskite parameter

ethanol and calcined in air at 1273 K. The calcined powder was decreases with decreasirglue to the fact that Caion is smaller

pressed into pellets and sintered in air at 1623 K for 6 h. The than S#" ion. The space group, point symmetry at the alkaline-

temperature was successively decreased to 1273 K; the sample wasarth site, and the number of symmetry operations for these samples

annealed there for 12 h and then cooled to room temperature inare shown in Table 2. The compositions of samples on line (3)

the furnace. The pellets were ground and the obtained powders werenbey the equation

used for measurements. The content of Pr ions at the alkaline-earth

site was fixed at 0.2%. The actual Pr contents were determined by (1 =X = Y)rcat Xrg + yrg, = 0.355,+ 0.65¢, 2

inductively coupled plasma (ICP) spectroscopy using a HORIBA

Ultima2 instruments. The results are tabulated in Tabte3.TThe The XRD peaks of these samples were indexed bytir@aspace

samples are named as Pr-doped-€3SrBaTiOs in this paper group. The compositions and lattice parameters are tabulated in

for simplicity. Table 3. It is found that the lattice parameters and the perovskite
Powder X-ray diffraction measurements were carried out using parameter are nearly the same for these samples.

Cu Ka radiation (MAC Science, MXP18HF). Lattice parameters

were determined from some diffraction peaks in a highr&gion Results

using Si crystalline powder as an internal standard. Emission and . . . .

excitation spectra were measured in air at room temperature by Pr-Doped C_aT_'O?" SrTiOs, an_d BaTiOs. Figure 2a

using a spectrofluorometer (JASCO, FP-6500). Diffuse reflectance ShOWs the excitation spectra monitored at 613 nm (left) and

spectra were measured in air at room temperature by using athe emission spectra excited by 335 nm light (right) for Pr-

spectrophotometer (Barian, CARY 500). doped CaTi@, SrTiOs, and BaTiQ. The enlarged figure is
The phase diagram of (Ca,Sr,Ba)Eiltas been reported earfiér shown in Figure 3a. Pr-doped CagiGhows intense red
as shown in Figure 1. In addition to Pr-doped CafiSrTiC;, emission with a peak at 613 nm, as reported by Diallo et

and BaTiQ, some solid-solution samples, the compositions of g|1.2 |n contrast, the red luminescence intensities are very
which are located on the thick lines (1), (2), and (3) in the figure, \yeak for Pr-doped SrTigand BaTiQ. The red luminescence
were prepared. We paid attention to the average size of alka”ne'intensity increases in the order of Pr-doped SETBATIOs
earth ions. The compositions of samples on the line (1) are tabulatedand CaTiqQ, as found from Figure 3a. The intensit of,the
in Table 1 and obey the equation ! . - 9 ) y .
peak at 613 nm in the emission spectrum of Pr-doped GaTiO
(1 =X = Y)ea+ Xg, + Ylaa= s, 1) is apogt 200 times larger than that of P_r-doped BaTlihe
excitation spectrum of Pr-doped Cagi®hows a peak at
wherera’s are Shannon ion radii of At ions at the twelve- 335 nm and a shoulder around 380 nm as reported by Diallo
coordinated sité4 For these samples, it is expected that the crystal et all?
structures are close to that of SrEiOn fact, the crystal systems Figure 2b shows the diffuse reflectance spectra for Pr-
doped CaTi@, SrTiOs, and BaTiQ. The enlarged figure is
(12) Eagl, g IJd gfgg,gh D&&%og%n,zgél; Thorogood, G. J.; Vance, E. shown in Figure 3b. The valence-to-conduction band edges
. J. S0l ate e ) . .
(13) McQuarrie, M.J. Am. Ceram. Sod955 38, 444. are observed a_round 335, 365, and 370 nm resp_ecnvely for
(14) Shannon, R. DActa Crystallgr. A1976 32, 751. Pr-doped CaTigQ SrTiO;, and BaTiQ. In addition, a
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Figure 2. (a) Excitation spectra monitored at 613 nm (left) and emission Figure 4. (a) Excitation spectra monitored at 613 nm (left) and
spectra excited by 335 nm light (right) and (b) diffuse reflectance spectra: emission spectra (right) and (b) diffuse reflectance spectra for cubic
Thick lines, Pg.00La.907TiO3; thin lines, P§.0oSr.997TiO3; dashed lines, Pro.00dCay-x-ySkBay)o.997TiO3 in Table 1: Thin linesx = 1; dashed lines,
Pro.0oBa0.997T10s3. x = 0.7; solid circlesx = 0.5; open circlesx = 0.35. The inset shows the
enlarged figure of (b). The excitation and emission spectra B ay o7

