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5d-level energies of Ce3¿ and the crystalline environment. III. Oxides containing ionic complexes
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Information on the energy of 5d levels of Ce31 ions coordinated by CO3
22 , SO4

22 , PO4
32 , BO3

32 , and
SiO4

42 ionic complexes or by neutral water molecules in oxide compounds will be presented and systematically
analyzed. The average energy of the 5d configuration of excited Ce31 is shifted towards lower energy relative
to the free ion value. This centroid shift depends on the binding strength of the oxygen ligands in these ionic
complexes. It will be analyzed by means of a model which provides a parameter that is directly related to the
polarizability of the oxygen ligands. A qualitative relationship with the electronegativity of the cations in the
compounds will be demonstrated. Crystal-field splitting of the 5d levels is interpreted in terms of the type and
size of anion polyhedron coordinating the Ce31 ion. All data indicate that crystal-field splitting behaves
independently from the centroid shift. By combining centroid shift and crystal-field splitting, the redshift of the
first electric dipole-allowedf d transition in Ce31-doped oxide compounds will be interpreted.

DOI: 10.1103/PhysRevB.64.125117 PACS number~s!: 78.55.Hx, 71.70.Ch, 78.40.2q
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I. INTRODUCTION

The energy of the 5d excited states of the trivalent lan
thanides and their location relative to those of the 4f n con-
figuration is important for the luminescence properties
lanthanide activated phosphors. Knowledge, both phen
enological and theoretical, on the relation between thesed
level positions and the crystalline environment will be he
ful in the search for new phosphors. This has been the m
motivation to collect experimental data on the 5d-level en-
ergies of the trivalent lanthanides in inorganic compoun
Information available on all 13 lanthanides and about 3
different compounds was compiled in Refs. 1 and 2. Due
a strong 5d-electron lattice interaction, the first dipole
allowed f d transition is lowered relative to the free ion valu
by an amount defined as the spectroscopic redshiftD(A).

The redshift, by definition zero for the free ion, vari
from as low as 10 900 cm21 for the lanthanide ion on the
Sr21 site in SrAl12O19 up to values of 31 000 cm21 for
Sc2O3. It appears approximately the same for all 13 la
thanide ions if in the same host crystal. To understand
large variation, one can entirely concentrate on Ce31-doped
materials. Of all trivalent lanthanides most information
available on Ce31. Furthermore, it contains only one opt
cally active electron resulting in the simplest energy-le
structure and spectroscopy of all trivalent lanthanides.

When Ce31 is in a crystal, the mean energy of the 5d
configuration is shifted downwards relative to the free i
value. In addition, the 5d levels are split into at most five
different crystal-field components. As a net effect the low
energy 5d level is further shifted downwards. The total sh
D(A) can be written as3

D~A!5ec~A!1
ecfs~A!

r ~A!
21890 cm21, ~1!

where the centroid shiftec(A) is the lowering of the averag
~centroid! of the five 5d levels. The crystal-field splitting
ecfs(A) is defined as the energy difference between the lo
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est and highest 5d level. A fraction 1/r (A) contributes to the
redshift.r (A) is usually between 1.7 and 2.4.

In Refs. 3 and 4, a model based on the instantane
polarization of the anion ligands by the 5d electron5 was
used to interpret the observed centroid shift in halide co
pounds. This ligand polarization model relates the centr
shift ec (cm21) to theN coordinating anion ligands aroun
Ce31 via

ec

N
5

1.4431017asp

Reff
6

, ~2!

whereReff is defined as

1

Reff
6

[
1

N (
i 51

N
1

S Ri2
1

2
DRD 6 . ~3!

Ri ~pm! are the bondlengths to the ligands in the unperturb
lattice.DR is the difference in ionic radius of Ce31 with the
cation it substitutes for. To account roughly for lattice rela
ation it is assumed that the neighboring anions relax outw
or inward by just half this difference. Since ligand polariz
tion is not the only mechanism leading to centroid shift, o
should treat the so-calledspectroscopic polarizabilityasp
(Å 3) as a phenomenological parameter. It is related to
average polarizability of theN nearest-neighbor oxygen ion
around Ce31, but also to the average covalency betwe
Ce31 and the ligands. Most appealing of the model is t
absence of fitting parameters.asp is obtained directly from
the centroid shift and the crystal structure.

This paper is the next in a series of papers where
relationship between centroid shift, crystal-field splittin
and redshift with the type of crystalline environment is sy
tematically studied. In Refs. 3 and 4, hereafter referred to
Part I and Part II, the fluoride, chloride, bromide, and iodi
compounds were studied. In this work, the sulfates, carb
ates, phosphates, hydrated compounds, borates, and sili
©2001 The American Physical Society17-1
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are the subject of study. After the presentation of the av
able experimental data, the crystal-field splitting and its
lationship with crystal structure will be analyzed. Crysta
field strength at the Ce31 site depends on the shape and s
of the first anion coordination polyhedron around Ce31. It
will be shown that it is not significantly influenced by th
nature of the ligands. Next, the centroid shift will be an
lyzed by means of the ligand polarization model. Comple
that strongly bind the oxygen 2p electrons like in the sulfate
yield small values forasp. asp appears significantly large
for the silicates where the 2p electrons are less strongl
bonded. Systematic behavior with the type of cations pres
in the compound will be demonstrated. With the results
the discussion of crystal-field splitting and centroid shift,
nally the observed redshift of the full collection of com
pounds will be treated. It will be shown that the position
5d levels in the compounds behaves in a quite predicta
manner.

II. DATA ON 5 d-LEVEL POSITIONS

A. Spectroscopic redshift

Figure 1 shows the redshift valuesD(A) known for oxide
compounds. To each compound, a seven-digit identifica
numberA was assigned in Ref. 2. Treated as a variable,
identification number enables one to display and analyze
data in an orderly manner. On the scale in Fig. 1, the th
digit (d3), which represents the type of ionic complex
present in the crystal structure, is of significance.

Information on 5d-level energies in the nitrates seems n
to be available, and it is very scarce for the sulfates a
carbonates. Much more data are available for the phosph
borate, and silicate compounds. Figure 2, which is an
panded view of part of Fig. 1, shows the values for the r
shift known for the borate compounds. On the scale in Fig
the fourth digitd4 is of significance. Its value depends on t
oxygen to boron O/B ratio, and it is a representative of
amount of condensation between the borate complexes in
compound. Figure 2 shows that on average the redshift
creases with decreasing amount of condensation betwee

FIG. 1. RedshiftD(A) in oxide compounds containing ioni
complexes.d: values estimated fromd f emission wavelengths.
12511
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borate groups. This is demonstrated by the data belongin
the La-based borates and the Sr-based borates which are
nected by solid and dashed lines, respectively.

B. Centroid shift and crystal-field splitting

To obtain the centroid shift and crystal-field splitting fo
the Ce31 5d levels, information is needed on all its fiv
5d-level energies. From analyzing literature data and n
experiments, that information was obtained for ma
Ce31-doped compounds. Information is gathered in Table
References to the literature on crystal structure will gener
not be provided; they can often be found in the Internatio
Crystal Structure Database~ICSD! of FIZ Karlsruhe, Ger-
many. From the crystal structure, the anion coordinat
numberN and average Ce31 to oxygen bond lengthRav was
obtained~see column 2!.

