PHYSICAL REVIEW B, VOLUME 64, 195129

Vacuum ultraviolet excitation and emission properties of PF* and Ce** in
MSO, (M=Ba, Sr, and Ca and predicting quantum splitting by Pr3* in oxides and fluorides
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The excitation and emission properties of Pand Cé* dopedM SQ, (M2*=C&*, SP*, and B&") were
investigated at 293 and 10 K. The lowest Bvel in CaSQ:Pr" is located below the #[*S,] level resulting
in allowed 4f5d—4f? transitions. In BaS@and SrSQ the lowest 5l level appears above tHe, level and
42[1S,]—4f? emission is observed. However, alsts4—4f2 emission occurs, suggesting the presence of
two different Pr centers. The unusual temperature dependence of the emission, points, however, to a thermal
excitation process from théS, state to the #5d states involving only one site. The internal quantum effi-
ciency of the®P, and D, emission in BaS@is estimated to be 0.1 and 1%, respectively. It will be
demonstrated that under host lattice excitation part of the energy is transferrétidtates with lower energy
than thelS, or the 45d states. The possibility for quantum splitting to occur irf Pdoped oxides and
fluorides will be discussed. Trends observed in the interaction between the crystal field andefieetfon of
Cce, will be applied to predict the energy of thé%d states of Pr'.
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I. INTRODUCTION for many type of applications involving thef% 15d states
of trivalent lanthanides. In order to observe PCE by'Rt is
The luminescence of the Pr ion doped in inorganic required that the #5d states of P™ have an energy higher
compounds has been investigated thoroughly in relation withhan the 1S, state since otherwisef8d—4f? emission is
several applications. Laser action from ti@, and 'D,  observed instead. This is illustrated in FigblL Clearly,
stated? in the visible part of the spectrum, or from th&,  methods to predict &level energies will be very helpful in
state in the infrared part has been described in detail and Selecting candidate host materials fo? Pr
is utilized in for example fiber optical communication. The ~ Recently, Dorenbos collected data off"4'5d-level en-
red D, emission around 600 nm has proven useful as a
primary color in field emission displayFED) devices’’
Emission from the opposite parityf8d state results in fast E§_
ns ultraviolet (UV) emission, useful for scintillator
application&® or tunable UV lasers®-1? ] §
This work deals mainly with emission from tH&, state,
which is the highest energyf4 state of Pt*. After the 1S,
state is populated, the ground state can be reached by a two
step radiative process involving the transitionsS,
—1,3P; followed by 3Py—3F;,°H; or S,—!D, fol-
lowed by 'D,—3H;, see Fig. 1a). This photon cascade
emission(PCE or quantum splitting phenomenon, demon-
strated in the fluorides Yf LaF;, and NaYF (Refs. 13—-15
and in the oxides SrA}O;9,'°® LaMgBsO;,,!" and
LaB;0s,'8 can be useful in plasma display panéDP’9
and Hg-free lighting tubes, in which phosphors are excited 104 |
by the vacuum ultravioletVUV) emission(150—-180 nm |
from a discharge in a noble gas mixture containing'X€he ]
high energy of the VUV photoné7—8 eV, relative to the T s
visible photons(2—3 eV}, results in an inefficient emissive 9- @) T
device, but allows at the same time for a possible emission of
two visible photons for each absorbed VUV photon, resulting  FIG. 1. Schematic representation of the excited states bf.Pr
in a luminescent material with an internal quantum efficiencyThe most probable radiative transitions are indicated by the vertical
larger than unity. arrows for the situation where the lowest>l state has a higher
The energies of thef4d states are of crucial importance energy(a) or a lower energyb) than the 47[1S,] state.
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ergies of LA' ions in a wide variety of inorganic 55 + 5
. gaseous Ce

compound€®?! The lowest Si-level may shift downwards | xelsd
by as much as 30000 crm from the free ion value due to I
the interaction of the & electron with the crystal field. To sod ___ "7
understand this wide variation, the relation between the en- e
ergy of &d levels and the crystalline environment was sys- e _ c
tematically investigated in Refs. 22—25. - =

This work reports on the excitation and emission proper- S, *°7 S [Xe]5d €5
ties of PP and Cé* dopedM SO, (M2*=C&*, SP*, and )
Ba®") in the VUV to visible spectral range. The observed :5’ Y '
s, emission, the luminescence quantum efficiency of the VS R Y S
3P, and D, states as well as the energy transfer from the ~
host lattice to the PF ion is described and discussed. Fur- z ;:
thermore the shape of the excitation spectra of ‘Cand 10 1 =
Pr* luminescence in the same host crystals are compared 5+
with each other. 0]

This work also addresses the possibility to observe quan- [Xe]4f [Xe]4f [Xe]4f

tum splitting by P#* in oxides and fluorides. Relationships
between H8l-level energies and crystalline environment
+ ; ; +

known for Cé", will be app.“ed. 10 45q St"’?tes (.)f P It tion of Ce". The centroid shifte;, crystal field splittingecrs,

appears that quantum splitting is possible in oxides that Conr'edshiftD(cé* A), and the lowest energyf4-5d transition of

tain ionic complexes (SP, PG, BO3 ™, and Sid") g+ g(cé*.A) are indicated.

provided specific conditions are met. Conditions are particu- ’

larly favorable in the sulfates with large cations as in SO Fig. 3, the redshift is the same for Teand P#* and in

and BasQ. _ , - fact for all lanthanides. It implies that the interaction of the
This paper_ls_organlzed as fpllows. We W|II_ start with a5d electron with the crystal field is to first approximation

general description of the physical and chemical propertieg,jependent on the type of trivalent lanthanide ion. Further-

of the lanthanides and the host crystal that determine thg,q e Fig. 3 exemplifies that there is a constant energy dif-

energy of the lowest #~'5d level of the trivalent lan-  terence between thef4-5d transition energy of C& and

thanides in inorganic compounds. From that our choice tQnat of the 42— 4f5d transition of P¥*. This difference is

study the alkaline earth sulfates as host fof Pwill be independent on the type of host lattice. Therefore, when the

motivated. Next the experimental results will be presentedenergy of the firstd-transition is known for C& in a com-

and finally we will explore the prospects to find other hOStpound then that of Bf when in the same host can be pre-

materials that, when doped with *r may show the PCE icted. This predicting tool has been applied successfully by
effect. van der Kolket al?® to find new host crystals in which the
lowest 4f5d state of Pt' is at a higher energy than the

FIG. 2. Schematic representation of the influence of the crystal-
line environment on the energy of th&e]5d electron configura-

