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The vacuum referred binding energy of electrons in the 4fn levels for all divalent and trivalent lanthanide impurity states in TiO2,
ZnO, SnO2, and related compounds MTiO3 and MSnO3 (M = Ca2+, Sr2+, Ba2+) and Ca2SnO4 are presented. They are obtained by
collecting data from the literature on the spectroscopy of lanthanide ions, and by combining that data with the chemical shift model.
The model provides the energy at the top of the valence band and at the bottom of the conduction band, and it will be shown that
those energies are in excellent agreement with what is known from techniques like photo-electron spectroscopy and electrochemical
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emissions and the preferred lanthanide valence.
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Recently the chemical shift model was introduced1 for the lan-
thanide impurities in compounds. By using spectroscopic data for
different lanthanides like Ce3+, Pr3+, Tb3+, Eu3+, Yb3+ in the same
compound, the model enables to derive the electronic structure with
the absolute electron binding energies, i.e., relative to the energy
of the electron at rest in vacuum, in all divalent and all trivalent
lanthanides.2 It has been applied to about 50 different compounds
(fluorides, chlorides, aluminates, phosphates, borates etc.) and full
consistency with available experimental data from different fields of
science was demonstrated.2-4 It was found that in inorganic com-
pounds based on rare earth cations, like YPO4 and LaBO3, and/or
alkaline and/or alkaline earth cations like CaF2 and CaGa2S4, the
binding energy at the bottom of the conduction band EC is typically
near −2 eV. Sc-based compounds like ScBO3 and ScPO4 tend to show
lower values for EC which was attributed to a large binding energy
of electrons in the 3d-shell of Sc3+/Sc2+ that forms the bottom of the
conduction band.4 In this work the model will be applied to TiO2,
ZnO, SnO2, and related ternary compounds. The compounds were
selected because of their high importance for many applications.

TiO2 has been and still is thoroughly investigated for its photocat-
alytic activity and ability for photoelectrochemical water splitting.5

The activity can be enhanced or modified by doping with transition
metal or rare earth ions.6,7 Much is already known on the electronic
structure and properties of this compound in its various crystallo-
graphic appearances, i.e., rutile-TiO2, anatase-TiO2, and brookite-
TiO2. Here we will focus on the anatase-phase. ZnO is an important
member of the II-VI semiconductor family. An extensive review on
the physical and optical properties of ZnO can be found in Ref. 8.
At ambient conditions only the wurtzite phase is thermodynamic sta-
ble and all data and schemes in this work will pertain to that phase.
SnO2 has much in common with ZnO and TiO2 regarding electronic
structure. SnO2 and Sn based compounds like InSnO3 are well known
transparent conducting oxides (TCO).9

Methodology

The chemical shift is the shift of the electron binding energy from
its free ion value toward lower (less negative) value by the coulomb
repulsion with its chemical environment, and since the environment is
formed by the coordination anion ligands, it are the properties of those
ligands that are essential. The chemical shift model explains why only
one chemical environment dependent parameter controls the location
of all 4f levels of each divalent and each trivalent lanthanide. The
coulomb repulsion energy U (6, A), defined as the energy difference
between the 4f-ground state of Eu2+ and Eu3+, see arrow 1 in Fig. 1,
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plays the role of that parameter. The following equation was proposed1

E4 f (7, 2+, A) = −24.92 + 18.05 − U (6, A)

0.777 − 0.0353U (6, A)
[1]

where E4 f (7, 2+, A) is the vacuum referred binding energy (VRBE)
of an electron in the 4f7 ground state of Eu2+ in the chemical environ-
ment denoted with symbol A, and −24.92 eV is the VRBE in the free
ion. The right hand term is then the size of the chemical shift tied to
U (6, A). U (6, A) appears to vary mildly with type of compound. For
fluorides it has values around 7.5 eV, for oxides it is about 7.1 eV in
phosphates like YPO4 and decreases with weaker bonding strength of
the ligand electrons to values around 6.5 for compounds like La2O3

and 6.3 eV for GaN. A convenient method to estimate U (6, A) is to
use Ce3+ as a probe ion. The average energy, or centroid energy, of
the five possible 4f-5d transitions is known for 150 different com-
pounds and it appears correlated with the size of U (6, A).10 Since the
electronegativity χ of a cation is a direct measure for how strong it
will bond an anion ligand,11 one may use electronegativity to estimate
the centroid energy and U (6, A). A higher weighted average cation
electronegativity will increase both the centroid energy and U (6, A).
Longer bondlength has similar effect. In the case of TiO2, ZnO, and
SnO2 we deal with oxygen ligands that are bonded by either Ti4+,
Zn2+ or Sn4+ that have χ of 1.54, 1.65, and 1.80, respectively.11 For
example YAlO3 has χav = 1.42 and U (6, A) = 6.81 eV, and YBO3

