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Relating the energy of the[ Xe]5d* configuration of Ce** in inorganic compounds
with anion polarizability and cation electronegativity
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Recently, the energy of all five levels of thiXe]5d configuration of C&" in 63 different fluorides and
oxides have become available. It provides values for the barycenter shift ofl thenfiguration. This shift was
analyzed by a model that involves the polarizability of the anion ligands, and values for the in-crystal anion
polarizability were obtained. In this work, for €ein both the oxides and the fluorides, a linear relationship
between the anion polarizability and the inverse square of the average electronegativity of the cations in the
compounds is demonstrated. With few parameters, the magnitude of the nephelauxetic effect in inorganic
compounds can now be predicted. More importantly, insights are provided on the relationship between physical
and chemical properties of compounds and the luminescent properties of lanthanides.
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[. INTRODUCTION the excited 8 configuration. In a crystalline environment,
the 5d configuration may split by as much as 25 000 ¢m
Many physical and chemical properties of inorganic com-into at most five distinct 8 states. In addition the average
pounds are determined by the bonding between the catlons energy of the five 8 levels may shift downwards by
and the anionX. When a second catichis present, thd-X 22 000 cm*.>~8 This downward shift is defined as the cen-
bond will modify the character of thil-X bond. If T is more  troid shift . of the 5d configuration. Although it is not
electronegative thaM, the anion will share its electrons Solely caused by the genuine nephelauxetic efféiuis name
preferentially withT and theM-X bond becomes more ionic, S commonly used to express the shift.
i.e., the counter catiofi has an inductive effect on thd-X Shift and splitting of the levels belonging to thé 4on-

bond. Etourneatt al® reviewed the important role of this figuration are a factor of 20—50 less strongly influenced than
inductive effect in solid-state chemistry. those belonging to thed configuration. The reason is the

The same effect is important in luminescence Spectros(_affective shielding of the # electron from its environment

copy. Suppose a luminescence center is orMteation site. by _fiIIed op anq o shells._The cgntroid Shiﬁ.is therefore
Due to the crystal field, degenerate energy levels may spli _nt|rel)_/ d(_atermmed by the interaction O.f one smgtééec_-
In addition, levels may shift to lower energy by the so-called fon with its surrounding. Suppqse Ceis in .a(r_]ypotheu-
nephelauxetic effe¢tFor thedd transitions in the transition- ca) state where the & electron is equally distributed over

tal el t f i in the lanthanid d the five levels of the 8 configuration, then its charge cloud
m‘?da € T]men shar|1 ransi flfons n Ie adn arr1]| esdan ac- iin the free ion will be spherically symmetric extending out-
tinides, the nephelauxetic etiect s related to the reduction of; o the[Xe] core. With this in mind, the centroid shift pro-

the interelectron repulsion between ther f electrons, re- \:qas 4 direct measure for the interaction of @pproxi-

spectively. This reduction is often attributed to covalencymate|y) spherical symmetric charge cloud with the
between luminescence center and the neighboring a”ionrfeighboring anions.

X.2~* The amount of covalency, i.e., the sharing of electrons The centroid shift of C& in 17 different fluoride and 46
between luminescence center and the neighboring &it jiterent oxide compounds were made available in a recent
effected by the character of the counter cations. Here, thgeries of paper:® In those papers, a model was used that
lcou_nter cations are defll?e(;l] as thoze cat|or:1s, other than th&ates the centroid shift to the polarizability of the anion
um|ﬂesc_ence cer|1ter sef, ¢ ?}t coordinate the anion. 1o ligands. A correlation was demonsirated between the values
Theories developed for thd"—d" transitions and the " gerived for the anion polarizabilities and the type of cations
4 _;fh; transitions  can also be applied to thef"'4 i, he compound. In this work, the influence of the cations on
—4f"775d" transition in the lanthanides. However, there arey,e polarizability of the anions is further analyzed. Both for
some essential differences. The latter transition is betweef3+ in the fluoride and in the oxide compounds, an intrigu-
different .conﬁgurlatmns_, and since there is only one singl&,q jinear relationship between the average anion polarizabil-
electron in the 8" configuration, interelectron repulsion be- jw"anq an average cation electronegativity is demonstrated.
tween 3l electrons is absent. It appears that based on the type of cations and the crystal

This work deals with the interpretation of the nephelaux-gi,,cture alone the centroid shift of the Ce5d configura-
etic effect on the 4—5d transitions in C&" doped inor- tion in inorganic compounds can be predicted.

