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Abstract
Information on the energy that is needed to transfer an electron from the valence
band of an inorganic compound to a trivalent lanthanide impurity is presented.
The energy is a measure of the location of the ground state of the divalent
lanthanide relative to the top of the valence band. A variation with type of
lanthanide is found that is the same irrespective of the type of compound
(fluorides, chlorides, bromides, iodides, oxides, sulfides). The variation is
anti-correlated with the known variation in fd transition energies in divalent
lanthanides. Because of the anti-correlation, the energy difference between the
first 4fn−15d state and the bottom of the conduction band is relatively invariant
with type of lanthanide ion. The difference is largest for Eu2+, and decreases
gradually towards the end of the lanthanide series by 0.5 eV for Yb2+. Based
on the systematic variation in charge transfer energy and fd energy, a three-
parameter model is presented to position the energy levels for each divalent
lanthanide relative to valence and conduction band states. Using a similar
model the levels of trivalent lanthanides are positioned.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The location of lanthanide impurity levels relative to the valence band and conduction band
in inorganic compounds is important for the performance of materials in applications. A few
tenths of electronvolts shift may turn it from bad to good. For example, the dipole allowed df
luminescence of Ce3+ utilized in scintillator applications but also that of Eu2+ in luminescent
phosphors can only be efficient when autoionization of the excited 5d electron to conduction
band levels is improbable [1, 2]. The minimal energy EdC needed to ionize the 5d electron (d)
to the conduction band (C) is then an important parameter. Excited state absorption (ESA) to
conduction band states is an energy loss mechanism in high power laser applications [3, 4]. The
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chemical stability of lanthanides against reduction or oxidation and the ability of lanthanide
ions to trap an electron from the conduction band or a hole from the valence band are both
determined by impurity level positions. Knowledge of these positions is a first requirement to
understand the mechanisms of charge trapping and transport phenomena in scintillators [5],
persistent afterglow materials [6, 7], storage phosphors [8], and optical memories [9, 10].

There are several approaches to determine impurity level positions. With ultraviolet
photoelectron spectroscopy (UPS) and x-ray photoelectron spectroscopy (XPS), the energy
difference between the localised 4fn ground state level and the delocalized valence band levels
can be determined [5, 11–14]. With photoconductivity measurements the energy difference
with the bottom of the conduction band can be determined [15, 16], and with excited state
absorption (ESA) or luminescence quenching studies information on the transitions from the
excited 5d level to conduction band levels can be obtained [2, 17].

There are other indirect means. For divalent lanthanides with lowest 5d level close to
the bottom of the conduction band, the 5d electron may autoionize to conduction band states.
The Coulomb attraction with the hole left behind leads to a bound electron Ln3+ state, also
known as an impurity trapped exciton [18]. The radiative return to the 4fn ground state of Ln2+

is known as anomalous emission. The probability for this to occur as a function of type of
divalent lanthanide and type of host crystal has provided qualitative information on the change
in the 5d ionization energy EdC with type of lanthanide and with type of host crystal [19]. It
was concluded that EdC for Yb2+ is always smaller than for Eu2+. Also clear trends with the
type of compound, i.e., the site occupied, the type of anions, and the binding of the upper
valence band electrons, were found.

To understand these trends three interactions were considered.

(1) The changing Madelung potential and electron–electron repulsion at the lanthanide site
due to lattice relaxation,

(2) the isotropic exchange interaction between 5d electron spin and total 4fn−1 electron spin,
and

(3) the Coulomb interaction between the 5d electron and the Ln3+[Xe]4f
n−1

core.

These three interactions create a variation of EdC with type of lanthanide ion, such as is shown
in figure 1. Arrow 1 indicates the ionization of the 5d electron in Dy2+. From La2+ to Gd2+,
the ionization energy EdC is relatively constant, and from Gd2+ to Yb2+ EdC it decreases by
≈0.5 eV. If we add information on the systematic variation in the fd transition energies of
divalent lanthanides from [20] one may position the lowest 4fn state for each lanthanide as
illustrated by the curve labelled 4fn in figure 1.

The three interactions qualitatively explain the trends found but they do not allow for
an absolute determination of the magnitude of EdC. The aim of this paper is to provide
experimental data for this absolute location. This is done by studying the energy of the charge
transfer bands of trivalent lanthanides. An electron from the valence band is transferred to the
trivalent lanthanide ion and Ln2+ is created. Somehow, the CT energy is related to the energy
difference between the valence band and the ground state of the divalent lanthanide [21–23].

This paper is organized as follows. First a general treatment of the charge transfer and
possible pitfalls in its interpretation is presented. Information on charge transfer energies
for the trivalent lanthanides in compounds obtained from literature is presented next. It is
concluded that, despite the complex nature of the CT transition, the CT energy provides a fair
measure of the location of the Ln2+ ground state above the top of the valence band. Since the
interest is in how it changes with type of lanthanide, analysis is limited to compounds with CT
information on at least two different lanthanides. A systematic change in CT energy with type
of lanthanide was revealed a long time ago for bromide complexes of trivalent Sm, Eu, Tm, and
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Figure 1. The systematic variation in the energy level positions of divalent lanthanides in wide
band gap ionic crystals. n represents the number of electrons in the 4fn5d0 configuration of the
divalent lanthanide. Arrows indicate possible electron transitions discussed in the text.

Yb in ethanol by Jörgensen [24]. Barnes and Pincott [25] and also Blasse and Bril [26] found
that the CT band of Sm3+ in solids appears always 1.1 ± 0.1 eV higher in energy than that of
Eu3+. More recent studies were done by Krupa and co-workers [27, 28], and van Pieterson
and co-workers [29, 30] compared the CT band energies of Yb3+ with that of Eu3+.

