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Elucidation of the electron transfer mechanism in Eu2+ and Sm3+ codoped CaF2:
A step towards better understanding of trapping and detrapping in luminescent materials
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Many-electron multiconfigurational ab initio calculations are combined with x-ray spectroscopy to scrutinize
a popular model for electron transfer in lanthanide-doped crystals which hypothesizes that the electrons are
conveyed by the conduction band of the host. Contrary to this accepted picture, our combined theoretical-
experimental effort shows that the reversible electron phototransfer from Eu2+ to Sm3+ in CaF2 is direct, from
metal to metal. It is theoretically predicted and experimentally verified that visible light induces the reverse
electron transfer.

DOI: 10.1103/PhysRevB.104.L201108

The first evidence of a photoinduced electron transfer reac-
tion from a divalent to a trivalent lanthanide in CaF2 crystals
was reported by Feofilov in very diluted Eu and Sm codoped
samples exposed to x rays [1]. Shortly after, Welber showed
that the phototransfer is reversible and that it can be triggered
in both directions with ultraviolet (UV) light:

Eu2+ + Sm3+ hν1−⇀↽−
hν2

Eu3+ + Sm2+, (1)

with λ1 = 255 nm, and λ2 = 310 nm [2]. Photoinduced re-
versible electron transfer had earlier been reported by Keller
et al. [3,4] in so-called infrared (IR) stimulable phosphors:
SrS:Ce,Sm,

Ce3+ + Sm3+ hν1−⇀↽−
hν2

Ce4+ + Sm2+, (2)

and SrS:Eu,Sm [Eq. (1)], with hν1 in the UV and hν2

in the IR.
The significance of the reversible photoreactions (1) and

(2) is broadly recognized as this mechanism allows for a
controllable energy storage (upon the forward reaction) and
release (upon the backward reaction) [5–7]. If the backtransfer
results into light emission, it is called optically stimulated
luminescence (OSL). Alternatively the backtransfer can be
provoked by increasing the temperature in which case the
process is called thermoluminescence [8].

OSL enables luminescence dosimetry [9–12] or medical
imaging [13–18]. In these cases, IR or red light induces the
OSL, having a sufficiently low photon energy to avoid the

*jonas.joos@ugent.be
†Present address: Helmholtz-Zentrum Dresden-Rossendorf, 01314

Dresden, Germany.

direct excitation of nonoxidized donors. If the OSL wave-
length is shorter, a competition between nonoxidized donors
and reduced acceptors (filled traps) can emerge, effectively
limiting the performance of current state-of-the-art persistent
phosphors [19,20]. Many more technological applications rely
on electron transfer processes among dopants or with other
crystallographic defects [21–24]. At the same time, electron
transfer processes are known to limit the performance of lu-
minescent materials when multiple valences coexist or when
high excitation intensities are used [25–30]. This demon-
strates that an in-depth understanding of the electron transfer
is essential in developing the next generation luminescent
materials, allowing one to amplify the functional behavior
while suppressing the associated disadvantages.

The basics of the mechanism of such reversible electron
transfers were proposed in the pioneering reports we have just
referred to [2–4]. Mixed energy schemes, combining many-
electron energy levels of activators with one-electron energy
levels of hosts, were the theoretical framework used to incor-
porate experimental data and build a rationale of the whole
process. Accordingly, in the CaF2:Eu,Sm case [Eq. (1)], upon
irradiation with hν1 light, electrons are assumed to be ex-
cited from the Eu2+ activator to the CaF2 conduction band
(CB) and trapped later by the Sm3+ activator; luminescence
from the resulting Sm2+ can be detected and, ultimately, en-
ergy is stored in metastable Sm2+ centers. Further irradiation
with hν2 excites the trapped electrons from Sm2+ back to
Eu3+ through the CB; the backtransferred electrons are then
captured in an excited state of Eu2+, which finally decays
radiatively.

Adaptations of this original mechanism have repeatedly
been proposed in order to account for experimental data in
other hosts and activator pairs [7,15,31–35]. Yet, the central
hypothesis of the mechanism has not been altered: the for-
ward and backward electron transfers are conveyed by the
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FIG. 1. MMCT many-electron energy diagrams of Eu2+/Ca2+

(left) and Sm2+/Ca2+ (right) pairs in CaF2. Upward arrows: direct,
photoinduced, vertical dopant-to-host charge transfer. Very dense en-
ergy regions of pair states are indicated with color fills: black/orange:
Eu/Sm 4 f N -Ca2+; green: Eu/Sm 4 f N−15d-Ca2+; gray: lowest state
of Eu3+-Ca+ (left) and Sm3+-Ca+ (right). The Sm2+-Ca2+ diagram
is shifted +11 500 cm−1 so that the lowest local host energy level
of both diagrams coincide. The shift corresponds to the difference
between the minimum-to-minimum ionization potential of Eu2+ in
CaF2 (15 300 cm−1) and that of Sm2+ in CaF2 (3800 cm−1).

conduction band of the host, i.e., by delocalization of the
transferred electron.

