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ARTICLE INFO ABSTRACT

Keywords: Forward electron photo-transfer and reverse thermal transfer between divalent and trivalent heterogeneous
BaF, lanthanides in barium fluoride crystals has been studied using optical absorption. In crystals activated by two
Lantha“fde heterogeneous lanthanides and grown in reducing conditions, one of the lanthanides becomes bivalent whereas
ss:s:g‘;::py the other lanthanide remains trivalent. Illumination of the crystal in the ultraviolet bands led to the transfer of
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electrons from divalent lanthalides (Eu, Yb, Sm) to trivalent ions (Ho, Nd, Dy, Tm, Sm, Yb). The thermal ioni-
zation energies to the conduction band of created lanthanides are determined from the thermal bleaching curves
of absorption bands. The experimental energies are compared with the estimated energies of the Dorenbos

1. Introduction

Crystals with double activation of heterogeneous lanthanides are
used as long-afterglow phosphors, up-conversion phosphors, thermo-
luminescent phosphors and others, which require advanced studies of
electron transfer between lanthanides.

For the first time, the phototransfer of an electron from the Eu** ion
to the Sm®* ion in crystals CaF,, SrF,, BaF, was discovered by P.
Feofilov (1961). Electron phototransfer has been studied in most detail
in BaF,-Eu-Sm crystals. About 2/3 of the initial value of the Eu®** ab-
sorption bands were photo-bleached with proportional increase of the
Sm?* bands. The reverse thermal recovery occurred after heating to
400-600°C with the restoration of the initial absorption spectrum
(Feofilov, 1961). Reversible photo-transfer of electrons between rare-
earth ions Sm, Tm and Eu in CaF, was found also in papers (Welber,
1965a, b). Thermal bleaching of induced absorption bands in pairs of
Eu®*-Ln* ions (where Ln is Nd, Sm, Dy, Er, Ho) during heating with
constant rate was investigated by Arkhangelskaya in CaF, and SrF,
crystals. The thermal ionization potentials of a number of divalent
lanthanides were determined from the thermal bleaching curves
(Arkhangelskaya et al., 1969).

Later, the processes of photo-ionization and electron capture in Eu-
Sm pairs in SrF, and BaF, were studied in detail by McClure et al. (Mou
and McClure, 1993; Fuller and McClure, 1990, 1987; McClure, 1996).

In the study of electron transfer between lanthanides
Lnd* + Lnd*™ 2 Lntt + Ln?t, it is proposed to call the lanthanides Ln,
(Eu, Yb) trapping electrons from the conduction band as acceptors, and
the lanthanides Ln; (Ce, Pr, Tb) donating electrons to the conduction
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band as donors (You et al., 2012; Dorenbos et al., 2013). We study the
electron transfer Ln?* + Ln;* 2 Lni* + Ln}*. Electron phototransfer
occurs from one divalent lanthanide Ln?* through the conduction band
to another lanthanide Lnj*, which, after electron capture, becomes
divalent. Divalent lanthanides with a lower ionization energy will be
called donors, and divalent lanthanides with greater ionization energy
will be called acceptors. Therefore, we call the less thermally stable
lanthanides Ln3* (Er, Ho, Nd, Dy, Sm, Yb) as donors and the stable ones
Lni* (Eu, Yb, Sm) as acceptors.

The main topic of the present paper is to establish the processes of
electron transfer between different lanthanides and to determine the
positions of ground levels of several divalent lanthanides against con-
duction band of BaF, crystals.

2. Experimental

Crystals were grown in vacuum in a graphite crucible by the
Stockbarger method (Radzhabov et al., 2012). The graphite crucible
contained three cylindrical cavities with a diameter of 10 mm and a
length of 80 mm, which made it possible simultaneously to grow three
samples with sizes @10 x 50 mm with different amounts of impurity. A
few percent of CdF, were added into raw materials for purification from
oxygen during growth.