TiO3 are also plotted by thick lines in (a) for comparison.
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Figure 3. (a) Excitation spectra monitored at 613 nm (left) and emission wavelength (nm)
spectra excited by 335 nm light (right) and (b) diffuse reflectance spectra o g o
on an enlarged scale: Thick lines,oBiCa.097TiO3; thin lines, Pg.oox Figure 5._ (@ EXCItatlor) spectra monitored at 613 nm (left) and emission
SIp.097T103; dashed lines, BooBao.g97TiO3. spectra (right) and (b) diffuse reflectance spectra fopdCa—xSik)0.997T103

) ) ) in Table 2: Thick solid linesx = 0; thin solid lines,x = 0.35; dashed
shoulder is observed in the long-wavelength side of the bandlines, x = 0.6; open circlesx = 0.8. The inset shows the enlarged figure

edge for Pr-doped CaTiQOas reported by Diallo et &P of (b).
According to them, the conduction band and the absorption is at most half of that for Pr-doped CaTi@dicated by the
band corresponding to the shoulder are referred to as A andthick solid lines in the figure. Contrary to the excitation
B band, respectively, in this paper. It should be noted that spectrum of Pr-doped CaTithe excitation spectra of these
the wavelengths of the valence-to-conduction band edge andsamples show only a peak around 365 nm but no shoulder.
B band edge for Pr-doped CaTj@re coincident with those  Figure 4b shows the diffuse reflectance spectra for these
of the peak and shoulder observed in the excitation spectrumsamples. The valence-to-conduction band edges are nearly
shown in Figure 2a. The absorption intensities due-td f  the same for these samples. It should be noted that the
transitions of P¥" ions from®H,4 to 3P;, Ylg, and'D; are strong ~ wavelengths of peaks in the excitation spectra are coincident
for Pr-doped CaTig weak for Pr-doped BaTi§)and very with the band edges. Contrary to the spectrum of Pr-doped
weak for Pr-doped SrTi© Another absorption is observed CaTiG;, there is no shoulder corresponding to the B band
around 420 nm for Pr-doped SrT§Ghe origin of which is edge. The absorption intensities due-td fransitions of P¥"
unclear at present. ions are large for the solid-solution samples as compared to
Pr-Doped Cubic Ca-«,SrBayTiO3. Figure 4a shows that for Pr-doped SrTig) as exemplified by théH,-to-'D,
the excitation spectra monitored at 613 nm for the cubic transition shown in the inset of Figure 4b.
solid-solution samples in Table 1 and the emission spectra Pr-Doped Ca_,SrTiO 3. Figure 5a shows the excitation
excited by light with wavelength at which the excitation spectra monitored at 613 nm for some samples in Table 2
spectrum shows a peak. The red luminescence intensityand the emission spectra excited by light with wavelength
increases with decreasing Sr content. But the peak intensityat which the excitation spectrum shows a peak. Figure 5b)
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Figure 6. (a) Excitation spectra monitored at 613 nm (left) and emission ST 110s. The reason for this enhancement would be under-
spectra (right) and (b) diffuse reflectance spectra for orthorhombic stood as follows. The electric dipole transition betweeh 4f
Pro.00d Ca1-x-ySkBayo.serTiOs in Table 3: Solid linesy = 0; dashed lines,  |eyels is forbidden when a rare-earth ion is located at a
y = 0.05; open circlesy = 0.09. The inset shows the enlarged figure of L . . L
(0). centrosymmetric site. In fact, the absorption intensities of
f—f transitions are very small for Pr-doped Sriecause
shows the diffuse reflectance spectra of these samples. As Of the centrosymmetric Sr sitéf) in SrTiO,. In contrast,
increases, the valence-to-conduction band edge around 33%he absorption intensities are large for Pr-doped Ba i@
nm observed for Pr-doped CaTiGhifts to the long- CaTiO; because of the noncentrosymmetric Ba sg)in
wavelength side, and the peak in the excitation spectrumBaTiO; and Ca site €in) in CaTiGs. For the cubic solid-
around 335 nm observed for Pr-doped Cag#o shiftsto  solution samples, even if the crystallographic point symmetry
the long-wavelength side. On the other hand, the shouldersat the alkaline-earth site i, the local point symmetry is
around 380 nm observed in the excitation and diffuse supposed to be lower than it because of the random
reflectance spectra of Pr-doped CaTihift to the short-  occupation at the alkaline-earth site by Ca, Sr, and Ba ions
wavelength side with increasing The absorption intensities with different ion radii. The ff transitions would be thus
due to thélH,-to-1D, transition for thex = 0 sample is similar ~ allowed due to the lowered local point symmetry. In fact,
to (or slightly larger than) that of the = 0.35 sample but  the absorption intensities of-f transitions for the cubic
clearly larger than those for = 0.6 and 0.8 samples, as solid-solution samples are much larger than that of Pr-doped
found from the inset of Figure 5b. SrTiG;, as found from the inset of Figure 4b.