Column 3 shows the type of anion coordination polyh
dron around Ce31 together with the site symmetry. Occa
sionally as in LaPO4 and LaBO3, the polyhedron is very
irregular with all bond lengths different. In the case
Lu2Si2O7 the interpretation of the 278-nm band in the ex
tation spectrum of Ce31 luminescence is not fully certain. I
introduces a slightly larger error inec . There are two differ-
ent Lu sites in the oxyorthosilicate Lu2SiO5. One site has
sixfold, the other has sevenfold coordination. The data
Table I are for Ce31 on the site yielding the smallest redshif
It is assumed that this is the site with sevenfold coordinati
Four excitation bands were observed for Li6Y(BO3)3 and it
is not known where the fifth band is hidden. The resulti
uncertainty in the value for the centroid shift is abo
1000 cm21. Information is also incomplete for CaCO3 and
several other borates in Table I.

Some representative data from Table I are displayed
Fig. 3. A first inspection shows thatec in borates and silicates
appears several 1000 cm21 larger than in sulfates and phos
phates.ecfs varies wildly from compound to compound an
its contribution to the redshiftD(A) is more important than
that of ec .

FIG. 2. RedshiftD(A) in borate compounds.d: values esti-
mated from d f emission wavelengths. Data belonging
CaLaB7O13, LaB3O6 , LaBO3, and SrLaOBO3 are connected by
solid lines. Data belonging to SrB4O7 , Sr2B2O5 , Sr3(BO3)2, and
SrLaOBO3 are connected by solid lines.
7-2
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TABLE I. Spectroscopic and crystallographic properties of Ce31-doped compounds. (N:Rav) represents anion coordination number a
average distance to the anions~pm!. Type of polyhedron~poly! and point symmetry~sym! at the Ce site are given. Wavelengths betwe
brackets are still uncertain.

Compound (N:Rav) ~poly:sym! l5 , l4 , l3 , l2 , l1 ~nm! ec (cm21) ecfs (cm21) Ref.

BaSO4 (12:295) (irreg:Cs) 204, 215, 231, 247, 267 7880 11 600 33
SrSO4 (12:282) (irreg:Cs) 205, 214, 230, 248, 267 7880 11 300 33
CaSO4 (8:247) (ddh:C2 or D2) 193, 218, 238, 251, 295 8540 17 900 33
CaCO3 (6:236) (octa:C3i) –, –, 245, 285, 313 34
LaP5O14 (8:250) (ddh:C1) 197, 208, 220, 236, 293 7070 16 600 35,36
CeP5O14 (8:248) (ddh:C1) 197, 208, 221, 237, 296 7220 17 000 35
LaP3O9 (8:253) (ddh:C2) 194, 205, 229, 265, 290 7990 17 100 13
LaPO4 (10:264) (irreg:C1) 206, 214, 239, 256, 274 8660 11 900 37,13
K3La(PO4)2 (9:'266)a (irreg:C1) 181, 210, 246, 270, 310 8670 23 000 38
YPO4 (8:234) (ddh:D2d) 203, 225, 238, 250, 323 9570 18 010 39,40
LuPO4 (8:230) (ddh:D2d) 198, 225, 238, 251, 323 9670 19 600 41
La(C2H5SO4)339H2O (9:256) (3ctp:C3h) 199, 211, 223, 238, 256 6460 11 200 42
aqueous-@Ce(OH2)9#31 (9:'254)b (3ctp:'D3h) 199, 211, 223, 238, 253 6420 10 700 10,42
LaB3O6 (10:261) (irreg:C2) 204, 219, 246, 260, 270 8990 12 000 13
LaMgB5O10 (10:261)1(2:367) (irreg:C1) 202, 225, 239, 257, 272 8950 12 700 43,44
GdB3O6 (10:252) (irreg:C2) 205, 219, 246, 260, 270 9050 11 700 13
YMgB5O10 (10:'247)1(2:'353)c (irreg:C1) 202, 227, 235, 255, 270 8730 12 600 44
GdAl3(BO3)4 (6:234)1(6:307) (tp:D3) 200, 209, 255, 278, 320 10 300 18 700 45
YAl 3(BO3)4 (6:230)1(6:306) (tp:D3) 200, 210, 253, 272, 322 10 200 18 900 45
Li6Y(BO3)3 (8:240)d (ddh:C1) 217, 240, ??, 305, 346 '12 700 17 200 44
LuAl3(BO3)4 (6:'226)1(6:'302)e (tp:D3) 200, 209, 250, 269, 323 10 000 19 000 45
LaBO3 (9:260) (irreg:Cs) 215, 232, 241, 266, 330 11 500 16 200 13
GdBO3 (8:240) (2ctap:D3d) tail, 216, 245, 339, 363 ,13 100 .18 700 13
YBO3 (8:237) (2ctap:C3i) tail, 219, 245, 338, 357 ,13 300 .17 600 14,13,12
vaterite-LuBO3 (8:233) (2ctap:D3d) tail, 218, 239, 346, 365 ,13 200 .18 500 12
calcite-LuBO3 (6:224) (octa:C3i) ~180-200!, 303, ~325!, 340 12
ScBO3 (6:212) (octa:C3i) –, –, 320,~343!, 358 14,15
Lu2Si2O7 (6:223) (tap:C2) 193, 213,~278!, 313, 351 12 400 23 300 this work
La9.33h0.67(SiO4)6O2(4 f ) (9:259) (3ctp:C3) –, –, –, –, 285 ~10 900! ~10 500! 27
Lu2SiO5(Ce1) (7:231) (irreg:C1) ~205, 215!, 267, 296, 356 12 300 20 700 46

aRav was assumed to be 2 pm larger than that in K3Ce(PO4)2.
bRav was assumed to be 2 pm smaller than that in La(C2H5SO4)339H2O.
cRav was assumed 14 pm smaller than in LaMgB5O10.
dThe sameRav was assumed as in Li6Ho(BO3)3.
eRav was assumed 4 pm smaller than in YAl3(BO3)4.
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III. DISCUSSION

First the observed crystal-field splitting will be related
the type of anion polyhedron coordinating the Ce31 ion. It
will be compared with that found in compounds treated
Part I and Part II. Next, centroid shift will be analyzed b
means of the ligand polarization model from which the sp
troscopic polarizabilityasp will be obtained. Finally, ideas on
centroid shift and crystal-field splitting are combined to d
cuss redshift values.

A. Crystal-field splitting

For the interpretation of the crystal-field splitting of Ce31

5d levels, the same procedures as outlined in Part II will
used. It suffices to consider the first anion coordination po
12511
-

-

e
-

hedron around Ce31. Such polyhedron often consists of
prismatic part containing 2m anions with anm-fold axis of
symmetry (z axis!. The faces of the prism can be capped
p anions on the symmetry axis~axial ligands!, or/andn an-
ions in thex-y plane perpendicular to it~equatorial ligands!.