In the present work the study covers a much wider collection of compounds and to all
lanthanides for which information is available. The systematic variation with type of lanthanide
appears not to depend on type of compound. Furthermore, the trends and conclusions from
the study of anomalous emission is confirmed by the study on CT energies [19]. Finally, a
model is presented to draw the energy level positions for each divalent lanthanide. The model
contains three host dependent parameters: (1) the band gap of the host compound, (2) the CT
energy for Eu3+, and (3) the redshift of the fd transition in that compound.

2. The nature of the CT band

A generalized notation is used where level energies are expressed as a function of the ionic
charge Q of the lanthanide ion, the number of electrons n in the 4fn5d0 configuration, and
the type of compound designated by the parameter A. In this notation ECT(6, 3+, A) means
the energy of the charge transfer band of Eu3+ (n = 6) in compound A. Arrow 3 in figure 1
illustrates this transition, which starts from the top of the valence band and ends in the ground
state of Eu2+. The superscript CT indicates the type of transition. pc is, for example, used for
the photoconductivity threshold and fa for the energy of the fundamental absorption threshold.
Efd(7, 2+, A) is the energy for the transition from the first 4fn level to the first 4fn−15d level
in Eu2+ which is illustrated by arrow 2. The subscript fd indicates the transition from f to d.
EfC(5, 2+, A) is the energy difference between the 4f5 ground state of Pm2+ and the bottom
of the conduction band (C); see arrow 4. EVf(7, 2+, A) is the energy difference between the
top of the valence band (V) and the 4f7 ground state of Eu2+.
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Figure 2. A histogram of the distribution of the width (FWHM) �CT(6, 3+, A) of the charge
transfer band of Eu3+ in compounds. The data are from [37].

The energy for the first fd transition of lanthanides in compounds is related as [20, 31]

Efd(n, Q, A) = E Afree(n, Q) − D(Q, A) (1)

where E Afree(n, Q) are constants with values close to the first fd transition energy in the free
lanthanide ions. The redshift D(Q, A) is the amount by which the 5d level shifts towards
lower energy when the lanthanide is incorporated in a compound. This shift is within 0.1 eV
the same for each lanthanide when in the same site in the same compound [31, 20]. Knowledge
of either EdC(n, 2+, A) or EfC(n, 2+, A) for each n together with D(2+, A) is needed to draw
the energy levels for each lanthanide in schemes like figure 1.

The charge transfer from the valence band to a trivalent lanthanide appearing as an intense
band in absorption, excitation, and reflection spectra is due to a spin and dipole allowed
transition. In several works it is assumed that the energy ECT(n, 3+, A) of the CT band is
the same as EVf(n + 1, 2+, A) [32, 21, 22]. However, this is not obvious and before such an
assumption can be made, several aspects need to be addressed. (1) What is the initial state in
the CT transition? (2) What is the final state in the CT transition? (3) What is the effect of
the hole left behind on the nearest neighbour anion? (4) How does lattice relaxation affect the
energy levels? (5) What is the effect of a charge compensating defect?

2.1. The initial state in the charge transfer

Suppose the initial state in the CT is any state of the valence band (see for example arrow 5 in
figure 1), then the width of the valence band should contribute to the width of the charge transfer
band. Figure 2 shows a histogram of the width �CT(6, 3+, A) of the CT band in 98 different
Eu3+ doped compounds. The average width is 0.91 eV with a standard deviation of 0.26 eV.
The width is 2–3 times larger than the typical width of fd transitions in lanthanides [33]. There
are several reasons. After the charge transfer, the Eu3+ becomes Eu2+ with 18 pm larger ionic
radius [34]. Unavoidably it is followed by a strong lattice relaxation leading to a large offset
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Table 1. Energy ECT
abs(13, 3+, A) of CT absorption and ECT

em (14, 2+, A) of CT emission in Yb3+

doped compounds together with the width � (FWHM) at RT or lower temperature. �SCT is the
Stokes shift of CT luminescence to the 2F7/2 ground state of Yb3+. Eso is the energy difference
between emission to the 2F7/2 and 2F5/2 states of Yb3+. All energies are in electronvolts.

Compound ECT
abs �CT

abs ECT
em �CT

em �SCT Eso Ref.

YPO4 5.96 0.68 (RT) 4.00 0.83 (RT) 1.96 1.22 [52, 53]
LuPO4 6.08 0.68 (RT) 4.13 0.83 (RT) 1.95 1.17 [52]
ScPO4 6.39 0.64 (10 K) 4.59 0.74 (10 K) 1.80 1.24 [29, 30]
YAlO3 5.63 1.77 (9 K) 3.44 0.84 (10 K) 2.19 1.15 [30, 68]
Y3Al5O12 5.79 0.66 (10 K) 3.73 0.57 (10 K) 2.06 1.19 [30, 55, 54]
Y3Ga5O12 5.54 0.67 (9 K) 3.31 0.60 (9 K) 2.23 1.13 [68]
Lu3Al5O12 5.99 — 3.65 0.68 (LT) 2.34 1.05 [54, 56]
Lu2YbAl5O12 5.39 — 3.88 1.52 1.39 [57]
C–Y2O3 5.46 0.63 (10 K) 3.37 0.87 (10 K) 2.09 1.05 [30]
LiYO2 5.79 3.49 — 2.30 0.99 [30]
C–Sc2O3 5.51 3.38 — 2.13 0.82 [30]
NaScO2 5.96 3.85 — 2.11 0.97 [30]
LiScO2 6.02 0.62 (10 K) 3.97 0.67 (10 K) 2.05 1.32 [30]
La2O2S 4.08 0.5 (80 K) 2.81 0.46 (10 K) 1.27 1.17 [58, 30]
Y2O2S 4.01 0.5 (80 K) 3.16 0.46 (10 K) 0.85 1.22 [58, 30]

in the configuration coordinate diagram. This may already account for the 0.91 eV width of
the CT bands. Other contributions may arise when there are different lanthanide sites in the
crystal or when the charge transfer brings the divalent lanthanide into one of its excited states.

