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Ce”+ energy levels in alkaline-earth fluorides and 
cerium-electron, cerium-hole interactions 

R Visser, J Andriessen, P Dorenbos and C W E van Eijk 
Radiation Technology Group. Department of Applied Physics, Delft University of Technology, 
Mekelweg 15,2629 JB Del& The Netheriands 

Received 26 April 1993 

Abstract The energy levels of tiuee cerium e n -  in CaF2. SrF2 and BaFz weie calculated m 
Ihe framework of the relativistic D i ” w - F o c k  formalism. In this study cerium was Ia!ea 
to be in various ionic states and lanice relaxation was included. The centres were the following: 
the charge-uncompensated cerium centre (Ce) and two Charge-compensaIed Cerium cenm. ?he 
chargecompensaring fluorine ion w& situated at Ihe (111) next-mt-neighbour interstitial 
site (CeF.,) or at the (103) nearest-neighbour interstitial site (CeF.,). We did not work with 
crystal field parameters. our method being ab initio. The resulIs are compared with a variety of 
experimental dak Relaxation of Ihe lauice around Ihe cerium cenms is crucial for the results. 
F m  the location of Ihe eueigy levels, we conclude that only frivalent and teuavalent cerium 
centres are stable in Ihe alkalineearth fluorides. If free elecmons are present only the +valent 
cerium cenue is stable. ?he divalent centre without charge compensation is metastable. This 
is in agreement with experiment. F&, it is found that excitation of bivalent cerium centres 
by capture of an eleemn and a hole at lhe cerium ion is improbable. This agrm with earlier 
&Nations of the scintillation decay of &+doped BaFz. 

1. Introduction 

If in a pure crystal one excites electrons from the valence band into the conduction band, 
often de-excitation does not occur by direct recombination of free electrons in the conduction 
and holes in the valence band. Instead, the recombination involves intermediate states. One 
such intermediate state is the exciton, i.e. a state in which the electron and the hole am 
bound to each other due to their Coulomb attraction. The existence of such intermediate 
states is very important for the decay kinetics of the doped crystal. As an example BaFz 
doped with Ce3+ may be mentioned, in which the x-ray excited Ce3+ luminescence is for 
a large part due to energy transfer from the self-trapped exciton to Ce3+ ions 111. As a 
result, the effective decay time of the Ce3+ luminescence in the < I  mol.% doped crystals 
is affected by the 63011s decay time of the BaFz exciton [2,3]. Therefore it is considerably 
slower than the 27 ns intrinsic decay time of the Ce3+ centre in BaF2 [ 11. 

For scintillator materials applied in environments with high count rates or in time-of- 
flight detectors this lengthened decay time may be a serious drawback. Therefore, we are 
interested in luminescence processes where intermediate states do not seriously lengthen the 
Ce3+ decay time. The simplest such process is the e t h +Ce3+ energy transfer process. 
It involves capture of a free electron (or hole) into the Ce3+ centre, forming a Cez+ (Ce4+) 
centre, followed by capture of a free hole (electron), which results in an excited Ce3+ centre. 
which subsequently decays radiatively. This process is not liiely to wcur if, for instance, 
the energy of the Ce3+ centre together with that of the free electron (hole) is lower than the 
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energy of the Cez+ (Ce4+) centre. For this reason, we performed the present study, in which 
we calculate the energy levels with lattice relaxation of several cerium centres in alkaline 
earth halides. The results give us some understanding of why the e + h +e+ process is 
so weak in BaFz. Similar calculations are planned for the future in order to lind materials 
in which this process is predominant, resulting in a fast decay of the Ce3+ luminescence 
and a high light yield. 

2. Theoretical approach 

For the calculation of cerium centre energies we used three computer programs. The first of 
these is MOLFDIR. The M O ~ R  (molecular Fcck-Dim) package was developed recently by 
Nieuwpoort's group at of the Chemistry Depamnent of the University of Groningen [4]. The 
pmgram calculates the energy levels of molecules by the Hartree-Fock method in the LCAO 
approach using Gaussian-type electronic orbitals. The new aspect of the approach is the 
use of completely relativistic 4-component wavefunctions. This is necessary for obtaining 
a reliable description of the 4f shell and fairly correct energy levels. The basis set for Ce"' 
consisting of so called large component and small component parts was obtained as follows. 