If all bond lengths from Ce31 to the anions are equal the
by means of the point-charge electrostatic model~PCEM! of
crystal-field interaction, generalized expressions for theBq

k

crystal-field parameters can be derived~see Ref. 6!. Of spe-
cial interest is theB0

4 parameter which can be written as

B0
45 f ~R!Fp1

3n

8
1

m

4
~35 cos4upr230 cos2upr13!G .

~4!
7-3
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P. DORENBOS PHYSICAL REVIEW B 64 125117
The functionf (R) will be referred to as the radial part. Th
expression between square brackets is then the angular
Q0

4 where the prismatic angleupr is the angle the 2m ‘‘pris-
matic’’ Ce31-oxygen bonds make with them-fold axis. The
effect of the shape of the coordination polyhedron onB0

4 is
fully determined by this angular part. The effect of the size
in the radial part. The PCEM predicts thatf (R) is propor-
tional to R25. However, experimentally such dependence
not observed and in that respect the PCEM does not pro
an adequate description of crystal-field splitting. It appe
though, from the work in Part II, that the angular part is s
of value. The functional form off (R) will be determined
empirically from the observed crystal-field splitting.

Figure 4 showsecfs against (Rav20.5DR) of oxides in
Table I, of halides from Part I and Part II, and of new data
LaBr3 :Ce31. In Part I, only four 5d levels were reported fo
KMgF3:Ce31. Own measurements have revealed the m
ing fifth excitation band at 196 nm yieldingecfs

FIG. 3. Energy differences between the centroid posit
(51 230 cm21) of the free Ce31 ion and; (,) highest 5d level,
(h) centroid energy, (n) lowest 5d level, and (s) relaxed lowest
5d level of Ce31 in complex oxide compounds.

FIG. 4. Crystal-field splittingecfs of Ce31. L: compounds with
~distorted! octahedral coordination;h: compounds with dodecahe
dral coordination;^ : compounds with 12-fold coordination;n:
compounds with ninefold coordination;s: values estimated in this
work.
12511
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58300 cm21. ecfs for LuCl3 :Ce31 is also different from
that reported in Part II because, instead of 196 nm, the h
est 5d level is located at 210 nm.

0.5DR is like in Eq. ~3! meant to roughly correct for
lattice relaxation around Ce31. Values forDR were obtained
from the compilation of ionic radii by Shannon.7 The so-
called crystal radius~CR! pertaining to the appropriate coo
dination number was used. The dashed curves have the f
tional form bR22 with bocta51.353109 pm2 cm21, bddh
50.79bocta, andb3ctp50.42bocta.

1. Tricapped trigonal prism and cuboctahedral coordination

In Part II it was found that for many polyhedrons wit
threefold symmetry axis,ecfs scales proportionally with the
absolute value forQ0

4. Q0
4 is particularly small~1.15! in the

case of ninefold coordination in the form of a regular t
capped trigonal prism~3ctp! as in NaYF3, LaCl3, and LaBr3
with (p:n:m:upr)5(0:3:3:'42°). The contribution to the
crystal-field by the ligands of the trigonal prism is for a lar
part cancelled by the contribution from the three equato
ones resulting in small crystal-field splitting. The same ho
for 12-fold cuboctahedral~cubo! coordination as in the cubic
perovskites BaLiF3 and KMgF3 with (p:n:m:upr)
5(0:6:3:35.3°). Q0

4521.17 which is apart from the sign
practically the same as for~3ctp! coordination. Figure 4
shows thatecfs for these fluorides falls indeed very close
the curve pertaining to~3ctp! coordination.

The name aquocompounds is used for compounds w
the lanthanide ion is fully coordinated by neutral H2O mol-
ecules. Aqueous-@Ce(OH2)9#31 ~Ce-aquo! is a solution of
Ce31 in water. As in Ce31-doped La(C2H5SO4)339H2O
~La-aquo!, the Ce31 ion is coordinated by nine water mo
ecules in the form of a~3ctp! polyhedron. Crystal-field split-
ting in these compounds is relatively small, yet the data
significantly above the curve pertaining to~3ctp! coordina-
tion. For La(C2H5SO4)339H2O, the tricapped trigona
prism is distorted in two respects~i! upr547° and~ii ! the
bond lengths to the three caps are 9 pm larger than to
prismatic anions. Both deviations tend to enhance crys
field splitting. Naively applying Eq.~4! to both the prismatic
(n5p50) and the equatorial ligands (m5p50) separately
and assuming anR22 radial dependence on bond leng
yields aB0

4 parameter 20% larger than in the case of a p
fectly regular~3ctp!. This is about the deviation of the ob
served crystal-field splitting from the dashed curve in Fig.

The ~3ctp! coordination becomes increasingly more d
torted in going from NaYF4, to YF3, and to LuF3, which is
like in the aquocompounds probably the reason for the
hanced crystal-field splitting in these materials. Coordinat
is ninefold around the La site in the aragonite structure
LaBO3. It is very irregular and La-O distances range fro
238 to 280 pm.8 Figure 4 shows thatecfs is much larger than
in the case of~3ctp!-ninefold coordination. Also the 12-fold
coordination in SrSO4 and BaSO4 is irregular with varying
bond lengths to the central cation. Figure 4 shows thatecfs is
much larger than that typical for 12-fold cuboctahedral co
dination. These three examples demonstrate that the t
logical arrangement of the ligands around the Ce31 site is

n

7-4
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TABLE II. Spectroscopic and crystallographic properties of scheelites, zirconates, and anhydrite
~ddh! type of coordination. RedshiftD(A) and Stokes shiftDS are from Ref. 2. Predicted values for ScPO4

are within brackets.

Compound (uel :usq :Rel /Rsq) D(A) (cm21) DS (cm21) ecfs (cm21) r (A) ec (cm21)

LiYF4(S4) (38°:67°:1.024) 15 300 1600 19 500 1.68 5520
LiLuF4(S4) 15 100 1240 20 000 1.75 5610
YPO4(D2d) (31°:76°:1.032) 17 700 1670 18 000 1.79 9570
LuPO4(D2d) (31°:76°:1.039) 18 100 1020 19 500 1.89 9670
ScPO4(D2d) (32°:77°:1.054) 19 000 ~19 400! ~1.85! ~10 400!
CaSO4 (C2 or D2) ('28°:'76°:'1.06)a 15 400 800 17 900 2.05 8540

aSeveral slightly different structures are reported for the anhydrite structure of CaSO4. Average values are
given.
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important forecfs. Ninefold or twelvefold coordination doe
not automatically guarantee small crystal-field splitting.

In Part II and in Ref. 9 it was noticed that whenev
crystal-field splitting is very small, the Stokes shift tends
be very large. This can be observed in Fig. 3 for LaPO4,
LaB3O6, and in the two aquocompounds. The abnorma
large Stokes shift (10 600 cm21) in aqueous@Ce(OH2)9#31

has a special reason. It is caused by the dissociation of
water molecule after Ce31 is brought to its excited 5d con-
figuration. The eight remaining water molecules will rea
range into an eightfold polyhedron, possibly a cube o
square antiprism. According to Kaizuet al.10 crystal-field
splitting may increase to about 22 000 cm21 resulting in a
large Stokes shift.