Il. THE 5 d-LEVEL ENERGY IN FLUORIDES 417'sy] state.
AND OXIDES . -
4f"°5d state of gaseous Ln”" ion
A. Crystal field interaction 0-- — . —
The energyE(Ln®",A) to excite a trivalent lanthanide ion ::: g E_IL:’ %
Ln®* from its 4f" ground state to the lowest energy -5+ & ;: S |8
41"~ 15d state depends on the type of host crygtand on e a |2
the type of LA™ ion2° When Lr** ions are placed in a — 10
crystalline environmentz(Ln3*,A) becomes smaller com- i 4f5d 5d
pared to that of freggaseous Ln®* ions by an amount 5 ] —
D(Ln®*,A) called the redshift. It is determined k) the g -15- o |9
crystal field splittinges of the 5d configuration andii) the ] 4 _ :‘.5 ::
centroid shifte.. The latter is defined as the lowering of the a1 o |9 gl g
average energy of the five crystal field spli States relative 504 43
to the value for the free ioff The situation is illustrated in T |5 Ceaf
Fig. 2 for CEé" where the free ion centroid energy is located
at 51230 cm . -60 -
Figure 3 shows the influence of the type of host lattice T

(LaPQ, or LaFy) and the type of lanthanide ion (&e or

Pr™) on the redshifD and the lowest energfd-transition FIG. 3. Schematic representation of the influence of the type of
E. The lowest 8 level of the free ions is chosen as zero host lattice (LaPQor LaFR;) and the type of lanthanide ion (&
point of energy. In the same compound, for example, LAPOor PP*) on the redshifD and lowest energyd-transitionE.
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FIG. 5. Centroid shifte, of the 5d configuration of C&" in
oxide and fluoride crystal$), observed values anfl, anticipated
values from Refs. 22—25. Data for the sulfates are from this work.

R _-0.5AR (pm)

FIG. 4. Total crystal field splittingrs of the Cé* 5d configu-
ration against the average Cesite size in oxide and fluoride crys-

tals. (tap= sixfold trigonal antiprism coordination,(cuba) 1 1 N 1

=eightfold cubal coordination,(ddh=eightfold dodecahedral = 1)
coordination, (cubg=twelvefold cuboctahedral coordination, and RSﬁ N =1 (R-— EAR)

(acubg= twelvefold anticuboctahedral coordination. Data obtained b2

from Refs. 22—-25.
B. Crystal field splitting in which N is the number of ligands in the first coordination

The magnitude of the crystal field splittingys depends ~SPhere each at a distanBe— ;AR (pm) from Ce'*. AR
on the shape and size of the anion coordination polyhedroHaS been introduced to account for lattice relaxation around

around the LA* ion. Figure 4 shows results for &edoped  the CE" ion. The amount of relaxation is generally not
material?? ecrs is displayed against the average3Ceo known and as a rough estimation it is assumed that the near-
ligand bond lengttR in the relaxed oxide and fluoride lat- est neighbor fluor ions relax radially inward or outward by

tices. The figure demonstrates the effect of site size and poly?alf the differenceAR between the ionic radius of ¢eand
hedron shape on the crystal field splitting separately. Thcfzhefégn'c3 radu;s of the cation it substitutes fows,
dashed lines connect fluoride as well as oxide compoundel0 *° m® or A%, called the spectroscopic polarizability, is
with similar type of polyhedral coordination. For each type@ parameter reflecting the average polarizability of the
of polyhedron,ecrs decreases approximately BS2. ecrgis ligands. Ho_vvever, since also _coval_ency z_ind nephel_aux_enc
decreases progressively in going to dodecahediat, tri- @ISO represented byg,. g, can directly be calculated from
capped trigonal prisni3ctp), and cuboctahedratubg and  the centroid shift and the crystal structure. Data available on
polyhedral coordinations are the most favorable for observeations with high valency are present they tend to bind the
ing PCE. anions andag, tends to be small. For this reasos, in-
creases steadily in the sequence from sulfates to aluminates
C. Centroid energy as in Fig. 5. The ordering is in line with an increasing va-
Figure 5 demonstrates that the centroid skiftends to lency and a decreasing radius of the cation central in the
increase in going from fluoride compounds to the sulfate,Ion.ll.chgosrgf(_;;)c(jeift values within one group of compounds is
carbonate, phosphate, borate, silicate, and aluminate com- . ¢
pounds. The variation af, with the type of anionk~, CI~ Caused by different values fk;, N, andasp. o was found
Br 02'_ S) has bee(r:w discussed often in Iitera{ure l,JsingtO decrease with the degree of condensation of ionic com-
e : ; ; . . lexes in the compound. In the case of phospKataesd
different models involving the nephelauxetic effect, Ilgandgorateszse values ?end to decrease when gl]Doingpfrom ortho-
polarization, or covalency between metal and ligand ions. Iq pe (isc;lat(iad complexdsto pyrotype(corner sharing com-
each of these models the binding of the ligand charge Clougvlexes) to metatype(rings or chains and to more con-
to cations other than C& is of |-mp0rtan§:e. When |t.|s Iarge, densed phosphates or borates. With increasing degree of
covalency betwgen Cé and ligands, ligand poIar|zab|I|ty, condensation, & ions are coordinated by more and more
and nephelauxetic effect are small, and each model prEOIICtSs?nall and high charge cations that increase the ligand charge

mall centroid shift. - . i
s l?] R(’jgfs. 33_525 it was found that, (cm™2) can be mod- cloud binding. as, becomes smaller and the centroid shift
elled conveniently with tends to fOI.IO.WS' .

y For obtaining high energydstates and the PCE effect of
Na Pr* to occur, it is clear that the centroid shift should be

€.=1.44X 1017—:’), small. Amongst the oxides this is expected for the sulfate
Reft systems: the materials of study in the present work.
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IIl. EXPERIMENTAL TECHNIQUES — T T T T
- BaSO,: 1% Pr’* (a)

| T=293K
A= 444 nm

A. Material synthesis and structure

Pt and Cé* doped BaSQ, SrSQ, and CaSQ powder
samples, with and without Nacodoping for charge compen-
sation, were synthesized by solid state reaction at 850 °C for
eight hours in air using BaSQ SrSQ, CaSQXx2H,0,
Pr,(SO;)3X8H,0, Ce(S0O);, Na,S0O, X 10H,0 as starting
materials. Powder x-ray diffraction analysi¥RD) showed
that BaSQ and CaSQ were single phased. The XRD spec-
trum of SrSQ showed weak lines that could be assigned to
the CaSQ phase next to much stronger lines characteristic
for SrsqQ,.