The uncontracted 18s/15p/12d/8f large-component part was taken from the work of van 
Piggelen [5 ] ,  who has calculated non-relativistic basis sep for all triply ionized rare-earth 
ions. This set was extended with two d-type orbitals obtained by a fit to numerical results 
of the isolated Ce"+ ion. The small-component 15s/18p/15d/12f/8g basis was constructed 
from the largecomponent basis, using the extended kinetic-balance principle [6]. Similarly, 
we constructed the fluorine basis set from the contracted 43/31 basis for F- given in 171. All 
nuclei were approximated by point charges. The Breit interaction was neglected, because 
this interaction is only important for the inner shells. The calculations were done on a 
Cray Y-MP 4/64 supercomputer at SARA, Amsterdam. 

The second package was GAUSSIAN goM [SI. This is a non-relativistic molecular 
program. It was used in those cases where relativistic effects play a minor role. The 
basis sets were taken from [7]: 43222/42211/422/1111 basis for cerium and 43/31 basis for 
fluorine. 

The third package was HADES II. The HADES 11 (Hanvell automatic defect examination 
system) program was developed at Hanvell Laboratory, Oxfordshire, England. It calculates 
the minimum energy configuration of a defect in an infinite lattice. Interactions between the 
lattice constituents have to be supplied to the program in the form of parameters describing 
their polarizability and mutual repulsion. The polarizability is accounted for by representing 
the ions as point charges (cores), surrounded by charged spheres (shells) attached to the 
cores by harmonic springs. The repulsion is included as a potential acting between shells 
of different ions. More about the program can be found elsewhere, where both detailed [9] 
and brief [IO] descriptions are given. 

The MOLFDIR code is well suited for calculating detailed energy level structures. 
However, for a large number of atoms, calculations become lengthy and expensive. 
Therefore, MOLFDlR was used to calculate the energy levels of a relatively small cluster 
of ions containing cerium. The HADES II program, on the other hand, is well suited for 
calculating the relaxation of an infinite lattice, but is incapable of calculating energy level 
structures. Therefore, in order to obtain the energy levels for the infinite system, MOLFDIR 
and HADES II calculations were combined. The principle of the method of calculation is 
described below. 

Using MOLFDIR we simulated the cerium centre by a CeFg cluster, placed into a point- 
charge fluorite-type lattice. In this lattice, the cation-nearest fluorine distance r b F n  is 



Ce"+ levels in alkaline-earth fluorides 5889 

2.68A exactly. We will call this lattice the pc lattice. The CeFg cluster embedded in this 
lattice is shown in figure 1. In the MOLFDIR calculations, the FT lattice, which is virtually 
infinite, was represented by spherical shells around the CeFs cluster, containing 406 point 
charges. The value of the paint charges in the two outer shells were adjusted such that 
the correct Madelung potential is obtained at the cerium and fluorine sites in the clustec 
17.602eV and 9.470eV respectively. 

Ceion F- pointchqes 

Piire 1. The CeF8 duster embedded in a unit cell of 
the FC lanice. as used in the MOLFDIR calcnlations. ?k 
nearest-neighbour miortanion 01 point-chge distance 
is 2.68 A exactly. 

- 
In the real alkaline-earth fluoride lattice, the distance will generally differ h m  

2.68A. Therefore we also did MOLFDIR calculations for the configurations of figure 1, but 
with the eight nearest-neighbour fluorine ions radially displaced by a certain amount in order 
to get a curve of the total energy of the system as a function of ra-F.. 

Each of the MoLmrR-calculated energy against ra-Fn curves were reproduced in a 
HADES I1 calculation. As in the MOLFDIR calculation, we simulated eight fluorine ions 
around a cerium ion, surrounded by the fixed paint charges of the pc lattice, which have 
only Coulomb interaction with the ions. The HADES 11 input parameters for the cerium- 
fluorine repulsion were chosen such that, apart from a difference in zero-point energy, the 
HADES II energy curves were the same as the MOLFDIR results. 

Using the repulsion parameters obtained in the HADES 11 p r o p ,  the cerium centre was 
then simulated in a relaxing real alkaline-earth lattice instead of the fixed FT lattice. Fmm 
this, the lattice relaxations and the energies associated with it were obtained. 