Pr-Doped Orthorhombic Ca;——,SrBa,TiO 5. Figure 6a . The sol?d c_ircles in Figure 7 show the intensity of the peaks
shows the excitation spectra monitored at 613 nm for the in the excitation spectra for Pr-doped:C&8KTiOs. The open
orthorhombic solid-solution samples in Table 3 and the circles in the figure show the integrals of the excitation
emission spectra excited by light with wavelength at which SPectra in the range 25@30 nm. Both the intensities show
the excitation spectrum shows a peak. The red luminescencesimilar behaviors; first, the intensities drgstlcally decrea;e
intensities are nearly the same for these samples. Figure 6tb0ve abou = 0.5 and second the intensities decrease with
shows the diffuse reflectance spectra of these samples. Thélecreasingx below aboutx = 0.4. The first behavior is
wavelengths of valence-to-conduction band edge around 34ounderstood by theff transition probability decreased with
nm and B band edge around 380 nm are also nearly the saméCréasingx because the absorption intensities due tofthe
for these samples. The absorption intensities due t8He ~ — f transitions forx = 0.6 and 0.8 samples are smaller than
to-1D; transition for they = 0.09 sample seems to be larger that for thex = 0.35 sample. This may be connected with

than that for they = 0 sample, as found from the inset of the point symmetry at the alkaline-earth site, judging from
Figure 6b. the fact that the number of symmetry operations increases

with increasingx (these are still noncentrosymmetric sites)
Discussion as indicated in Table 1. One may consider that the second
behavior is also connected with thefftransition probability
As mentioned in section 1, it is expected that A and B because the randomness at the alkaline-earth site should
band edges are controlled by mixing Ca, Sr, and Ba ions atincrease fronx = 0 to x = 0.4. However, the absorption
the alkaline-earth site. In fact, the valence-to-conduction bandintensity of thex = 0.35 sample is not larger than that of
edges (A band edges) are nearly the same for the cubic solidthe x = 0 sample, as found from the inset of Figure 5b.
solution samples with the same average radius of alkaline- Therefore, another reason would be necessary to explain the
earth ions. In addition to the A band edges, the B band edgessecond behavior. According to Diallo et &fjt is expected
are also the same for the orthorhombic solid-solution samplesthat there are two processes for the red emission of the Ca-
with the same average radius of alkaline-earth ions. Theserich samples. One is that the valence-to-conduction band
results suggest that both A and B band edges are determineébsorption first occurs, the energy of the excited electrons
by the average radius of alkaline-earth ions. is transferred to Pr ions, and the excited Pr ions emit the red
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light. The other is that the excitation to B band (clearly substituted by Cd and B&" ions, even if the average radius
connected with the excited state of Pr ions) first occurs and of the alkaline-earth ions is the same as that ¢f $on.

then the excited Pr ions emit the red light. If two contribu- The intense red luminescence is observed for Ca-rich samples
tions are superposed in the same wavelength region, the peakvith orthorhombic structure. The red luminescence intensity
intensity of red luminescence increases naturally. In fact, A shows a maximum around= 0.4 for Pr-doped Ga,SKTiOs.

and B band edges shift to the opposite wavelength side with The A and B band edges shift to long- and short-wavelength
increasingx, as found from Figure 5, and thus the two sides, respectively, with increasing the average radius of
contributions should be superposed at a centairherefore, alkaline-earth ions.

the maximum red luminescence intensity aroune: 0.4 We propose the following. The-f transition probability
can be understood qualitatively by the superposition of the increases due to lowering the point symmetry at the alkaline-
two contributions. earth site which can be controlled by either crystallographic
site symmetry or solid-solution effect at the alkaline-earth
Conclusions site. Some luminescence properties such as intensity and peak

wavelength in the excitation spectrum can be controlled to

In the present study, photoluminescence properties of Pr- ; ; :
some extent by the average radius of alkaline-earth ions.

doped alkaline-earth titanatesog{Ca,Sr,Ba)ge7TiO3 are

investigated at room temperature. For pure host materials,
intensities of red luminescence and absorption of f Acknowledgment. The authors wish to thank Dr. Katsumata
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