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ARTICLE INFO ABSTRACT

Keywords: The U-value defined as the energy difference between the Eu**/3* and Eu**/>* charge transition levels (CTLs)
VRBE-schemes is the most important parameter in constructing vacuum referred binding energy diagrams (VRBEs) with all
Electronegativity

the lanthanide CTLs with respect to the vacuum level of energy. The parameter is difficult to determine from
experiment and the aim of this work is to establish a method to estimate the U-value from the average
electronegativity of the cations in the compound. Since the U-value is controlled by the same physical processes,
i.e., covalence and anion polarizability, as the centroid shift ¢, of the Ce** 5d configuration, one may estimate
the U-value from that centroid shift. That method provides already good values for U for about 175 different
compounds. Those U-values are compared with the average cation electronegativity y,,, and relations will be
established from which the U-value can be estimated with about +0.1 eV accuracy from just the composition of
the compound. It can be applied to all types of stoichiometric inorganic compounds like the halides (F, Cl, Br, I),
chalcogenides (O, S, Se), and nitrides (N). The U-value complemented with the bandgap and the energy needed
for electron transfer from the valence band top to a trivalent lanthanide dopant is then sufficient to construct a
VRBE diagram with all lanthanide levels with respect to the vacuum level and the host valence and conduction

Ce centroid shift
Electronic structure
Charge transition levels
Lanthanides

bands.

1. Introduction

The location of the lanthanide charge transition levels (CTLs) with
respect to the host valence or conduction band controls many fasci-
nating properties of lanthanide activated materials. It determines the
preferred valence state (2+, 3+, 44) of a lanthanide [1], it determines
whether a lanthanide is a potential hole trapping or electron trapping
center and also how deep those charge carrier traps are [2]. Lumi-
nescence quantum efficiency and thermal quenching temperature of
lanthanide luminescence is often linked to electron transfer to the con-
duction band (CB) or hole transfer to the valence band (VB) and again
CTL locations are crucial [3]. Catalytic activity of for example CeO, [4]
is also directly related to the energy of the Ce**/3+ CTL with respect to
the vacuum level.

Methods to construct host referred binding energy (HRBE) schemes
with all Ln3+/2* and Ln**/3* CTLs in the band gap have a history start-
ing already around 1985 with the works of McClure and co-workers
on the alkali earth fluoride compounds [5,6]. With photoconductivity
studies, the Ln3*/2* CTLs were established with respect to the CB-
bottom. Gradually other experimental techniques like photoelectron
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spectroscopy by Thiel et al. [7,8] providing the Ln**/3+ CTLs with re-
spect to the valence band (VB) top and techniques like excited state
absorption were added [9,10]. Yen et al. [11,12] used spectroscopic
techniques to determine so-called charge transfer bands in excitation
spectra of trivalent lanthanides to establish Ln3*/2* CTLs above the
VB-top. In 2003 Dorenbos collected available information, and stan-
dardized the HRBE construction method [13]. In following years the
method was applied to many compounds and verified with techniques
like thermoluminescence [2,14]. Ten years later in 2012, the chemical
shift model was developed that enabled to convert a HRBE scheme into
a vacuum referred binding energy scheme (VRBE), and in addition a
model was provided to explain level location quantitatively [16,17].
Fig. 1 shows an example VRBE diagram with the Ln**/2* and
Ln**/3* CTLs. There are three main parameters plus five secondary pa-
rameters needed for scheme construction The main parameters are; i)
the exciton creation energy E®* (see arrow 1)), ii) the energy of electron
transfer from the VB-top to one of the trivalent lanthanides (E€7 (Ln3+))
which is usually Eut (see arrow 2), and iii) the energy difference be-
tween the Eu**/3* and Eu3t/2* CTLs which is known as the U-value
(see arrow 3). In addition, we need the exciton binding energy E,_,
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Fig. 1. A vacuum referred binding energy diagram obtained with U = 7.09
eV, E® =8.55 eV, ECT (Eu**)=5.65 eV where the location of the Ln3*/2* and
Ln**/3* charge transition levels are connected with characteristic zigzag solid
curves a) and b). The arrows 1), 2), and 3) indicate the three energies of the
main parameters needed to construct the diagram. Curve c) shows the Ln*+/3+
CTL curve when no correction (a(3+) = 0) would be made for the lanthanide
contraction, and curve d) shows the Ln**/2* CTL curve when no correction
(p(2+) = 1) would be made for the nephelauxetic effect.