The valence band can be several electronvolts wide. Therefore, when the CT would start
from any level in the valence band, a much wider CT band is expected. Since this is not the
case, we conclude that the initial state in the CT absorption is near or at the top of the valence
band, as indicated by arrow 3 in figure 1.

Other evidence is obtained by comparing the width of the CT absorption band with the
width of the CT emission band. Yb3+ is the only lanthanide for which CT emission is reported.
A hole in the valence band created after CT relaxes rapidly to the top of that band. The CT
emission is therefore surely a transition from the 1S0 ground state of Yb2+ to the hole at the
top of the valence band; see arrow 6 in figure 1. If the initial state of the CT absorption is also
near the top of the valence band then the width of the CT absorption band must be almost the
same as that of the CT emission band. Data available on both widths for Yb3+ are compiled
in table 1. Considering that the error can be as large as 0.12 eV, there is indeed no significant
difference. It is therefore concluded that the CT starts from the top of the valence band.

2.2. The final state in the charge transfer

In principle, the final state in the CT transition can be any of the 4fn levels of the divalent
lanthanide ion. In the case of Eu3+ and Yb3+ the charge transfer to excited 4fn states is at much
higher energy than to the Eu2+[8S7/2] and the Yb2+[1S0] ground states. For these lanthanides
there is no uncertainty on the nature of the final state. Charge transfer to Tm3+ may end at the
2F7/2 ground but also at the 2F5/2 state at 1.08 eV higher energy; see arrow 7 in figure 1. This
energy difference is still large enough to be resolved from the ground state CT band.

The energy difference with the next 4fn state is about 0.6 eV for Er2+ and Ho2+. In the
case of Sm3+, the final state can be any of the closely spaced levels of the 4f6[7FJ ] multiplet of
Sm2+; see arrows 8 and 9 in figure 1. If each transition is equally probable, the charge transfer
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Table 2. The energy ECT
Ln and width �CT

Ln in electronvolts of CT absorption bands of Sm3+, Eu3+

and Yb3+ doped compounds. The widths are at RT unless specified otherwise.

Compound ECT
Sm �CT

Sm Ref.Sm ECT
Eu �CT

Eu ECT
Yb �CT

Yb Ref.Yb

CaF2 — — 8.18 0.64 (77 K) 8.61 0.64 [59, 40]
acetonitrile–(LnCl6 )3− 5.34 — [60] 4.12 — 4.55 — [60]
LnCl3 4.61 — [25] 3.47 — — —

ethanol–LnBr3−
6 4.98 — [24] 3.88 — 4.40 — [24]

acetonitrile–[LnBr6 ]3− 4.34 — [60] 3.03 — 3.63 — [60]
LnBr3 4.28 — [25] 3.22 — — —
((C6H5)3PH)3LnI6 3.08 — [38] 1.84 0.51 2.21 — [38]
Mg3F3BO3 5.39 0.56 [61] 4.26 0.60 — —
LnOCl 5.77 — [25] 4.59 — — —
YOCl 5.64 0.85 [26] 4.40 1.06 — —
LaOBr 5.17 — [62] 4.03 0.78 4.66 — [62]
LnOBr 5.51 — [25] 4.48 — — —
YOBr 5.44 — [26] 4.29 — — —
LaOI 4.77 0.74 [63] 3.70 1.20 — —
CaSO4 5.59 1.03 [64] 4.68 0.52 — —
Ln2(SO4)3 6.20 0.93 [25] 5.23 1.24 — —
Sr3(PO4)2 6.11 1.23 [65] 5.41 0.99 — —
LaPO4 6.11 0.81 [39] 4.84 0.95 5.35 0.86 [39]
LnPO4 6.49 — [25, 66] 5.34 — — —
YPO4 6.95 0.69 (6 K) [48] 5.66 0.81 5.96 0.68 [52, 53]
LuPO4 — — 5.74 — 6.08 0.68 [52]
ScPO4 — — 6.05 — 6.39 0.64 (10 K) [30]
Ln2(CO3)3·3H2O 6.46 — [25] 5.23 — — —
Ln2(SO4)3·8H2O 6.24 — [25] 5.17 — — —
GdAl3(BO3)4 6.20 — [26] 4.88 0.82 — —
LnBO3 6.36 — [66] 5.51 — — —
YBO3 — — 5.64 1.34 5.74 — [30]
LuBO3 — — 5.37 1.24 5.90 — [66]
CaBPO5 6.53 1.42 [67] 5.06 1.05 —
LaAlO3 5.17 — [26] 4.00 1.09 5.08 — [30]
GdAlO3 5.77 — [26] 4.73 0.40 (80 K) — —
Y3Al5O12 — — 5.54 — 5.79 0.66 (10 K) [30, 55]
Y3Ga5O12 — — 5.28 — 5.54 0.67 (9 K) [68]
NaLaO2 — — 4.58 — 4.73 — [30]
LiLaO2 — — 4.53 — 4.92 — [30]
SrLa2BeO5 5.06 — [70] 3.88 0.61 (10 K) — —
C–Y2O3 — — 5.06 0.93 5.46 0.63 (10 K) [30]
LiYO2 — — 5.17 1.18 5.79 — [30]
NaScO2 — — 5.51 — 5.96 — [30]
LiScO2 — — 5.56 — 6.02 0.62 (10 K) [30]
La2O2S 4.64 0.62 [39] 3.57 — 4.08 0.5 (80 K) [58, 30]
Y2O2S 4.79 0.62 [39] 3.60 0.52 4.01 — [30, 58]
CaS 3.54 — [71] 2.21 — — —

band of Sm3+ broadens by ≈0.5 eV on top of the normal width of 0.9 eV. Furthermore the CT
band shifts 0.2–0.3 eV towards higher energy.