Absorption spectra in the range of 190-3000 nm were measured
using a Perkin-Elmer Lambda-950 spectrophotometer. The absorption
spectra in the vacuum ultraviolet region were measured on an home-
made set-up with a VMR2 monochromator (LOMO). The light source
was a discharge deuterium lamp L7293-50 with a MgF, window

Received 21 October 2018; Received in revised form 17 January 2019; Accepted 23 January 2019

Available online 28 January 2019
1350-4487/ © 2019 Elsevier Ltd. All rights reserved.


http://www.sciencedirect.com/science/journal/13504487
https://www.elsevier.com/locate/radmeas
https://doi.org/10.1016/j.radmeas.2019.01.013
https://doi.org/10.1016/j.radmeas.2019.01.013
mailto:eradzh@igc.irk.ru
https://doi.org/10.1016/j.radmeas.2019.01.013
http://crossmark.crossref.org/dialog/?doi=10.1016/j.radmeas.2019.01.013&domain=pdf

E.A. Radzhabov, V.A. Kozlovsky

(Hamamatsu), the radiation detector was a solar-blind FEU-142.

BaF, crystals were grown with double activation of lanthanides of
one group (Eu, Yb, Sm) and lanthanides of the other group (Nd, Sm, Dy,
Ho, Er, Tm, Yb). Europium is an absolute acceptor, while Yb, Sm can be
both donors (with respect to Eu?") and acceptors (for the remaining
lanthanides). Donor and acceptor lanthanide impurities LnF; were in-
troduced in equal concentrations with levels of 0.01, 0.03, 0.1 mol. %.

In few cases, the crystals contained both lanthanides in the trivalent
form. With the help of additive coloration, a significant part of accep-
tors became divalent (Radzhabov, 2018; Radzhabov et al., 2017), while
donor lanthanides remained trivalent. The only exception is the Eu-Sm
pair, which is characterized by the coexistence of Eu>* and Sm?* even
after heating to 500-600 °C (see also (Feofilov, 1961; Mou and McClure,
1993)). At the same time, in the BaF,-Yb-Sm, with a smaller difference
in the ionisation energies, only Yb?* were observed.

The study of thermal bleaching of divalent lanthanide bands was
carried out as follows: the crystals were heated to a certain tempera-
ture, kept for 3min and cooled to room temperature, at which the
absorption spectrum was measured. The temperature of the subsequent
heating increased by 20°. Compared to measurements at a constant
heating rate (Arkhangelskaya et al., 1969), the measurement procedure
used by us eliminated errors due to temperature broadening of the
absorption bands. Consequently, in our studies of thermal bleaching,
the effective heating rate was 0.11 K/s.

The relative efficiency of electron phototransfer and the tempera-
ture dependence of the back thermal transfer between lanthanides de-
pended weakly on the impurity concentration.

3. Results
3.1. Electron phototransfer

We observed the photo transfer of an electron by the transformation
of absorption bands in crystals with acceptors Eu, Yb, Sm and donors
Nd, Sm, Dy, Ho, Er, Tm, Yb. The largest transformation of the bands is
obtained in crystals with the acceptor Yb?*. Electrons Yb?* were ef-
fectively photoionized by the light of a mercury ozone lamp having
main working lines at 185 and 254nm. Fig. 1 shows the photo
bleaching of the bands of Yb®* ions at 354, 240, 189 nm and the for-
mation of bands of Sm?* ions. The absorption spectrum Sm?* is shown
by curve 3. During heating the Sm?* bands are completely destroyed,
restoring the initial absorption of Yb?>*. In contrast, in BaF,-Eu-Sm
crystals, even after high-temperature annealing, an equilibrium ratio of
concentrations of Eu?*- Yb2" is remained (see also (Feofilov, 1961)).