For accurate results it is necessary that the MOLFDIR predictions are sufficiently close 
to reality. A check for this was provided by comparing M O m I R  calculations of the free 
cerium ions to the energy levels known from experiment [ll]. It tumed out that MOLFDIR 
results for energy levels have to be corrected. Details are. given in the next section. 

3. Resulk 

The calculations can be divided into three classes. First, energy levels of a small set of ions 
(Ce or CeFR) simulating the cerium centre are calculated using the MOLFDR package. This 
was done for the Ce"+ states, where n = 2, 3 or 4 (section 3.1). 

Second, for the interesting states the total energies were calculated for several values of 
the cerium-fluorine distance. re-Fm. For reasons of economy, this was done with M O m I R  
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for a small number of distances. This was extended by additional calculations using the 
GAUSSIAN program. From the results obtained, for each of the states the cerium-fluorine 
repulsion input parameters for the HADES 11 code were determined (section 3.2). 

Third, the HADES II program was used to obtain the energy levels of the cerium centres 
including lattice relaxation in the l d c e  of W z ,  SrFz, and BaFz. Also, the influence of a 
charge compensating interstitial fluorine ion was considered (section 3.3). 

3.1. Energy levels of the Ce(F8) cluster calculated using MOLFDIR 

Initially, the energy levels of the free C@, Ce3+ and Ce4+ ions were calculated. For each 
electronic configuration of an ion, the energy levels can be described by the mean energy of 
the configuration (weighted by the degeneracy of each level belonging to the configuration), 
and the position of the level relative to this average value. The average energy of, say, the 
4f5d configuration of Ce2+ was calculated by running the self-consistent field (SCF) part of 
the MOLFDIR package for 1/12 electron in each of the fourteen 4f states and ten 5d states. 
In the SCF run, the 4f and 5d wavefunctions were optimized for minimal average energy 
of the mixed 4f2, 4f5d. 5d2 configuration. Using these wavefunctions, a configuration- 
interaction (CI) calculation was performed, which yielded the splitting of the 4fL, 4f5d and 
5d2 configurations into terms. This calculation will be referred to as the 4f, 5d run. We also 
did a similar calculation but with only In electron in each of the 14 4f orbitals: the 4p 
run. Of course, here only 4f2 terms were calculated and the 4f orbitals will be somewhat 
different from those obtained in the 4f, 5d run. 

For the Ce3+ ion, no CI calculation was necessary and the term energies relative to the 
average term energy are simply the 4f and 5d orbital energies relative to the average orbital 
energy, calculated by SCF if 1/14 electron was put into each of the fourteen 4f orbitals (4f 
run) or 1/10 electron in each of the ten 5d orbitals (5d run). An estimate of the accuracy 
of the above average-occupation calculations was obtained by also running C$+ for the 
SdeF, and 5d t2 (F, + Ezg) crystal field-split states separately. The resulting energies were 
0.10f0.02eV lower, which is due to the better optimization of the wavefunctions for each 
separate state. Finally, for the Ce4+ ion we only calculated the 'SO ground-state energy. 

Table 1. MOLmlRcalculated average energies of lhe free cerium ion ((E!)),  cerium embedded 
in the pc lanice ((E&)) md lhe CeFa cluster embedded in the pc lattice ((E&)). Energies 
are given in atomic units ( I  au = 27.211396eV = 219474.63cm-'). The valence electrons 
were forced to occupy each open shell orbital with equal pmbbilify. 

Ion Config. Run (E!) ( E W  (E&) 
&+ 4P 4P -8860.60918 -8946.25900 -9741.25833 

4f2 4f. 5d -886057515 -894622ASO -9741.22481 
4f5d 4f. 5d -8860.65508 -8946.30660 -9741.29545 
Sd' 4f. 5d -8860.44273 -8946.09484 -9741.0828 

5d' 5d' -8859.79617 -8946.09363 -9741.11697 
G 3 +  4f' 4f1 - 8 8 ~ 9 . ~ 3 7 2  -8946.~9039 -9741.31396 

Ce4+ 49 4@ -8858.71237 -9740.78169 

Having calculated the free-ion energy levels, we subsequently placed the cerium ion 
into the pc lattice. After calculation of the energy levels in this case, where the only effect 
on the cerium energy levels is due to Coulomb interaction with the surrounding lattice, we 
replaced the eight nearest-neighbour point charges representing F- ions by real F ions. 
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This is the situation shown in figure 1. The results obtained from calculations for these 
three cases, i.e. free. cerium ion, cerium ion embedded in the pc lattice and CeFg cluster 
embedded in the FC lattice, are shown in table 1 (average energies of the configurations) 
and figures 2 and 3 (term energies relative to the average). 

