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5d-level energies of C&" and the crystalline environment. 1. Oxides containing ionic complexes
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Information on the energy ofd levels of Cé" ions coordinated by C§ , SG;~, PG;, BO3 , and
SiO}~ ionic complexes or by neutral water molecules in oxide compounds will be presented and systematically
analyzed. The average energy of thinfiguration of excited Gé 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 tdelévels is interpreted in terms of the type and
size of anion polyhedron coordinating the Ceion. 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-allowedd transition in Cé&*-doped oxide compounds will be interpreted.

DOI: 10.1103/PhysRevB.64.125117 PACS nuni®er78.55.Hx, 71.70.Ch, 78.40q
[. INTRODUCTION est and highestdlevel. A fraction 1f (A) contributes to the
redshift.r (A) is usually between 1.7 and 2.4.
The energy of the & excited states of the trivalent lan- In Refs. 3 and 4, a model based on the instantaneous

thanides and their location relative to those of tH& don-  polarization of the anion ligands by thedSelectror was
figuration is important for the luminescence properties ofused to interpret the observed centroid shift in halide com-
lanthanide activated phosphors. Knowledge, both phenonpounds. This ligand polarization model relates the centroid
enological and theoretical, on the relation between these 5shift . (cm™?) to the N coordinating anion ligands around
level positions and the crystalline environment will be help-Ce** via

ful in the search for new phosphors. This has been the main

motivation to collect experimental data on thd-Evel en- €. 1.44X 1017asp
ergies of the trivalent lanthanides in inorganic compounds. N~ R—G 2
Information available on all 13 lanthanides and about 350 eff

different compounds was compiled in Refs. 1 and 2. Due tQuherer
a strong %l-electron lattice interaction, the first dipole-
allowedfd transition is lowered relative to the free ion value

off IS defined as

N
by an amount defined as the spectroscopic redBHiX). LE i 2 ;6_ (3)
The redshift, by definition zero for the free ion, varies RS, Ni=1 R_ EAR
from as low as 10900 cnt for the lanthanide ion on the 2

SrP* site in SrAL,O;9 Up to values of 31000 cnt for _ _
SG,0s. It appears approximately the same for all 13 lan-Ri (pm) are the bondlengths. to. th(_a I|ga|jds in the unperturbed
thanide ions if in the same host crystal. To understand théttice. AR is the difference in ionic radius of ce with the
large variation, one can entirely concentrate off ‘Geoped cgtlon |f[ substitutes for. To acqount r_oughly for lattice relax-
materials. Of all trivalent lanthanides most information isation itis assumed that the neighboring anions relax outward
available on C& . Furthermore, it contains only one opti- O inward by just half this difference. Since ligand polariza-
cally active electron resulting in the simplest energy-leveltion is not the only mechanism leading to centroid shift, one
structure and spectroscopy of all trivalent lanthanides. shguld treat the so-calledpectroscopic polarizabilityesp
When Cé" is in a crystal, the mean energy of thel 5 (A% as a phg:-nom_enologmal parameter. It is related to the
configuration is shifted downwards relative to the free ion@verage poiarlzablllty of thdl nearest-neighbor oxygen ions
value. In addition, the & levels are split into at most five around C&", but also to the average covalency between
different crystal-field components. As a net effect the lowesC€ " and the ligands. Most appealing of the model is the
energy i level is further shifted downwards. The total shift @bsence of fitting parameteras is obtained directly from

D(A) can be written &% the centroid shift and the crystal structure.
This paper is the next in a series of papers where the
Ecid(A) B relationship between centroid shift, crystal-field splitting,
D(A)=e(A)+ (A 1890 cm*, (1) and redshift with the type of crystalline environment is sys-

tematically studied. In Refs. 3 and 4, hereafter referred to as
where the centroid shik.(A) is the lowering of the average Part | and Part Il, the fluoride, chloride, bromide, and iodide
(centroid of the five & levels. The crystal-field splitting compounds were studied. In this work, the sulfates, carbon-
e.(A) is defined as the energy difference between the lowates, phosphates, hydrated compounds, borates, and silicates
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FIG. 2. RedshiftD(A) in borate compounds®: values esti-
mated from df emission wavelengths. Data belonging to
CalLaB,0;3, LaB;Og, LaBO;, and SrLaOB@ are connected by
solid lines. Data belonging to SyB;, Sr,B,Os, Sr(BO3),, and
are the subject of study. After the presentation of the availsy .a0BQ, are connected by solid lines.
able experimental data, the crystal-field splitting and its re-
lationship with crystal structure will be analyzed. Crystal- borate groups. This is demonstrated by the data belonging to
field strength at the Gé site depends on the shape and sizethe La-based borates and the Sr-based borates which are con-
of the first anion coordination polyhedron around®Celt  nected by solid and dashed lines, respectively.
will be shown that it is not significantly influenced by the
nature of the ligands. Next, the centroid shift will be ana- B. Centroid shift and crystal-field splitting
lyzed by means of the ligand polarization model. Complexes
that strongly bind the oxygen®electrons like in the sulfates
yield small values forag,. ag, appears significantly larger
for the silicates where the 2 electrons are less strongly

FIG. 1. RedshiftD(A) in oxide compounds containing ionic
complexes@®: values estimated frordf emission wavelengths.

To obtain the centroid shift and crystal-field splitting for
the CE" 5d levels, information is needed on all its five
5d-level energies. From analyzing literature data and new

bonded. Systematic behavior with the type of cations prese );g)fr:jmentds, that in;ormaftion was. obtari]ned d for T)?ny
in the compound will be demonstrated. With the results on -doped compounds. Information is gathered in Table .

the discussion of crystal-field splitting and centroid shift, fi- References_to the literature on crystal structure will gengrally
nally the observed redshift of the full collection of com- not be provided; they can often be found in the International
pounds will be treated. It will be shown that the position of CTyStal Structure DatabadéCSD) of FIZ Karlsruhe, Ger-

5d levels in the compounds behaves in a quite predictablénany' From the crystal structure, the anion coordination
manner. numberN and average Gé to oxygen bond lengtR,, was

obtained(see column 2
Column 3 shows the type of anion coordination polyhe-

Il. DATA ON 5 d-LEVEL POSITIONS dron around C¥& together with the site symmetry. Occa-
) , sionally as in LaP® and LaBQ, the polyhedron is very
A. Spectroscopic redshift irregular with all bond lengths different. In the case of

Figure 1 shows the redshift valuBgA) known for oxide  Lu,Si,O; the interpretation of the 278-nm band in the exci-
compounds. To each compound, a seven-digit identificatiotation spectrum of C& luminescence is not fully certain. It
numberA was assigned in Ref. 2. Treated as a variable, théntroduces a slightly larger error i, . There are two differ-
identification number enables one to display and analyze thent Lu sites in the oxyorthosilicate L8iOs. One site has
data in an orderly manner. On the scale in Fig. 1, the thircsixfold, the other has sevenfold coordination. The data in
digit (d3), which represents the type of ionic complexesTable | are for C&" on the site yielding the smallest redshift.
present in the crystal structure, is of significance. It is assumed that this is the site with sevenfold coordination.