Data on the width of the CT bands of Sm3+, presented in table 2, do not reveal a
systematically larger width than of Eu3+ or Yb3+. In particular, the results for Sm3+, Eu3+,
Tm3+, and Yb3+ in YPO4, which are the most reliable data available [48, 45], do not indicate
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Figure 3. Configuration coordinate diagram illustrating the transitions and lattice relaxation
involved in charge transfer absorption and luminescence.

a significant difference. For these lanthanides the CT band width is on average 0.70 ± 0.06.
Apparently the oscillator strength for the charge transfer to the 7F0 ground state of Sm2+ is
much larger than that for the transfer to the higher 7FJ=1−6 levels. We therefore assume in the
rest of this work that the final state in the CT is the ground state of the divalent lanthanide.

2.3. Lattice relaxation and electron–hole binding

One may view the charge transfer as a local transition from an anion to the lanthanide [35].
This is illustrated by the configuration coordinate diagram in figure 3. Initially the system is at
point A on parabola (a) corresponding with an electron at the top of the valence band (e−

V) and
a Ln3+ ion. The CT to the ground state (arrow 1) of the divalent lanthanide is more probable
than that to an excited state (arrow 2). The divalent lanthanide has ≈18 pm larger ionic radius
than the original trivalent one, and the system relaxes strongly and moves to point C.

From here several routes can be followed.

(1) Intersystem crossing back to parabola (a) (arrow 3) and all luminescence is quenched.
(2) Intersystem crossing to an excited state of Ln3+ (arrow 4 and parabola (b)). This is a

common situation for Eu3+ and it leads to narrow band 4f → 4f emission (arrow 5).
(3) A luminescence transition to the ground state (arrow 6) or an excited 4f state (arrow 7) of

Ln3+.

This latter situation occurs in Yb3+. In addition to the charge transfer emission to the 2F7/2

state, emission to the 2F5/2 excited state also occurs. The energy difference E so between both
luminescence bands is compiled in table 1. On average it appears 0.07 eV smaller than the
spin–orbit splitting of 1.24 eV observed under direct 2F7/2 → 2F5/2 excitation. Furthermore,
there is a rather wide spread in the values. It may be caused by a slight shift of parabola (b)
relative to parabola (a) or it may indicate non-harmonic behaviour when the configuration
coordinate offset is large.
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The relaxation involved in the CT process leads to large Stokes shift �SCT between
emission and absorption. The values available for Yb3+ are compiled in table 1. Apart from
Y3Ga5O12, Lu3Al5O12, and Y2O2S all compounds have a Stokes shift around 1.95 ± 0.25 eV.
This is more than two times larger than the average width of the CT emission and CT absorption
bands. Usually, like for df emission, Stokes shift and width are of comparable magnitude [42].
Probably some sort of self-trapping of the hole component into for example a Vk-like centre
takes place after the charge transfer. Ion displacements other than that in the harmonic model
of the configuration coordinate diagram are involved in this self-trapping [36]. In that case the
self-trapping energy adds to the Stokes shift.

Since CT ends at point B in figure 3, the CT energy overestimates the energy difference
EVf between the top of the valence band and the 4fn ground state by the relaxation energy E rel.
When the configuration coordinate diagram applies to our situation then E rel = 0.5 × �S ≈
0.5–1.0 eV. On the other hand the Coulomb attraction between the hole on the anion and
the transferred electron reduces the CT energy. Fortuitously, this energy is also of the order
0.5–1.0 eV and it cancels to a large extent E rel.

Putting everything together, we arrive at a situation where EVf(n + 1, 2+, A) ≈
ECT(n, 3+, A), and one may write

EVC(A) = ECT(n, 3+, A) + Efd(n + 1, 2+, A) + EdC(n + 1, 2+, A) (2)

where EVC(A) is the energy difference between the top of the valence band (V) and the bottom
of the conduction band (C). Actually EVC(A) is defined as the threshold energy needed to
create a free electron in the conduction band by means of optical excitation. This energy is
larger than the fundamental absorption onset E fa(A) of the host lattice by an amount equal to
the exciton binding energy.

Equation (2) can also be written as

EVC(A) = ECT(n, 3+, A) + Epc(n + 1, 2+, A) (3)

where Epc is the photoconductivity threshold, i.e., the threshold needed to excite an electron
from the 4fn ground state of the divalent lanthanide to the bottom of the conduction band.

Equation (3) is known as the Born–Haber cycle and has been applied several times to locate
impurity energy levels [21, 22, 32, 16]. The validity of equation (3) arises from the fortuitous
circumstance that the electron–hole binding Eeh

b in the final state of CT compensates for E rel.
At this moment it is not known to what extend both energies cancel out and how it depends on
the type of compound (fluorides, chlorides, bromides, iodides, oxides, sulfides).

2.4. The role of charge compensating defects

Suppose a trivalent lanthanide is on a divalent cation site with a nearby charge-compensating
defect. After the charge transfer, the compensating centre is still present that would not have
been there when the divalent cation site was initially occupied by a divalent lanthanide. Even
with cancellation of Eeh

b against E rel, one may question whether the CT energy provides a
good measure of the location of the 4fn ground state. Radzhabov [16] notes that in several
oxides the right-hand side of equation (3) is 0.5 eV smaller than EVC, and in halide crystal
they found deviations of 1–3 eV. By systematically studying the CT bands in as wide range
of compounds possible and testing the equality in equations (2) and (3), it is expected that the
errors made can be determined.
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Table 3. The energy ECT
Ln in electronvolts of CT absorption bands of trivalent lanthanides in

compounds.

Compound ECT
Sm ECT

Eu ECT
Dy ECT

Er ECT
Tm Ref.