BaF,-Yb-Nd crystals after photobleaching with an ozone lamp take

1,0+ .
1 1-BaF,-Yb-Sm ]
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_ 3- BaF,- Sm™* 1
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Fig. 1. Absorption spectra of BaF»-0.1 mol%YbF3-0.1 mol%SmFj crystals before
(1) anf after ultraviolet illumination (2). For comparison, the normalized ab-
sorption spectrum of Ban—Sm2+ is given (3).
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Fig. 2. Absorption spectra of BaF,-0.1 mol%YbF3-0.1 mol%NdF; after ultra-
violet illumination and subsequent heating to specified temperatures.

on a brown color. The induced absorption bands in the range of
400-1800 nm (Fig. 2) belong to the Nd®* ions (Arkhangelskaya et al.,
1967). In BaF,-Yb-Nd crystals, the thermal stability of Nd** ions (see
Fig. 2) coincides with the stability of Nd** in radiation-coloured BaF,-
Nd crystals (Basiev et al., 1992), which is obviously due to the thermal
ionisation of the electron in both cases.

The study of photo- and thermal electron transfer in BaF,-Eu-Yb
crystals turned out to be the most difficult, due to the fact that the
absorption bands of divalent lanthanides Eu and Yb overlap strongly.
The initial absorption spectrum of BaF,-Eu-Yb (Fig. 3) contains only
Eu?* bands. After photobleaching with light of 254 nm, the Eu®>* bands
are partially reduced and the Yb?* bands appear (see Fig. 3). In this
case, the thermal destruction of Yb%" was controlled over a band of
189 nm (see Fig. 3).

3.2. Thermal bleaching of absorption of divalent lanthanides

When the photo-bleached crystals were heated, the bands of diva-
lent donors decreased (Fig. 4) and the bands of divalent acceptors re-
covered.

It can be assumed that after the thermal release of the electron from
the donor, it returns to the acceptor without re-capture by other donor
ions, since the concentrations of acceptors and donors are the same.
Consequently, the curve of thermal bleaching of donor absorption
bands can be described by the kinetics of the first order (Randall and
Wilkins, 1945):

3,01 1
1- BaF,-0.1% EuF _-0.1% YbF, 0.86mm
25] 2- BaF2-Eu-Yb illuminated 254 nm
3- BaF - Yb™'
2,01
o
O 1,54
1,03
0,5
0,0 . —
200 300 400
A, Nm

Fig. 3. Absorption spectra of BaF,-0.1 mol%EuF3-0.1 mol%YbF; (1, 2). For
comparison, the normalized absorption spectrum of BaF,-Yb?™ is given (3).
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Fig. 4. Thermal bleaching curves for long-wavelength absorption bands of
BaF,-Yb-Re crystals and absorption at 189 nm for BaF,-Eu-Yb. The measure-
ments were performed at room temperature after warming up for 3 min at the
indicated temperatures. Thermal bleaching curves are calculated for the 1st
order process (see text).

N= Noexp(—%f exp(—%)dT)

where s/f is the ratio of the frequency factor to the heating rate, E is the
energy of thermal ionisation of an electron,k is the Boltzmann constant,
T is the absolute temperature.

In order to avoid the uncertainty of the choice of two parameters in
the description of the thermal bleaching curves, we additionally mea-
sured the ionization energy using isothermal annealing. In this case
T = Tpexp (%), where the 7 is lifetime of the donor lanthanide at con-
stant temperature, E in our case is the ionization energy. Measuring
isothermal bleaching at several temperatures, we obtain ionization
energy from Arrenius plot in coordinates In(r) vs 1/T (Fig. 5).

For Nd?*, Tm?®* and Yb?*, we determined ionization energies of
0.83, 1.18 and 2.14 eV. The error in determining the ionization energy
in all cases is less than 0.08 eV. With consideration of the thermal
bleaching results (see Fig. 4), the values of s/ are 7-10° for Nd?*,
Tm?* and 10" for Yb?>*. Assuming that the frequency factor for Ho**,
Dy?* is the same as for Nd®*, Tm?* and frequency factor for Sm?™ is
the same as for Yb?", we obtained from the fitting of thermal bleaching
(see Fig. 4) the ionisation energies for the remaining lanthanides
(Table 1). One would expect a gradual change in the frequency factor
with increasing ionization energy from Ho to Yb. However, taking into
account the experimental ionization energies, the calculated curves of
thermal bleaching are better described by a jump in the frequency
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Fig. 5. Isothermal bleaching for Yb** absorption at 190nm of BaF,-Eu-Yb
crystal. The insert shows the Arrhenius plot to determine the ionization energy
Yb>*.
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Table 1

Comparison experimental and modelling ionisation energies of divalent lan-
thanides in BaF,. Model energies are taken from the article (Dorenbos, 2003)
and refined according to the paper (Dorenbos, 2013).