has χav = 1.63 and U (6, A) = 6.85 suggesting that TiO2 and ZnO
will have similar value. Considering that Ti4+, Zn2+, and Sn4+ are
smaller than Y3+, bondlengths around a lanthanide on those sites will
be smaller too resulting in smaller centroid energy and U (6, A). We
therefore estimate for TiO2 and ZnO U (6, A) ≈ 6.7 eV and for SnO2

with the larger value for χ U (6, A) ≈ 6.8 eV. Figure 1 shows the
VRBE for all lanthanide states when a value of 6.7 eV is used for
U (6, A). The ground state energies for the lanthanides follow char-
acteristic zigzag patterns, and the excited 4fn-states follow the Dieke
diagram. The only thing that is further needed is to place the valence
band and conduction band in the scheme to arrive at a full VRBE level
diagram.

From studies with photoelectron spectroscopy, electrochemical
cells or with electric studies (Schottky barrier) data is available on
EV and EC in TiO2, ZnO, and SnO2. However, data are not con-
sistent. The works by Refs. 5, 12–14 for example report for EV in
anatase-TiO2 values of −7.2, −7.8, −7.5, and −7.0 eV, respectively
and for EC −4.0, −4.6, −4.3, and −4.0 eV, respectively. The lines
drawn in Fig. 1 at −4.2 eV and −7.4 eV represent the average values
from those reports. ZnO is electronically very similar to anatase-TiO2.
It has about the same bandgap and the same value for EV ; in Ref. 12
EV is reported about 0.1 eV higher (less negative) but in Ref. 5 about
0.1 eV more negative. Therefore the scheme of Fig. 1 also applies as
first approximation to ZnO.
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Figure 1. A first guess on the VRBE scheme that applies to anatase-TiO2 and
wurzite ZnO using U (6, A) is 6.7 eV. The lower zigzag curve with excited
state levels pertains to Ln3+ and the upper one to Ln2+.

We wish to seek confirmation of those energies or provide better
values by using the chemical shift model. A method that works for
wide bandgap insulators is to seek for information on the energy of
electron or charge transfer ECT (6, 3+, A) from the valence band to
Eu3+. It provides a good measure for the location E4 f (7, 2+, A) of
the Eu2+ ground state above EV (A)

EV (A) = E4 f (7, 2+, A) − ECT (6, 3+, A), [2]

then when also the energy Eex (A) of exciton creation is known one
obtains the location of the bottom of the conduction band

EC (A) = EV (A) + Eex (A) + Eex
e−h(A) ≡ EX (A) + Eex

e−h(A) [3]

where one has to add the electron and hole binding energy Eex
e−h(A)

of the exciton state to reach the conduction band bottom. Figure 1
illustrates already for TiO2 but also for many other compounds in this
work that the energy for charge transfer to Eu3+ is larger than or very
close to the bandgap energy. An Eu3+ charge transfer band in spectra
is then obscured by intense host lattice absorption bands. One has to
rely on other spectroscopic data to place EV and EX .

Figure 1 shows that Ce3+, Pr3+, and Tb3+ have a ground state
located within the bandgap, and for those three lanthanides one may
observe an electron transition from the 4f ground state directly into the
conduction band which is also known as intervalence charge transfer
(IVCT). It provides data on level location relative to the conduction
band. Figure 1 shows that the 3 P0-level of Pr3+ and the 5 D3 and 5 D4

levels of Tb3+ are located close to EC . When a level is located above,
emission from such level will not be observed due to auto-ionization
to conduction band states, and if just below emission will be quenched
at relatively low temperature. Therefore absence or presence, and the
quenching temperature of 4f-4f emission lines, also provide informa-
tion on where to place EC .