ganic compounds. Compared to the other trivalent lanthanide
ions, the energy-level structure of ¥eis simple. The
ground-state electron configuration consists of ]
closed shell plus an optically active electron in thieshell. Figure 1 displays the available data on thé &entroid
The 4f* ground state is separated about 51000 trtom  shift of C€" in compounds as presented in Refs. 5-8. The

II. RESULTS AND DISCUSSION
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2 Eq. (2), a correction for lattice relaxation around the*Ce
ion must be made. However, for very few materials treated in
this work detailed information on this relaxation is available.
We will, therefore, assume that each anion relaxes radially
by a fractionf of the differenceAR in ionic radius between
Cée** and the cation it substitutes for. To simplify matters
4 further it will be assumed that; is equal for each anion.
There is no analytic expression available fgrthat al-
ar lows simple calculation. In Refs. 5—-8, a phenomenological
-3 7 approach was chosewr, in Eq. (2) was replaced by the
-  LaMgAlL O experimentally observed centroid shéft, and withR; from
i R LaMoB,Oyc | the crystal structure ant=0.5 the polarizability was calcu-
g7 L, La(CH,S0)0H.0 lated. Since its value was derived from spectroscopic infor-
4 STTKMoR, o 1  mation, it was denoted as the spectroscopic polarizability
asp.5 It relates to the actual polarizability as
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FIG. 1. The centroid shife. (from Ref. 8 of the 5d configura-

tion of Ce" in inorganic compoundsA, are estimated values.
€1
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available data on the halides have been grouped into the Hep— @
fluorides, chlorides, bromides, and iodides. The centroid shift
increases in the same sequence. The oxides are grouped intoThe correction for lattice relaxation by introducirig R
the sulfates, carbonates, phosphates, hydrated compoungsa crude approximation. Pedriei all* employed the same
borates, silicates, aluminates, and the so-called “simple Oxtype of relaxation scheme for Tth and EG" in Cah,
ides.” In the same sequence the centroid shift tends to ingrF, and Bak. Values forf between 0.5 and 0.75 were
crease. These trends correspond with the well-known nephgeported. Theoretical studies by Marsmetral*? on the re-
lauxetic series for the halides and the complex groups in thgyxation around C¥ in BaF, showed thaf~0.9. The larger
oxides, and have been associated with the covalency betwegg|ye is attributed to the excess positive charge oA Ce
luminescence center and the anion ligahds. Based on this, relatively large relaxation paraméteay be
Besides the covalency contribution &g, there are con-  expected whenever €& substitutes a divalent site. The ap-
tributions due to the overlap betweed &and anion ligands, proximation of radial relaxation of the anions is expected to
see, e.g., Aull and Jensséand Andriesseet al."* They can  hold reasonably when the anion coordination arountGe
be treated with standard Hartree-Fock-linear combination ofegular andAR is not too large. In the case of BaliFCe®™,
atomic orbitals(HF-LCAO) theory using single electron op- jith largeAR=28 pm, studies by Marsmaet al 2 showed
erators. However, such theory appears not adequate to deglyere distortions of the regular cuboctahedral fluorine coor-
withhighly ionic compounds like the fluorides where theo- gination polyhedron around €e.
retically the centroid shift comes out much too smaft? For Despite the shortcoming of the relaxation model used in
the fluorides, Morrisof? suggested another interaction, i.e., Eqg. (2) all data on the centroid shift has been analyzed in this
the 5d-electron polarizes the ligand electrons, which in turnyyork assuming radial relaxation wifh= 0.6+ 0.1. Values for
interact back on the & electron thus lowering its energy. In AR where derived from the work by Shannd# Refine-
fact it describes a correlated motion between tHeefectron  ments on the relaxation model can always be made after-
and the ligand electrons. It is a two-electron interactionyyards when information is available on specific compounds.
which can be dealt with by introducing two electron opera-Taple | compiles the centroid shift of the compounds to-
tors in the HF-LCAQ theory. One may write gether withay, calculated employing Eq2). The contribu-
tion to the error inag, due toAf as compiled in Table I will

©=ate @ Vanish for La compounds, whereR is negligible. Note, that
to separate the contributions from single electron and twofor these compoundag, is obtained without any freely cho-
electron interactions. sen parameter whatsoever. For’Ceon a large cation site
The two-electron contributios, can be calculated classi- like B&" or on a small cation site like 8¢ the contribution
cally, and in first-order approximation one obtaifhs to the error due ta\ f may amount up to values larger than
0.1x 10 3% md. For several compounds, spectroscopic infor-
e? N @ mation on C&" 5d levels is incomplete. Nevertheless a fair

€2

(<r2>5d_<r2>4f)i21

=47760 < (R~ fAR)®’ (2)  estimate for the centroid shift could be made,, values

calculated from these estimated centroid shifts have errors of
wherer represents the position of the electron in either theabout=+0.25< 1030 mq.