Information on l-level energies in the nitrates seems notFour excitation bands were observed fogY(BO3); and it
to be available, and it is very scarce for the sulfates ands not known where the fifth band is hidden. The resulting
carbonates. Much more data are available for the phosphatencertainty in the value for the centroid shift is about
borate, and silicate compounds. Figure 2, which is an ex4000 cm L. Information is also incomplete for CaG@nd
panded view of part of Fig. 1, shows the values for the redseveral other borates in Table I.
shift known for the borate compounds. On the scale in Fig. 2, Some representative data from Table | are displayed in
the fourth digitd, is of significance. Its value depends on the Fig. 3. Afirst inspection shows that in borates and silicates
oxygen to boron O/B ratio, and it is a representative of theappears several 1000 crhlarger than in sulfates and phos-
amount of condensation between the borate complexes in thghates.e varies wildly from compound to compound and
compound. Figure 2 shows that on average the redshift inits contribution to the redshifd (A) is more important than
creases with decreasing amount of condensation between tiieat of e, .
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TABLE |. Spectroscopic and crystallographic properties of Gdoped compoundsN:R,,) represents anion coordination number and
average distance to the aniofmn). Type of polyhedror(poly) and point symmetrysym) at the Ce site are given. Wavelengths between
brackets are still uncertain.

Compound N:R,) (poly:sym  As, Ny, A3, Ay, A (M) e, (em™ 1) ey (cm™)  Ref.
BasQ, (12:295) (irregCy) 204, 215, 231, 247, 267 7880 11600 33
srsqQ (12:282) (irregCy) 205, 214, 230, 248, 267 7880 11300 33
casqQ (8:247) (ddhC, or D,) 193, 218, 238, 251, 295 8540 17900 33
cacQ (6:236) (octaCy) —, -, 245, 285, 313 34
LaP;O,, (8:250) (ddhc,) 197, 208, 220, 236, 293 7070 16 600 35,36
CeRO,, (8:248) (ddhC;) 197, 208, 221, 237, 296 7220 17000 35
LaP,0, (8:253) (ddhC,) 194, 205, 229, 265, 290 7990 17100 13
LaPQ, (10:264) (irregC,) 206, 214, 239, 256, 274 8660 11900 37,13
KsLa(PQ,), (9:~266) (irreg:C,) 181, 210, 246, 270, 310 8670 23000 38
YPO, (8:234) (ddhD,g) 203, 225, 238, 250, 323 9570 18010 39,40
LuPO, (8:230) (ddhD ) 198, 225, 238, 251, 323 9670 19600 41
La(C,HsSO,) X 9H,0 (9:256) (3ctpCy,) 199, 211, 223, 238, 256 6460 11200 42
aqueoug-Ce(OH)4]%" (9:~254) (3ctp:=Dygy) 199, 211, 223, 238, 253 6420 10700 10,42
LaB;0, (10:261) (irregC,) 204, 219, 246, 260, 270 8990 12000 13
LaMgBsOy (10:261)+ (2:367) (irregC;) 202, 225, 239, 257, 272 8950 12700 43,44
GdB,0, (10:252) (irregC,) 205, 219, 246, 260, 270 9050 11700 13
YMgB:sOy, (10:~247)+(2:~353F°  (irreg:C,) 202, 227, 235, 255, 270 8730 12600 44
GdAly(BOs), (6:234)+ (6:307) (tpD>) 200, 209, 255, 278, 320 10 300 18700 45
YAl 5(BO5), (6:230)+ (6:306) (tpD3) 200, 210, 253, 272,322 10200 18900 45
LisY(BO,)s (8: 240 (ddh:C,) 217, 240, 22, 305, 346 ~12 700 17200 44
LuAl4(BO,), (6:~226)+ (6:~302)° (tp:D3) 200, 209, 250, 269, 323 10000 19000 45
LaBO, (9:260) (irregCy) 215, 232, 241, 266, 330 11 500 16200 13
GdBO; (8:240) (2ctapDsy)  tail, 216, 245, 339, 363 <13100 >18700 13
YBO,4 (8:237) (2ctapCy)  tail, 219, 245, 338, 357 <13300 >17600 14,13,12
vaterite-LuBQ (8:233) (2ctapDsy)  tail, 218, 239, 346, 365 <13200 >18500 12
calcite-LuBQ, (6:224) (octaCs)  (180-200, 303,(325), 340 12
ScBO, (6:212) (octaCs;) —, —, 320,(343, 358 14,15
Lu,Si,O, (6:223) (tapC,) 193, 213,278, 313, 351 12400 23300 this work
Lag 3970 64 SiO) 6O (4f) (9:259) (3ctpCs) -, - -, 285 (10900 (10500 27
Lu,SiOs(Ce,) (7:231) (imegC,) (205, 2185, 267, 296, 356 12300 20700 46

8R,, Was assumed to be 2 pm larger than that §yTE(PQ),.
bR,, was assumed to be 2 pm smaller than that in L&ES0,)sX 9H,O.
‘R, Was assumed 14 pm smaller than in LaM@8,.
9The sameR,, was assumed as in dHo(BOy)s.

°R,y was assumed 4 pm smaller than in ¥@0s3),.

Ill. DISCUSSION

First the observed crystal-field splitting will be related to
the type of anion polyhedron coordinating the®Cdon. It
will be compared with that found in compounds treated in
Part | and Part Il. Next, centroid shift will be analyzed by

hedron around Gé&. Such polyhedron often consists of a

means of the ligand polarization model from which the spec-

troscopic polarizabilityrs, will be obtained. Finally, ideas on

prismatic part containing r& anions with anm-fold axis of
symmetry g axis). The faces of the prism can be capped by
p anions on the symmetry axisxial ligands, or/andn an-
ions in thex-y plane perpendicular to {equatorial ligands

If all bond lengths from C&" to the anions are equal then

by means of the point-charge electrostatic mde&EM) of

centroid shift and crystal-field splitting are combined to dis-Crystal-field interaction, generalized expressions for Bife
crystal-field parameters can be deriisge Ref. & Of spe-

cial interest is theBy parameter which can be written as

cuss redshift values.

A. Crystal-field splitting

For the interpretation of the crystal-field splitting of Ce
5d levels, the same procedures as outlined in Part Il will be
used. It suffices to consider the first anion coordination poly-

4 3n m
Bs=f(R)| p+ §+Z(35co§0pr—30co§0pr+3) .
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35

=8300 cm . ey for LuCl;:Ce* is also different from
that reported in Part Il because, instead of 196 nm, the high-
est & level is located at 210 nm.