- 4 -  

4 - -  
-l12F%; , ;; ; 1 - 6 -  

-8 

-2 -10 

F6 - - 

I I 

It is interesting to calculate from  table'^ the change in energy difference between the 
electronic configurations, on going from the free. ion via a point-charge environment to the 
CeFg cluster situation. If there is no electronic or lattice relaxation, for cerium incorporated 
in the lattice the energy difference A E  between a C@ state and a Ce3+ state differs from 
the corresponding value in the free ion by the Madelung energy at the cerium site, which 
is 17.602eV. The same holds for the energy difference AE between Ce3+ and Ce4+ stab. 
Table 2 shows that this is practically the case for the point-charge environmenr but certainly 
not for the CeFg configuration. Here, the energy difference AE between a Ce"+ state and 
a Ce'"+'lf state is enhanced. This is due to electron relaxations involving the fluorine 
electrons, which is strongest for the higher charged cerium ions. Table 2 shows that the 
effect is of the order of electron volts, 

The uveruge energies in table 1 of each free-ion electronic configuration can be compared 
with experiment by making use of the data compiled in [Ill. This comparison is made in 
table 3. The difference between the calculated and experimental average energies is of the 
order of a few eV. We mention two reasons for this deviation. First, the orbitals used are 
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Flgure 3. (a) Ce2+ 4? energies. The weighted average is at zero. Shown are expimental 
free-ion levels (a) and hiomiRcalculated levels of the fne ion (b), &+ ion in the FC lattice (c) 
and CeFg in the pc lattice (d). The levels b. c and d are calculated in the 4? run. The levels e, 
f and g ye the respective results f” the 4f. 5d run. The levels h are the g levels, c m t e d  for 
differences between a and e. Along the abscissa the energy levels b41 are separated according 
to their Mulliken symmepy species ( A i ,  A2. E ,  TI and T2). (b) &+ 4f5d energy levels. The 
weighted average is at m. Shown are experimental free-ion levels (a) and MOmIu-caldakd 
levels of the free ion (b), the Ce2+ ion in the FC lanice (c) and (d) the CeFg cluster in the FC 
lanice. The levels b. c and d are obtalncd f” the 4f. 5d run Levels e are as d but corrected 
for differences be- a and b. Energy levels f a re  calculated by Alig and cc-workem for e+ in a cubic field corresponding ta Dq = 1120cm-l 1121. (c) &+ 5d2 energy levels. The 
weighted average is at zero. Shown are experimental free-ion levels (a) and hiomrn-calculated 
levels for the free ion (b). the Ce2+ ion in the pc lattice (c) and the CeFg cluster m the FC lattice 
(d). Levels b. c and d are obtained from the 4f. 5d Nn Levels e are as d but corrected for 
differences between a and b. 

not really optimal. This is illustrated by the fact that the 4 p  energy calculated in the 4p 
run is lower than that calculated in the 4f, 5d run. This is because the 4f wavefunctions 
calculated in the 4f2 run are better: they are optimized for minimum average 4f energy, 
whereas in the 4f, 5d run they are optimized for minimum energy of the average of all 4p, 
4f5d and 5d2 terms. Second, CI interactions with states lying at higher energy than the 4f 
and 5d states are not included in the calculation. This correlation energy will be largest 
for those states where the electrons are nearest to one another. Hence, one expects that 
the Ce2+ 4 f  configuration will come out too high by a larger amount than the G?+ 4f5d 
configuration, which is indeed the case. 

We may also compare the calculations of the freeion term energies relative to the 
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Table 2. Relative configuration encrgy shifts A(Eg,pc)  - A(E?) and A(E&! - A ( E y )  
(in eV). A ( E )  is the difference kiween the average energy of the cerium ConKguraUon and that 
of Ce'+ 4f in the same environment (E!), (E.!&) and (E&). are the MOLFDlRdcUlated 
average energies of cerium as a free ion, emtedded in the pc lamce and in lk &Fa clnster 
embedded in the pc lanice. respeclively. 