(see arrow 4) to place the CB-bottom above the VB-top. Usually E,_,
is approximated as 0.008 X (E®¥)2 [15]. Curves a) and b) in Fig. 1 con-
nect the Ln**/3* and Ln3+/2* CTLs from La to Lu. These are derived
from the 4"* and 3’ ionization potentials of the lanthanides. By means
of the contraction tilt parameters a(2+) and a(3+) a correction is made
for the changing lanthanide ionic radius on CTL energy. The dashed
curve ¢) in Fig. 1 connects the free lanthanide Ln**/3* CTLs (equiva-
lent to the negative of the 4'h jonization potentials) shifted to coincide
at the Eu**/3* CTL in the diagram. Arrow 5) illustrates the tilting due
to the a(3+) parameter. In 2019 a refinement on VRBE level location
or CTLs was introduced that incorporates the nephelauxetic effect on
the binding in 4f" ground states [18,19]. This added the last two sec-
ondary parameters, i.e., the nephelauxetic parameters #(2+) and f(3+).
The dashed curve d) connects the Ln3+/2+ CTLs when such correction
is not applied. It demonstrates that the correction is only significant for
the lanthanides with more than half filled 4f-orbital. The @ and p pa-
rameters do not depend strongly on type of compound and they can be
estimated from the U-value. One therefore needs only the three main
parameters to construct a VRBE diagram with all lanthanide CTLs with
respect to the vacuum level and with respect to the host bands.

The U(A)-value for the chemical environment A is the most crucial
parameter. In the chemical shift model a relationship between U(A)
and the Eu CTLs was established [18]

18.05 - U(A)
CTL(EW/* A)=-2492 4 — 2~ "~ 1
(Eu ) * 0777 =0.03530U(A) M
and
CTL(Eu*/3*,A)= CTL(Eu*/*t, A) — U(A) 2

where the last term in Eq. (1) is the chemical shift E. (Eu**) of the
Eu?*/2* CTL in compound A and 24.92 eV is the third ionization po-
tential of Eu [16].

In principle the value for U(A) can be derived when experimen-
tal data on the energy for charge carrier transfer from several different
lanthanides to the host bands are combined in a HRBE diagram. One
may think of 1) the energy to transfer an electron from the VB-top to
a trivalent lanthanide (CT-bands), 2) the energy to transfer an electron
from a trivalent lanthanide to the CB-bottom (Intervalence CT bands),
3) the transfer of an electron from an excited lanthanide state to the CB
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(thermal quenching energy barriers), 4) the energy needed to de-trap
an electron from a lanthanide to the CB as determined by thermolumi-
nescence techniques (electron capture and de-trapping), 5) the energy
needed to de-trap a hole from a lanthanide to the valence band (hole
capture and de-trapping). All this information collected in one dia-
gram together with the well-established Ln3+/2* and Ln**/3* CTL curve
shapes provides the HRBE diagram from which the U(A) value can be
read from. The diagram can then be converted into a VRBE diagram
with Eq. (1).

It was soon found that the U(A) value scales with how strong elec-
trons are bonded in the anion ligands that surround the lanthanide,
in this case Eu, in the compound. The value is lowest for the pure
lanthanide metals with freely moving conduction band electrons and
largest in fluoride compounds where electrons are strongly bonded in
the fluorine [16,20].

This work will first review the methods on how to determine the
U-value for a compound. The method based on constructed HRBE
diagrams requires many pieces of information involving different lan-
thanides in the same compound. Another method is based on the cen-
troid shift of the Ce3* 5d-levels. That method will be applied to a set
of 175 different compounds. The U-values of those 175 compounds
will form a basis to generate estimation tools for the U-value based
on the electronegativity values of the cations in the compound. It is the
aim of this work to arrive at an estimation tool that generates U(A)-
values for countless different types of inorganic compounds. Just the
knowledge on the stoichiometric compostion of a compound will then
be sufficient to generate all lanthanide CTLs for that compound. This
together with the bandgap of the material and one experimentally de-
termined ECT(Ln3*) value, that are already known for at least 1000
different compounds, will be sufficient to generate the VRBE schemes
for all those compounds.