BaSQ (barite and SrSQ (celesting are isostructural and i SrS0,: 0.2% Pt (b)
have an orthorhombic crystal structure with space group T=293K
Pnma(No. 62. The point symmetry at the Ba and Sr site is A= 444 nm
Cs, and Ba and Sr are coordinated by 12 Gons. Ten G~
ions are at an average distance of 288 and 274gfhyhile
two more G~ ions are found at a larger distance of 332 and
325 pm for BaSQ and SrSQ, respectively. CaSp(anhy-
drite) has an orthorhombic crystal system with space group
Cmcm (No. 63. Ca ions are eightfold coordinated by’ O
ions in the form of a dodecahedron at an average distance o
247 pm(Ref. 29 with point symmetryC,,,.

units]

Intensity [arb

X10

Intensity [arb. units]

'J\'\I v T ¥ T v T T T Lope
CaSO,, T=293 K, A= 444 nm (C)
1: 0.2% Pr**

——2:0.2% Pr**, 0.2% Na

B. Spectroscopic techniques

Emission and excitation spectra at 293 K in the 400 to
800 nm wavelength range were performed with a spectro-’
photometer from Photon Technology Internatiof@uanta-
Master model QM-Lwith a continuous Xe lamp. Its charac-
teristics were described elsewhéfeBetween 115 and 650
nm af/4.5, 0.2 m VUV monochromator from Acton Re-
search(model ARC VM-502 was used in combination with |
a Deuterium lamgmodel ARC DS775-100utilizing MgF, .‘J
coated Al spherical mirrors and grating. Emission was mea-
sured either by using a monochromator in combination with Lo . . , ,
a red sensitive Philips XP2254/B PMT, cooled t®20 °C, 500 550 600 650 700
or an EMI PMT in combination with a Mgfcollector lens Wavelength [nm]
and cutoff and/or interference filters.

Excitation and emission spectra at 10 K were performed FIG. 6. Luminescence of PF in the visible part of the spectrum
at the Deutsche Elektronen Synchrott®ESY) in Hamburg @t 293 K and®P, (444 nm) excitation, when doped in Ba3Qa),
(Germany using the SUPERLUMI station of Hasylab. De- S'SQ (b), and CaSQ (c). The CaSq: 0.2% P?* spectrum(1) in
tails of this excitation facility have been described Fig- 6c) was multiplied by 6, so that+théP0H3"'+4 emission in-
elsewheré® The spectral region of excitation was 50—300 ensity equals that of Ca300.2% P?", 0.2% Na.
nm with a fixed resolution of 0.3 nm. Luminescence could be . ) o . )
detected either in the 150 to 300 nm region utilizing a solafion curves. Still, relat|V(_e emission intensities should be in-
blind PMT or in the 200 to 600 nm region using a cooled terpreted with care. Excitation spectra were corrected for the
Hamamatsu R2059 PMT. The maximal obtainable resolutiofvavelength dependent excitation intensity, using sodium
of both methods was 1 nm. The synchrotron operated isalicylate as a reference material.
multibunch mode with bunches separated by 200 ns. Emis-
sion and excitation spectra were measured within a time win- IV. EXPERIMENTAL RESULTS
dow ranging from 2 to 10 ns after the excitation of the
sample by the synchrotron pulse. Emission and excitation
spectra were also registered without time resolving. We will Figures &a)—6(c) show the emission spectra of *Pr
refer to these measurements as the time resolved and intdeped BaSQ, SrSQ, and CaSQ@ recorded at 293 K under
grated emission or excitation spectra, respectively. 41?[3H,]— 3P, excitation at 444 nm. The spectra are domi-

The emission spectra were corrected for wavelength deaated by red'D,—3H, emission around 600 nm. The other
pendent detection efficiency using the best available correanuch weaker emission lines can be assigned to transitions

units]

T Scaling point

Intensity [arb.

A. Emission and excitation properties at 293 K
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al: SrSO, :0.2%Pr’l‘, A= 160 nmI a3: SrSIO, :0.2°IAaPr°', IA._L=I 190I m;| 1: SIrSQ ;0.2'% P A I = 406 mln
a2: BaSQ,: 1%Pr’, A_= 160 nm | a4: BaSQ,: 1%Pr’, A= 190 nm 2: BaSO,: 1% Pr* x.m_ 406 nm 7]
o — - (N v Mem—
- T=203 K 1 -g 3: CaS0,:0.2% Pr", A= 230 nm
L 5 L 4: BaSQ,: 1% Pr*, )= 600 nm i
= .
X al E 0o =
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2 ES # 2
g r o e g
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12 : T e NN < .
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3 - b2: A= 160 nm 5 ) ! ! ) ' j !
s g o 2 60 100 140 180 220
2 b3: A,= 190 nm s
S, 0.8 = Wavelength [nm]
z b1 z
G 2
g 061 001 2 FIG. 8. Excitation spectra, recorded at 293 K, of Plumines-
£ Y 3 cence when doped in Srg@1), BaSQ (2) monitoring 406 nm
g o4 Y & emission, CaS@monitoring 230 nm emissiofd), and in BaSQ
g 2 £ monitoring 600 nm emissiof¥).
§ 0.2 % 0.00 8 9 ®)
2 (b) I b3
00 . i -
. m s S i The CaSQ:0.2% PP* df emission bands can be as-
& & 8 B 2 2 3888

signed to transitions from the lowest3d-band to the vari-

ous 4f? states. The most intense emission bands are attrib-
FIG. 7. (a) Emission spectrum of Pf recorded at 293 K of Uted to transitions to théH,, °Hs, °Fy, and °F; states

BaSQ:1% PP* and SrSQ:0.2% PP* at 160 nm excitation While the weaker bands are assigned to transitions to the

(spectruma2 andal) and 190 nm excitatiofispectruma4 and 3Hs_, 3F4, 1(34, 11_32, and'lg or 3Pq states. Their positions

a3). (b) Emission spectrum of Pt recorded at 293 K of are indicated in Fig. (b) by the vertical lines.

CaSQ:0.2% P?* at 160 nm excitatior(spectrabl andb2) and Figure 8 shows excitation spectra at 293 K of Pin

190 nm excitatior(spectrumb3). BaSQ and SrSQ, monitoring 1Sy—1tlg, 3P; emission

(spectra 1-2 and CaSQ@ monitoring 4/5d—4f? emission

from the 3P, state to the*H,, 3Hs, 3F,, and °F, states. (spsectrum_ 3 The excitation SpeCtF“ml mqnltlorén% t.h]@?