0.5AR is like in Eqg. (3) meant to roughly correct for
lattice relaxation around Gé. Values forAR were obtained
from the compilation of ionic radii by ShanndrThe so-
called crystal radiu$CR) pertaining to the appropriate coor-
dination number was used. The dashed curves have the func-
tional form BR™2 with Bou=1.35x10° pmfcm %, Buan

=0.7Bctar and,BSctp: 0.42Bcta-

sl - N N w
o (S, o (&) o

Energy difference (1000 cm™)
[¢,]

1. Tricapped trigonal prism and cuboctahedral coordination

o

In Part Il it was found that for many polyhedrons with
threefold symmetry axis¢. scales proportionally with the

FIG. 3. Energy differences between the centroid positiongbsolute value fo@é. @6‘ is particularly small(1.15 in the
(51230 cm?) of the free C&" ion and; (V) highest &l level,  case of ninefold coordination in the form of a regular tri-
(O) centroid ene_rgy,;(&) Iowest_Ed level, and O) relaxed lowest capped trigonal prisnBctp) as in NaYR, LaCl;, and LaBg
5d level of C&" in complex oxide compounds. with (p:n:m:6,,)=(0:3:3:~42°). The contribution to the
crystal-field by the ligands of the trigonal prism is for a large
%art cancelled by the contribution from the three equatorial

fhes resulting in small crystal-field splitting. The same holds

-5

The functionf(R) will be referred to as the radial part. The
expression between square brackets is then the angular p

H; 4 i i i “ i - . - . .
0o \_/vr,\ergsahe prismatic anglé,, is the angle the @ “pris for 12-fold cuboctahedratubo coordination as in the cubic
matic” Ce”"-oxygen bonds make with the-fold axis. The perovskites BalLif and KMgFR, with (p:n:m:6,,)

effect of the shape of the coordination polyhedronBﬁﬂs =(0:6:3:35.3°). ®é= —1.17 which is apart from the sign
fully determined by this angular part. The effect of the size ispractically the same as fof3ctp coordination. Figure 4

in the radii[) part. The PCEM predicts th(R) is propor-  ghows thate,, for these fluorides falls indeed very close to
tional to R™>. However, experimentally such dependence isihe curve pertaining té3ctp coordination.

not observed and in that respect the PCEM does not provide The name aguocompounds is used for compounds where
an adequate description of crystal-field splitting. It appearspe |anthanide ion is fully coordinated by neutra)®mol-
though, from the work in Part Il, that the angular part is still g¢jes. AqueougCe(OH)]3" (Ce-aqud is a solution of
of value. The functional form of (R) will be determined =3+ in water. As in Cé*-doped La(GH:SO,)sX 9H,0
emp_irically from the obseryed crystal-field splitting. _ (La-aquo, the C&" ion is coordinated by nine water mol-
Figure 4 showseys against Ry, —0.9AR) of oxides in gcyes in the form of &3ctp polyhedron. Crystal-field split-
Table |, of+hal|des from Part | and Part Il, and of new data oning i these compounds is relatively small, yet the data fall
LaBrs:Ce -+|” Part |, only four &l levels were reported for - gjgnificantly above the curve pertaining t8ctp) coordina-
KMgF_S:Cé’ . _Ovv_n measurements have reveqled_ the missgon  For La(GHsS0,)sX 9H,0, the tricapped trigonal
ing fifth excitation band at 196 nm yieldingess  prism is distorted in two respects) 6,,=47° and(ii) the
bond lengths to the three caps are 9 pm larger than to the

40 L ‘"\_(oclta) ' ' ' ' | prismatic anions. Both deviations tend to enhance crystal-
Rb,NaScF, .. ScBO, field splitting. Naively applying Eq4) to both the prismatic
5L - = .°‘~~05:fggcos  atertes 4 (n=p=0) and the equatorial ligandsnE=p=0) separately
(ddh)‘~~.k'ff_s'z°v<> oy k20 L and assuming afR~? radial dependence on bond length
S 2t g 8 _ i yields aBg parameter 20% larger than in the case of a per-
S ﬁ‘~~na1.j‘_i-Lf°‘f’fs_,_.“.‘?f=.'.‘;5"f‘°'""’“ fectly regular(3ctp). This is about the deviation of the ob-
© sl L, s < P, served crystal-field splitting from the dashed curve in Fig. 4.
e . e The (3ctp coordination becomes increasingly more dis-
%) (3ctp) Seeel,. 3 AlLa-aquo BaSO,  Tttee... . . . .
10| Tt getaquo ﬁo, : Ty torted in going from NaYF, to YF;, and to Luk, which is
: g, Labr, like in the aguocompounds probably the reason for the en-
51 Lfc,s T hanced crystal-field splitting in these materials. Coordination
is ninefold around the La site in the aragonite structure of
9 pos s ps pos ps 20 LaBO;. It is very irregular and La-O (_jlstances range from
(R.-0.5 AR) () 238 to 280 pnf. Figure 4 shows that is much larger than

in the case of3ctp-ninefold coordination. Also the 12-fold
FIG. 4. Crystal-field splittinge of C&*. ¢ : compounds with ~ coordination in SrS@and BaSQ is irregular with varying

(distorted octahedral coordinatioril: compounds with dodecahe- Pond lengths to the central cation. Figure 4 shows &ais

dral coordination;®: compounds with 12-fold coordinatioma: ~ much larger than that typical for 12-fold cuboctahedral coor-

compounds with ninefold coordinatiofy: values estimated in this dination. These three examples demonstrate that the topo-

work. logical arrangement of the ligands around the’ Csite is

125117-4



5d-LEVEL ENERGIES OF C&" ... . lIl. ... PHYSICAL REVIEW B 64 125117

TABLE II. Spectroscopic and crystallographic properties of scheelites, zirconates, and anhydrites with
(ddh) type of coordination. Redshifd (A) and Stokes shifA S are from Ref. 2. Predicted values for ScPO
are within brackets.

Compound Oci:0sq:Ra/Rs)  D(A) (cm™) AS(cm™h) egqs(cm™™) r(A) e (cm™Y)
LiYF 4(Sy) (38°:67°:1.024) 15 300 1600 19500 1.68 5520
LiLUF4(S,) 15 100 1240 20000 175 5610
YPO,(Dy) (31°:76°:1.032) 17 700 1670 18000 1.79 9570
LUPOy(D 5q) (31°:76°:1.039) 18100 1020 19500 1.89 9670
ScPQ(Day) (32°:77°:1.054) 19 000 (19400 (1.85 (10400
CaSQ (C, or D,) (~28°:~76°:~1.06Ff 15400 800 17900 2.05 8540

aSeveral slightly different structures are reported for the anhydrite structure of LA8€¥age values are
given.

important foreys. Ninefold or twelvefold coordination does with a B4qiR™ 2 dependence. Apparently, whether the anion

not automatically guarantee small crystal-field splitting. is an oxygen or a fluorine ion is not of much influence for the
In Part Il and in Ref. 9 it was noticed that whenever crystal-field splitting. It is also concluded that deviations

crystal-field splitting is very small, the Stokes shift tends tofrom the regular dodecahedron do not influergg much.

be very large. This can be observed in Fig. 3 for LaPO This is quite contrasting with the situation fé8ctp and

LaB;0s, and in the two aguocompounds. The abnormally(cubgcoordination where crystal-field splitting does appear

large Stokes shift (10600 cm) in aqueougCe(OH,)s]**  quite sensitive to polyhedral distortion.

has a special reason. It is caused by the dissociation of oné gcpq has like LUPQ and YPQ the zircon-type struc-

water _molecule a_fter cé is b_rought to its excned&c_on- ture. Based on thgyyR 2 dependenceey can be esti-

figuration. The eight remaining water molecules will rear- o404 - Centroid shift is then obtained from the known red-

range into an eightfold polyhedron, possibly a cube or ; . ~ .
square antiprism. According to Kaizet all° crystal-field “Shift by assuming (A) ~1.85; see Table Il

splitting may increase to about 22000 chresulting in a
large Stokes shift. 3. Distorted cubal coordination