LiCaAlF6 — 8.08 — — 10.00 [69]
LaCl3 4.49 — 5.28 5.60 — [72, 73]

LnBr3−
6 –ethanol 4.98 3.88 — — 5.51 [24]

acetonitrile–[LnBr6 ]3− 4.34 3.03 — — 4.77 [60]
((C6H5)3PH)3LnI6 3.08 1.84 — — 3.48 [38]
LaF3:O2− — 4.86 6.88 6.97 — [74, 27, 75]
YF3:O2− — 5.17 7.09 7.52 — [27]
LaOBr 5.17 3.99 — — 5.59 [76, 62]
LaOI 4.77 3.70 — — 5.17 [63]
LaPO4 6.11 4.84 7.08 7.17 6.63 [39]
YPO4 6.93 5.66 7.65 — 7.25 [48]
CaGa2S4 3.07 3.29 [77, 78]

3. Data on charge transfer energies

The charge transfer bands are observed as 0.6–1.2 eV broad and intense bands in absorption,
reflection, and excitation spectra. They have been extensively studied in the literature of the
past 40 years, mostly from an application point of view. This literature was collected and
reanalysed to obtain information on the CT energy of the trivalent lanthanides in about 200
different compounds. Most information is on Eu3+ and that will be presented elsewhere [37].
The interest of the present work is to compare the CT energy of one lanthanide in a compound
with that of another lanthanide in the same compound. Therefore, data are presented on
those compounds where information on the CT energy of at least two different lanthanides is
available.

The data on the energy of the CT band maximum of Sm3+, Eu3+, and Yb3+ are compiled in
table 2. When it could be determined, the width of the CT absorption, reflection, or excitation
band is given. References to the original literature from where the Eu3+ data were obtained will
be presented elsewhere [37]. In the compilation data on pure lanthanide compounds like LnCl3
and LnOCl and lanthanide complexes in solution like acetonitrile–(LnCl6)3−, ethanol–LnBr3−

6

are also included. ((C6H5)3PH)3LnI6 is an organic compound with ionic LnI3−
6 complexes [38].

In table 3 sparse data on other lanthanides are compiled. There is no information available
on the CT to La3+, Ce3+, Pr3+, Nd3+, Pm3+, Gd3+, Tb3+, and Ho3+. Often the CT band is at too
high energy and obscured by either host lattice or fd absorption bands. The data on LaF3:O2−
and YF3:O2− are from trivalent lanthanides on sites with an O2− impurity anion in the first
anion coordination sphere.

Figure 4 shows the energy ECT(n, 3+, A) of the charge transfer band in Yb3+ (n = 13),
Eu3+ (n = 6), and Sm3+ (n = 5), against that of Eu3+. The data on Sm, and Yb fall along sets
of lines parallel to that for Eu. This means that, independent of the type of compound, there
is always a fixed energy difference between the CT bands of these lanthanides. The scatter
in data falls usually within the accuracy of ±0.12 eV in the CT band energies. Significant
deviations are for Yb3+ in LaAlO3, NaLaO3, and YBO3 and for Sm3+ in Sr3(PO4)2. Probably
the data are incorrect and they will be disregarded in further analysis. The sparse data on Tm3+,
Er3+ and Dy3+ in table 3 are displayed in figure 5. Here again fixed energy differences with
data on Eu3+ and Sm3+ are observed.



8426 P Dorenbos

1 2 3 4 5 6 7 8 9
1

2

3

4

5

6

7

8

9

10

Sr3(PO4)2

LaAlO3

NaLaO3

YBO3

Eu3+

Yb3+Sm3+

CaF2

ECT(6,3+,A) (eV)

E
C

T
(n

,3
+

,A
)

(e
V

)

Figure 4. The energy of the charge transfer absorption band ECT(n, 3+, A) of Sm3+, Eu3+, and
Yb3+ in compounds against that of Eu3+.
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Figure 5. The energy of the charge transfer absorption band ECT(n, 3+, A) of Sm3+, Eu3+, Dy3+,
Er3+, and Tm3+ in compounds against that of Eu3+.

4. Discussion

The fixed difference between the energy of CT to a trivalent lanthanide ion with that to Eu3+

can be exploited to locate the ground state of the divalent lanthanide ion. One may use

EVf(n + 1, 2+, A) ≈ ECT(n, 3+, A) = ECT(6, 3+, A) + �ECT(n, 6, 3+) (4)
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Table 4. Energy differences �ECT(n, 6, 3+) with Eu3+ CT band energies. The number in brackets
in column 3 is the number of compounds used in averaging. E Afree(n +1, 2+) and �Ecalc

Vd (n +1, 2+)

are from [19]. n is the number of electrons in the 4fn configuration of the trivalent lanthanide. All
energies are in electronvolts.

�ECT E Afree �EVd �Ecalc
Vd �EVd �EVf

Ln3+ n (n, 6, 3+) (n + 1, 2+) (n + 1, 7, 2+) (n + 1, 7, 2+) (n + 1, 7, 2+) (n + 1, 7, 2+)

La 0 −0.94 — 0.04 0.04 5.19
Ce 1 0.35 — 0.01 0.00 3.87
Pr 2 2.44 (1) 1.56 −0.22 −0.01 −0.01 2.65
Nd 3 2.29 (1) 1.93 0.00 −0.02 −0.02 2.27
Pm 4 1.96 — −0.02 −0.01 2.24
Sm 5 1.16 (29) 3.00 −0.06 −0.01 −0.01 1.21
Eu 6 0 4.22 0.00 0 0 0
Gd 7 — −0.10 — 0 0 4.32
Tb 8 — 1.19 — 0.12 0.10 3.12
Dy 9 2.04 (4) 2.12 −0.06 0.23 0.19 2.28
Ho 10 2.42 (1) 2.25 0.45 0.32 0.26 2.23
Er 11 2.26 (3) 2.12 0.16 0.40 0.33 2.43
Tm 12 1.67 (8) 2.95 0.40 0.49 0.40 1.67
Yb 13 0.44 (20) 4.22 0.44 0.57 0.47 0.47

where the CT energy of Eu3+ is used as a common reference. �ECT(n, 6, 3+) ≡
ECT(n, 3+, A) − ECT(6, 3+, A) is the difference between the energy of CT to the trivalent
lanthanide with that to Eu3+ averaged over all compounds A for which data are available.