2. Eightfold dodecahedral (ddh) coordination

An interesting analogy exists between the spectrosco
and crystallographic properties of scheelit
(LiYF4 ,LiLuF3), zirconates (YPO4,LuPO4), and anhydrites
(CaSO4) compiled in Table II. In all three structure type
the small cation (Li1,P51,S61) is tetrahedrally coordinated
by four anions. The large cation has eightfold coordinati
The coordinating polyhedron can be described as that of
interpenetrating tetrahedra. In a cube both tetrahedra
regular and identical with prismatic (m52) angle equal to
the cubic angle (uc554.7°). In the scheelites one tetrah
dron is strongly elongated (uel,uc) and the other is squa
(usq.uc). It results in a polyhedron with 12 triangular face
~dodecahedron! andS4 site symmetry. A small distortion re
duces the symmetry toD2d as in the crystals of the zirco
~xenotime! type. The bond lengths to the anions of the elo
gated tetrahedron (Rel) are longer than those to the squatt
one (Rsq). Values for the prismatic angles and the ratio
bond lengths are compiled in Table II. The dodecahed
~ddh! in CaSO4 is further distorted untilC2 or D2 site sym-
metry and there are possibly four different bond lengths.

Crystal-field splitting in the scheelites, zirconates, a
CaSO4 with ~ddh!-type of coordination is shown in Fig. 4
Also that of LaP5O14, CeP5O14, LaP3O9, Li6YBO3, and
that of BaY2F8 and BaLu2F8, see Part I and II, are shown
All six compounds have~ddh! coordination with very low
point symmetry. One observed that despite different type
anions involved,ecfs values fall close to the dashed curv
12511
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with a bddhR
22 dependence. Apparently, whether the ani

is an oxygen or a fluorine ion is not of much influence for t
crystal-field splitting. It is also concluded that deviatio
from the regular dodecahedron do not influenceecfs much.
This is quite contrasting with the situation for~3ctp! and
~cubo!coordination where crystal-field splitting does appe
quite sensitive to polyhedral distortion.

ScPO4 has like LuPO4 and YPO4 the zircon-type struc-
ture. Based on thebddhR

22 dependence,ecfs can be esti-
mated. Centroid shift is then obtained from the known re
shift by assumingr (A)'1.85; see Table II.

3. Distorted cubal coordination

Some confusion on the~pseudo!vaterite crystal structure
of GdBO3, YBO3, and LuBO3 was solved by Chadeyron
et al.11 Coordination around the rare-earth cation is eightfo
in the form of a trigonal antiprism capped with two axi
ligands ~2ctap!. It resembles a cube viewed along its bo
diagonal. For LuBO3, the antiprism~6:238! is elongated
from the cubic value ofupr570.5° to upr565°. The two
axial ligands, each randomly occupying one of three poss
sites, are located at 20 pm closer distance (Ra) than the six
prismatic ones (Rpr). Furthermore their possible sites a
located off axis byua52°. The values onupr , ua , and the
ratio Ra /Rpr for the other compounds can be found in Tab
III.

The excitation spectra of Ce31 luminescence for each o
the crystals with the vaterite structure appear quite simi
Two partly overlapping excitation bands can be distinguish
at long wavelengths well separated from two others at sh
wavelengths.12,13 A ‘‘tail’’ in the spectra extends to beyond
190 nm. Unfortunately, the location of the fifth excitatio
band is not known, but since three bands are expecte
originate from the high energyt2g states of the cubic crystal
field splitting, a location within the tail is well possible. As
suming that the wavelengthl5 of the fifth 5d level is shorter
thanl4, upper and lower limits onec andecfs can be given;
see Table I.

Table III shows values forec andecfs obtained assuming a
value of 200 nm forl5. With this choice, crystal-field split-
ting for the vaterite phase falls close to that typical for oc
hedral coordination; see Fig. 4. For ideal cubal coordinat
7-5
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TABLE III. Crystallographic and spectroscopic properties of borates with the vaterite and calcite
ture. Values assumed forl5 , r (A), andecfs are within brackets.

Compound (upr :ua :Ra/Rpr) D(A) (cm21) l5 , l4 ~nm! ecfs (cm21) r (A) ec (cm21)

Vaterite
GdBO3 (64.0°:3°:0.909) 21 800 ~200!, 216 22 500 1.99 12 400
YBO3 (64.4°:19°:0.973) 21 300 ~200!, 219 22 000 2.04 12 400
Vat-LuBO3 (65°:2°:0.918) 21 900 ~200!, 218 22 600 1.98 12 400

Calcite
Calc-LuBO3 upr553° 19 900 184, 194 ~25 000! ~2.4! 11 400
ScBO3 upr553.4° 21 400 183, 192 ~26 600! ~2.4! 12 200
CaCO3 upr552.9° 17 400 179, 218 ~24 000! ~2.4! 9300
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PCEM predicts a value 0.89 times that for octahedral co
dination; see Part II.

4. Sixfold trigonal prism (tp) and trigonal antiprism (tap)
coordination

The PCEM predicts for sixfold octahedral (p:n:m:upr)
5(0:0:3:54.7°) coordinationQ0

4522.33 and crystal-field
splitting is anticipated a factor of 2 larger than for~3ctp! and
~cubo!coordination, see Part II. In Fig. 4 the difference a
pears as a factor of 2.4. Octahedral or~tap! coordination is
found in the calcite phases of LuBO3, ScBO3, and CaCO3.
In all three compounds, the prismatic angleupr is close to
53° which is slightly smaller than that in the perfect octah
dron (upr554.7°). One expects to observe three excitat
bands at low energy stemming from thet2g triplet levels and
two high-energyeg-type levels. Structural and spectroscop
properties of the three calcite compounds can be found
Table III. For all three crystals, indeed three low-energy
citation bands have been observed; see Table I.

In calcite LuBO3:Ce31, Zhang observes a weak unr
solved band between 180 and 200 nm which may be cau
by the eg type of bands.12 The location of the two high-
energy excitation bands in CaCO3 is not known.
ScBO3:Ce31 has been studied by Blasse and co-workers14,15

and Hoshina and Kuboniwa.16 The bands at 358 and 320 n
and possibly a third one at 343 nm were attributed to thet2g
levels.14 Two additional~weak! excitation bands at 260 an
277 nm reported by Blasseet al. were assigned to the high
energyeg levels.15 However, unrealistic values for bothec
andecfs are then obtained. Apparently these bands, that w
not observed by Hoshina and Kuboniwa, are of differe
origin.

In the three calcite crystals, one may estimate the t
octahedral crystal-field splitting and therewith the wav
length of the highest excitation bandl5 by employing the
boctaR

22 relationship. By choosing a value forr (A)52.4
typical for octahedral coordination, with Eq.~1!, centroid
shift is obtained. The locationl4 can then also be calculated
The thus anticipated values are shown in Table III. Note t
those for calcite-LuBO3 agree with the weak unresolved e
citation bands observed by Zhang12 between 180 and
200 nm.