) o Some confusion on théseudgvaterite crystal structure
2. Eightfold dodecahedral (ddh) coordination of GdBO;, YBOs, and LUBQ was solved by Chadeyron
An interesting analogy exists between the spectroscopiet al!* Coordination around the rare-earth cation is eightfold
and crystallographic properties of scheelitesin the form of a trigonal antiprism capped with two axial
(LiYF 4,LiLuF3), zirconates (YP®,LuPQ,), and anhydrites ligands(2ctap. It resembles a cube viewed along its body
(CaSQ) compiled in Table II. In all three structure types, diagonal. For LuBQ@, the antiprism(6:238 is elongated
the small cation (Li,PP*,S°") is tetrahedrally coordinated from the cubic value off,=70.5° to 6, =65°. The two
by four anions. The large cation has eightfold coordinationaxial ligands, each randomly occupying one of three possible
The coordinating polyhedron can be described as that of tweites, are located at 20 pm closer distanBg) (than the six
interpenetrating tetrahedra. In a cube both tetrahedra ajgrismatic ones R,,). Furthermore their possible sites are
regular and identical with prismatiar(=2) angle equal to |ocated off axis byd,=2°. The values o1y, 05, and the
the cubic angle §:=54.7°). In the scheelites one tetrahe- ratio R,/R,, for the other compounds can be found in Table
dron is strongly elongatedd(,< 6.) and the other is squad |II.
(0sq> 6c). It results in a polyhedron with 12 triangular faces  The excitation spectra of & luminescence for each of
(dodecahedronand S, site symmetry. A small distortion re- the crystals with the vaterite structure appear quite similar.
duces the symmetry tB,q as in the crystals of the zircon Two partly overlapping excitation bands can be distinguished
(xenotime type. The bond lengths to the anions of the elon-at long wavelengths well separated from two others at short
gated tetrahedrorRj) are longer than those to the squattedwavelength$?!3 A “tail” in the spectra extends to beyond
one Rgy). Values for the prismatic angles and the ratio in190 nm. Unfortunately, the location of the fifth excitation
bond lengths are compiled in Table Il. The dodecahedromand is not known, but since three bands are expected to
(ddh) in CaSQ is further distorted untiC, or D, site sym-  originate from the high energy, states of the cubic crystal-
metry and there are possibly four different bond lengths. field splitting, a location within the tail is well possible. As-
Crystal-field splitting in the scheelites, zirconates, andsuming that the wavelengths of the fifth 5d level is shorter
CaSQ with (ddh-type of coordination is shown in Fig. 4. than\,, upper and lower limits or, and €. can be given;
Also that of LaRO,,, CeRO,,, LaP;Oq4, LigYBO;, and see Table I.
that of BaY,Fg and BalLyFg, see Part | and I, are shown.  Table Il shows values foe. and e obtained assuming a
All six compounds haveéddh) coordination with very low value of 200 nm foig. With this choice, crystal-field split-
point symmetry. One observed that despite different types ofing for the vaterite phase falls close to that typical for octa-
anions involved,e.s values fall close to the dashed curve hedral coordination; see Fig. 4. For ideal cubal coordination
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TABLE lll. Crystallographic and spectroscopic properties of borates with the vaterite and calcite struc-
ture. Values assumed fars, r(A), and ey are within brackets.

Compound Opr02:Ra/Ry)  D(A) (cm™Y) N5, Ny (M) e (cm™Y)  r(A) € (cm™?)

Vaterite

GdBO; (64.0°:3°:0.909) 21800 (200, 216 22 500 1.99 12 400
YBO; (64.4°:19°:0.973) 21 300 (200, 219 22 000 2.04 12 400
Vat-LuBO; (65°:2°:0.918) 21900 (200, 218 22 600 1.98 12 400
Calcite

Calc-LuBO; 0pr=53° 19 900 184, 194 (25000 (2.9 11 400
ScBG 0pr=53.4° 21400 183,192 (26 600 (2.9 12 200
CaCQ 0pr=52.9° 17 400 179, 218 (24 000 (2.9 9300

PCEM predicts a value 0.89 times that for octahedral coorectahedral withC, point symmetry. Large crystal-field split-
dination; see Part II. ting is indeed observed, data falls in the proximity of the
upper dashed curve in Fig. 4.
4. Sixfold trigonal prism (tp) and trigonal antiprism (tap)
coordination

The PCEM predicts for sixfold octahedrab::m:6,,)
=(0:0:3:54.7°) coordinati0n®3=—2.33 and crystal-field
splitting is anticipated a factor of 2 larger than f8ctp) and
(cubogcoordination, see Part Il. In Fig. 4 the difference ap-
pears as a factor of 2.4. Octahedral(tap) coordination is

5. Other types of coordination

The aluminumborateRAI;(BO3), (R=Gd, Y, Lu) have
the huntite crystal structure with 12-fold coordination around
the rare-earth site. Taking GAABO;), as a representative,
the six closest oxygen ion:234 form a trigonal prism
. . with prismatic angled,, =54° which is quite close to the
found in the calcite phases of LUBOSCBQ, and Cac@. cubic angle 54.7° of the octahedron. The prism is twisted,

In all three compounds, the prismatic anglg; is close to . : . .
53° which is slightly smaller than that in the perfect octahe--€ the lower triangular face is rotated relative to the upper
one. The six more distant oxygen io&307 form again a

dron (0,,=54.7°). One expects to observe three excitation . i . : : ) P
bands at low energy stemming from thg triplet levels and ~ Wisted trigonal prism with  prismatic angle, =67°.
two high-energye,-type levels. Structural and spectroscopic 1€ crystal structure of YA(BO,);, determined by

properties of the three calcite compounds can be found iflészarost al,' is almost identical. All pond lengths to 'Fhe
Table 1ll. For all three Crysta]S, indeed three |0W_energy exﬂearest anions are about 4 pm smaller in accordance with the

citation bands have been observed: see Table I. difference in ionic radius between®Y and Gd*. For the

In calcite LuBQ;:C€", Zhang observes a weak unre- Same reason the bond lengths in Ly¢E0O;); are estimated
solved band between 180 and 200 nm which may be causets 4 pm smaller than in the yttrium variant. In Table |
by the e, type of bands$? The location of the two high- (N:Ry,) of both the six closest and six more distant oxygen
energy excitation bands in CaGOis not known. ions are given.
ScBQ;:Ce " has been studied by Blasse and co-workers For a trigonal prism with prismatic angle close to
and Hoshina and Kuboniw&.The bands at 358 and 320 nm the cubic angle similar crystal-field splitting as for octahedral
and possibly a third one at 343 nm were attributed totfge coordination is expected, see Part Il. Based on the inner
levels!* Two additional(weak excitation bands at 260 and prism alone, for GdAJ(BO3), this would imply a value
277 nm reported by Blassat al. were assigned to the high- around 24000 cm'. However actual crystal-field splitting
energye, levels®® However, unrealistic values for bo,  is more than 5000 cit smaller. Probably, the largéoute
and e are then obtained. Apparently these bands, that werprism cancels part of the crystal field produced by the
not observed by Hoshina and Kuboniwa, are of differentinner one. This situation is somewhat similar to tricapped
origin. trigonal prism and cuboctahedral coordination discussed