2. Historic developments to determine the U-value for Eu

Let us first address the U (A)-value when the environment A is just
vacuum which is the situation for the lanthanides in the gas phase. The
fourth ionization potential of Eu atoms is 42.97 eV which translates to
a VRBE of —42.97 eV for the Eu*t/3* CTL with the 4f electron con-
figuration. Let us now add an electron into the 4f-shell to obtain Eu’*.
Coulomb repulsion with the other 4f-electrons reduces the binding en-
ergy with 18.05 eV to obtain the Eu’*/2* CTL at -24.93 eV equivalent
to the third ionization potential of Eu. For that reason the U-value is
named the Coulomb repulsion energy.

In [20], U-values of about 40 different inorganic compounds and of
pure Eu metal were compiled. These values were read from constructed
HRBE schemes. There appears a relation between the U-value and the
centroid shift of Ce3* 5d-levels. The 5d excited states of Ce3* in com-
pounds are subject to a crystal field splitting into at most five distinct
states. In addition, the average energy of the five 5d-states above the 4f!
ground state is shifted towards lower energy as compared to the free ion
value of 6.35 eV. This centroid shift energy e,(A), like the U(A)-value,
appears to be related to how strong electrons are bonded in the anion
ligands that surround Ce3* as was demonstrated in [21]. The shift is
due to covalence between the 5d-orbitals and the surrounding anion
ligands and also due to a correlated motion between the 5d-electron
and the electrons in the anion ligands. Both contributions are related
to the electronic polarizability of the anion ligands and therefore with
how strong the ligands are bonded. Since the U-value and the centroid
shift are determined by similar physical and chemical interactions be-
tween the lanthanide and surrounding anions, a relation between both
is to be expected. This was further analyzed in [20] where the data on
the U-value of the 40 different compounds were compared with data
on the Ce3* centroid shift in the same set of compounds. Results are
reproduced in Fig. 2.
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Fig. 2. U(A) as derived from HRBE schemes shown as function of the centroid
shift as derived from Ce?* spectroscopy. Solid line a) shows the empirical rela-
tion between both. Data from [22] were used.

A solid curve given by the entirely empirical relation

U,(A) =544 +2.834¢AN/22 3)

is running through the data in Fig. 2. Here the subscript c is intro-
duced to indicate that the U-value is obtained from the centroid shift.
The U-value determined from a HRBE scheme has typically +0.15 eV
error. The centroid shift is much easier to obtain with only +0.05 eV er-
ror and is well-established for many different compounds. That of 150
compounds were compiled in [22], and in the mean time values on 25
more compounds became available. One may now use the value for the
centroid shift as an estimator for the U,-value by utilizing Eq. (3) as was
done in [20,22]. In principle this generates U, -values for 175 different
compounds. However, for most compounds, particularly those where
Ce?* does not luminescence or where more than one possible Ge>* site
is present, it is difficult or impossible to measure or assign all five 4f-5d
transitions needed to derive the centroid shift.

The challenge is now to find a good estimator for the U-value for
compounds for which the centroid shift is not available. For that we will
use the ideas and theory behind the centroid shift value as outlined in
[21]. In that work the concept of spectroscopic polarizablility «,, was
introduced, a parameter closely tied to the polarizability of the anion
ligands that is related to the centroid shift ¢, as [23,24]

N
1 1.79x 1013 1
— = > p @
Esp €c i=1 (Ri - fAR)

where ¢, is in eV, bondlengths R; in pm, and a;, in units of 10%0 m3.
The summation is over the N coordinating anions located a distance R;
from Ge3*. AR is the difference between the ionic radius of Ce* with
the ionic radius of the cation it substitutes for. Ionic radii can be ob-
tained from the tabulations by Shannon [25]. The relaxation fraction f
is introduced to account for lattice relaxation around Ce>*. The value of
f is chosen 0.6 for all N ligands. With Eq. (4) and crystallographic data
on the compound, the observed centroid shift can be translated into the
value for a,,. Next, a linear relationship between the thus obtained «,
and the average electronegativity y,, of the cations in the compound
was demonstrated
asp=a(X)+L)2() )
av
where a(X) is a constant that depends on anion X. b(X) is a constant ex-
pressing the susceptibility of anion X to change its polarizability due to
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bonding with coordinating cations. y,, is the average electronegativity
of the cations in the compound defined as