In Lu2Si2O7 coordination around the Lu site is distorte
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octahedral withC2 point symmetry. Large crystal-field split
ting is indeed observed, data falls in the proximity of t
upper dashed curve in Fig. 4.

5. Other types of coordination

The aluminumboratesRAl3(BO3)4 (R5Gd, Y, Lu! have
the huntite crystal structure with 12-fold coordination arou
the rare-earth site. Taking GdAl3(BO3)4 as a representative
the six closest oxygen ions~6:234! form a trigonal prism
with prismatic angleupr554° which is quite close to the
cubic angle 54.7° of the octahedron. The prism is twist
i.e., the lower triangular face is rotated relative to the up
one. The six more distant oxygen ions~6:307! form again a
twisted trigonal prism with prismatic angleupr567°.
The crystal structure of YAl3(BO3)3, determined by
Meszaroset al.,17 is almost identical. All bond lengths to th
nearest anions are about 4 pm smaller in accordance with
difference in ionic radius between Y31 and Gd31. For the
same reason the bond lengths in LuAl3(BO3)3 are estimated
as 4 pm smaller than in the yttrium variant. In Table
(N:Rav) of both the six closest and six more distant oxyg
ions are given.

For a trigonal prism with prismatic angle close
the cubic angle similar crystal-field splitting as for octahed
coordination is expected, see Part II. Based on the in
prism alone, for GdAl3(BO3)4 this would imply a value
around 24 000 cm21. However actual crystal-field splitting
is more than 5000 cm21 smaller. Probably, the larger~outer!
prism cancels part of the crystal field produced by t
inner one. This situation is somewhat similar to tricapp
trigonal prism and cuboctahedral coordination discus
above.

The tenfold coordination in LaPO4, LaB3O6,
LaMgB5O10, GdB3O6, YMgB5O10 is too irregular to ana-
lyze by means of PCEM. Crystal-field splitting falls in be
tween values typical for tricapped trigonal prism and dode
hedral coordination. Coordination in K3La(PO4)2 and
Lu2SiO5 is sevenfold in the form of an irregular polyhedro
In the case of K3La(PO4)2 there are two additional ligands a
320 pm. Crystal-field splitting for both compounds falls
between that typical for dodecahedral and octahedral coo
nation. Note, for sevenfold coordination in the form of
7-6
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regular monocapped trigonal prism,Q0
4522.16 also falls in

between that of~octa! and ~ddh! coordination, see Part II.

6. Conclusions on the crystal field splitting

Summarizing, the following conclusions and observat
were made.~i! Provided that bond lengths remain consta
crystal-field splitting depends on the polyhedral shape.
several polyhedral types with a threefold axis of symme
crystal-field splitting is roughly in accordance with predi
tions based on the angular part of the B0

4 crystal-field param-
eter calculated by the PCEM.~ii ! Provided that polyhedra
shape remains constant, crystal-field splitting depe
roughly asR22 on the average distance to the ligands.~iii !
There are no indications that the chemical properties of
anions are of much significance for the crystal-field splittin
~iv! There are no indications that the charge state~neutral in
the case of H2O, 21 for the halides, and22 for O22) of the
anions is of significance for the crystal-field splitting.~v! The
main influence of the type of anion on crystal-field splittin
has to do with its ionic radius increasing along the series2,
O22, Cl2, Br2. It determines the size of the polyhedron a
therewith the magnitude of crystal-field splitting.

B. Centroid shift and spectroscopic polarizability

Results onasp calculated by means of Eq.~2! together
with Reff and the contribution to the observed centroid sh
per coordinating anion, are compiled in Table IV. For ScP4
and the compounds with the calcite and the vaterite struct
asp was calculated adopting the values in Tables II and I

For the halide compounds it was found in Part I and P
II that asp is firstly determined by the type of anion. It in
creases substantially in going from fluorides to chlorides
bromides, for example 0.94, 6.48, and 11.1 Å3 for LaF3 ,
LaCl3, and LaBr3 respectively. It was also found thatasp
scales with the ionic radius and the valency of the cati
that coordinate the anion ligands. The smaller the cations
the more abundant they are, the smallerasp tends to be.

Table IV shows that the same principle applies for t
oxide compounds. In the series LaP5O14, LaP3O9, LaPO4,
and K3La(PO4)2, the small phosphor cation abundance d
creases andasp increases steadily. Replacing La31 in LaPO4
by the smaller Y31 or even smaller Lu31 reducesasp.
Amongs the borates,asp is smallest for the metaborat
YMgB5O10 containing a high abundance of B31 cations.asp
is also small for LuAl3(BO3)4 containing the small trivalen
cations B31, Al31, and Lu31. asp in LaBO3 with the large
fraction of relatively large La31 and in Li6Y(BO3)3 with a
large number of monovalent Li1 cations is largest.asp de-
creases in the series LaBO3, GdBO3'YBO3, LuBO3,
ScBO3 with decreasing size of the rare-earth ion.

Clearly the spectroscopic polarizability is intimately co
nected with the chemical bonding of the oxygen ligan
within the inorganic compound. This is also revealed in F
5 whereasp for La-based oxide compounds is shown agai
the compound identification number. These compounds w
selected because relaxation around Ce31 on the La site will
be minimal and the local environment around Ce31 is known
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with least uncertainty. The error inasp will then be small. A
fair estimate for Ce31 on a site exclusively coordinated b
SiO4

42 ortho type of complexes will be made fo
La9.33(SiO4)6O2 in Sec. III C. This data is also shown in Fig
5. The values for CaSO4 and CaCO3 are shown becauseDR
for Ce31 on a Ca site is also very small.

A clear pictures emerges if one connects the data belo
ing to the ortho type of compounds, starting from CaSO4 via
CaCO3, LaPO4, LaBO3 to La9.33(SiO4)6O2(4 f ). Along this
series there is a tendency of increasing value for the pola
ability which is related with decreasing binding strength
the oxygen ions within the ortho type of complexes. Figure
also shows that within the phosphates and borates,asp in-
creases with decreasing amount of condensation betwee
complexes. A neutral water molecule provides a very sm
value for asp. It leads to the conclusion that the oxyge
ligands are strongly bonded to the two hydrogen ato
within the molecule and interaction with the Ce31 5d elec-
tron either by means of polarization or covalency is minim

TABLE IV. Results from the ligand polarization model. In th
work predicted values are within brackets.