Also D,—3H; emission is observed around 700 nm. —"H, emission(600 nn) in BaSQ is also included in Fig.
Codoping CaS@0.2% P?* with 0.2% Na increased 8. Bands between 160 and 220 nm are assigned to excitation

) . A )
the 3P, emission intensity by a factor of 6. It is explained by to states of the #5d configuration of Pt". The lowest en

. . - . 7 ergy 4f5d level in BaSQ and SrSQ is found at 199 nm
a higher absorption efficiency due to a higher concentrauonavhiIe that in CaSQis found at 216 nm. The bands around
of PP* ions in CaSQ when Na is used as a charge com- 150 nm in CaSQ@ and SrSQ and 155 nm in BaSQare
pensating ion. Codoping had only a minor effect for SySO

: assigned to the host lattice excitation and are further dis-
and no effect for BaSQ It is observed that théD, and the cussed below. When thkD ,—3H, emission is monitored in

°Po emission intensity ratiolg,, /13, ) becomes smallerata pasq, the host lattice excitation bands between 135 and
high PP™ concentration (BaSQ1% PP" and codoped 180 nm are the only ones observed. Excitation below 125 nm
CaSQ:0.2%P?#*) compared to a lower P concentration (<10 eV) results in 45d—4f? emission in the case of
(SrsQ and CaSQ@ with 0.2% PF*). This will be discussed CaSQ while no emission is observed in Bag@nd SrSQ.
in Sec. VA, The VUV absorption and emission properties of undoped
Figures Ta),7(b) show the Pt" emission recorded at 293 sulfates were investigated for,80, (Refs. 32—-3§ and
K in BaSQ,, SrSQ, and CaSQ@ at VUV excitation wave- CaSQ (Refs. 35,35 by means of diffuse reflection and lu-
lengths. At 160 nm excitation, f5d—4f2 as well as3P,  minescence excitation spectroscopy. Although optical prop-
and D, emission is observed in each sulféspectraal-2, erties appear different from one sulfate to the other and
b1, b2). In BaSQ and SrSQ also emission from théS,  bands cannot always be identified uniguely, sulfates seem to
state to the'G,, 'D,, and l4 or 3P, states is observed at have two distinct types of host lattice excitation. One exci-
271, 336, and 406 nm, respectively. In addition, weak broadation region, at relatively low energy between 6 and 10 eV,
band emission between 275 and 375 nm is observed. At 198 attributed to excitation of the SO complex, and a region
nm excitation no>P, and D, emission is observed in at higher energy ¥9 eV) is assigned to valence band to
CaSQ (spectrumb3) and only very weakly in BaSQand  conduction band transitions. We therefore assign the bands
SrSQ (spectraa3-4). Furthermore, thefsd—4f2 and'S,  observed between 140 and 180 nm in Fig. 8 to excitations
intensity ratio in BaS@ and SrSQ is identical to that ob- involving the SCﬁ‘ complex. The excitation region below
served under 160 nm excitation, while the broad band emist25 nm (10 eV) observed in the spectrum of Cag®
sion is absent at 190 nm excitatibmot shown in Fig. 7@)]. assigned to valence band to conduction band excitation.

Wavelength [nm]
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' - T T roTrrTrrTe 214, 236, and 240 nm. ThefBd— 4f2 emission is consid-
. BaSO,:1% Pr’* (@) erably less intense relative to tH&, emission at 10 Ksee
A =100nm, T=10 K Figs. 9a), 9(b)] than at 293 K/see Fig. 7a)]. The integrated
o time resolved .. i .
x15 tine integrated emission spectrum of CaSQ@ecorded at 10 K is shown in
L Fig. 9c). The emission bandwidths have decreased from
about 1400 cm® at 293 K to 1000 cm?, and the relative
emission intensities of the differend—f bands have
changed compared to the situation at 293 K. The broad emis-
sion observed in CaSQand SrSQ around 340 nn{desig-
nated byl) was also observed by Lakshmaretral.in Ln®"
doped CaS@in thermally stimulated and cathode ray ex-
cited luminescence spectta.

Figures 10a)—10c) show the 10 K excitation spectra of
S150,: 0.2% Pr** BaSQ:Pr" (a) and SrSQ:Pr™ (b) monitoring 1Sy—tl4
- x15 %, =190 nm, T=10 K emission (406 nm), and of CaS@:Pr* (c) monitoring
:ﬂ: i':::":::ed 4f5d—4f2 emission (230 nm). The spectra show more

g structure than the spectra recorded at 29&Gé&e Fig. 8 due
to the smaller bandwidths. The inset of Fig.(d0shows a
weak and a more strongéH ,— 'S, transition at 46 730 and
46880 cm L. This implies the presence of at least two dif-
ferent PF* sites in BaSQ that have the'S, state isolated
from the 4f5d states. In SrSQthe 'S,— 3H, transition is
observed at 46570 cri. It has a 200 times lower intensity
than thef —d transitions due to the parity forbidden nature
of the f—f transition.
- CaSQ.: 0.2% Pr™* (c) Figures 10a)—10(c) also show the 293 K excitation spec-
L )1 0.2% Pr o + .. .
o Be80mm T 10 I tra monitoring the C& d—f emission in the same com-
ﬁ:e i ;ed pounds. Since, if put in the same compound, the ficst
gra "
transition of P?" always occurs at about 12200
+600 cm'! higher energy than that of €&2° we have
shifted the original C& excitation spectra towards higher
energy. The energy shift was chosen such that the ffast
transition coincide for both lanthanides. The applied shifts,
all within 12200+ 600 cmi !, are indicated in the figures.

The energy of the five & crystal field states of Cé,

their average energl., the centroid shifte;, and the total
7 crystal field splittingeces are listed in Table I. In the same
= table the energies of the firstf4—4f5d transition in P*
Wavelength [nm] and the 4’415 ’F,]5d transition in EG* from Ref. 38
are included.