In the three calcite crystals, one may estimate the totahbove.
octahedral crystal-field splitting and therewith the wave- The tenfold coordination in LaPQ LaB;Og,
length of the highest excitation band, by employing the LaMgBs;0;y, GdB;Og, YMgB50, is too irregular to ana-
BoctR ™2 relationship. By choosing a value foA)=2.4 lyze by means of PCEM. Crystal-field splitting falls in be-
typical for octahedral coordination, with Eql), centroid tween values typical for tricapped trigonal prism and dodeca-
shift is obtained. The location, can then also be calculated. hedral coordination. Coordination in ;Ka(PQ,), and
The thus anticipated values are shown in Table Ill. Note that.u,SiO; is sevenfold in the form of an irregular polyhedron.
those for calcite-LuB@ agree with the weak unresolved ex- In the case of KLa(PQ,), there are two additional ligands at
citation bands observed by ZhdAgbetween 180 and 320 pm. Crystal-field splitting for both compounds falls in
200 nm. between that typical for dodecahedral and octahedral coordi-

In Lu,Si,O; coordination around the Lu site is distorted nation. Note, for sevenfold coordination in the form of a
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regular monocapped trigonal pris@éz —2.16 also falls in TABLE IV. Results from the ligand polarization model. In this
between that ofocta and (ddh) coordination, see Part II. ~ Wwork predicted values are within brackets.
Reff GC/N asp

6. Conclusions on the crystal field splitting Compound (pm) (cm™Y) (1073 md)

Summarizing, the following conclusions and observation

were made(i) Provided that bond lengths remain constant, CasqQ 247 1070 1.68
crystal-field splitting depends on the polyhedral shape. Foro'SQ 272 660 1.83
several polyhedral types with a threefold axis of symmetry, BaSQ 278 660 2.10
crystal-field splitting is roughly in accordance with predic- €aCQ 236 (1550 ~1.88
tions based on the angular part of thg @ystal-field param- ~ C€R014 248 900 1.45
eter calculated by the PCEMii) Provided that polyhedral LaPsOw4 249 880 1.45
shape remains constant, crystal-field splitting dependsScPQ 234 (1300 ~1.49
roughly asR™2 on the average distance to the ligan€s) LuPQ, 238 1210 1.53
There are no indications that the chemical properties of theYPO, 240 1200 1.57
anions are of much significance for the crystal-field splitting. LaP;Oqy 249 1000 1.66
(iv) There are no indications that the charge stagutral in LaPQ, 259 870 1.81
the case of KO, —1 for the halides, and 2 for ) of the Ks;La(PQ,), 257 960 1.91
anions is of significance for the crystal-field splittiig) The Aqueous[ Ce(OH,)9]3" 254 710 1.33
main influence of the type of anion on crystal-field splitting La(C,HsSQ,)3x 9H,0 255 720 1.36
has to do with its ionic radius increasing along the series F YMgB;0,, 258 730 1.47
O?~, CI7, Br. It determines the size of the polyhedron and LUAI3(BOg), 244 840 1.60
therewith the magnitude of crystal-field splitting. GdB;0; 254 900 1.68
YAl 5(BOs), 257 850 1.71
B. Centroid shift and spectroscopic polarizability LaMgB;010 265 750 1.78
GdAly(BOs), 259 860 1.79
Results onag, calculated by means of E@2) together ScBO; 225 (2030 ~1.84
with Reg a}nd .the cqntribution to the qbserved centroid shift | 55 0 258 900 1.85
per coordinating anion, are compiled in Table IV. For SgPO caic-LuBo, 232 (1900 ~2.04
and the compounds with the calcite and the vaterite structurey, |  go, 240 (15650 ~2.07
as, Was calcu!ated adopting the values in '_I'ables II'and III. YBO, 243 (1550 ~2.23
For the _haI_lde compoun_ds it was found in Part | and _PartGdBo3 243 (1550 ~2.22
Il that agp, is firstly determined by the type of anion. It in- o, 254 1270 238
creases substantially in going from fluorides to chlorides tol_i Y(BO,) 245 (1590 2 4+0.2
bromides, for example 0.94, 6.48, and 11.% fbr LaF;, 6 s o
: Lu,Si,O, 230 2070 2.15
LaCl;, and LaBg respectively. It was also found that !
scales with the ionic radius and the valency of the ca’:tionsl‘uzs'os'(cel) 238 1760 2.22
390,64 S104) 0, (41) 256 (1210 2.4+0.2

that coordinate the anion ligands. The smaller the cations andrag

the more abundant they are, the smallgy tends to be.
Table IV shows that the same principle applies for the

oxide compounds. In the series Is&R,, LaP;Oy, LaPQ,,  with least uncertainty. The error img, will then be small. A

and KsLa(PQ,),, the small phosphor cation abundance de-fair estimate for C& on a site exclusively coordinated by

creases andsg, increases steadily. Replacingd‘ain LaPQ, Sioﬁ_ ortho type of complexes will be made for

by the smaller ¥* or even smaller L& reducesas,.  Lag3dSiO,)s0; in Sec. Il C. This data is also shown in Fig.

Amongs the boratesqg, is smallest for the metaborate 5. The values for CaSQand CaCQ are shown becauskR

YMgB:s0;,, containing a high abundance of B cations.ay,  for Ce* on a Ca site is also very small.

is also small for LuAy(BO3), containing the small trivalent A clear pictures emerges if one connects the data belong-

cations B, AI**, and L&". ag,in LaBO; with the large  ing to the ortho type of compounds, starting from Ca$@

fraction of relatively large L3 and in LiY(BOgz); with a  CaCQ,, LaPQ,, LaBO; to Lag 3o SiO,)¢0,(4f). Along this

large number of monovalent Lications is largestag, de-  series there is a tendency of increasing value for the polariz-

creases in the series LaBO GdBO;~YBO;, LuBO;, ability which is related with decreasing binding strength of

ScBO; with decreasing size of the rare-earth ion. the oxygen ions within the ortho type of complexes. Figure 5
Clearly the spectroscopic polarizability is intimately con- also shows that within the phosphates and boratgsin-

nected with the chemical bonding of the oxygen ligandscreases with decreasing amount of condensation between the

within the inorganic compound. This is also revealed in Fig.complexes. A neutral water molecule provides a very small

5 whereag, for La-based oxide compounds is shown againstalue for ag,. It leads to the conclusion that the oxygen

the compound identification number. These compounds werggands are strongly bonded to the two hydrogen atoms

selected because relaxation aroundCen the La site will  within the molecule and interaction with the €e5d elec-

be minimal and the local environment around®Cés known  tron either by means of polarization or covalency is minimal.
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Note, however, that it is still larger than the value of 20 T T T L—
0.94 A for LaF,. e wr0rd
condensed .
C. Spectroscopic redshift T o meta g ¢
- _ B ;TR TS D %