Ion Config. Run A ( E g p C ) - A ( E F )  NE&) - A ( E , M )  
ce2+ 4P 4f2 17.602 18.261 

4P 4f.5d 17.606 18.247 
4f5d 4f.5d 17.555 18.500 
5d2 4f.5d 17.539 18.517 

Ce3+ 5d' 5d' -0.021 -0.015 

ce4f 4P' 4P -20.383 

Table 3. Free-ion average ene@es of each elecuonic configuration. Shown are calculated 
values ( ( E r ) )  and values obrained f" experimental data [I 11. Tke energies are in eV and 
relative io the energy of the Cedi inn. Depnding on the way the calculations were performee 
the theoretical values varied within aboui 2 m V  of the values shown. 

Ion Config. Run Calculated Experimenlal 
ce2+ 4P 4P -51.615 -56.009 

4P 4f. 5d -50.689 -56.009 
4Kd 4f. 5d -52.864 -55.889 
5d2 4f. 5d -47.086 -51.156 

Id '  5d' -29.492 -30.406 
ce3+ 4fl 4f' -34.867 -36.598 

ce4' 4P 4P 0 0 

average with experiment [l I]. This is easily done by comparing the levels denoted a and b 
at the abscissa of figures 2 and 3. Theory and experiment coincide nicely for CGf (within 
10%: see figure 2). but somewhat less well for Ce2+ (within 30%: see figure 3). 

The above comparison with experiment shows that to obtain the cerium energy levels 
accurately, a correction to the calculated values is necessary. We did this by adding 
the difference between each calculated free-ion level and its corresponding experimental 
equivalent, to all levels of CeFs in the pc lattice corresponding to this level. For example, 
in figure 3(a) the first (lowest) A I  level fmm below in the 4f configuration was associated 
with 3H4, the second with 3&, the third with 3F4, etc. By this correction procedure, all 
calculated energy levels of the free cerium ions were made to coincide with experiment. 
The term splittings of cerium in the pc lattice were not changed, which is only correct if no 
levels of the same symmetry are near the level to be corrected. For most levels of interest 
(especially the lower levels) this condition is satisfied. 

The corrected energy levels are also shown in figures 2 and 3. The corrections of the 
Cez+ levels were applied to the results of the 4f, 5d run. For the 4f5d configuration of 
Cez+ we compared the corrected energy levels to crystal field calculations performed by 
Alig and co-workers [ 121. The best fit to their calculations is found for Dq = 1 IZOcm-' in 
the cubic field. The corresponding energy levels are shown in figure 3(b). The difference 
between these levels (f) and our corrected calculated levels (e) is not larger than about 
1000cm-'. We note that in the crystal field calculations of [12] empirical parameters were 
included such that the free Ce2+ 4f5d levels (Dq = 0) coincide with the experimental ones 
within about 2oOcm-'. Then the crystal field strength (i.e. Dq)  was varied in order to 
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obtain coincidence with experimental observations. In our calculation, no fitting of the field 
strength is necessary, since this is directly calculated. In this connection it is interesting 
to note from the splittings thar especially for the Ce3' 5d and the Ce2+ 4f5d and 5d2 
configurations, the effective crystal field introduced by paint charges around the cerium 
ion is considekibly less than that introduced by an environment with real nearest-neighbour 
fluorine ions. 

We also compared the lower 4fz levels to results of Alig and co-workers [12]. For 
B4 = - 7 0 0 ~ m - ~  the splittings of the 3Hq and 3H5 terms agreed within 30cm-'. For the 
3& and 3F2 terms we found larger splittings than in [12]: agreement was within 70cm-' 
for 3& and 130cm-' for 3F2. 

3.2. HADES II input parameters 

In the preceding section we were concemed with cerium ions surrounded by other ions 
and/or point charges at .fixed positions, characterized by a cerium-nearest-fluorine distance 

= 2.68 8, exactly. In general, cerium centres in alkaline-earth halides will not look 
like that. Therefore, we need to know what happens to the energy levels if re+. becomes 
different from 2.688,. . This information can then be expressed in terms of HADES 11 input 
parameters, and so cerium centm can be simulated. 