In this work we will first estimate U (6, A). Eex is obtained from
experimental data on the fundamental absorption threshold and the
energy of host exciton creation. Since Eex tends to increase slightly
with lowering of temperature, we will always provide the values, or
best estimates, that pertain to low temperature, say 10 K. The value
for Eex

e−h in wide bandgap (>6 eV) compounds with small dielectric
constant where excitons tend to be of Frenkel exciton type is taken
about 8% of the value for Eex .15 In high dielectric constant compounds
that tend to have smaller band gaps, the excitons are usually of the
Wannier exciton type with smaller binding energy. Sometimes values
are known from experiment, in other cases an estimated or typical
value will be used. Next information on Eu3+ luminescence excita-
tion spectra is collected. Occasionally values, or approximate values,
for ECT can be derived. If a CT band is not observed it indicates

Table I. Experimental input data for construction of VRBE
schemes. All energies are in eV. Estimated or deduced values are
in italics. IVCT and CT energies pertain to Pr3+ and Eu3+.

A Eex Eex
e−h E I V CT ECT U (6, A) EV

anatase-TiO2 3.45 0.03 3.8 6.7 −7.72
CaTiO3 3.85 0.1 3.25 4.1 6.7 −8.02
SrTiO3 3.46 0.1 3.54 3.42 6.7 −7.34
BaTiO3 3.40 0.1 3.57 3.33 6.7 −7.25
ZnO 3.38 0.06 3.56 6.7 −7.48
SnO2 3.59 0.032 3.79 6.8 −7.76
CaSnO3 4.90 0.15 4.26 6.75 −8.21
SrSnO3 4.55 0.15 4.07 6.75 −8.01
BaSnO3 3.75 0.15 3.9 6.75 −7.86
Ca2SnO4 5.05 0.15 4.28 6.70 −8.20

that E4 f (7, 2+, A) > EX (A). For Pr3+ we will use information on
IVCT energies and presence/absence and quenching temperature of
the emission from the 3 P0 level. For Tb3+ we will use likewise infor-
mation on IVCT and presence/absence and quenching temperature of
the emission from 5 D3 and 5 D4 levels. Occasionally one may use the
onset of charge transfer from the top of the valence band to Ce4+ as
an indication for the location of the Ce3+ ground state. By combining
all bits and pieces of information on different lanthanides in the same
host, the most likely values for U (6, A), EX , and EV will be proposed.

Results

Table I compiles data derived from spectroscopy that are sufficient
to construct a complete VRBE scheme as in Fig. 1. Fig. 2 overviews
the results in a so-called stacked band diagram. It shows how the
binding energy at the top of the valence band and the bottom of the
conduction band changes with type of compound. For each compound
on the left the 3 H4 ground state and 1 D2 and 3 P0 excited state levels
of Pr3+ are shown. For each compound on the right the 7 F6 ground
state and 5 D4 and 5 D3 excited states level of Tb3+ are shown. The data
points for each compound are EX and the Eu2+ ground state energy
E4 f (7, 2+, A). An account on how all data was obtained, derived, or
estimated follows below.
anatase-TiO2.—Figure 3 shows the VRBE scheme for anatase-TiO2

from the data in Table I. The use of U (6, A) = 6.7 eV was motivated in
the previous section. The optical bandgap or absorption threshold of
3.2 eV is well known16 and Eex is 3.45 eV,17-19 see arrow 1). A value of
30 meV is estimated for Eex

e−h . For Eu3+ in thin film TiO2, an absorption
band at 3.75 eV was assigned to the ECT (6, 3+, A) excitation by
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Figure 2. The stacked VRBE schemes together with relevant Pr3+ levels on
the left and Tb3+ levels on the right. Open circle data points are the location
of the Eu2+ ground state level and closed circle data points are EX .
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Figure 3. The VRBE scheme for anatase-TiO2.

Ref. 20 suggesting that the Eu2+ ground state is located inside the
conduction band. Similarly Luo et al.21 attributes a small hump at
3.6 eV in the 10 K excitation spectrum to ECT (6, 3+, A). In Fig. 3
ECT was chosen 3.8 eV, see arrow 2). Kaczkan et al.22 does not observe
any Pr3+ 4f-4f emission, and Amlouk et al.23 show that the emission
from the 3P0 level to 3H6 and 3F4 (arrow 3) in 20-30 nm sized TiO2

starts to quench above 70K. Such low quenching temperature implies
that the 3 P0 level is located close below EX ; in Fig. 3 and Fig. 2 it
is 0.3 eV below. Moon et al.24 does not observe any Tb3+ emission
down to 13 K in TiO2 which agrees with the scheme where the Tb3+
5 D3 level is inside and the 5 D4 level is only 0.2 eV below EX .