5d or 4f orbital, and(r?) is the expectation value of. The A qualitative relationship betweesg, and the electrone-
values for the free Gé ion will be used in this work.a; is  gativity of the cations in compounds was already demon-
the polarizability of ligand located a distanci; from Ce** strated in Refs. 5—-8. The purpose of this work is to find a
in the unrelaxed lattice. The summation is overMitoordi-  quantitative relationship. In this respect the work by Pearson
nating anion ligands. SincB; enters as the sixth power in provides an important clu¥.Experimental data on the force
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TABLE I. Centroid shifte., average electronegativity,, of the cations in the compounds, and derived spectroscopic polarizabilities
agp. Values one. within brackets are estimated values.

Compound € (cm™1) Xav  @sp (10730 md) Compound e (cm?)  xa  ag (1073 md)
Fluorides YMgBsOyo 8730 1.84 1.520.04
Luk; 5130 1.27 0.720.03 GdB;0g 9050 1.83 1.720.04
YFs3 5630 1.22 0.880.02  LaMgBs0;q 8950 1.83 1.720.01
LiLuF, 5610 1.20 0.780.03 LaB;0q 8990 1.81 1.8320.01
NaMgF; 4890 118 0.790.01  LuAl4(BOy), 10000 1.78 1.66 0.06
Balu,Fg 6130 1.18 0.820.04  YAI(BO,), 10200 1.78 1.7%0.05
BaThF 5580 1.16 0.820.05  GdAI;(BOs), 10300 1.77 1.820.03
LiYF, 5520 1.16 0.880.02  ScBO, (12 200 1.70 1.98-0.2
NaYF, 5630 115 0.820.06  calcite-LUBQ, (11 400 1.66 2.12-0.15
KMgF3 4330 115 0.830.06  vaterite-LUBQ, (12 400 1.66 2.16-0.15
BaY,Fg 6140 1.14 0.820.03 YBO, (12 400 1.63 2.30:0.15
Cek 5350 112 0.880 GdBO;, (12 400 1.62 2.28:0.15
Rb,NaSchk (8680 111 1.070.14  LaBO, 11 450 1.57 2.370.01
LaF; 5580 110 0.940.00  LisY(BO,); (12730 1.55 2.46:0.2
CaFZ 7350 1.00 1.1£0.01 Silicates

Srk, 7260 0.95 1.230.04  Lu,Si,O, 12 421 1.63 2.230.09
LiBaF; 6540 0.92 1.340.08  X2-Lu,SiOg 12 310 1.52 2.320.09
Bak; 6780 0.89 1520.10  La,&/(Si0,);0 (10 900 1.50 2.36-0.01
Sulfates and carbonates Aluminates

CasQ 8630 2.19 1.7€0.02  srAlL0q 10 000 1.58 2.280.05
SrsG 7930 217 1.720.03  LaMgAl,;04 10 000 1.55 2.370.01
BaSQ 7840 2,01 198012  v,AI0;, 14 700 1.46 2.720.08
CaCQ (9300 2.03 1.88-0.2 LUAIO, 12 650 1.44 2.1320.09
Phosphates YAIO, 12 900 1.42 2.230.07
LaP;0y4 7070 2.07 145001  GdAlIO, 13 700 1.41 2.540.06
CeROyy 7220 2.07 1450 LaAlO, (14 800 1.36 3.0t 0.1
LaP;Oq 7990 2.01 1.650.01  cavalo, 14 300 1.31 3.130.3
SCPQ (10 500 1.88 1.6G-0.20 “Simp|e” oxides