NC

1
Kav = >z ®
av )/Na - A1

where the summation runs over all cations N, in the stoichometric for-
mula of the compound and where each cation with electronegativity y;
is weighted with its formal charge z;. N, is the number of anions in
the stoichometric formula each with formal charge -y. For example, in
YPO, we deal with one cation Y with z; = 3, one cation P with z; =5
and 4 anions O with y = 2. There are many different types of electroneg-
ativity scales [27] but the Pauling scale is most common. The corrected
Pauling values from the work by Allred [28] are reproduced in Fig. 3.
For the cations Hf, Nb, Ta, Mo, and W, the original Pauling values [29]
are used. With these cation electronegativity values the linear relation-
ships were observed for the fluorides and oxides in [21] and later also
for the nitrides in [26]. This implies that the centroid shift and then also
the U-value can be predicted from the electronegativities of the cations
in the compound and the Ce-anion bondlenghts in the lattice.

3. Proposed estimator method for the U-value

In principle one might follow the route to first compute y,,, from the
stoichiometric composition of the compound and next a,, with Eq. (5)
using the constants for a(X) and b(X) that were found in [21]. Using
Eq. (4) and crystallographic information on the bondlengths, the cen-
troid shift e, is obtained and from there the U, -value. However, there
are many pitfalls. When coordination around Ce3* is very irregular it
may become difficult to decide which ligands should be counted in the
summation. Also for Ce3* on large lattice sites like that of Ba2* the lat-
tice relaxation around Ce** may be such that the relaxation fraction f
in Eq. (4) is not the same for each bond whereas a constant value is as-
sumed. We aim to arrive at a more simple estimator. We will use the
U,-values computed from the centroid shift of the 150 different com-
pounds in [22]. More data have become available that are compiled in
Table 1. Table 1 also lists some revised values on the compounds of
[22].

3.1. U-value estimator for oxide compounds

Fig. 4 shows the U, -value for the oxide compounds against the aver-
age y,, obtained with Eq. (6) using the electronegativities from Fig. 3.
The data tend to fall in the shaded region in the figure that has a width
of +0.1 eV. The solid curve through the shaded area is given by the
polynomal

UL =479+19,,-03372, @

that can be used as a first estimator for the Uy-value for oxides. The
subscript X is used to indicate that the U-value is estimated from the
average electronegativity.

There are several outlier data points. In each case this signals there is
something wrong in the assignment of the five 4f-5d transitions or that
somehow the method fails. The data on BaSiO;, SrSiO3, and Sr,SiO,
that were all obtained from [30] are not considered very reliable and
need further confirmation. The same applies to LuP;O¢ where the U, -
value from the centroid shift appears 0.3 eV smaller than Ug. Most
likely the assignment in [22] of a weak 210 nm band observed in [31]
to the fifth 4f-5d transition is not correct. Such wrong assignment is
easily made knowing that there are four different Lu-sites in the lattice.
For Ce* in the similar compound YP;0,, the fifth band was observed
at 184 nm as listed in Table 1 resulting in a U,-value in reasonable
agreement with the predicted one. Also for SrZn,(PO,), and SrB,0,
dedicated studies are needed to determine the centroid shift more re-
liably. Another deviating case is Y,0,S0, where U, appears 0.4 eV
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Fig. 3. The corrected Pauling electronegativities of atoms as compiled in [28]. For Hf, Nb, Ta, Mo, and W the orignal values from [29] were used.
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Fig. 4. U,.(A) as calculated from the centroid shift against y,,(A) for the oxide
compounds.

smaller than the expected U)((). Possibly the wavelength of the fifth 4f-
5d transition was estimated wrongly in [22,32] but that can still not
account for the 0.4 eV difference. Here probably the method itself is
failing. We deal with oxygen ligands strongly bonded in the sulfate
groups together with unbound oxygen ligands. Y3* is coordinated by
four of these unbound oxygen at relatively close distance that con-
tribute much to the centroid shift plus four oxygen bonded in sulfate
groups that have small contribution. In such cases with oxygen ligands
with strongly different polarizabilities or ligand bonding, working with
an average cation electronegativity may not provide a good estimator.