The Ce3+ ground state in Fig. 3 is located above mid bandgap en-
ergy; 2.34 eV above EV . Under such circumstance the Ce4+ valence
state is likely to occur25 creating an electron acceptor state at 2.34 eV
above EV . It is indeed well established that Ce4+ is stable in TiO2.6,26

It induces a yellow color due to an absorption band that starts near 480
nm (2.6 eV) and continually increases toward the fundamental host
absorption onset at 365 nm (3.4 eV).6,27 The transition onset is indi-
cated by arrow 4) in Fig. 3. In Ref. 4 it was found that for various oxide
compounds the onset of valence band to Ce4+ electron transfer is a
good measure for the location of the Ce3+ ground state above EV .
2.6 eV is only slightly larger than 2.34 eV. In compounds like
CeTiO4 and CeTi2O6 the charge transfer to Ce4+ starts also at 500 nm
(2.5 eV)28 and the VRBE scheme for these compounds will be quite
similar as that of anatase-TiO2.
CaTiO3, SrTiO3, and BaTiO3.—A host referred binding energy scheme
(HRBE) scheme for CaTiO3 with location of the ground state levels
of the trivalent lanthanides relative to the top of the valence band was
presented in Ref. 29. Figure 4 shows the VRBE scheme using the
data from Table I. Compared to TiO2, the electronegativity χ=1.0
for Ca lowers χav to 1.36 which is the same as that of LaAlO3 with
U (6, A) = 6.67 eV,4 and since the ionic radius of Ca2+ and La3+ are
similar, U (6, CaTiO3) = 6.7 eV will be used. The room temperature
absorption and luminescence excitation maximum is observed near
333 nm (3.72 eV)30-32 and we will use 3.85 eV for Eex (A) at 10 K
(arrow 1). Eu3+ doped CaTiO3 does not show any evidence for a CT
band33 suggesting that ECT > EX (see arrow 2). The Pr3+ IVCT
band is well observed at 380 nm (3.25 eV, see arrow 3),30,32,34 and this
forms the most important parameter to construct the VRBE scheme.
The binding energies with respect to the conduction band are almost
the same as in TiO2, and like in TiO2 emission from the 3P0 level
of Pr3+ or the 5D3 and 5D4 levels of Tb3+ are not observed at room
temperature.35
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Figure 4. The VRBE scheme for CaTiO3.

For SrTiO3, and BaTiO3 again U (6, A) = 6.7 eV is chosen. The
absorption onset in SrTiO3 is at 3.27 eV36-38 and excitons are created at
Eex = 3.46 eV (360 nm).36,38 BaTiO3 has the same optical bandgap as
SrTiO3 in 39. A comparison of optical reflection and excitation spectra
for CaTiO3, SrTiO3, and BaTiO3 in Ref. 40 suggest however slightly
smaller Eex = 3.4 eV in BaTiO3. In SrTiO3 there are clear indications
for the start of the Eu3+ CT-band just before it is cutoff by host lattice
absorption below 375 nm (3.30 eV).41 In both SrTiO3 and BaTiO3 a
Pr3+ IVCT band is absent41,42 and following the reasoning by Boutin-
aud et al.43 the 3 H4 Pr3+ ground state must be close above or even
inside the valence band. The Pr3+ 1 D2 emission dominates in CaTiO3

and on diluting the compound with Sr2+ the 3 P0 emission appears
until it fully dominates the emission in pure SrTiO3 where it starts
to quench around room temperature.38,43 Clearly EC must increase
on diluting with Sr2+. By choosing ECT = 3.42 eV for SrTiO3 and
3.33 eV for BaTiO3 VRBE schemes and the band locations as in
Fig. 2 are obtained consistent with all those observations.
wurtzite-ZnO.—The first HRBE scheme for ZnO based on lanthanide
spectroscopy data was presented in Ref. 44. Since appearance of
that work better parameters to construct HRBE schemes became
available29 and a renewed evaluation will be made here. The VRBE
scheme made with the data collected in Table I is shown in Fig. 5. The
bandgap of ZnO is well established. The n = 1 Wannier exciton peak
is at 3.38 eV with an exciton binding energy of 60 meV.8,45,46

Excitation spectra of Eu3+ emission reported by Refs. 47, 48 do not
show any evidence for a CT band below the fundamental absorption
onset. A shoulder at 355 nm (3.5 eV) on the high energy side of
the host absorption peak might be a signal from the Eu3+ CT-band49

consistent with (see arrow 3) the proposed scheme of Fig. 5. The
emission from Pr3+ at room temperature is dominated by the 630 nm
3 P0→3 H4 emission (arrow 2).50 The same emission in TiO2 starts to
quench above 70 K. This suggests that EX is somewhat further above
the 3 P0 level than in TiO2. For Tb3+ doped ZnO, emission from 5D3

is, as expected, not observed, and that from 5D4 is observed (see arrow
4) at 7 K.51