FIG. 9. Time integrated emission spectra and time resolved The lowest energy #—5d bands of C&" in BaSQ and
emission spectra recorded at 10 K under 190 nm excitation ogrsq reveal a shoulder on the low energy site. This has
BasQ:1% PF' (a), SrSQ:0.2% PP (b), and CaS@:0.2%  peen studied in more detail by Virgt al3 and is not related
P (c). The time resolved emission spectra were obtained by colig the C&*+ center of Table I. Also the excitation peak in
lecting light between 2 and 10 ns after the synchrotron excitatiorBaSQ:Ce?+ around 50 000 cmt is of different origin.
pulses. The excitation bands at 155 and 160 nm in th& Rtoped
sulfates that were related to excitation of the sulfate group,
are also observed in the €eexcitation spectra at the same

In Figs. 9a), 9(b) the time resolved and time integrated wavelengths. Because of the 12 374 cnshift applied to the
emission spectra of BaS@nd SrSQ recorded at 10 K and  spectrum of CaSQCe**" shown in Fig. 1(c), it appears at
190 nm excitation are compared. When light is collectedl25 nm. The actual maximum is found at 147 nm. The same
between 2 and 10 ns after pulsed synchrotron excitatiorhands are also observed in thé Pexcitation spectra, which
mainly fast 45d—4f? emission is observedspectra L demonstrates that they are not related to thBddconfigu-
Emission band assignments are identical to that ofation of PF*.

CaSQ:PP* at 293 K, see Fig. (). 1Sy—°F,, 1G4, 1D, In Fig. 11 the 10 K excitation spectra of Bag®r",
and 'l or 3P, transitions are observed at 251, 272, 337, andnonitoring the 45d—4f? emission at 232 nm(1) and
406 nm. In the time integrated spectispectra 2, also the 1S,—1ls or 3P, emission at 406 nn{2), are compared.
15,—3H,, 3Hg, and °F, emission lines are observed at Below 190 nm the two spectra are of identical shape. How-

Intensity [arb. units]

4

I‘Sr’H
T
N

Intensity [arb. units]

4f 5d »°F

Intensity [arb. units]
4

4f5d >°H

210
260 |
360
410 |
460 |
510 |
560 |
610 1

B. Emission and excitation properties at 10 K
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Energy [10 * cm?] TABLE I. 4f—5d transition energie&q, centroid energ¥,,
100 90 80 7 60 50 20 centroid shifte,, and crystal field splittingcesof Ce* in BaSQ,
+ +
L ! ! ! SrsSQ, and CaSQ. E(PP") and E(EWP™) are the lowest energy
4f—5d transition of P¥* and EG*. All energies are in cm?.

BaSO, : 1% Pr**, T=10 K, A,,=406 nm

w BaSO, : 1% Ce** +12700 cm?

T | T= 203 K, A= 327 nm BaSQ SrsQ CasQ
E E¢q 37400 37500 33800
> L 40500 40300 40000
g 43300 43400 41900
E | 46 200 46 800 45 400
2 49500 48800 51900
§ i E.(CEY) 43400 43300 42 600
o e.(CeT) 7840 7930 8630
. ecrdCET 12100 11 300 18100
S50, : 2R PP*, Tl K. At08 A E(PP™) 50 500 50 200 46 200
——— 5150, : 1% Ce* +12733 cmi® i E(EFT) 29000 29000 26 400

T= 293 K, A= 327 nm

served. Because of the large widthOO nm FWHM), the

1 large stokes shift, and the energy ¢320° cm 1) of this

X 40 1 emission, and because the emission can only be observed

g under host lattice excitation, it is assigned to self-trapped-

l exciton (STE) emission. The #5d— 42 emission intensity

i is small compared to théS, emission intensity. This is

®) ] partly due to the low detection efficiency of the equipment at
wavelengths shorter than 250 nm, but still we have to con-

CaSO0, : 0.2% P, T=10 K, A_=230 nm clude that at 10 K 45d— 42 emission is weak compared to

CaSO, : 1% Ce™ +12374 cm 15, emission, see Figs.(& and 9a),9(b). Compared to the

T= 293 K, Aen= 327 nm ] situation at 293 K in Fig. (&), the STE emission intensity at

10 K is much more intense relative &, emission intensity.

In this respect it is noted that STE emission is often

8 quenched at 293 K.

The nature of the excitation bands between 185 and 255

i nm is unclear, but may be related to excitation of defects

such as SQ or SO; formed during synthesis or induced by

VUV radiation. Similar absorption bands of various defect

] emissions in CaSg) reviewed recently by Lakshmanan

(c) et al,*® are found between 200 and 400 nm. Excitation at

100 125 150 175 200 295 250 230 nm results in broad emission between 300 and 500 nm.

Wavelength [nm]

Relative intensity [arb. units]

Relative intensity [arb. units]

10 T T T T T

BaS0,:1% Pr'*, T=10 K
1: A =232 nm
]l —2: Lem_: 406 nm

FIG. 10. A comparison between the VUV excitation spectra of
Ce* and P doped in BaSQ(a), SrSQ (b), and CaSQ(c). The
Cée** spectra were shifted to higher energy until the lowasstate
coincides with that of Pr". See text and figure for further detail.

ever, above 190 nm they are markedly different. The 203 nm
excitation band is observed with a much higher intensity
when 5d—4f emission is monitored. This observation may
be indicative for the presence of two differenf Prsites in
BasSQ. )

Figure 12 shows the 10 K excitation spectrum of 0 A R S N
BaSQ:1% PP* monitoring 360 nm emission and the emis- 140 160 180 200 220
sion spectrum at 160 nm excitation. The excitation band at
160 nm was also observed in all other excitation spectra
presented before. The emission spectrum observed at 160 nm F|G. 11. Excitation spectra of P in BaSQ, recorded at 10 K
excitation consists ofS, emission and®P, emission lines, monitoring 4/5d—4f2 emission at 232 nnfspectrum 1 and S,
but also a broad emission band peaking at 310 nm is ob-:1l4 or 3P, emission at 406 nngspectrum 2.

Relative intensity [arb. units]

Wavelength [nm]
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BaS0,:1% Pr'*, T= 10K
1: 2, = 360 nm
2: A, =160 nm |

Normalized intensity [arb. units]

T T M T T T T T M T T T T T M T
110 160 210 260 310 360 410 460 510

Wavelength [nm]

FIG. 12. Emission spectrum at 160 nm excitatispectrum 2
and excitation spectrum monitoring 360 nm STE emissigpec-
trum 1) of PP in BaSQ recorded at 10 K.

V. DISCUSSION
A. Radiative and nonradiative 4f? transitions

The 'D,—3H, emission that is observed und&p, ex-
citation in Fig. 6 is attributed to a highPy,—'D, mul-
tiphonon relaxation rat& ,,. With the relatively high maxi-
mum phonon energigs ,,~1100 cm 1,* corresponding
to the stretching vibrations of the S-O bond in the2SO

complex, and a small energy gap of about 4000 trhe-

tween the3P, and D, states, multiphonon relaxation in-

PHYSICAL REVIEW B 64 195129

energy gap law, but may also indicate that other quenching
processes like energy migration to quenching sites or cross
relaxation play a role.