Data presented in Fig. 1 show that variation of the redshift o ] ik P ;
values within a group of compounds like the borates or phos- 3 1 - PIPO,, -°<;dpo 6 i
phates is larger than the variation between groups, and at firsi =~ i 100 SR MeRo, i
sight no apparent trend is observed. The aim of the following £ TR TR QlePo, :
discussion is to closely investigate the redshift in relation to 14 |- LiLaP(; i .
the crystal structure and physical and chemical properties of o Tt % [
the atoms in the compounds. The seemingly random scatter- ™ GLapo,.”
ing of the data in Fig. 1 turns out to behave quite orderly. We 1 ! L L e

5530000 5531000 5532000 5533000 5535000

identification number A

will start with the data on the sulfates and proceed from left 5534000

to right through Fig. 1 to the silicates.
FIG. 6. Redshift in phosphate compound: redshift values

1. Sulfates and carbonates estimated frond f emission wavelengths.

The data on the oxyorthosulfates in Fig. 1 pertain to o ]
La,0,(S0,)(8:258), GG0,(SO,)(8:247), and thanide ion. Although the crystal structure is not the same for

Y,0,(S0,)(8:244). Redshift is about 3600 crh larger all four compounds, it is most likely caused by an increase of
than in CaSQ(8:247). There are four oxygen ions in the crystal-field splitting. For the same reason the metaphos-
coordination sphere around the rare-earth site that are n@ates LakOs, GdR0g(6:228), and YEOo(6:224) show
bonded in a sulfate complex. These so-called oxyanions af@crease of redshift with smaller size of the rare-earth ion and
expected to contribute relatively strongly dq, resulting in ~ décreasing coordination number. The data for J@g,
larger centroid shift than in CaSOlt is not expected that L@PsOs, @nd LaPQ have been connected by line segments.
€cs i the oxyorthosulfates will be much different from that AS can be seen in Fig. 3, the increase of centroid shift with

in CaSQ.

smaller degree of condensation is more than compensated by

Information onfd transitions in the carbonates is very the reduction in crystal-field splitting in going from LB,

scarce. Besides in the calcite structure, Ca@{30 exists in
the vaterite structure. From the work by Kojineaal,'® a

to LaPQ.
Figure 7 is a ten times expanded view of part of Fig. 6.

redshift 900 cm? |arger than in the calcite phase is ob- On this scale the fifth dlglt of the identification number is of

tained. Data near 15500 ¢rh in Fig. 1 belong to

Ce(COs3);5 and Lg(CO;)s.

2. Phosphates

significance. It indicates the type of rare-earth cation in the
host crystal. On the far left witd;=0, the compounds lack-
ing rare-earth cations can be found, i.e.,;&0,), and
Ba,;SO,(PQy),. For compounds containing La, Ce, Gd, Y,
Lu, or Sc,ds=1, 2, 3, 4, 5, or 6, respectively. Size of the

The values for the redshift known in the phosphate comrare-earth cation decreases in that order and crystal-field
pounds can be seen in Fig. 6. On the left, the compoundspjitting tends to increase. This is nicely demonstrated by the

with high degree of condensation of the POcompIexes
can be found. From La@®,4, CeROy4, PrRy0;4(8:246), to

series of compounds starting from LafPt® ScPQ(8:221).
CePQ(10:262) and GdPgj10:255) have like

TbPsOy4, redshift increases with smaller size of the lan-| aPQ,(10:264) the monazite structure. The others are of the

275 ki T 3 T T T T T T
22 |- o KiLu(PO,),
250 | La, (510,10, ’
LaBO, R
20 e
2.25 - - - .
o~ ¥ )
‘e g _.-"" ScPO,
g 2001 caco, KlaPo,), : A o 18F l?'a,SO,(l::’OJ2 SQL;(PO.)SO_,' ______ LuPO, A
= it :  LaB,0, ] o -+ TKCe(PO,), YPO,
< : 8 = ca POy, % )2
“AT5 Ccaso, ;i OLaMgB,O,, 4 ~ Sz Kla(Po,), -
& LaP,0, [e) :- < 16 - ',0 GdPO, i
1.50 | : e e
LaP,0,, : p
La(C Ho S0,). "“r 3 i
125 | a - ;
x9l-zlzc5) ” “_.--"CeP04
O LaPo,
1.00 L L 1 1 12 1 . 1 L 1 L |
5500000 5520000 5540000 5560000 5534000 5534200 5534400 5534600

identification number A

FIG. 5. Spectroscopic polarizability of La- and Ca-based com-

pounds.

identification number A

FIG. 7. Redshift in the orthophosphate compour@sredshift
values estimated frordf emission wavelengths.
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zircon (xenotime type; see Table Il. The same is demon- 28— . . ISy .
strated by the series of compoundsU&(PQ,),(7:252), .
K3Ce(PQ),(7:249) and KLu(POy),(6:220). Compared to sl Cala(80)), -t ol S
the LaPQ, CePQ, and LuPQ redshift has increased for o1 Lo SnEo) o0, Y80, Lgu, 5% |
each compound by about 4000 ¢t Redshift values in = Ru@0y, R
several otheM,La(PQ,), with M an alkaline or alkaline- S | “--- 'c»" L'G;’ézcgo )ng . ]
earth cation are known. Only that of;8a(PQ,);(7:261) is 8 -7 CeBO, o calcite-LuBO,
shown in Fig. 7, the other values in Ref. 2 do not signifi- = 19} o : -
cantly differ. < Hes il

In the discussion on the fluorides in Part I, it was found — 18 .- Gan B0y, YASBO),  ALEO 7
that addition of large cations in the structure tends to enhance ,-'Bﬂ-@l L MOy,
redshift. Two reasons were mentiondd): large cations in- L il W ]
crease the polarizability of the anions and thus increase the ’~-,.'f'?'.'.-". ) , , , ,
centroid shift, andii) large cations tend to reduce the coor- 5554000 5554100 5554200 5554300 5554400 5554500 5554600
dination number around the lanthanide and this has the ten- identification number A

dency to increase crystal-field splitting. Coordination number -~ o oo ichift in the orthoborate compounds and the chloro-

in the rare-earth phosphates indeed decreases when the 1aigg,oporates BAR(BO,)Cl. For displaying purposes, the second

gy . .
K™ cations are present. For;Ka(PQy), centroid shift and iyt of the identification number of the chloroborates was changed
crystal-field splitting is significantly larger than in LaRO  fom 2 to 5.

Other orthophosphates with large cations like? BaSrP*
and Nd also show, probably for the same reasons, relativelyability. Cation vacancies may also be present in 28 In

large redshift. SrB;0y, studied by Koskentalet al,?! two different C&*
sites were identified. Redshifts are quite similar as for the
3. Hydrated compounds and aquocompounds two sites in SrBO;.

(b). Metaborates and pyroborate$he metaborates were
already fully discussed in previous sections. On the pyrobo-
rates, only the spectroscopic properties of*Cedoped
Sr,B,05 are knowr?? Compared to SrB0, redshift has in-
creased by 6000 cnt; see Fig. 2. The smaller fraction of

oron in SgB,Og promotes larger centroid shift and the
smaller coordination number, i.e., eightfold instead of nine-
to twelvefold for SrBO,, promotes larger crystal-field split-
ting.