The values for �ECT(n, 6, 3+) together with the number of compounds used in averaging
are compiled in column 3 of table 4. Values are most reliable for Sm3+, Tm3+, and Yb3+. The
information on ECT(n, 6, 3+) for n < 5 is very scarce. In data by van Pieterson et al [41]
on YPO4:Nd3+, a band is observed near 156 nm that was attributed to fd excitation in Nd3+.
However, it can also be the CT band of Nd3+ providing the value for ECT(3, 6, 3+) = 2.29 eV
in table 4. In the absorption spectrum and the excitation spectrum of CaF2:Pr3+, a broad band
is seen that overlaps with the fundamental absorption onset at 10.6 eV [40, 41]. When we
attribute this band to the CT transition it provides ECT(2, 6, 3+) = 2.44 eV in table 4. A broad
feature around 171 nm in the reflection spectrum of LaPO4:Ho3+ was ascribed to CT, and it
provides ECT(10, 6, 3+) = 2.42 eV [39].

Combining equation (4) with equation (1) one may position the first 5d level above the
top of the valence band

EVd(n + 1, 2+, A) = ECT(6, 3+, A) + �ECT(n, 6, 3+) + E Afree(n + 1, 2+) − D(2+, A) (5)

where the values of E Afree(n + 1, 2+) are given in table 4 [20].
The energy difference between the first 5d level of a divalent lanthanide and that of Eu2+

is given by

�EVd(n + 1, 7, 2+) ≡ EVd(n + 1, 2+, A) − EVd(7, 2+, A)

= �ECT(n, 6, 3+) + E Afree(n + 1, 2+) − E Afree(7, 2+). (6)

The values are compiled in column 5 of table 4 and shown in figure 6. The errors in the data
on Sm, Dy, Er, Tm, and Yb are from the standard deviation in �ECT(n, 6, 3+). Within 0.7 eV
for each divalent lanthanide the energy of the lowest 5d level is constant. Nevertheless, those
of Tm2+ and Yb2+ are always significantly (0.46 eV) higher than those of Sm2+ and Eu2+. This
result is in excellent agreement with results from a study on anomalous divalent lanthanide
emission [19]. It was found that the autoionization threshold EdC(14, 2+, A) for Yb2+ is always
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Figure 6. �EVd values for divalent lanthanides determined from charge transfer energies. Curve 1:
semi-empirically calculated values from [19]. Curve 2: adopted values in this work.

smaller than EdC(7, 2+, A) of Eu2+ leading to higher probability for anomalous emission in
Yb2+ doped compounds. This was explained by the combined effect of

(1) the Coulomb attraction between the 5d electron and the lanthanide ion,
(2) the isotropic exchange interaction between the 5d electron spin and the total spin of the

n − 1 electrons in the 4f core, and
(3) a correction to the Coulomb interaction and electron–electron repulsion at the lanthanide

site due to lattice relaxation.

Column 6 of table 4 and curve 1 in figure 6 show the values for �EVd(n + 1, 7, 2+) that
were calculated semi-empirically in [19] from the above three effects. It predicted an almost
constant 5d level energy for the lanthanides with n + 1 < 8, and a gradual increase by 0.57 eV
from Eu2+ to Yb2+. The data on CT energies of Eu2+, Sm2+, Tm2+ and Yb2+ agree very well
with this trend. Since the 5d energy in Yb2+ and Tm2+ is on average 20% smaller than suggested
with the semi-empirical model, column 7 and curve 2 in figure 6 show �EVd(n + 1, 7, 2+)

corrected for this 20%. The data on Dy2+ still appear 0.3 eV too low. This may be related to
an underestimation of the value for E Afree(10, 2+) in [20]. From now on the corrected values
for �EVd(n + 1, 7, 2+) are regarded as the most likely trend in the lowest 5d level position of
divalent lanthanides in compounds as a function of n. Using these values and equation (6), the
values of �EVf(n, 6, 3+) in column 8 are obtained. These values will be regarded as the most
likely trend in the location of the lowest 4fn+15d0 level.

With equations (4), (5), and the values for �EVf(n + 1, 7, 2+) and E Afree(n + 1, 2+) it is
possible to draw the impurity levels of the divalent lanthanides relative to the conduction and
valence band of the host crystal. The only additional compound dependent information needed
are: (1) the CT band energy E(6, 3+, A) of Eu3+, (2) the redshift D(2+, A), and (3) the band
gap EVC(A).

Literature provides values for ECT(6, 3+, A) in about 200 different compounds. These
data are presented in a forthcoming paper together with values of EVC(A) [37]. Values of
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Figure 7. Energy level schemes of divalent and trivalent lanthanides in YPO4. The dashed arrows
indicate charge transfer energies to the trivalent lanthanides. The solid arrows for Yb2+ indicate
the charge transfer emissions in a configuration coordinate scheme.

D(2+, A) for more than 300 compounds have already been presented in [42]. The redshift
D(2+, A) is usually not available for divalent lanthanides on trivalent lattice sites, but a good
estimate can be made from the relationship [43]

D(2+, A) = 0.64D(3+, A) − 0.233 eV (7)

where D(3+, A) is the redshift in trivalent lanthanides. Therefore the compilation on D(3+, A)

values on 300 different compounds can also be used [33].