The importance of the latter two processes depend on the
P concentration and have been studied in detail in oxides
and fluorides. Generally, it is found that quenching of the
1D, emission occurs at lower concentration than quenching
of the 3P, emissior>**~4'This may explain the highetP,
emission intensity relative to thelD, intensity in
BaSQ:1% PrP* and CaSQ@:0.2% PF*,0.2% N& com-
pared to the intensity in CaS@.2% P#* and SrSQ:0.2%

Pr* with a lower PP concentration.

B. 4f[1S,]—4f? and 4f5d—4f2 emission

The simultaneous observation off4'S,]—4f? line
emission and #5d— 4f2 broad band emission in Bag@nd
SrSQ, see Figs. 7 and 9, suggests the presence of two dif-
ferent PP* sites. One site has then the lowestBvel above
the 1S, level, and the other site has the fevel below the
15, level. In the case of BaSOPr*, Fig. 10 also shows
evidence of two sites because two differéit,— 'S, exci-
tation lines are observed. Both Srg@nd BaSQ have, how-
ever, only one crystallographic site available fof PrThe
possible two different sites may be related to the presence or
absence of charge compensating defects.

An alternative model to explain thedsemission bands
involves thermal excitation from théS, state to the lowest
energy 45d state. In this case both!S, and
df-luminescence may originate from the samé‘Pcenter.

volves the emission of minimal four phonons. The energyindeed, the ratio between tlte—f emission intensity and

gap between théD, and 'G, states is about 6300 cr and

the 1S, emission intensity, strongly depends on temperature.

according to the energy gap law in revised form of van DijkFigure 7 shows that at 293 Kf emission is much more

and Schuurmar® T',,,(T=0 K) « exd —a(AE—2hwya)],
describing the multiphonon relaxation rdtg, with an accu-
racy of about two orders of magnitude, the,— G, non-
radiative rates can be estimated to be 4@mes smaller. We
useda=4.5(+1.0)x 10 3cm™* from Ref. 44. It is therefore
not surprising that the emission properties of Piin these
sulphates are dominated by the rédl,—3H, transition.
The cascade emission process of Pprovides a unique

intense than!S, emission. As can be seen in Fig. 9, the
situation is reversed at 10 K. This behavior closely resembles
that observed for the luminescence of?Eun BaSQ, and
SrsQ,.%8 It is also observed in the fluorides KMgFRef. 48

and LiBaR,* and in the borate Sif®,.%° In these materials,
the 4f°5d state of EG" is located just above the opposite
parity 4f’[°P,,] state. Both 4’[®P,,]—8S,, line and
4f55d—4f’ broad band emission are observed, originating

opportunity to determine the internal quantum efficiency offrom the same E&i center. It is commonly accepted that the
emitting levels that are populated by the emission from thesd state is reached by thermal excitation from the,

13, state. Spectrura4 of Fig. 7@ shows that for BaSgpthe

state.

D, emission at 600 nm has intensity about 1% of that of the Based on the similarity with Ed luminescence, we may
15,—14,%P; emission at 406 nm. This implies that the QE conclude that thelf emission and'S, emission of Pt' in

of the D, emission can not be higher than about 1%. FromBaSQ, and SrSQ stem from one type of P¥ center. What
Fig. 6(@ and the discussion in the beginning of this section,still remains to be explained are the differences between the
the QE of the®P, emission is found to be 0.1%. Similar 10 K excitation spectra shown in Fig. 11 at wavelengths

arguments for SrSpyield even lower QE's.

between 190 and 210 nm. One may speculate that after ex-

The measured QE may be compared with the QE calcueitation of the 45d configuration, relaxation to th&S, state

lated using the expression GH00% XTI, /(I',,+T,),
whereI', is the total radiative transition ratd:,,, values
calculated using the energy gap law for thB, and D,
states are T3-10* s * and 10! s 2, respectively. Typical
radiative rates at low P¥ concentration of thé P, and D,
emission are 1Dand 1§ s !, respectively>** The calcu-

or to the lowest energy f4d states takes place, with a cer-
tain branching ratio that depends on the wavelength of exci-
tation. Relaxation to théS, state seems then to have higher
probability at excitation wavelengths above 200 nm. The
transitions starting from théS, state will show a longer
decay time compared to parity allowelf-emission transi-

lated QE’s are thus orders of magnitude too low compared ttions. The model involving thermal excitation from th&,
the measured values. This may reflect the limitations of thetate to the 8 states, predicts changes in the effective life-
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80 the 'D, emission at 600 nm in which only the host lattice
] P Process I excitation bands appear between 140-180 nm.

70 The following model is proposed. At 160 nm excitation,
sof( complexes are excited which transfer their energy to
the 4f5d states of PY" ions via a fast process. This is pro-

60+ cess | in Fig. 13. It results in identical emission features as

_ i observed under 190 nm excitation. Excited2S@omplexes
e 504 Do may also create a self-trapped-exciton-like state. The STE
o ] —_! i 4s) can decay radiatively yielding the broad emission observed
S oo in Fig. 12, or it can transfer its energy to tH@, and I
= 40- ; : . . N Y >
% ] : Photon states of a P ion, resulting mainly in'D, emission. This
& . is process Il in Fig. 13. No #5d— 42 or 1S, emission will
w304 result in this process.
¥ The existence of STE's is evidenced by the broad emis-
20 —t— sion observed at 10 K in BaS@t about 310 nm, see Fig.
——  Photon 12. This emission can only be excited in a band centered at
Photon : : :
10 N 160 nm that was assigned to the excitation ofsS@om-
| . S plexes. Observation of the same band when monitoring the
E § E 'D,—3H, nm emission evidences the excitation transfer via
0 —— ﬁ the STE's. The small spectral overlap between the STE emis-
i d the ground state P, and !l absorption lines
P Host Host p/* sion an g J 6 p

results in rather poor energy transfer efficiency. Since also

FIG. 13. Schematic representation of direct electron-hole paiguantum splitting does not take place, the STE mediated en-

recombination involving the #5d states leading to Pf 'Sy exci-  ergy transfer is a highly unwanted process if one considers

tation (process ) and P 3P, excitation via an intermediate STE application as phosphors in Plasma Display Panels or Xe
state(process Il. filled lighting tubes.