In this work we investigate whether the phototransfer in
CaF2:Eu,Sm is bridged by the CB of the host or whether it is
a direct reversible Eu2+/Sm3+ metal-to-metal charge transfer
(MMCT). Many-electron theoretical methods are applied to
both the dopants and the host, so that dopant-to-host and
dopant-to-dopant charge transfer energies are unambiguously
comparable.

Configurational coordinate diagrams for the electron trans-
fer between dopant (Eu and Sm) and host (Ca) cations are
diabatically calculated from the potential energy surfaces
of individual embedded clusters [36–40], as obtained with
state-of-the-art multiconfigurational multireference correlated
wave function quantum chemical methods [41–69]. Details
of the methods and intermediate results are given in the
Supplemental Material (SM) [70].

The vertical phototransfer of an electron from the Eu2+

activator to the CaF2 host is visualized in the left panel
of Fig. 1 by the upward arrow originating from the
Eu2+-Ca2+ pair ground state. An excitation energy of hνcalc

1 �
73 400 cm−1 (�136 nm) is required to transfer a 4 f electron
from the Eu2+ 4 f 7 ground state to the lowest empty 3d shell
of a nearest Ca2+ host ion (note that we are using here an
approximate one-electron language, although the calculated
energies are between many-electron states). This large energy
is not surprising given the thermodynamically very low ten-
dency of Ca2+ to become reduced to a monovalent oxidation

FIG. 2. The calculated MMCT many-electron energy diagram
of Eu2+/Sm3+ pairs in CaF2 is plotted in the left and right graphs
with different emphases to better visualize the forward and back-
ward electron transfers of Eq. (1). In each case, pair states resulting
from the electron transfer are plotted in the foreground. Left: for-
ward, photoinduced Eu2+-to-Sm3+ electron transfer (1), followed
by Sm2+ 4 f 55de1

g-4 f 6 emission (2). Right: backwards, Sm2+-to-
Eu3+ electron transfer; photoinduced through Sm2+ absorptions in
the visible (3, 4, 5) and in the UV (6) and thermally induced (7).
OSL resulting from Sm3+ 4G5/2(19 �8u) (8) or Eu2+ 4 f 65d1-4 f 7

(9) emissions. Very dense energy regions of pair states are indi-
cated with color fills: gray, turquoise, and green for Eu2+-Sm3+

4 f 7(8S)-4 f 6(6H/6F ), 4 f 7(8S)-4 f 6(4L), and 4 f 65d1-4 f 6 pair states;
orange and green for Eu3+-Sm2+ 4 f 6-4 f 6, and 4 f 6-4 f 55d1 pair
states. The Eu3+-Sm2+ ground state minimum is 11 500 cm−1 above
the Eu2+-Sm3+ minimum.

state. However, Welber found that a much smaller excitation
energy induces the forward electron transfer: hν1 = 39 216
cm−1 (255 nm) [2]. Additionally, it was found that the electron
backtransfer, Sm2+-to-Eu3+, was induced with hν2 = 32 258
cm−1 (310 nm) [2]; this is a much lower value than the lowest
Sm2+-to-Ca2+ CT we find in the ab initio Sm2+/Ca2+ MMCT
calculations: hνcalc

2 � 61 500 cm−1 (�162 nm) (upward arrow
in Fig. 1, right).

From these very large discrepancies between measured and
calculated values we can conclude that the central hypothesis,
i.e., that the CaF2:Eu,Sm reversible electron transfer is con-
veyed by the CB, is not supported by theory.

Therefore we focused on finding the mechanism of the
reversible electron transfer using a combined theoretical and
experimental approach. The outcome is that the reversible
electron transfer between Eu and Sm involves direct exci-
tations to MMCT pair states, which corresponds to a local
model of electron transfer.