4.1. Application of the three-parameter model

We first apply the method to YPO4. D(3+, YPO4) = 2.20 eV [33], and the onset of the
fundamental absorption in YPO4 is found at E fa = 8.0 eV at room temperature (RT) and
at 8.4 eV at 10 K [44, 45]. The maximum of the phosphate group excitation is at slightly
higher energy of Eex = 8.2 eV (RT) and 8.55 eV (10 K). The bottom of the conduction band
is defined as the threshold energy where free electrons and free holes are created. One may
question whether this already occurs when the phosphate group is excited. The bottom of the
conduction band formed from Y states is estimated somewhat higher at EVC = 9.0 ± 0.2 eV.

Figure 7 shows the level scheme constructed by using equations (4) and (5) where instead
of �ECT the values for �EVf in table 4 were used. The horizontal dashed lines are at energies
E fa and Eex. The dashed arrows starting from the top of the valence band, defined as the zero
point of energy, indicate the observed CT transitions to Sm3+, Eu3+, Dy3+, Tm3+, and Yb3+.
For Yb, the CT emission transitions leaving Yb3+ in the 2F7/2 or 2F5/2 state together with the
configuration coordinate diagram are also shown; see also figure 3.

For each divalent lanthanide ion the 5d level is located very close to the bottom of the
conduction band of YPO4. This means that the 5d state is not stable against autoionization.
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Figure 8. Energy level schemes of divalent and trivalent lanthanides in CaF2. The dashed arrows
indicate charge transfer energies to the trivalent lanthanides. The solid arrows indicate threshold
energies from photoconductivity experiments.

This is consistent with the fact that df emission is never observed for divalent lanthanides on
trivalent lattice sites [42].

Applying the method to CaF2 provides the level scheme shown in figure 8. The same
E fa , Eex, and EVC values as in [19] were used. The three dashed arrows indicate observed CT
transitions (that of Pr is still tentative). The solid arrows indicate observed photoionization
thresholds [19]. According to the Born–Haber cycle of equation (3) they should end at the
bottom of the conduction band. This appears indeed the case for Eu, Dy, and Ho, but there are
significant deviations for Ce, Tm, and Yb. Possible reasons have been discussed elsewhere [19].

Contrary to the situation in YPO4, the first 4fn−15d level for each lanthanide is located
well below the bottom of the conduction band. EdC(7, 2+, CaF2) is large enough for normal
df emission in Eu2+. The 0.46 eV smaller value for EdC(14, 2+, CaF2) brings the 5d state of
Yb2+ close to the conduction band and anomalous emission involving conduction band states
is observed [46, 19].

It is easy to modify equations (4) and (5) for the energy levels of the trivalent lanthanides by
using information on the CT to tetravalent lanthanides. However, there is too little information
available on such transitions. Instead we will make the following assumption:

�EVd(n, 1, 3+) = 1.2 × (�EVd(n, 7, 2+) − �EVd(1, 7, 2+)). (8)

The factor 1.2 is introduced to take into account that the exchange interaction between the
5d electron and 4fn electrons, the Coulomb interaction between 5d and the lanthanide, and
the corrections due to lattice relaxation are estimated to be 20% larger in the smaller trivalent
lanthanides [47, 19]. Ce3+ (n = 1) is used as the reference trivalent lanthanide ion instead of
Eu2+ (n = 7) for the divalent lanthanides.

The values for �EVd(n, 1, 3+) are in table 5. With E Afree(n, 3+) for trivalent lanthanides
from [31, 47], the �EVf(n, 1, 3+) are obtained; see table 5. One only needs to establish the
location of the first 5d or the 4f level of Ce3+ to generate the level positions for each trivalent
lanthanide.
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Table 5. Host independent parameters needed to draw the lowest 5d or the lowest 4f levels of
the trivalent lanthanides relative to the bands of the host lattice. E Afree(n, 3+) are from [31, 47]. n
is the number of electrons in the 4fn configuration of the trivalent lanthanide. All energies are in
electronvolts.

Ln3+ n �EVd(n, 1, 3+) E Afree(n, 3+) �EVf (n,1,3+)

Ce 1 0 6.12 0
Pr 2 −0.05 7.63 −1.56
Nd 3 −0.06 8.92 −2.86
Pm 4 −0.07 9.31 −3.26
Sm 5 −0.06 9.40 −3.34
Eu 6 −0.06 10.5 −4.44
Gd 7 −0.05 11.8 −5.73
Tb 8 −0.05 6.90 −0.83
Dy 9 0.07 8.45 −2.26
Ho 10 0.18 9.55 −3.25
Er 11 0.26 9.40 −3.02
Tm 12 0.35 9.40 −2.93
Yb 13 0.43 10.6 −4.05
Lu 14 0.52 12.0 −5.36

In the case of CaF2 a fair estimate can be given for the location of the 5de and 5dt levels
of Ce3+. The absence of vibronic structure in the 4f → 5dt excitation band of Ce3+ in CaF2

is ascribed to a very short lifetime of the 5dt state due to a rapid autoionization process [48].
Therefore, the 5dt state is inside the conduction band. For figure 8, we assumed that it is
located just above the bottom of the conduction band at 12.4 eV. The 5de level at 2.59 eV
lower energy provides then EVd(1, 3+, CaF2) = 9.81 eV, and from that level energies for each
trivalent lanthanide ion in CaF2 are obtained; see figure 8.

The same procedure can be followed for YPO4. The absence of vibronic structure in the
second 5d band at 1.12 eV above the first 5d band locates the second band inside the conduction
band [48]. We have assumed a position at the bottom of the conduction band and from that all
level positions of the trivalent lanthanides were generated; see figure 7. In CaF2 and YPO4,
the first 5d level of the trivalent lanthanide is 1.2 and 0.8 eV, respectively, below the first 5d
level of the corresponding divalent lanthanide. This must be attributed to the larger Coulomb
binding of the 5d electron in the higher charged trivalent lanthanide ion.