(c) Orthoborates.An overview of the redshift in the
orthoborates can be seen in Fig. 8. In the chloroborates
(@ Condensed boratesn the condensed borates, the tri- Ba,R(BO;),Cl with (R=Gd, Y, Lu), the rare-earth ion is ex-
angular (B(j_) or tetrahedral (B(i)‘) borate groups are clusively coordinated by oxygen ions. In that respect they
linked by corner or edge sharing of oxygen ions into two- ormay be treated as orthoborates and the redshifts of these

three-dimensional networks. Covalence within the network€ompounds are also incorporated in Fig. 8.
will be large and one expects a relatively small valuedgg The increase of the redshift with decrease of the rare-earth
ande.. The values for the redshift can be found in Fig. 2. site size for theRBO; compounds R=La, Ce, Gd, Y, Lu,

In SrB,0,:Ce*" two different Ce centers have been So is directly related to crystal-field splitting as discussed in
observed? The site showing the smallest value for the red-previous sections. The vaterite version of Lupfas larger
shift (14100 cm?) was attributed to an isolated €eion  redshift than the calcite version. Note, that also the redshift
on a Sf* site without local charge compensation. This sitein vaterite CaC@ was larger than in calcite CaGOFor
has nine ligands at relatively close distan@263 plus LigR(BO3)s, RAI3(BO3),, and BaR(BO;),Cl with R
three more distant ones. Redshift is of the same largeness &sGd, Y, Lu, there is no significant increase of redshift with
in the metaborates, and probably the centroid shift angmaller rare-earth size.
crystal-field splitting are comparable also. The other Ce site  The smallest redshifts are found among the aluminum
shows a 4000-cmt larger redshift. It has been attributed to orthoborates of compositioM Al 5(BO3) (M =Ba, Sr, Ca,
Cée** centers locally charge compensated by means of &4 Sr Mg). Compared to $(BO3), and Ca(BO3),(8:249) the
vacancy® A quite similar situation was encountered for redshifts are more than 3000 chsmaller. It was already
CsCdBg:Ce"; see Ref. 20. The presence of a cation va-suggested by Kutfj?* that the polarization of the borate
cancy as charge compensator enhances the redshift by seyroups by the small A" ions enhances the ionicitfde-
eral 1000 cm'. One reason for the relatively large redshift creases covalengypetween C& and the oxygen ligands.
may be an enhanced crystal-field splitting due to relaxatiorranslated to the ligand polarization model, this is the same
of oxygen ions towards Cé. A cation vacancy is also as stating that the oxygen ligands are more strongly bonded
thought to enhance centroid shift since a binding with theby the presence of small cations, and the valuedgyis
oxygen ligands is absent resulting in relatively large polariz-small.

Apart from the two aquocompounds, all data in Fig. 1
pertain to hydrated orthosulfates, and®Cehas both HO
molecules and Sb complexes in its coordination sphere.
Redshift in the hydrated sulfates is typically 5000 ¢m
larger than that in the aguocompounds. Since the contrib
tion from H,0 to ag, is small, replacing HO molecules by
SO;~ complexes will tend to enhance,. An enhanced
contribution frome, to the redshift is anticipated.

4. Borates
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identification number A identification number A
FIG. 9. Redshift in the pyro- and orthosilicate compourf@s. FIG. 10. Redshift in the oxyorthosilicate compoun@s. red-
redshift values estimated froohf emission wavelengths. shift values estimated fromdf emission wavelengths.

In discussing the phosphates, a relationship between thé to Lu, to the Sc variant, is compensated by smaller cen-
largeness of the redshift and the size of the cations other thdfpid shift.
the one replaced by @& was mentioned. This phenomenon (&) Orthosilicates.According to Felsché® for stoichio-
can also be demonstrated for the yttrium based borate confetric reasons, binary orthosilicate compounds exist only
pounds. Going from Ba/(BO3),Cl to LigY(BOs); to  With divalent cations like thé/,SiO, (M =Ba, Sr, Mg, Be
YGag(BO3), and finally to YAL(BO3),, the large BA"™ ions ~ compounds. ForM=Ba, Sr, Mg redshift increases with
in the formula are respectively replaced by LiG&", and  smaller size of the cation, see Fig. 9. This is mainly attrib-
AlI®* jons. Redshift decreases in the same order. If one inuted to the increase of crystal-field splitting from about
spects the redshifts of the La-, Gd-, and Lu-based com12500 cm' for BaSiO, to an estimated value of
pounds similar trends are observed. 25000 cm?! for Mg,SiO,(6:214). All other orthosilicates

(d) OxyorthoboratesThe final borate family to be dis- appearing in Fig. 9 are mixed-cation compounds containing
cussed is formed by the oxyorthoborate compounds. Theg&onovalent cations like Li or Na™ and a rare earth iofLa,
materials may contain isolated BO or isolated B§~  Gd, Y, Lu). The compounds of composition R8I0, (R
groups together with oxygen ions not bonded to a boron ion=La, Gd, Y, Lu demonstrate increase of redshift with de-
As observed for the oxyorthosulfates, redshifts of the oxy-rease of the lanthanide size. Redshift in NaGdSgfor
orthoborates are on average several 1000 ‘ctarger than ~ unknown reasons relatively large. N
those of the orthoborates. It is attributed to the presence of (b) OxyorthosilicatesRedshift values of the oxyorthosili-
the unbound oxygen ions. They are usually at relatively shorgates are shown in Fig. 10. An interesting group of com-
distance from the cation and their polarizability is assumedounds are those with the apatite structure like
to be large. Both aspects will enhance their contribution td-80.34Si04)¢0, (La apatite. In the apatite structure there
the centroid shift. All the oxyorthoborates in Fig. 2 contain &re two sites for the lanthanide ion.
Ca* or SP* alkaline-earth cations. The smallest value for ~The Wyckoff 4f site is ninefold coordinated, and each

the redshift is observed for Ca/8,0, and the largest for 0Xygen ion belongs to an isolated 3i@roup forming a
CaYOBG;. (3ctp:C3) polyhedron. In a way, the f4site can be seen as

an orthosilicatelike site. Information on all fived9evel en-
ergies is not available for this site in the apatites, and crystal-
field splitting and spectroscopic polarizability cannot be de-
The Sid’ tetrahedral complexes can like the phosphateermined either. Nevertheless, one may attempt to estimate
and borate complexes condense into the pyro-, meta-, antie values for La apatite. WithR,,-0.5AR=259 pm,
more condensed structures. The highest degree of condengaystal-field splitting due to the distorté8ctp) coordination
tion is found in SiQ where C&" can be dispersed within the is estimated to be 105601500 cm'!, agreeing more or
pores of the silica host. The redshift of 16 000 Tnfrom  less with the reflection spectrum reported by Lammers and
the work by Weiping Caiet al?® is relatively small for a Blasse?’ Equation(1) with D(A)=14250 cm* andr(A)
silicate compound; see Fig. 1. =2.00+0.08, typical for (3ctp coordination, yieldse,
For thepyrosilicates see Fig. 9, information on centroid =10900+800 cm ' and as=2.4+0.2 A3. This value
shift and largeness of crystal-field splitting is only availablewas used in Fig. 5.
for Lu,Si,O; see Table I. Like in LuSi,O, the coordina- The other rare-earth site in the apatite crystal structure
tion is distorted octahedral in,%6i,0,(6:229)(octaC;) and  (Wyckoff 6h) is irregularly coordinated by 9—-10 oxygen
S6Sihb0,(6:212)(octaC,). All three compounds show ligands. Seven of them are at relatively close distance. The
about the same redshift. Apparently, the anticipated largenearest oxygen iof229 pm in La apatitedoes not belong to
crystal-field splitting with smaller site size in going from the a silicate group. In all three apatites, La ap&fitd49, Gd