A closer inspection of the data in Fig. 4 shows that for the same
Xa the U, -value for compounds with the relatively small sites provided
by Ca2t, Gd>*, Y3+, Lu?*, and Sc3* tend to be somewhat smaller than
on larger La*, Sr2*, and Ba?* sites. This is particularly evident for
Li4SrCa(SiO4), where the centroid shift on the small Ca-site appears
0.13 eV larger than on the large Sr-site leading to 0.09 smaller U, in
Table 1 and in Fig. 4. It is all related to the R~° dependence in Eq. (4).
The increasingly smaller bondlength outweighs the larger average elec-
tronegativity, and centroid shift tends to increase with smaller site size.
We have to conclude that the centroid shift, the U-value and there-
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Fig. 5. U, (A) as calculated from the centroid shift against y, (A). Most data
points are labeled with the cations present in the composition. Sequences of
similar compounds with changing cation site are connected with dotted line
segments. The location of the data for oxide compounds are represented by the
dashed curve a).

with also the Ln3*+/2+ and Ln**/3* CTL energies in a VRBE diagram are
site dependent. The same applies to different crystal phases of the same
compound. As first estimator for the U-value, Eq. (7) can be used. Next,
one can make a small correction of about -0.05 eV in case of small lat-
tice sites and +0.05 eV for large lattice sites.

3.2. U-value estimator for single anion type non-oxide compounds

Fig. 5 shows the calculated U, -values for all compounds containing
one single type of anion (F, Cl, Br, I, O, S, Se, N) where we have infor-
mation on the centroid shift. In order not to overcrowd the figure, the
values for the oxide compounds are represented by the curve given by
Eq. (7).

The fluorine ligand is very poorly polarizable leading to small cen-
troid shifts and large values for U,. Like for the oxide compounds, the
U, -value increases with larger y,, and the U -value on large lattice sites
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Table 1

The wavelengths 4; (in nm) of the five 4f-5d, transitions for Ce’+ in compound
A where values within braces are tentatively assigned. The centroid shift €.(A)
and Coulomb repulsion energy U (A) calculated there from are in eV.

A As, Ay A3, Ay, A e (A) U/(A) Ref.
fluorides - -

LiSrAlF 158, 171, 253, 268, 268 0.502  7.69 [34,35]
K,YFs 177, 204, 220, 285, 296 0.898 7.32 [36]
chlorides - -

K,LaClg 221, 239, 252, 313, 330 0.931 7.29 [37,38]
iodides - -

Cs,NalLalg (275, 285), 370, (2x)395 2.65 6.29 [39]
Cs,LiLalg 298, 310, 370, 400, 400 2.70 6.27 [40]
oxy-halides - -
Bas(PO,);F:(6h) 200, 213, 247, 267, 293 1.17 7.10 [41]
Sr5(PO,);F:(6h) 192, 211, 241, 264, 296 1.04 7.20 [41]
Ca,B0O;Cl 209, 234, 260, 325, 344 1.67 6.77 [42,43]
Sr3(Al,05)Cl, (206), 243, 274, 306, 335 1.67 6.76 [44-46]
phosphates - -

NaLaP,O,, 199, 210, 222, 253, 294 0.984 7.25 [47]
LiLaP,O, 189, 220, 229, 241, 288 0.939 7.29 [48]
orth.-GdP;0, 192, 202, 231, 269, 294 0.994 7.24 [49]
YP;04 184, 210, 235, 282, 300 1.06 7.19 [50,51]
LuP;0, 210, 222, 240, 285, 300 1.32 6.99 [31]
BaMgP,0, 196, 217, 229, 259, 273 1.00 7.24 [52]
SrMgP,0, 191, 217, 231, 263, 285 1.02 7.22 [53]
KSrPO, 204, 215, 237, 270, 300 1.19 7.09 [54]
K;La(PO,), 181, 210, 246, 270, 310 1.16 7.11 [55,56]
K;Gd(PO,), 192, 211, 243, 286, 305 1.18 7.09 [56]
7-Na;Gd(PO,), 200, 213, 250, 270, 310 1.24 7.05 [57]
K;Y(PO,), 191, 210, 242, 289, 304 1.17 7.10 [56]
CayY(PO,), 203,225,245,260,288 1.20 7.08 [58]
silicates - -