Compound
Reff

~pm!
ec /N

(cm21)
asp

(10230 m3)

CaSO4 247 1070 1.68
SrSO4 272 660 1.83
BaSO4 278 660 2.10
CaCO3 236 ~1550! '1.88
CeP5O14 248 900 1.45
LaP5O14 249 880 1.45
ScPO4 234 ~1300! '1.49
LuPO4 238 1210 1.53
YPO4 240 1200 1.57
LaP3O9 249 1000 1.66
LaPO4 259 870 1.81
K3La(PO4)2 257 960 1.91
Aqueous@Ce(OH2)9#31 254 710 1.33
La(C2H5SO4)339H2O 255 720 1.36
YMgB5O10 258 730 1.47
LuAl3(BO3)4 244 840 1.60
GdB3O6 254 900 1.68
YAl 3(BO3)4 257 850 1.71
LaMgB5O10 265 750 1.78
GdAl3(BO3)4 259 860 1.79
ScBO3 225 ~2030! '1.84
LaB3O6 258 900 1.85
Calc-LuBO3 232 ~1900! '2.04
Vat-LuBO3 240 ~1550! '2.07
YBO3 243 ~1550! '2.23
GdBO3 243 ~1550! '2.22
LaBO3 254 1270 2.38
Li6Y(BO3)3 245 ~1590! 2.460.2
Lu2Si2O7 230 2070 2.15
Lu2SiO5 :(Ce1) 238 1760 2.22
La9.33h0.67(SiO4)6O2(4 f ) 256 ~1210! 2.460.2
7-7
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Note, however, that it is still larger than the value
0.94 Å3 for LaF3.

C. Spectroscopic redshift

Data presented in Fig. 1 show that variation of the reds
values within a group of compounds like the borates or ph
phates is larger than the variation between groups, and at
sight no apparent trend is observed. The aim of the follow
discussion is to closely investigate the redshift in relation
the crystal structure and physical and chemical propertie
the atoms in the compounds. The seemingly random sca
ing of the data in Fig. 1 turns out to behave quite orderly.
will start with the data on the sulfates and proceed from
to right through Fig. 1 to the silicates.

1. Sulfates and carbonates

The data on the oxyorthosulfates in Fig. 1 pertain
La2O2(SO4)(8:258), Gd2O2(SO4)(8:247), and
Y2O2(SO4)(8:244). Redshift is about 3600 cm21 larger
than in CaSO4(8:247). There are four oxygen ions in th
coordination sphere around the rare-earth site that are
bonded in a sulfate complex. These so-called oxyanions
expected to contribute relatively strongly toasp resulting in
larger centroid shift than in CaSO4. It is not expected tha
ecfs in the oxyorthosulfates will be much different from th
in CaSO4.

Information on f d transitions in the carbonates is ve
scarce. Besides in the calcite structure, CaCO3 also exists in
the vaterite structure. From the work by Kojimaet al.,18 a
redshift 900 cm21 larger than in the calcite phase is o
tained. Data near 15 500 cm21 in Fig. 1 belong to
Ce2(CO3)3 and La2(CO3)3.

2. Phosphates

The values for the redshift known in the phosphate co
pounds can be seen in Fig. 6. On the left, the compou
with high degree of condensation of the PO4

32 complexes
can be found. From LaP5O14, CeP5O14, PrP5O14(8:246), to
TbP5O14, redshift increases with smaller size of the la

FIG. 5. Spectroscopic polarizability of La- and Ca-based co
pounds.
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thanide ion. Although the crystal structure is not the same
all four compounds, it is most likely caused by an increase
crystal-field splitting. For the same reason the metaph
phates LaP3O9, GdP3O9(6:228), and YP3O9(6:224) show
increase of redshift with smaller size of the rare-earth ion a
decreasing coordination number. The data for LaP5O14,
LaP3O9, and LaPO4 have been connected by line segmen
As can be seen in Fig. 3, the increase of centroid shift w
smaller degree of condensation is more than compensate
the reduction in crystal-field splitting in going from LaP5O14
to LaPO4.

Figure 7 is a ten times expanded view of part of Fig.
On this scale the fifth digit of the identification number is
significance. It indicates the type of rare-earth cation in
host crystal. On the far left withd550, the compounds lack
ing rare-earth cations can be found, i.e., Ca3(PO4)2 and
Ba4SO4(PO4)2. For compounds containing La, Ce, Gd,
Lu, or Sc,d551, 2, 3, 4, 5, or 6, respectively. Size of th
rare-earth cation decreases in that order and crystal-
splitting tends to increase. This is nicely demonstrated by
series of compounds starting from LaPO4 to ScPO4(8:221).
CePO4(10:262) and GdPO4(10:255) have like
LaPO4(10:264) the monazite structure. The others are of

-

FIG. 6. Redshift in phosphate compounds.d: redshift values
estimated fromd f emission wavelengths.

FIG. 7. Redshift in the orthophosphate compounds.d: redshift
values estimated fromd f emission wavelengths.
7-8
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zircon ~xenotime! type; see Table II. The same is demo
strated by the series of compounds K3La(PO4)2(7:252),
K3Ce(PO4)2(7:249) and K3Lu(PO4)2(6:220). Compared to
the LaPO4, CePO4, and LuPO4 redshift has increased fo
each compound by about 4000 cm21. Redshift values in
several otherMxLa(PO4)y with M an alkaline or alkaline-
earth cation are known. Only that of Sr3La(PO4)3(7:261) is
shown in Fig. 7, the other values in Ref. 2 do not sign
cantly differ.

In the discussion on the fluorides in Part I, it was fou
that addition of large cations in the structure tends to enha
redshift. Two reasons were mentioned:~i! large cations in-
crease the polarizability of the anions and thus increase
centroid shift, and~ii ! large cations tend to reduce the coo
dination number around the lanthanide and this has the
dency to increase crystal-field splitting. Coordination num
in the rare-earth phosphates indeed decreases when the
K1 cations are present. For K3La(PO4)2 centroid shift and
crystal-field splitting is significantly larger than in LaPO4.
Other orthophosphates with large cations like Ba21, Sr21

and Na1 also show, probably for the same reasons, relativ
large redshift.

3. Hydrated compounds and aquocompounds

Apart from the two aquocompounds, all data in Fig.
pertain to hydrated orthosulfates, and Ce31 has both H2O
molecules and SO4

22 complexes in its coordination spher
Redshift in the hydrated sulfates is typically 5000 cm21

larger than that in the aquocompounds. Since the contr
tion from H2O to asp is small, replacing H2O molecules by
SO4

22 complexes will tend to enhanceasp. An enhanced
contribution fromec to the redshift is anticipated.

4. Borates

~a! Condensed borates.In the condensed borates, the t
angular (BO3

32) or tetrahedral (BO4
52) borate groups are

linked by corner or edge sharing of oxygen ions into two-
three-dimensional networks. Covalence within the netwo
will be large and one expects a relatively small value forasp
andec . The values for the redshift can be found in Fig. 2

In SrB4O7:Ce31 two different Ce centers have bee
observed.19 The site showing the smallest value for the re
shift (14 100 cm21) was attributed to an isolated Ce31 ion
on a Sr21 site without local charge compensation. This s
has nine ligands at relatively close distance~9:263! plus
three more distant ones. Redshift is of the same largene
in the metaborates, and probably the centroid shift a
crystal-field splitting are comparable also. The other Ce
shows a 4000-cm21 larger redshift. It has been attributed
Ce31 centers locally charge compensated by means of a S21

vacancy.19 A quite similar situation was encountered f
CsCdBr3 :Ce31; see Ref. 20. The presence of a cation v
cancy as charge compensator enhances the redshift by
eral 1000 cm21. One reason for the relatively large redsh
may be an enhanced crystal-field splitting due to relaxa
of oxygen ions towards Ce31. A cation vacancy is also
thought to enhance centroid shift since a binding with
oxygen ligands is absent resulting in relatively large pola
12511
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ability. Cation vacancies may also be present in CaB4O7. In
SrB6O10 studied by Koskentaloet al.,21 two different Ce31

sites were identified. Redshifts are quite similar as for
two sites in SrB4O7.