LuPG, 9670 1.85 1.5¢0.07 La,Be,05 (14 200 1.29 3.020.2
YPO, 9570 1.83 1.620.05 Tho, (15700 1.30 3.172-0.26
LaPQ, 8660 1.78 1.880.01  srHfO, (14 600 1.18 3.54-0.26
KsLa(PQy). 8670 1.73 198001  cazrg, (17 200 1.22 3.67:0.25
Aquo-compounds LaLuO, 16 200 1.19 3.760.1
La(C,HsSOy)3- 9H,0 6460 2.20 1.360.01 La,O5 (19 000 1.1 4.34+0.4
AqueoustCe(OH)e]** 6420 2.20 1330 CcaO (20 500 1.00 5.00-0.4
Borates

constantk of the metal-hydride bond in almost 50 different b

diatomic MH molecules were analyzed by Pearson. A pro- ag=apt —, (5)
portional relationship betweeyk and the value for the elec- X

tronegativity y of the metal atom was found.
In atomic physics, the polarizabilitg of an atom is re-
lated to the binding force constarksof its electrons as

where ¢ is the limiting polarizability in the case of very
large y, i.e., in the case of strong binding of the anion va-
lence electrons to the metal. One might intergreas the
susceptibility of the anion to change its polarizability due to
aocE i 4) the binding with the metal. We will not comment further on
k' its physical meaning since then one should also address the
physical meaning of cation electronegativity.
where the summation is over all the electrons in the atom. To apply Eq.(5) to nonbinary compounds containing dif-
This equation together with Pearsons finding suggests fdierent cations, a suitable definition for the average cation
binary M, X, compounds a relationship electronegativityy,, is needed. A cation of formal charge
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FIG. 2. Spectroscopic polarizability determined, employing
=0.6+0.1, from the centroid shift of the & 5d configuration FIG. 3. In-crystal anion polarizability determined from the index
against the inverse square of the average cation electronegativitgf refraction. The vertical bars in the top part of the figure indicate
Solid data symbols pertain to La-based compounds. The dashetle location on they,? axis of data belonging to binaryl, X,
lines are least-squares linear fits through the {farathe oxides the compounds. The dashed lines are least-squares linear fits through
data on the La-based compounds were used the data.

+z; will bind on average wittg; /y anions of formal charge

_ 5. The average is now defined as tion for CaSQ, SrSQ, BaSQ, and CaCQ@ may well be

caused by the excess charge offCéeading to a stronger

N, attraction, i.e.,f>0.6, of the nearby anions. An enhanced
X :i 2 ZiXi 6) value for g, due to a nearby charge compensating defect is
YN FT oy also not excluded.

Another source of error is in the definition gf,, . For
where the summation is over all catioNg in the formula of  example, there are two different sites for’l'ain the apatite
the compound, antl, is the number of anions in the for- structure of LagASi0,);0. CE" on the one site is likely to
mula. interact differently with its neighbors than on the other Site.
With Pauling typé’ electronegativity values; as com-  With the definition in Eq(6) discrimination between sites is
piled by Allred® x,, was determined for each compound, not made. One may also think of other definitions fgy; ,
see Table |. For examplexcasq=(2xcat6xs)/8. For like averaging without using; as a weighting factor. The
La(C,Hs5S0O,)3X 9H,0, where the C¥ ion onthe LA site  data was also analyzed with this alternative. For the binary
is coordinated by neutral water moleculeg,, was assumed compounds and compounds with two types of cations of the
to be equal to the electronegativity of the hydrogen atom. same ionic charge or about equal electronegatiyifyit will
Figure 2 showsxs, against the inverse square of the av-not make any difference. For the compounds with cations
erage cation electronegativity. It reveals, both for the oxidevith very different ionic charge like kiv¥(BO3); and
and the fluoride compounds, a good linearity in accordanc&zLa(PQy), or for compounds with very differeny; like
with Eg. (5). Most compounds fall within error to the drawn BaSQ, and SrSQ, somewhat different values foy,, are
dashed lines. Deviations may well be caused by contribuebtained. However, the general appearance as in Fig. 2 re-
tions, other than compiled in Table I, to the errors in themains quite the same with unaltered slopes of the dashed
values forag,. The largest error comes from the unknown straight lines.
lattice relaxation around G&, which may be different than It is interesting to compares, with actual anion polariz-
assumed in Eq(2). This may be the case for GdAIQ  abilities experimentally determined from the refractive index
YAIO 3, and LUAIG;. In this sequence their perovskite lattice of compounds. Figure 3 displays information eravailable
structure, almost regular for LaAlQcollapses progressively for compounds and molecules as reported in literature. Data
and coordination around the lanthanide site becomes highign alkaliné® and alkaline earffl fluorides and KCaf;
irregular with quite distant and very nearby anion neighBors. KMgF3;, and NaMgk (Ref. 2 scale linearly With)(;vz,
If the too large C&" ion is located on such site, the relax- nicely extrapolating through the data belonging to the HF
ation around C& needs not be radial as assumed in @y.  and the k [ «(F~)=1/2a(F,)] molecules’?
Likely the nearest anions will relax further outward than es- The data on the oxides pertain to binary compounds from
timated withf =0.6. The most distant ones may even relaxRefs. 20, 23, 24, the compounds CaCahd MgCQ,%® and
inward (f<0). An off-center location of C¥ is also think-  the metasilicateM SiO; (M =Mg, Ca, Sr,Bayf®?’ Of the po-
able. In both caseag, will be calculated larger and data in larizability of the molecules Ce’® 0,, and HO, respec-
Fig. 2 will deviate less. The relatively large positive devia- tively 50%, 50% and following Alkorteet al?® 78% is as-
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sumed to reside on the oxygen ligand. The error inpectation value(3) Equation(2) is a first-order approxima-