5. Silicates

125117-10



5d-LEVEL ENERGIES OF C&" ... . lIl. ... PHYSICAL REVIEW B 64 125117

apatitd7:241), and the so-called “2:8 mixed-cation” apatite lengths, and anion polarizability of the nearest anion neigh-
Mg,Y5(Si0,)60,(7:237), this site has about 4000 T  bors. The spectroscopic polarizabilitys, has been calcu-
larger redshift than the f4site. Like in the oxysulfates and lated without the use of any fitting parameters, from the ob-
oxyborates, the short Ln-oxyoxygen bond length and its asserved centroid shift. For the halides it was already
sumed large polarizability will give an enhanced contributionconcluded in Part Il thatts, scales with the types of cations

to the centroid shift. Also the Crystal'ﬁeld Spllttlng is I|ke|y present in the Compound approximate'y as follows:
to be larger than in the case of ttBctp coordination around

the 4f site. Mg?t<Lud" <Th*' <Vv3*<Li*<La®*<C&"

Bondar et al?® reported the emission in &e-doped Y
apatite. If we assume the same Stokes shift (7300 9ras  <Na'<SP*<B&?* <K' <Rb*<Cs" <cation vacancy,
observed for MgYg(SiO,)O, one obtains a redshift of (5)
18100 cm®. Figure 10 shows that data fall in line with ] ) o )
expectations based on thé 8ites. Therefore the emission is Where small cations are in the beginning of the series and
ascribed to Ce on thelBsite. The excitation spectrum of large cations at the end of the series. Based on the results in
Tb3+ luminescence in C‘Q@dg(S|O4)602 presented by Jun this Work, this series can be extended to the left by
Lin and Qiang St shows an allowedd transition at 235 3 4 3 )
nm. The corresponding redshift of 19900 cthindicates ST<CH <PT<B <SS <A <Mg®".  (6)

that this excitation band most probably stems froniThn _ .
a 6h site. P y The reader may have noticed already the close relation-

The last group of compounds to be discussed are thehip between the ordering of the cations in the above two
R,SiO; (R=La, Gd, Y, Yb, Lu type of compounds. They series with the Pauling typeof electronegativity of the at-
can all be found in the top of Fig. 10 showing relatively large®™$- It follows exactly the same sequence but in reversed
values for the redshift. Interpretation is complicated by theP'der- With smaller electronegativity, the bonding of the va-
fact that the crystal structure often contains two different®NCce €lectrons of oxygen to the metal cation decreases re-

lanthanide sites. Furthermore the Gd-based compounds cry§d!ting in larger polarizability. Relationship between elec-
tallize in the so-callecd1-type structure and the Yb and Lu tronegativity and luminescence properties have been noticed

compounds have structure typé23° For Y,SiO; both b_efore in the spectroscopy afd t_ra_nsitions f_;lnd‘f_ transi-
phases exist6® tions, and based on electronegat_|V|ty, van Uitert in 1984(1) pro-
La,SiO; has probably its own structure typeThe red- posed a model for the redshift in €e doped material&’

shift in this compound, as deduced from the dipole allowediowever, such model is too crude for practical use, since it
fd band in TB* reported by Leskéland Suikkanen! is the does not properly take the crystal-field splitting into account.

smallest among th&,SiOs group of compounds. To assign Relationship yvjth eleptronegativity is.reve.aled much more
the observed luminescence excitation bands to specific sit early when Itis appllgd to the centroid shn‘t_and even more
in the other compounds, the following three trends will be® early yvhen itis applied to Fhe s'pectroscqp!c polarizability.
exploited.(i) Redshift tends to increase with decrease of co- The |mp_ortan_ce of the anions in _determl_nmg_ _‘he.V"’?'“e of
ordination number(ii) redshift tends to increase with de- the ce_ntr0|d shift and spectroscopic polarizability is in the
crease of site site, angii) redshift tends to increase with 0/lOWing sequence:

increase of the number of oxyoxygen ions in the coordina-
tion sphere.

The Gd site with the smallest redshift is now assigned tavhere the “complex” oxides fall in between the fluorides
the so-calledAl-site which is coordinated by nine oxygen and chlorides, This sequence follows the actual polarizability
ions (9:249. This site resembles thehGsite in Gd apatite in  of the anions, being smallest for fluorine and largest for io-

a sense that both have one unbound oxygen ion in the ningfine. It also follows electronegativity of the atoms, being
fold coordination sphere. The other si#®Z site) in Gd,SiOs largest for fluorine and smallest for iodine.

has lower coordination numbéseven, smaller size, and

three oxyanions yielding 3000 cm larger redshift. Both B. Crystal-field splitting

rare earth sites of the Y and Lu compounds with the so-called ) o _

X2-type structure have two unbound oxygen ions in the first Crystal-field splitting of the 8 levels is largely controlled
coordination sphere. The one with smallest redshift ,(Ce Py the nearest anion ligands. Particularly the anion polyhe-
site) is assigned to the sevenfold coordinated site and the orfé@! shape and size are of importance. Octahedral, dodecahe-
with largest redshift to the smaller sixfold coordinated one.dral, tricapped trigonal prism, and cuboctahedral type of co-
For the Cg site in L,SiO; all five 5d-level energies are ordination was stU(_1|ed in more detail. For the§g ty_pes of
known and Fig. 4 shows that the dominant contribution toPelyhedra, crystal-field splitting scales ags=pBR"~ with

the large redshift stems from the large crystal-field splitting.the bond length, i.e., size of the polyhedron. WRfn pm
I 9e e P gand €cts In MY, Bo=1.35x10° pmfem ! for Cée*t.

IV. SUMMARIZING CONCLUSIONS That of (ddh), (3ctp), and(cubgcoordination are 0.79, 0.42,
and 0.42 times that afoctgcoordination, respectively.
For the compounds treated in this work and in Part | and
Within the ligand polarization model, the centroid shift of I, no indications were found that either the charge state of
the 5d configuration depends on coordination number, bondhe aniongneutral in case of kD, —1 for the halides, and

anion vacancy F~-<0?" <CIl <Br <I~, (7

A. Centroid shift
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—2 for @7), or the type of anior(F, Cl, Br, O is of sig- @ Vvery convenient property since it enables one to interpret
nificance for the crystal-field splitting. For example, if F both aspects separately from each other as has been done in
were to be replaced by other halogeng, Qor H,O mol- this work. It also confirms the validity of the approximations
ecules without altering shape and size of the anion polyhemade by Morrisonleading to the ligand polarization model
dron then crystal-field splitting remains fairly the same alsoas expressed by E). All five 5d levels and therewith the

All data indicate that the crystal-field splitting of €e5d  centroid energy are predicted to experience the same shift
levels behaves independently from the centroid shift. This islue to ligand polarization.
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