~b!. Metaborates and pyroborates.The metaborates wer
already fully discussed in previous sections. On the pyro
rates, only the spectroscopic properties of Ce31 doped
Sr2B2O5 are known.22 Compared to SrB4O7 redshift has in-
creased by 6000 cm21; see Fig. 2. The smaller fraction o
boron in Sr2B2O5 promotes larger centroid shift and th
smaller coordination number, i.e., eightfold instead of nin
to twelvefold for SrB4O7, promotes larger crystal-field split
ting.

~c! Orthoborates.An overview of the redshift in the
orthoborates can be seen in Fig. 8. In the chlorobora
Ba2R(BO3)2Cl with (R5Gd,Y,Lu), the rare-earth ion is ex
clusively coordinated by oxygen ions. In that respect th
may be treated as orthoborates and the redshifts of th
compounds are also incorporated in Fig. 8.

The increase of the redshift with decrease of the rare-e
site size for theRBO3 compounds (R5La, Ce, Gd, Y, Lu,
Sc! is directly related to crystal-field splitting as discussed
previous sections. The vaterite version of LuBO3 has larger
redshift than the calcite version. Note, that also the reds
in vaterite CaCO3 was larger than in calcite CaCO3. For
Li6R(BO3)4 , RAl3(BO3)4, and Ba2R(BO3)2Cl with R
5Gd, Y, Lu, there is no significant increase of redshift wi
smaller rare-earth size.

The smallest redshifts are found among the alumin
orthoborates of compositionM3Al6(BO3)6 (M5Ba, Sr, Ca,
Mg!. Compared to Sr3(BO3)2 and Ca3(BO3)2(8:249) the
redshifts are more than 3000 cm21 smaller. It was already
suggested by Kutty23,24 that the polarization of the borat
groups by the small Al31 ions enhances the ionicity~de-
creases covalency! between Ce31 and the oxygen ligands
Translated to the ligand polarization model, this is the sa
as stating that the oxygen ligands are more strongly bon
by the presence of small cations, and the value forasp is
small.

FIG. 8. Redshift in the orthoborate compounds and the chlo
orthoborates Ba2R(BO3)Cl. For displaying purposes, the secon
digit of the identification number of the chloroborates was chan
from 2 to 5.
7-9
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In discussing the phosphates, a relationship between
largeness of the redshift and the size of the cations other
the one replaced by Ce31 was mentioned. This phenomeno
can also be demonstrated for the yttrium based borate c
pounds. Going from Ba2Y(BO3)2Cl to Li6Y(BO3)3 to
YGa3(BO3)4 and finally to YAl3(BO3)4, the large Ba21 ions
in the formula are respectively replaced by Li1, Ga31, and
Al31 ions. Redshift decreases in the same order. If one
spects the redshifts of the La-, Gd-, and Lu-based co
pounds similar trends are observed.

~d! Oxyorthoborates.The final borate family to be dis
cussed is formed by the oxyorthoborate compounds. Th
materials may contain isolated BO4

52 or isolated BO3
32

groups together with oxygen ions not bonded to a boron
As observed for the oxyorthosulfates, redshifts of the o
orthoborates are on average several 1000 cm21 larger than
those of the orthoborates. It is attributed to the presenc
the unbound oxygen ions. They are usually at relatively sh
distance from the cation and their polarizability is assum
to be large. Both aspects will enhance their contribution
the centroid shift. All the oxyorthoborates in Fig. 2 conta
Ca21 or Sr21 alkaline-earth cations. The smallest value f
the redshift is observed for CaAl2B2O7 and the largest for
CaYOBO3.

5. Silicates

The SiO4
42 tetrahedral complexes can like the phosph

and borate complexes condense into the pyro-, meta-,
more condensed structures. The highest degree of conde
tion is found in SiO2 where Ce31 can be dispersed within th
pores of the silica host. The redshift of 16 000 cm21 from
the work by Weiping Caiet al.25 is relatively small for a
silicate compound; see Fig. 1.

For thepyrosilicates, see Fig. 9, information on centroi
shift and largeness of crystal-field splitting is only availab
for Lu2Si2O7; see Table I. Like in Lu2Si2O7, the coordina-
tion is distorted octahedral in Y2Si2O7(6:229)(octa:C1) and
Sc2Si2O7(6:212)(octa:C2). All three compounds show
about the same redshift. Apparently, the anticipated lar
crystal-field splitting with smaller site size in going from th

FIG. 9. Redshift in the pyro- and orthosilicate compounds.d:
redshift values estimated fromd f emission wavelengths.
12511
he
an

m-

-
-

se

n.
-

of
rt
d
o

r

e
nd
sa-

er

Y, to Lu, to the Sc variant, is compensated by smaller c
troid shift.

~a! Orthosilicates.According to Felsche,26 for stoichio-
metric reasons, binary orthosilicate compounds exist o
with divalent cations like theM2SiO4 (M5Ba, Sr, Mg, Be!
compounds. ForM5Ba, Sr, Mg redshift increases wit
smaller size of the cation, see Fig. 9. This is mainly attr
uted to the increase of crystal-field splitting from abo
12 500 cm21 for Ba2SiO4 to an estimated value o
25 000 cm21 for Mg2SiO4(6:214). All other orthosilicates
appearing in Fig. 9 are mixed-cation compounds contain
monovalent cations like Li1 or Na1 and a rare earth ion~La,
Gd, Y, Lu!. The compounds of composition LiRSiO4 (R
5La, Gd, Y, Lu! demonstrate increase of redshift with d
crease of the lanthanide size. Redshift in NaGdSiO4 is for
unknown reasons relatively large.

~b! Oxyorthosilicates.Redshift values of the oxyorthosili
cates are shown in Fig. 10. An interesting group of co
pounds are those with the apatite structure l
La9.33(SiO4)6O2 ~La apatite!. In the apatite structure ther
are two sites for the lanthanide ion.

The Wyckoff 4f site is ninefold coordinated, and eac
oxygen ion belongs to an isolated SiO4 group forming a
(3ctp:C3) polyhedron. In a way, the 4f -site can be seen a
an orthosilicatelike site. Information on all five 5d level en-
ergies is not available for this site in the apatites, and crys
field splitting and spectroscopic polarizability cannot be d
termined either. Nevertheless, one may attempt to estim
the values for La apatite. WithRav-0.5DR5259 pm,
crystal-field splitting due to the distorted~3ctp! coordination
is estimated to be 10 50061500 cm21, agreeing more or
less with the reflection spectrum reported by Lammers
Blasse.27 Equation~1! with D(A)514 250 cm21 and r (A)
52.0060.08, typical for ~3ctp! coordination, yieldsec
510 9006800 cm21 and asp52.460.2 Å3. This value
was used in Fig. 5.