CaMgSi, Oq 193, 214, 245, 290, 325 1.28 7.02 [59]
Sr,MgSi, 0, 200, 217, 244, 269, 326 1.27 7.03 [60]
BaY,Si; 0, 184, 215, 292, 316, 332 1.47 6.89 [61-64]
Ba,SiO, 213,228,245,300,326 1.50 6.87 [65,66]
Sr;Mg(Si0,), 206, 239, 250, 269, 332 1.45 6.90 [67]
Li,SrCa(SiO,), (Sr-site) 215, 234, 248, 264, 286 1.34 6.98 [68]

Li,SrCa(SiO,), (Ca-site) ~ ~180, ~190, 322, 337,357  1.47 6.89 [68]

aluminates - -

Ca,Al(AISiO;) 221, 228, 246, 281, 356 1.56 6.83 [69-71]
LaAlO, (3x)(247), (302), 317 1.74 6.72 [72-75]
Lu;Al;0,, (206), 220, 229, 348, 448 1.67 6.76 [76-79]
sulfides - -

CaS (2x)(287), 439, (2x)458 2.98 6.17 [80]
simple selenides - -

SrSe (2x)308, 415, (2x)435 3.00 6.16 [81]
CaSe (2x)330, 433, (2x)455 - - [80,81]
nitrides - -

Sr,SisNg (260, 278), 329, 392, 432 2.55 6.33 [82]

Ca, SisNyg (261, 288), 329, 370, 397 2.49 6.35 [82]
CaAlSiN; (259), 313, 370, 421, 483 2.83 6.22 [83,84]

provided by K*, Ba®>*, Sr?*, La’* tend to be somewhat larger than on
small sites provided by Y3+, Lu3*, and Ca®*. This is also demonstrated
in the series of compounds BaF,, StF,, CaF, where y,, increases but U,
decreases. Similar applies to LiSrAlF¢, LiCaAlFg and KMgF;, NaMgF; as
illustrated in Fig. 5. Again we can make a simple first estimator using
the solid curve b) in Fig. 5 given by

UF=595+184,,—03872 ®

In cases of small sites like Y or Lu the Uy-value will be chosen slightly
(at most 0.1 eV) smaller and for large site like from Ba?* at most 0.1 eV
larger.

There is very little data on the Ce3* centroid shift in nitride com-
pounds because the relatively small band gap of nitride compounds
does not allow to determine the energies of all five 4f-5d transitions.
All data available pertain to siliconitrides. The ionic radius of F~, 02~
and N3~ do not differ much but their polarizability strongly increases
with the valence, and in the same sequence centroid shift increases and
U, -value decreases. For the fluorine and oxygen a clear increase of U,
with increase of y,, is observed as expressed with Eq. (7) and (8). For
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the nitrides a similar relationship is to be expected but the number of
data is too low to verify that.

In the sequence F~, Cl~, Br~, and I~ the anion polarizability in-
creases and that is reflected in larger Ce>* centroid shift and increas-
ingly smaller value for U,. Fluorides fall between 7.25 eV and 7.7 eV
increasing with y,,. Such increase is not seen for the other halides
where U, appears almost constant with values around 6.65-6.8 eV for
chlorides, 6.5-6.6 eV for bromides, and 6.2-6.4 eV for iodides with a
slight tendency that the relatively small Y3*, Lu’* and Ca®* have rel-
atively low U, -value. The few data on sulfide and selenide compounds
fall between 6.1-6.3 eV. Apparently the type of cation does not have
much effect on the bonding and polarizability of the already highly po-
larizable large anions Cl, Br, I, S, Se.