The scheme places the Ce3+ ground state at 2.1 eV above EV

(arrow 5) which implies that, like for anatase-TiO2, Ce can exist in
the 4+ valence state. Indeed several reports can be found on the
synthesis, spectroscopic properties, and valence state of Ce4+ doped
ZnO nanorods, nanowires, and nanocages.52-54

SnO2.—The VRBE scheme for SnO2 using the data in Table I is shown
in Fig. 6. The excitation spectrum of intrinsic luminescence shows a
hydrogen like series of excitonic lines with the first exciton peak at
3.6 eV and with an exciton binding energy of 32 meV.55 Excitation
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Figure 5. The VRBE scheme for wurtzite-ZnO.

spectra of Eu3+ emission in SnO2 reveal an intense excitation band
around the host excitation56-59 which provides a lower bound on the
CT-band energy of Eu3+, see arrow 1 in Fig. 6. Spectroscopic infor-
mation on Pr3+ was not found in the literature. Like in TiO2 and ZnO
there is no emission from the Tb3+ 5 D3 level60 indicating that it is
located above EX . Emission from the 5D4 level (see arrow 2) is ob-
served in thin film SnO2 and in single crystal SnO2. It starts to quench
above 170 K, and at room temperature it has dropped to 60% of its
low temperature intensity.61,62 Since the Tb3+ 5D4 emission appears
more temperature stable than in CaTiO3, the 5 D4 level is most likely
located further below EC . By taking ECT = 3.79 eV, the schemes
in Fig. 6 and Fig. 2 are obtained that are best consistent with above
spectroscopic data.
CaSnO3, SrSnO3, BaSnO3, and Ca2SnO4.—For CaSnO3 χav = 1.53,
and we will use U (6, A) = 6.75 eV which falls in between the value
for SnO2 and TiO2. The same values will be adopted for SrSnO3 and
BaSnO3. From the luminescence excitation and absorption maxima
of undoped and rare earth doped CaSnO3

63-66 we obtain Eex = 4.9 eV
at 10 K. The Eu3+ excitation band is clearest observed in the work
by Fu et al.67,68 giving on average ECT is 4.26 eV. The resulting band
diagram in Fig. 2 shows a much higher lying conduction band as SnO2.
It predicts very temperature stable Pr3+ 3 P0 and Tb3+ 5 D4 emission.
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Figure 6. The VRBE scheme for SnO2.

Indeed at room temperature the emission from the 3 P0 level of Pr3+

dominates66,69 and the 5 D4 emission from Tb3+ is temperature stable
up to 350 K.65

Information on SrSnO3 is less abundant than on CaSnO3. Dif-
fuse reflection spectra indicate that Eex is about 0.35 eV smaller
than in CaSnO3,63 and excitation and absorption spectra reveal
host related maxima at 280 nm.70,71 From this a low temperature
Eex (10K ) = 4.55 eV is derived. The CT-band energy of 4.07 eV is
from.70 With this data Figure 2 shows that EC is significantly lower
than in CaSnO3. At room temperature Tb3+ emission from 5 D4 is ob-
served but not from 5 D3.71,72 Information on Pr3+ spectroscopy was
not found. The fundamental absorption in BaSnO3 is about 1.3 eV
smaller than in CaSnO3,63 and Ref. 73 finds in thin film Ba1−x Srx SnO3

a fundamental absorption edge shifting from 3.49 eV in BaSnO3 to
4.27 eV in SrSnO3. A value of 3.75 eV will be used for Eex (LT ) in
BaSnO3. There appears no information on Eu3+, Pr3+, and Tb3+ spec-
troscopy that can be used to place EV and EC . Weifeng Zhang et al.63

presented EV and EC for Ca-, Sr-, and BaSnO3 determined with a
semi-empirical approach. By choosing ECT =3.9 eV for BaSnO3 a
best agreement between the band positions in Fig. 2 with those in Ref.
63 is obtained.