times of the'S, state and 8 state. It is therefore of interest p. Crystal field interaction of the 4f "~15d? states of C&*,
to measure these lifetimes as function of temperature to test Pr3t, and E*

its validity. , . :
4 Data on all five Bi-level energiescrsande, of Ce* in

sulfates were not known before this work. The values for the
C. Host lattice to Pr** energy transfer centroid shift in CaS@, SrSQ, and BaSQ found in this
In this work we distinguish two mechanisms of energywork and compiled in Table | were also used in Fig. 5. They
transfer from host to B¥ center. Electron and hole pairs are smaller than those in the orthophosphate LaBB60
created upon host lattice excitation can be trapped By Pr cm ') and orthoborate LaB§X(11450 cm*). This is in line
ions leading to an immediate excitatidgprocess ). They  With the stronger binding in the sulfate complex as compared
may also form of a self-trapped-excit¢é8TE) state that can to the phosphate and borate complexes.
transfer its energy to a Pr iofprocess ). Similar types of The crystal field splitting in BaSQappears slightly larger
mechanisms are thought to occur in®Cedoped scintillator ~ than that in the isostructural Srg(Based on the larger site
materials upon excitation with ionizing radiatidh®-52The  size available for P in BaSQ compared to that in SrSQ
situation is illustrated in Fig. 13. however, a smaller crystal field splitting is expected. Possi-
Under 190 nm excitation, PT is excited directly into one  bly relaxation around P¥ on the large B&" site is respon-
of its 4f5d states resulting in #5d—4f2 emission in the sible for this. The crystal field splitting in Cag((18
case of Ca, Sr, or BaSQand 1S, emission in the case of X10° cm™') is considerably larger than that in Bag@nd
BaSQ and SrSQ (see Figs. 7 and)8Due to the PCE pro- SrSQ (12x10° cm™'). The coordination around €4 is
cess, although with very low QEP, and D, emission is  €ightfold in the form of a dodecahedron. Crystal field split-
observed in Fig. @) spectrum 3 and 4. ting falls perfectly on the curve in Fig. 4 pertaining to com-
At 160 nm excitation, emission from thQDO and 1D2 pOUﬂdS with dodecahedral coordination like YP@nd
states is much more intense than at 190 nm. This holds fdiYF4. The large crystal field splitting in CaS@ the mean
BaSQ, and SrSQ [Fig. 7(a), spectrum 1-Pas well as for reason for absence of PCE.
CaSqQ [Fig. 7(b), spectrum 2 The P, and 'D, emission at The energy of the lowestdb state of C&", PP*, and
160 nm excitation cannot be the result of the PCE procesEW”* behaves similarly with changing crystalline environ-
since this would imply QE’s close to unity for tHd®, state, ~ment. This is demonstrated in Fig. 14. The dashed lines con-
which is in contradiction to what was concluded at 190 nmnect the lowest energydbstates of C&", PP, and EG” in
excitation. Instead, it must be concluded that part of the hosBaSQ,, SrSQ, and CaSQ@. For C€™ all five 5d levels are
lattice excitation energy is transferred to tAB, and 'D,  shown. For P¥* and E4* the 'S, and °P-, levels are
state, not involving the #5d or 1S, states of P¥". Thisis  shown. The energy of the lowestiSstate of Pt™ E(PFY)
confirmed by the excitation spectruifig. 8, spectrum pof  decreases considerably when going from Sr$®CaSqQ,
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CaSO, The free Pt ion value being 61200 cnt, implies that the
red shift must be smaller than 14000 cth(see Fig. 3.

50 4 Taking into account a possible Stokes shiAS

) s ] ~2900 cm?!, which is a typical Stokes shift valifé,the

- o limiting redshift value becomes-12500 cm®. Note that

the lattice relaxation reduces the energy difference between

the 5d and 1S, by only AS/2. The other part stems from

relaxation occurring after the transition to the ground state of

Pr* has taken place.

One may now apply the redshift and Stokes shift values
collected in Ref. 21 for C& doped compounds as a starting
point to find compounds that support PCE. Such approach
30 4% 4f%d was taken in Ref. 26. One may also apply the tréfids

n
o
1

Energy [10° cm’]

4 P | observed in the crystal field splitting and centroid shift of the
: 72 . . n X
— 5d configuration of C&" to select compounds for which
4f'5d redshift values are not yet available. Below we will follow
FIG. 14. Schematic representation of the crystal field splitting ofthis approach. o .
the 5d configuration of C&", the lowest energy #6d states of In fluoridesthe largest contribution to the redshift stems

Pr" and the lowest energyf85d states of E&" in BaSQ,, SrSQ, from the crystal field splitting. Figure 5 shows that the cen-
and CaSQ. The lowest energy & states of C&, P#*, and EG*  troid shift varies weakly between 4500 and 7500 ¢m
are connected by dashed lines. The energy of'gestate of P¥* Therefore, fluorides with sufficiently smakcgs support
and the®P,,, state of EG" are indicated by horizontal line. PCE. This is often the case when the coordination nurhber
is larger than eightfold as in Y3 LaF;, and NaYR. Espe-
and the energy falls just below the, state. The change in cially when the coordination is in the form of a tri-capped
E(Ce) andE(Pr™) is of equal magnitude which is in line trigonal prism (NaYF) or a cuboctahedron (KMgff crystal
with the constant energy difference always observed betwedigld splitting is small, see Fig. 4.
E(Ce*,A) andE(PrP™,A) in the same host A, see Ref. 20  Eightfold coordination generally has largesrs, see Fig.
and Sec. Il A. 4, and for example PCE is not expected in the cubic fluorites
Figure 14 also shows that the decreas&{iCe’) and (BaR,, Srk, and Cak) and in most compounds with
E(PrP*) from SrSQ to CaSQ is about twice as large as for dodecahedral coordination such as LiYfOnly when the
EW?™. This was also noticed by van der Kok al,?® where ~ centroid shift is small, PCE may still occur. Small centroid
E(Cet,A), E(PPT,A), and E(EL?*,A) values in many shift is promoted when small and highly charged cations
different host lattices were compared. Apparently thesuch as Al*, zr**, B3*, Be*", or St'* are present in the
5d-level energies in B are less influenced by the crystal compound. We recently studied LazrPr* which indeed
field than those of the trivalent lanthanides. supports PCE?