The excitation energy that was found to induce the for-
ward Eu2+-to-Sm3+ electron transfer, hν1 = 39 216 cm−1

(255 nm) [2], is plotted as arrow 1 in the calculated
Eu2+/Sm3+ MMCT energy diagram of Fig. 2, originating
from the Eu2+(4 f 7)-Sm3+(4 f 6) ground state. This energy
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does not produce intra-Eu2+ excitation [69], but it is suffi-
cient to reach structurally stressed levels within the crowded
Eu3+(4 f 6)-Sm2+(4 f 55d) manifold (green). Interestingly, it is
only slightly higher than the calculated threshold for MMCT
excitation producing Eu2+ 4 f → Sm3+ 5d electron trans-
fer: hνcalc

1 � 38 700 cm−1 (�258 nm). After excitation,
nonradiative relaxation leads to the bottom of the Eu3+(4 f 6)-
Sm2+(4 f 55d) manifold (green) from where the Sm2+ lowest
electric dipole allowed d- f emission, 1A1u → 1T1g, is cal-
culated to be at 13 611 cm−1 (735 nm) (arrow 2; cf.
Supplemental Material Table S4). For the CaF2 host, the
dense 4 f 55d1 manifold (starting at 13 855 cm−1) of the Sm2+

dopant completely overlaps with the 4 f 6(5DJ ) (J = 0–3)
levels (starting at 16 497 cm−1; see also Table S4 and Fig.
S6), so only interconfigurational 5d-4 f emission and no com-
petition with intraconfigurational 4 f -4 f emission, which is
known to occur in various other crystals [71–73], is expected.
Indeed, Welber probed the forward electron transfer by ob-
serving the intensity of this Sm2+ 5d-4 f emission, whose
zero-phonon line is experimentally found at 708.5 nm (14 114
cm−1) in CaF2 [2,74].

The close agreement between experiment and theory
for the MMCT excitation and for the subsequent Sm2+

d- f emission suggests that the forward phototransfer is a
direct Eu2+-to-Sm3+ MMCT that leaves the resulting Sm2+

ready to emit in the red.
Feofilov and Welber showed that x rays induce the same

forward transfer without compromising the reversibility of the
process [1,2].

The backwards phototransfer observed by Welber at hν2 =
31 949 cm−1 (313 nm) [2], can be found in Fig. 2 (right)
represented by arrow 6. (The origin of arrow 6 is at the
Eu3+-Sm2+ ground state minimum, which is 11 500 cm−1

above the Eu2+-Sm3+ minimum.) This transition corresponds
to a direct MMCT absorption where one of the electrons from
the Sm2+ 4 f 6 shell is transferred to the Eu3+ center, forming
an Eu2+ ion in a 4 f 65d1 excited state which is ready to emit.

Next to direct MMCT absorptions from the low-
est metastable Eu3+-Sm2+ state, also interconfigurational
4 f 6-4 f 55d1 transitions within the Sm2+ ion can induce
electron backtransfer. Figure 3 shows the Sm2+ absorption
spectrum in the visible range, as originally measured by Loh,
compared to the spectrum obtained from our ab initio cal-
culations (see also SM [70,75–79]). Allowed electric dipole
absorptions correspond to Sm2+4 f 6(1A1g) → 4 f 55d1(nT1u)
transitions according to the selection rules for the Oh point
group. The most dominant bands are situated in the red
(arrow 3) and violet (arrow 5) spectral regions. A less intense
absorption band is found in the green (arrow 4) region. More
details can be found in the SM, including the calculated rela-
tive oscillator strengths [70].

Upon absorption of violet light (arrow 5), relaxation by
intersystem crossing from the excited Eu3+-Sm2+4 f 6-4 f 55d1

to the dense Eu2+-Sm3+4 f 65d1-4 f 5 manifold is possible
without the need to overcome a thermal barrier, i.e., electron
transfer is expected. In contrast, upon red or green absorp-
tion (arrows 3 and 4), intersystem crossing is only possible
provided that the associated energy barriers, formed by the
crossings between the excited Eu3+-Sm2+4 f 6-4 f 55d1 and

FIG. 3. Lowest 4 f 6 → 4 f 55de1
g absorption bands of Sm2+ in

CaF2. Top: experimental, adapted from Loh [75]. Bottom: From ab
initio multiconfigurational, spin-orbit calculations (this work). The
numbers 3,4,5 correspond to the arrows in Fig. 2 (cf. Supplemental
Material Tables S4 and S5 and Fig. S7 [70]).

Eu2+-Sm3+ levels are overcome. The likelihood for electron
transfer is hence much lower in this case.

In the following, the predicted possibility to trigger the
backtransfer using a violet LED is verified via an x-ray spec-
troscopy experiment with simultaneous LED illumination.

In our experiments with CaF2:1%Eu,0.6%Sm powders, the
valence state changes that Eu and Sm undergo, following
x-ray and violet light stimulation, are derived from Eu and
Sm LIII edge high energy resolution fluorescence detected
x-ray absorption near edge structure (HERFD-XANES) spec-
tra [Fig. 4(a)] and from radio- (RL) and photoluminescence
(PL) spectra, simultaneously recorded with the x-ray spectra
[Fig. 4(b)]. Experimental details can be found in the SM [70]
and in Refs. [80–85].