3.3. U-value estimator for mixed anion type of compounds

A final group of compounds are those that contain two types of
anions like La;F3(Si;Oy) and LaOBr. For the oxyfluorides, one may
calculate the contribution to a;, from the oxide and fluoride anion sep-
arately to estimate e, and U,. In the case of La;F5(Si3;Oy) a value of
€. = 1.04 eV was calculated in excellent agreement with the experi-
mental value of 1.00 eV [33]. For other mixed anion compounds one
may work with a weighted average U, value as first approximation.
For example, U,(LaOBr)= 6.4 eV as obtained from the reported cen-
troid shift [22]. It may also be estimated from a weighted average
U, = (U,(Lay03)+ U,(LaBr3))/2=(6.45+6.59)/3=6.52 €V. Similarly,
U,,(La3F(Si;09))=(U, (LaF;)+ U9 (Lay(Si;04))/2. With U,(LaF;) =
7.51 eV [22] and with Eq. (7) and y,,(La,(Si;04))=1.267 yielding
U?(La2(5i309)) = 6.67 eV one obtains U, (La3F5(Si30y)) =7.09 eV
which should be compared with the value of 7.24 eV derived from
the observed Ce3* centroid shift. For both compounds LaOBr and
LasF;3(Si3;Og) we find a mismatch of about 0.15 eV demonstrating that
these methods are less reliable.

4. Summary and conclusions

The U-value that determines the energy of the CTLs of Ln*+/3+
and Ln3*/2+ with respect to the vacuum level can be determined from
experimental data provided that sufficient information is available on
different lanthanides in the same compound with various experimental
techniques. Depending on the quality of the data, it provides U-values
with estimated +0.15 eV accuracy. Already in [20,22] a relation be-
tween the U-value and the centroid shift of the Ce3* 4f-5d transition
energies was demonstrated as illustrated in Fig. 2 and expressed with
Eq. (3). Centroid shifts can be determined with +0.05eV accuracy and
are known for 175 different inorganic compounds. This all provides
good estimates for U,. For most compounds the Ce3* centroid shift is
not known or just not possible to determine. The aim of this work was
to find a good estimator for U for all types of different compounds.
The estimator is based on the average electronegativity of the cations
in the compounds as defined by Eq. (6) where the Pauling and cor-
rected Pauling value for electronegativity are used as can be found in
Fig. 3. For the oxides and fluorides, the U,-values appear in bands of
+ 0.1 eV width drawn in Fig. 4 and 5 which enables to estimate Uy
with estimated +0.1 eV accuracy. The expressions of Eq. (7) and (8)
can be used. A slight improvement of accuracy can be made by taking
the site size into account since for the same y,,, the U, -value tends to be
slightly smaller on small lattice sites as compared to large ones. For the
CL Br, I, S, Se compounds there appears not much dependence on the
value of y,,. U.(A) is around 6.65-6.8 eV for chlorides, 6.5-6.6 eV for
bromides, and 6.2-6.4 eV for iodides with a slight tendency that the rel-
atively small Y>*, Lu3* and Ca’* have relatively low U, -value. The few
data on sulfide and selenide compounds fall between 6.1-6.3 eV. The
U, -value for the subset of compounds with more than one type of anion
in the composition are more difficult to estimate. One may treat those
compounds as a ‘mix’ of compounds each with just one type of anion
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and estimated U, from the U of each compound in that ‘mix’. Accu-
racy is then limited to 0.1-0.15 eV. With Eq. (3) the estimator for U can
be converted to an estimator for €., and one may therefore also predict
the centroid shift from electronegativity values for numerous different
inorganic compounds.

In constructing of VRBE schemes, it is adviced to start with the best
estimate for the U-value with one of the above methods. The U-value
can be adjusted slightly, say + 0.1 eV, after adding all experimental
data on energies that concern electron or hole transport from a lan-
thanide to either the CB or the VB to the diagram until best agreement
is obtained. Note that an overall error of +0.1eV in U translates to an
error of ~F0.05eV in the Ln**/2* CTLs and ~F0.15eV in the Ln*+3+
CTLs. One may regard this as the limiting accuracy in lanthanide CTL
energies with respect to the vacuum level. Of course there is also a sys-
tematic error present in Eq. (1) but that one will drop out when VRBE
diagrams of different compounds are compared with each other.
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