Ln** T1/2 E(eV) Model(eV)
Er <295 0.52
Ho 336 0.725 0.70
Nd 373 0.83 0.58
Dy 400 0.89 0.83
Tm 515 1.18 1.38
Sm 695 1.87 1.85
Yb 823 2.14 2.67

factor from Tm to Sm (see Fig. 4). The reason for this is unclear.

3.3. Urbach constant

The proportionality of the depth of the trap (in eV) and the tem-
perature of the maximum of the associated peak of thermoluminescence
was noted by Urbach (1948) in the form: E = %’“ where the value of
A =500 (K/eV).

This Urbach formula can be rewritten as (Bos, 2017): E = C,-kT,,
where k is the Boltzmann constant, and C, is another form of Urbach
constant. The Urbach constant in this form is dimensionless. Since the
temperature T - is only few degrees lower than T,,, the Urbach formula
can also be used for thermal bleaching.

In our case, the Urbach constant A is equal to 400 (K/eV) (or in the
dimensionless format C, = 29.0). The experimental values deviate from
the linear dependence by 0.1-0.15eV (Fig. 6), which indicates the
applicability of the Urbach formula for estimating the ionization en-
ergies of divalent lanthanides in BaF, from the temperature T, ,, (and
possibly from the thermoluminescence peak).

4. Discussion

Knowledge of the position of lanthanide levels in the band diagram
of crystals is extremely helpful in understanding many phenomena
(Dorenbos, 2017). The positions of the levels can be estimated with an
accuracy of 0.1-0.2 eV, knowing the position of one or several lantha-
nides relative to the crystal zones (Dorenbos, 2004; Rodnyi et al.,
2008). The positions of the levels of divalent lanthanides in crystals
have been investigated by the thermoluminescent method in a number
of papers (You et al., 2012; Bos et al., 2011; Bos, 2017). Our studies of
electron transfer between lanthanides by absorption spectra have a
certain advantage over thermoluminescence studies, where there is no
direct identification of the nature of traps.
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12

Fig. 6. Experimental trap depth E as a function half-thermal bleaching tem-
perature for divalent lanthanides in BaF,.
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Fig. 7. Experimental thermal ionisation energies against model energies. Model

energies are taken from the papers (Dorenbos, 2003, 2013). Line indicates di-
rectly proportional dependence of experimental and model energies.

In accordance with our results, the temperature of the half thermal
bleaching of T;,, and the depth of the ground level E increase in the
series Er, Ho, Nd, Dy, Tm, Sm, Yb. The same order of growth of Ty 5
temperature is defined earlier for Er, Ho, Nd, Dy in crystals CaF, and
SrF, (Arkhangelskaya et al., 1969). However, in the Dorenbos model,
the order of the levels of divalent lanthanides is slightly different - Er,
Nd, Ho, Dy, Tm, Sm, Yb (Dorenbos, 2013).

There is a linear relationship between the experimental and model
values of the ionisation energies (Fig. 7). Experimental energies corre-
late well with model energies. The largest discrepancy is observed for
Yb and to a lesser extent for Nd (see Fig. 7).

5. Conclusion

Electron phototransfer from divalent Eu?>*, Sm**, Yb®* ions to
trivalent ions Er**, Ho®**, Dy®>*, Nd®*, Sm®", Yb®* ions was studied
in BaF, crystals. Thermal bleaching of bands of divalent donors is well
described by the first-order kinetic. The experimental energies of re-
verse thermal recharge are correlates well with energies estimated by
the Dorenbos model (Dorenbos, 2003, 2013).
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