Figure 10 shows that the excitation spectra of'Pin The smallest centroid shift values amongst the “complex”
BaSQ, SrSQ, and CaSQ closely resemble those of &e  oxides are expected for thelfates Depending on the crys-
in the same Compounds_ Despite the more Compncated e|eéa.| field Spllttlng this can result in PCE as is indeed observed
tron configuration in P¥" (4f5d) compared to C¥ (5d),  in this work for BaSQ and SrSQ. Also in other sulfates,
the shape of the excitation spectra of Pis apparently still €., La&(SOy)3, LiLa(SO,),, Nala(SQ), and
dominated by the crystal field interaction with thel Blec-  BaMg(SQ),, we observed PCE It seems that most sul-
tron. A more thorough discussion on a theoretical and experifates with P#* on large metal ion sites like B&, SP™,
mental comparison between Teand P?+ excitation spec- La®", and possibly also ¥, support PCE.
tra was recently presented by Larocke al®® and Reid Carbonatesare positioned between the sulfates and phos-
et al®* for the case of LiYR. In these works the additional Phates in Fig. 5. Although almost no spectroscopic data is
structural features in the Pr excitation spectra were inter- available on lanthanide doped carbonates, relatively small
preted by a Coulomb interaction between tiieeBectron and ~ values for the centroid shift are anticipated. Provided that the
the 4f electron, the spin-orbit interaction of thé #lectron, ~ crystal field splitting is small, PCE seems possible. SyCO

and its interaction with the crystal field. and Lg(C0;); are interesting test cases in this respect.
Of all phosphates sofar the smallest redshift

(12800 cm?) is observed for LaP9 Nevertheless, when
doped with Pt", 4f5d—4f? emission is observed. The ab-
sence of PCE in LaPQis related to the large Stokes shift of
The requirements for photon cascade emission By Rr 5160 cm *.2L All other phosphates studied sofar have at least
compounds can be formulated in terms of centroid shift 2000 cm ! larger redshift and do not support PCE. Still, the
and crystal field splittingecrs, i.€., in terms of the redshift pyrophosphate B#P,0,;) and the condensed phosphate
D(Pr,A). The lowest energy #5d state of Pt* must be Ba(PQ), are worthwhile studying.
above thelS, state which is found at about 47 000 ¢ Within the borates the smallest values for the centroid

VI. PREDICTING PCE IN OTHER INORGANIC
COMPOUNDS
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shift are observed for the condensed borates. Lajyp  tation process from thés, state to the 45d state involving

and LaB0g support PCE, see Refs. 17,18. Theirandeces ~ Only one PF site.

values are practically the same as in LaRft the Stokes On excitation into a band between 150-170 nm5SO
shift for Ceé* is smaller, i.e.,AS~3700 cm 12! Also complexes are excited that may relax to a self-trapped-
SrB,0, shows PCE when doped with¥Pras was recently exciton-like defect. By means of a resonant energy transfer
demonstrated by van der Kol al®” SrB;O,, is another process PY* can be excited to itSP;, *l¢, or 'D, states.
possible candidate. PCE will be rather unlikely in the ortho-The S(j’ complexes can also transfer energy directly to the
borates. Only in the condensed borates in which"Pee-  5d states of neighboring PT ions, resulting in'S, or df
places large cations such as®a SP*, or B&* PCE may emission. It was demonstrated that the shape of the excita-
take place. tion spectrum of P¥" in BaSQ,, SrSQ, and CaSQ com-

According to Fig. 5 the centroid shift in theilicatesis  pare well with that of C&'. As a first approximation it is
even larger than in the borates. Silicates doped with"Ce determined by the interaction of thedSelectron with the
studied so far have redshifts larger than 17000 tnDOne  crystal field which is almost the same forCeand for P?*.
exception is the small redshift of 14250 chfor Ce* on Trends observed in the relationship betweehlé&vel en-
the L&" site on the Wyckoff 4 position in the apatite struc- ergies of C&" and the crystalline environméht?® have
ture of Lay 34 Si0,)60,. The tricapped trigonal prism type of been briefly summarized and applied to thibd states of
coordination results in relatively small crystal field splitting, Pr**. A set of conditions have been formulated for photon
but still redshift is too large for PCE. cascade emission by Prto occur in oxides and fluorides.

The ®P,,,—8S;, line emission of E&", observed in the Both crystal field splitting and centroid shift must be small.
pyrosilicate SrBgSi,O, by Verstegeret al>® suggests that Tricapped trigonal prismatic an@ntcuboctahedral type of
the redshift must be small in this compound and probablyanion coordination around £r results in small crystal field
PCE will take place. Apparently, the presence of smafi'Be splitting valuesecgs. Fluorides have on average the smallest
cations, the condensation of the silicate complexes into pyrovalues for the centroid shik.. Centroid shift in the “com-
groups, and the large &r site yields small centroid shift and plex” oxides tends to increase with the type of complexes
small crystal field splitting. In this respect BagSh) may be  present, in the order SO, CO%~, PG;~, BOS ™, Sidf ™,
interesting candidate material. to AIO%’ containing oxides.

The redshift in thealuminatesshows a very wide range  The strong bonding between the ligand charge cloud and
extending from 11000 to 28 000 crh. The smallest values  the cation central to the complexes, such as sulfur in sulfates
are found amongst the hexaaluminates with the magnesnd boron in borates, results in small centroid shift. At the
toplumbite crystal structure (=12000 cm') and the same time, strong bonding yields high vibrational frequen-
(pseudod perovskites D~17000 cm'). The hexaalumi- cies and phonon energies that may quench®gand 1D,
nates have twelvefold anticuboctahedfatubg coordina-  emission in Pt i.e., the second step in the PCE. The inter-
tion, and the(pseudo perovskites havédistorted) cubocta-  npal quantum efficiency of théP, and D, emission in
hedral coordination. As shown in F|g 4 these CoordinatiorBaSQ Is estimated to be as low as 0.1 and 1 %, respective|y_
polyhedra yield very small values fafces. The too large  Ajuminates and silicates are more favorable with respect to
centroid shift prevents, however, PCE in perovskites such ageir relatively low phonon energies, but centroid shift tends
LaAlO;. Only the magnetoplumbite SrfD;9, with the  to be large and chances to observe PCE are small. The sili-
smallest redshift(11 050 cm l) amongst the aluminates, cate SrBgSi,O; may be an interesting exception.
supports PCE. The large abundance of smafi*Atations Although 'S, emission is observed in Ba$Oand
results in small centroid shift and the coordination around theSrSQ: P[3+’ these materials are not interesting from an ap-
large Sf* yields small crystal field splitting. All other alu- plication point of view. The preferential energy transfer by
minates with similar type of coordination such asmeans of STE's from the host to low lyingf# states, the
LaMgAl;,0;9 and CaA},0,9 do not support PCE. It demon- presence of #5d— 42 emission, and the low quantum ef-
strates that the conditions for PCE are very hard to meet ificiency of the'D, and 3P, emission makes these materials
the aluminate compounds. highly inefficient phosphors.

VIl. CONCLUSION
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