The HADES II parameters we wish to determine are the two repulsion parameters A and 
p which describe the repulsion interaction V(r )  = A exp(-r/p) between the cerium ion 
and a fluorine ion. For each of the cerium centre energy levels calculated in section 3.1, 
the dependence on r e +  will be somewhat different, i.e. A and p differ for each level. In 
order to limit calculations, we have~chosen to calculate A and p for only the most interesting 
energy levels. These a& the lowest energy levels, which are (i) the Ce2+ 4f2 3H4 Tz level, 
(ii) the lowest Ce2+ 4f5dTz level, (iii) the &+ 4f2F5,2Fy level, (iv) the Ce3+ SdeF, level 
and (v) the Ce4+ ground-state level. 

For calculating the re+,, dependence of the energy levels at many different re-Fm 
values. we used the GAUSSIAN package. Since the outside of the cerium ions is dominated 
by electrons occupying 5d, 6s. and 5p orbitals, which can be described reasonably in a 
non-relativistic way, the error made by this was considered to be small. We checked this 
with a limited number of MOLFDIR calculations of the average configuration energy. For 
re-Fn E (2.558,. 2.81 8,) we found agreement within 0.08eV between the average Ce2+ 
4p energy calculated using MOLFDIR and GAUSSIAN. Agreement was within 0.05eV for 
the CeZ+ 4f5d average energy. In the range re+.  E (2.41 A, 2.68 8,) we found agreement 
within 0.05 eV for the Ce3+ 4f average energy. For Cd+ 5d we did more extensive MOLFDIR 
calculations; the results are shown in figure 4. The agreement between the MOLFDIR and 
GAUSSIAN calculated energies for the SdeF, state is within 0.02eV. 

A remark should be made~about the calculation of the rce-Fn dependence of the lowest 
Cez+ 4 f 5 d T ~  energy level. Avoiding lengthy calculations, we only calculated the average 
energy of the 4f5d levels. From this the dependence of the energy of the lowest 
4f5dTz level was obtained by adding the energy shift A& due to crystal field splitting. In 
cubic crystal fields, A& contains terms proportional to rF:-Fm and to r&TFn 1121. In our 
approximation, we assumed A& = Cr,&, with a p value equal to the one for the Ce3+ 
SdeF, state, which fmm figure 4 was found~to be 6.6f0.7. The constant C followed from 
the known crystal field splitting at re-Fn = 2.68 A (cf a and e in figure 3(b)). 

In the above way the re-.=. dependence of the lowest energy levels of each configuration 
were determined. From this we determined the A and p parameters for the cerium-fluorine 
interaction. This was done by performing HADES 11 calculations for the same system as 
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MOLFDR o 
GAUSSIAN 0 
HADESiT- 

\\ 

\ B - - A  
‘a--& Flgure 4. Ce* 5d energy levels as a function 

of the distance rcr-F.. Shown is the enegy of 
the CeFs cluster embedded in the FC latlice. The 
energy scale penains to the M o w m  c a l c ~ h t i o ~ .  
A consmt was added lo Ihe 5deFE state GAUSSIAN 
resulu for coincidence with MoLmm values. This 
was also done for the HADE U cwe, which was 
calculated using the CCrium-Huorine parameters 
A = 16 189eV and p = 0.2458717A. The -1- 

- neighbour fluorine ions were allowed to polarize. 
o.88 O.” ~ The broken c w e s  merely Serve as a guide to the _...:-’ /2.68 A eye. 

was used for the MOLFDIR and GAUSSIAN calculations, i.e. a CeFs cluster with varying 
distance ra-po. embedded in the pc lattice. The fixation of the pc lattice point charges 
was realized by working with artificial repulsion and polarization parameters. The fluorine- 
fluorine interaction parameters and the fluorine polarization parameters were taken from 
Catlow and co-workers [ 131 and are reproduced in tables 4 and 5. The interaction of the 
CeFp, cluster with the point charges is purely Coulombic. The A and p parameters for the 
repulsion between cerium and fluorine were then adjusted such that the ra-Fn dependence 
of the energy of the centre calculated by HADES I1 fitted the calculations using MOLFDJR 
and GAUSSIAN. The fits were accurate within 0.05eV or less in the re-rn ranges mentioned 
above. An example of such a HADES II fit is shown in figure 4. 