The other rare-earth site in the apatite crystal struct
~Wyckoff 6h) is irregularly coordinated by 9–10 oxyge
ligands. Seven of them are at relatively close distance.
nearest oxygen ion~229 pm in La apatite! does not belong to
a silicate group. In all three apatites, La apatite~7:249!, Gd

FIG. 10. Redshift in the oxyorthosilicate compounds.d: red-
shift values estimated fromd f emission wavelengths.
7-10
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apatite~7:241!, and the so-called ‘‘2:8 mixed-cation’’ apatit
Mg2Y8(SiO4)6O2(7:237), this site has about 4000 cm21

larger redshift than the 4f site. Like in the oxysulfates and
oxyborates, the short Ln-oxyoxygen bond length and its
sumed large polarizability will give an enhanced contributi
to the centroid shift. Also the crystal-field splitting is likel
to be larger than in the case of the~3ctp! coordination around
the 4f site.

Bondar et al.28 reported the emission in Ce31-doped Y
apatite. If we assume the same Stokes shift (7300 cm21) as
observed for Mg2Y8(SiO4)6O2 one obtains a redshift o
18 100 cm21. Figure 10 shows that data fall in line wit
expectations based on the 6h sites. Therefore the emission
ascribed to Ce on the 6h site. The excitation spectrum o
Tb31 luminescence in Ca2Gd8(SiO4)6O2 presented by Jun
Lin and Qiang Su29 shows an allowedf d transition at 235
nm. The corresponding redshift of 19 900 cm21 indicates
that this excitation band most probably stems from Tb31 on
a 6h site.

The last group of compounds to be discussed are
R2SiO5 (R5La, Gd, Y, Yb, Lu! type of compounds. They
can all be found in the top of Fig. 10 showing relatively lar
values for the redshift. Interpretation is complicated by
fact that the crystal structure often contains two differe
lanthanide sites. Furthermore the Gd-based compounds
tallize in the so-calledX1-type structure and the Yb and L
compounds have structure typeX2.30 For Y2SiO5 both
phases exist.26,30

La2SiO5 has probably its own structure type.31 The red-
shift in this compound, as deduced from the dipole allow
f d band in Tb31 reported by Leskela¨ and Suikkanen,31 is the
smallest among theR2SiO5 group of compounds. To assig
the observed luminescence excitation bands to specific
in the other compounds, the following three trends will
exploited.~i! Redshift tends to increase with decrease of
ordination number,~ii ! redshift tends to increase with de
crease of site site, and~iii ! redshift tends to increase wit
increase of the number of oxyoxygen ions in the coordi
tion sphere.

The Gd site with the smallest redshift is now assigned
the so-calledA1-site which is coordinated by nine oxyge
ions ~9:249!. This site resembles the 6h site in Gd apatite in
a sense that both have one unbound oxygen ion in the n
fold coordination sphere. The other site (A2 site! in Gd2SiO5
has lower coordination number~seven!, smaller size, and
three oxyanions yielding 3000 cm21 larger redshift. Both
rare earth sites of the Y and Lu compounds with the so-ca
X2-type structure have two unbound oxygen ions in the fi
coordination sphere. The one with smallest redshift (C1
site! is assigned to the sevenfold coordinated site and the
with largest redshift to the smaller sixfold coordinated on
For the Ce1 site in Lu2SiO5 all five 5d-level energies are
known and Fig. 4 shows that the dominant contribution
the large redshift stems from the large crystal-field splittin

IV. SUMMARIZING CONCLUSIONS

A. Centroid shift

Within the ligand polarization model, the centroid shift
the 5d configuration depends on coordination number, bo
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lengths, and anion polarizability of the nearest anion nei
bors. The spectroscopic polarizabilityasp has been calcu-
lated without the use of any fitting parameters, from the o
served centroid shift. For the halides it was alrea
concluded in Part II thatasp scales with the types of cation
present in the compound approximately as follows:

Mg21,Lu31,Th41,Y31,Li1,La31,Ca21

,Na1,Sr21,Ba21,K1,Rb1,Cs1,cation vacancy,
~5!

where small cations are in the beginning of the series
large cations at the end of the series. Based on the resu
this work, this series can be extended to the left by

S61,C41,P51,B31,Si41,Al31,Mg21. ~6!

The reader may have noticed already the close relat
ship between the ordering of the cations in the above
series with the Pauling type32 of electronegativity of the at-
oms. It follows exactly the same sequence but in rever
order. With smaller electronegativity, the bonding of the v
lence electrons of oxygen to the metal cation decreases
sulting in larger polarizability. Relationship between ele
tronegativity and luminescence properties have been not
before in the spectroscopy ofdd transitions andf f transi-
tions, and based on electronegativity, van Uitert in 1984 p
posed a model for the redshift in Ce31 doped materials.20

However, such model is too crude for practical use, sinc
does not properly take the crystal-field splitting into accou
Relationship with electronegativity is revealed much mo
clearly when it is applied to the centroid shift and even mo
clearly when it is applied to the spectroscopic polarizabili

The importance of the anions in determining the value
the centroid shift and spectroscopic polarizability is in t
following sequence:

anion vacancy,F2,O22,Cl2,Br2,I2, ~7!

where the ‘‘complex’’ oxides fall in between the fluoride
and chlorides, This sequence follows the actual polarizab
of the anions, being smallest for fluorine and largest for
dine. It also follows electronegativity of the atoms, bei
largest for fluorine and smallest for iodine.

B. Crystal-field splitting

Crystal-field splitting of the 5d levels is largely controlled
by the nearest anion ligands. Particularly the anion poly
dral shape and size are of importance. Octahedral, dodec
dral, tricapped trigonal prism, and cuboctahedral type of
ordination was studied in more detail. For these types
polyhedra, crystal-field splitting scales asecfs5bR22 with
the bond length, i.e., size of the polyhedron. WithR in pm
and ecfs in cm21, bocta51.353109 pm2 cm21 for Ce31.
That of ~ddh!, ~3ctp!, and~cubo!coordination are 0.79, 0.42
and 0.42 times that of~octa!coordination, respectively.

For the compounds treated in this work and in Part I a
II, no indications were found that either the charge state
the anions~neutral in case of H2O, 21 for the halides, and
7-11
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22 for O22), or the type of anion~F, Cl, Br, O! is of sig-
nificance for the crystal-field splitting. For example, if F2

were to be replaced by other halogens, O22, or H2O mol-
ecules without altering shape and size of the anion poly
dron then crystal-field splitting remains fairly the same al
All data indicate that the crystal-field splitting of Ce31 5d
levels behaves independently from the centroid shift. Thi
s
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a very convenient property since it enables one to interp
both aspects separately from each other as has been do
this work. It also confirms the validity of the approximation
made by Morrison5 leading to the ligand polarization mode
as expressed by Eq.~2!. All five 5d levels and therewith the
centroid energy are predicted to experience the same
due to ligand polarization.
,
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