polarizability « is not known, but it can be quite substantial

tion based on classical physics. One may not expect an ac-

especially in compounds with cations of small electronegacurate description for the centroid shift.

tivity. The errors occasionally shown in Fig. 3 indicate the

The arguments and analyzis leading to the linear relation-

range of values reported for the same compound by differerhip betweenrg,andy,,> has been entirely based on the two

sources.

electron interaction involving anion polarizability. However,

Although the scatter is quite substantial, especially for thdor oxide compounds the single electron contributionis
alkali oxides, the oxygen polarizability tends to scale linearlyduite significant, i.e.=40% in the case of LaAl§ The fact

with X;UZ. The slopeb=1.5, see Eq(5), is 4.2 times larger

than in the case of the fluorides. The same ratio is observe

for ag, where for oxides and fluorides the slopes &re
=4.7 andb=1.2, respectively. Note that the variation @f,

with X;UZ is three times stronger than that af One may
suggest that the contributiony from the single electron in-

teractions like covalency to the centroid shift is much larger

than the contributiore, from anion polarizability. However,
this seems not to be the case.

Based on the new insights regarding the two electron in
teractions, we recently performed calculations on the cen

troid shift of the 5l levels of Cé" in BaF,, LaAlO;, and
LaCl; using the ionic cluster approathBy applying con-

figuration interaction as extension of the basic HF-LCAO
approach and with a basis set optimized for polarization o
the anions, the effects of anion polararizability on the censg+

troid shift were calculated. The ratig /e, appears 0.1, 0.6,
and 1.0 for Bak, LaAlO;, and LaC}, respectively. Clearly

the two-electron contribution is the most important contribu-
tion to the centroid shift in oxides and especially the fluo-

that still a linear relationship is observed in Fig. 2 suggests
{hat the ratioe, /e, see Eq(3), remains more or less con-
stant for all oxide compounds. Future theoretical calculations
on other oxides than LaAlQare needed to verify this.

IIl. SUMMARY

A relationship has been demonstrated between the cen-
troid shift of the & configuration of C&", the polarizability

of the anions, and the electronegativity of the cations in com-
pounds. Without the use of any freely chosen parameter, val-
ues representing the polarizability of the anions were calcu-
lated from the observed centroid shift that correlate well with
actual in crystal anion polarizabilities. Both scale linearly
with the inverse square power of the average cation elec-

{ronegativity. This relationship is of value for the interpreta-

ion and prediction of spectroscopic properties involving
in compounds. Since the centroid shift of th&"8d*
configuration in all other trivalent lanthanides is expected to
be the same as in €&3%%! the relationship should apply
equally well to those other lanthanides.

A small value of the spectroscopic polarizability, indi-

rides. Several other reasons for the factor of three differenceates a strong binding of the anion ligands by the counter

betweena, and actual anion polarizability can be thought
of (1) a possible dispersion of polarizability with wave-
length. The anion polarizabilities in Fig. 3 are derived from
optical studies on the length scale.e600 nm whereagg,

cations. One may, therefore, regand, as a quantitative
measure for the inductive effect of these counter cations, and
in the present work a simple quantitative relationship with
the electronegativity of the cations has been established.

pertains to polarizability on the atomic length scale of aboutSince the inductive effect plays an important role in solid-

500 pm.(2) For<r§d> in Eq. (2) the free ion value was used.

state chemistry,ideas in this work may be applied there

In compounds, charge cloud expansion will increase this exalso.
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