During the first 10 minutes (gray shaded area),
HERFD-XANES spectra are collected, causing a continuous
irradiation of the sample by x rays. The x-ray and RL
spectra show that this causes the oxidation of Eu2+ and the
simultaneous reduction of Sm3+. Quantitative analysis of
the x-ray spectra shows that the amounts of oxidized Eu2+

and reduced Sm3+ are the same within the experimental
uncertainty, i.e., about 1.5% of the present Eu and Sm. After
10 minutes, the trend levels off. Then the x-ray irradiation
is ceased, leaving the sample to be illuminated by the LED
only. The measured PL [Fig. 4(b)] indicates that the LED
illumination has the opposite effect as the x-ray irradiation,
i.e., a reoxidation of the Sm2+ ions that were formed during
the 10 minutes of prior x-ray irradiation. Note that OSL
associated to the backtransfer (arrows 8 and 9 in Fig. 2) has
a negligible intensity compared to the PL that is measured
here. The reoxidation of Sm2+ and the associated reduction
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FIG. 4. X-ray (gray shaded area) and light-induced (420 nm)
electron transfer in CaF2:1%Eu,0.6%Sm. (a) The change in oxida-
tion states of Eu and Sm as obtained from HERFD-XANES. The
insets display the initial HERFD-XANES spectra at the Eu and Sm
LIII edges. The colored area is obtained from a fit (see SM [70]) and
is used to obtain the transient data points. The curves are plotted
as a guide to the eye and were obtained by fitting the available
data points. (b) The corresponding response in relative luminescence
intensity. The wiggles in the RL signal are due to variations in x-ray
intensity during the measurement of consecutive HERFD-XANES
spectra. The bold line represents the total PL intensity (i.e., without
the contribution of RL during the first 10 minutes), obtained by
fitting the available data points. The inset shows the initial PL/RL
spectrum and how it was integrated to obtain the transient curves.
This experiment was performed at room temperature.

of Eu3+ was verified by single HERFD-XANES scans after
15, 30, or 60 minutes of illumination [Fig. 4(a)].

The experiments hence show that violet light has the oppo-
site effect of the x rays on the Eu and Sm oxidation states:

Eu2+ + Sm3+ x ray−−−−−−⇀↽−−−−−−
violet light

Eu3+ + Sm2+. (3)

After 60 minutes, the valence changes caused by the x
rays were completely reversed by illumination with the violet
LED. Multiple subsequent experimental runs were performed,

verifying that this effect is reproducible. Importantly, it was
verified that no spontaneous backtransfer took place in the
absence of illumination, i.e., the backtransfer is solely caused
by the visible light.

Although this work is focused on the photoinduced re-
versible electron transfer at room temperature, it has been long
known [1] that after x-ray exposure, the Eu and Sm doped
crystals can be bleached to their original state by heating to
700 ◦C. The calculated MMCT many-electron energy diagram
of Fig. 2 (right) suggests the Eu3+-Sm2+ ground state is
metastable; it shows the thermal backtransfer (arrow heads 7)
through an energy barrier whose absolute value (184 cm−1)
should be affected by the diabatic approximation. Further-
more, thermally assisted OSL is expected upon red or green
stimulation (arrows 3 and 4). This will be the topic of further
research.

In summary, we have compared calculated dopant-to-
host and dopant-to-dopant electron transfer energies in
CaF2:Eu,Sm with available experimental data to investi-
gate whether the reversible electron transfer between Eu2+

and Sm3+ is conveyed by the conduction band of the host
or by metal-to-metal charge transfer states. We find that
(i) the phototransfers to the host are much higher in energy
than the experimentally found transition energies and (ii)
the calculated metal-to-metal charge transfer energies match
experimental data. The comparisons are meaningful because
the same many-electron theoretical methods were applied
to the dopants and host electronic structure. These results
challenge the usual hypothesis that the conduction band of
the host mediates the energy storage and detrapping pro-
cesses in this and similar materials. Moreover, we present
experimental evidence that the backtransfer can be induced
at room temperature with violet light, which suggests the
CaF2:Eu,Sm material can be used in, e.g., dosimetry. This
new evidence is difficult to reconcile with the CB hypothesis;
however, the many-electron MMCT methods used here not
only predict but also describe the mechanism of the opti-
cally stimulated process in the visible spectral range. The
abundance of electron transfer processes in functional ma-
terials for numerous applications points out the importance
of advancing experimental evidence and theoretical insight
at once.
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