Schemes like those for YPO4 and CaF2 can be constructed in principle for each compound
with few parameters. They are very valuable in understanding the mechanisms involving
luminescence and charge trapping and helpful in the interpretation of spectra. It is immediately
clear that Ce3+, Pr3+, and Tb3+ are stable hole traps in YPO4. Nd3+ provides a more shallow
hole trap. Sm3+, Eu3+, and Yb3+ provide stable and deep electron traps because the ground
state of the divalent lanthanides is well below the conduction band edge. Nd3+, Dy3+, Ho3+

and Er3+ are relatively shallow electron traps.
In the search for persistent afterglow materials a charge trap shallow enough to allow

for a slow release of the trapped charges at RT is a prerequisite. The observation that Nd3+

and Dy3+ enhance the persistent afterglow in aluminates like CaAl2O4 and SrAl2O4 and that
Sm3+ and Yb3+ suppress the afterglow is linked directly to the depth of electron traps [7]. The
deep trap in Sm3+ can be utilized for storing information as in storage phosphors and optical
memories [8, 9, 49].

The schemes are also crucial for understanding luminescence quenching mechanisms.
Quenching via autoionization to conduction band levels was already discussed in [19]. Thermal
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excitation to conduction band levels is an important quenching mechanism for Ce3+ df
emission [1, 2]. It is known that in Ce3+ and Eu3+ co-doped systems mutual quenching of
Ce and Eu luminescence is a general phenomenon [50]. Figures 7 and 8 reveal that the 5d
state of Ce3+ is located above the ground state of Eu2+ enabling electron transfer to Eu3+ after
excitation of the Ce3+ 5d level. Backtransfer from Eu2+ to Ce4+ then completes the quenching
route of Ce3+ df emission. In LaB3O6:Ce3+ doped with Eu3+, the Eu3+ CT band coincides with
the fd band of Ce3+ also resulting in such mutual quenching [51]. These examples illustrate
the importance of schemes where the lowest 4f and 5d levels of both divalent and trivalent
lanthanides are drawn relative to conduction and valence band of the host crystal.

In [19] it was found that the probability for anomalous emission is larger for Yb2+ than
for Eu2+, which is an immediate consequence of the 0.5 eV higher energy of the 5d state.

Impurity level schemes based on CT band energies are subject to a possible systematic
error of 0.5 eV. Similar errors exist when information on photoconductivity thresholds, or UPS
and XPS data, are used [12, 13]. Furthermore the bottom of the conduction band usually raises
by several tenths of an electronvolt when the temperature is lowered from 300 to 10 K. The
presence or absence of charge compensating defects may also change electron energy levels,
typically by 0.5 eV. Clearly at the 0.5 eV scale there are still many uncertainties on the absolute
level positions. However, most of the error is systematic with n. When EdC(n, 2+, A) is smaller
than 1 eV such systematic uncertainty can be of crucial importance for the final performance
of the material.

Combining the results in this work with other information on impurity level positions may
reveal these errors and allow for a more detailed description of level positions. For example,

(1) the presence or absence of anomalous emission in divalent lanthanides,
(2) the quenching of df emission due to autoionization or thermal excitation to conduction

band levels,
(3) photo-conductivity studies,
(4) ultra violet and XPS, and
(5) the presence or absence of vibronics in higher lying 5d levels of Ce3+,

all provide such additional information.

5. Summary and conclusions

The systematic variation in the transfer of an electron from the valence band to a trivalent
lanthanide in compounds was studied. It was found that

(1) the width of the CT band in spectra does not correlate with the width of the valence band,
(2) the width of the CT luminescence in Yb3+-doped compounds is about the same as the

width of the CT absorption, and
(3) there is no significant dependence of the width of CT band on type of lanthanide.

From these observations, it was concluded that the CT starts from the top of the valence band
and ends in the ground state of the divalent lanthanide.

It was estimated that the CT band energy overestimates the energy EVf of the 4f ground
state by ≈0.5–1.0 eV because of the relaxation that follows the CT. It was also estimated
that the CT band energy underestimates EVf by 0.5–1.0 eV because of the residual Coulomb
interaction with the hole left behind. This tends to cancel out the relaxation effect, and then
the CT energy provides a good measure of EVf . The error is assumed to be systematic for each
lanthanide and of the order of 0.5 eV.
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By comparing the CT energies for different trivalent lanthanides in the same host, constant
energy differences that are compiled in table 4 were revealed. This provides large predictive
potential. For example, once the CT band is known for Eu3+ that of others can be predicted.
Combining the systematic variation in the CT band energies with the systematic variation in
fd transition energies, the 4fn and 4fn−15d levels of each divalent lanthanide ion can be drawn
relative to the bottom of the conduction band and the top of the valence band. Three additional
compound dependent parameters are needed: (1) the charge transfer energy ECT(6, 3+, A) of
Eu3+, (2) the redshift D(2+, A), and (3) the location of the bottom of the conduction band
EVC(A).

Whereas the energy of the lowest 4fn state varies by 6 eV through the lanthanide series,
the lowest 4fn−15d energy is remarkably constant. It appears that the 5d state of Yb2+ and
Tm2+ is always about 0.5 eV closer to the conduction band than that of Eu2+ and Sm2+. This
agrees with results and observations on anomalous luminescence in the divalent lanthanides.

With similar methods as used for divalent lanthanides the level positions of trivalent
lanthanides can also be found. YPO4 and CaF2 were used as examples. A complete picture of
divalent and trivalent lanthanide impurity levels in compounds is obtained that is very useful to
understand and predict aspects concerning luminescence, luminescence quenching, anomalous
luminescence, ESA, charge trapping, persistent afterglow, storage properties, and scintillation
mechanisms.
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