Ca2SnO4 was added to our study to see how further increase of
CaO content in SnO2 affects the electronic structure. χav=1.40 for
Ca2SnO4 which is close to that of CaTiO3 and the same value of
6.7 eV for U (6, A) will be used. Eex (LT ) = 5.05 eV is based on ab-
sorption and luminescence excitation spectra in Refs. 74, 75, and ECT

= 4.28 eV is reasonably reliable obtained from.74,76-78

Discussion

One may confirm the results on EV and EC in Table I and Fig. 2 by
using data from independent techniques. In section II it was mentioned
that reports on EV for anatase TiO2 range from −7.0 to −7.8 eV
which is to be compared with the value of −7.7 eV found in this
work. In 1967 Svank reported79 a photo-electron emission threshold of
7.82 eV for ZnO to be compared with −7.48 eV in this work. In the
case of n-type ZnO the work function or electron affinity is equivalent
to the energy at the bottom of the conduction band, and values reported
in literature are in the −3.5 to −5.2 eV range80-82 to be compared with
−4.0 eV in this work. Reports on SnO2 for EV and EC are −7.7 eV
and −4.30 eV in Ref. 83, −8.24 eV and −4.44. eV in Ref. 12, −8.4
eV and −4.9 eV in Ref. 5, and −8.2 eV and −4.6 eV in Ref. 14. These
values should be compared with the higher values of −7.76 eV and
−4.14 eV found in this work.

The advantage of the methodology of this work is that EV and EC

can be quite easily obtained for a large amount of compounds enabling
to compare the electronic structure diagrams of different compounds
with each other, and although also this methodology will have its error
that error will be largely systematic. With schemes as in Fig. 2, even
with unknown systematic error, one may look for trends in EV and EC

with type of compound. Once trends are established and knowledge on
its origins even more reliable schemes together with predictive tools
can be developed. For example one observes that EV and EC for TiO2

and SnO2 are quite similar. Adding CaO to the compounds to form
CaTiO3 and CaSnO3 one observes that EV lowers and EC rises. If
next the size of the cation increases Ca → Sr → Ba, the energy of the
valence band increases. This is quite common behavior also observed
for many wide bandgap insulators.2 A larger bondlength reduces the
attractive coulomb interaction between cation and anion and conse-
quently the electron binding of anion electrons decreases and that of
cation electrons increases resulting in a rising of the valence band and
a lowering of the conduction band. A phenomenon also known as the
Madelung effect. The conduction band however in ternary compounds
is formed by the orbitals of both type of cations. For the iso-structural
MTiO3 compounds, Fig. 2 shows that EC increases with larger sized
M2+ contrary to what is expected from the Madelung effect. In those
compounds the bottom of the conduction band is formed by Ti3+ 3d1

orbitals tetrahedrally coordinated by oxygen ligands. This can be ex-
plained with another effect. The larger bondlength reduces the 10Dq
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splitting of the Ti3+ 3d1 levels causing a rising of EC with larger sized
M2+. For the MSnO3 compounds there is no such crystal field splitting
effect. Here the conduction band is formed by the 5s orbitals of Sn3+

and the 4s, 5s, or 6s orbital of M2+ that are not subject to crystal field
splitting. Comparing SnO2, CaSnO3, and Ca2SnO4, one observes that
with increase of CaO content EV lowers and EC rises. The conduction
band bottom is more and more dominated by Ca2+ 4s orbitals that are
located at higher energy than the Sn4+ 5s orbitals thus rising EC . The
electronegativity of Ca is smaller than that of Sn suggesting weaker
bonding of the oxygen ligands. Yet the valence band binding energy
becomes stronger with Ca content. Possibly both ionic bonding and
covalent bonding should be considered and more definite answers can
be supplied when band structure calculation are available.

Conclusions

The electronic structure scheme for the lanthanides in TiO2, ZnO,
and SnO2 and related compounds were derived from lanthanide spec-
troscopy by using the chemical shift model. Vacuum referred bind-
ing energies for the valence band and conduction band electrons are
obtained that are consistent with what is known in literature. This
demonstrates that the chemical shift model that was already verified
for fluorides and many wide bandgap oxide compounds applies also
for compounds with low lying conduction band energies. In com-
pounds with EC close to −4 eV, all divalent lanthanide ground state
energies are inside the conduction band. Divalent lanthanides cannot
exist in those type of compounds, and an Eu3+ charge transfer band
will be obscured by host lattice transitions. The lowest 5d-states of
trivalent lanthanides will be located inside the conduction band pre-
venting any 5d-4f emission. The Pr3+ 3 P0 and Tb3+ 5 D3 and 5 D4

levels are close to EC , and the absence or presence of emission from
these levels provide good indicators for the approximate location of
EC . Together with observation of IVCT bands enough information
can be gathered to construct a VRBE binding energy scheme as in
Fig. 2.
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