Table 4. HADES II repulsion parameters for the interaction between two fluorine ions. The 
parameleis are obtained I” [13]. The fluorine-fluorine interaction is of splme form. defined as 
A exp(-r/p) for r E (0. rd, a fiflh-ordm polynomial for r E (5. rm), a Ihird-order polynomial 
for r E (r.. ra)  and -C/rh for r E (7.. m). The polynomials are such that the fluorine-fluorine 
inleraction is continuous in function and the first lwo derivatives for all fluoriw-fluorine distances 
r and the minimum is at r.. Parameters are the same for CaFz. SrFz and -2. 

The A and p parameters obtained from the fits are given in table 6. The values of the 
parameters depend on the host lattice assumed, because for each host lattice the fluorine 
polarization parameters differ, as table 5 shows. In the procedure used for obtaining the A 
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Table 5. Shell-model polarimion pyameters for the host constituene 1131. l k  mmponding 
parameters for the d u m  ion were taken to be the same as for Ba*+. 

W* SrFz BaFz 
Cation shell charge (lei) 5.24 7.53 -16.99 

Cation spring constant (eV A-2) 390.9 530.3 1709.1 
Fluorine shell charge (le]) -2.38 -3.70 -1.59 
nnorine svrinz wnsmt (ev A-') 1012 252.4 43.5 

and p parameters we-assumed that the amount of fluorine polarization allowed by MOLmIR 
and HADES It were the same. The basis set used in the MOLFDR calculations is large, 
meaning that little polarization will be missing because of limitations of the basis set. 
Nevertheless, the basis set is not infinite and some error remains. To obtain an estimate 
of this error, we also considered the worst case by assuming that MOL" does not allow 
fluorine polarization at all. We will denote calculations under this assumption by 'no pol.'. 
The 'no pol.' HADES II parameters are obtained by fitting the MOL" energy against re-Fn 
cuwes with the extra condition of no fluorine polarization. These parameters are also shown 
in table 6. 

Table 6. Ceriumfluorine repulsion interactions V ( r )  = A exp(-r/p). Parametem are given for 
the lowestmergy sfale5 of d u m  in each electronic configuration. The p values are the same for 
each rrystal lattice, unless indicated otherwise. The parameers yield HADES n m e s ,  Coinciding 
with the MOLFDIR/OAUSSIAN calculations on the CeF8 cluster embedded in the pc lanice. For 
C e 2 + S  &lances between 2.G2.8 h and ce'+-F- OK Ce4+-F- distances between 2.62.1 A 
coincidence is within O.05eV. Shown are the HADES li parametem to be used in combination with 
the fluorine polarization parameters of CaF2, SrF2. and BaF2. and also if no fluorine polarization 
is allowed ('no pol.'). 

configuration p (A) A (ev) 
W Z  SrFz BaFz No pol. 

Ce2+ 4f* 03706526 8511 8010 9190 ni7.297 
Ce2+ 4f5d ~ 0.2499535 14470 14070 15615 134n.m 
Ce3+ 4f ' 0,2658732 8140 8140 8444 3809.444" 
Ce3+ 5d 0.245 8717 11245(b) 4519" 16189 3625.830(d' 
ce4+  0.2%1001 3570 3794 3356 4183.097 

(a) p =0.2952519A. 
(b) p = 0.2549954h. 
(c) p =0.2845617A. 
(d) p = 0.296 3948 A. 

33 .  Cerium-centre simulations using HADES N 

To calculate the energy levels of the cerium centres with lattice relaxation we used the 
HADES I1 parameters shown in tables 4-8. Apart from the cerium-fluorine repulsion 
parameters found in section 3.2. the parameters from [13,14] were used. For the lattice 
constants we used the room temperature values obtained from [15,16]. We considered 
three cerium centres: cerium charge-uncompensated (Ce) or accompanied by a charge- 
compensating interstitial fluorine ion at the (1 11) next-nearest-neighbour position (CeFm) 
or the (100) nearest-neighbour position (CeF,,,,). These cerium centres are shown in figure 5. 
Only the five lowest cerium states are considered (i) Ce2+4fz 3H4T2, (ii) &+4fSdTz (the 
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lowest). (iii) Ce3+4f2F5pF,, (iv) Ce3+5deFg and (v) Ce4+'S0 (ground state). In the 
following we will sametimes denote these states simply by (i) Ce2+4f, (ii) Ce2+4f5d. (Si) 
Ce"4f. (iv) Ce3+5d and (v) Ce4+. 

Figure 5. The three cerium centres considered: Ce. CeF, and CeFm. Tk origin is denoted 
by a crass: in the Ce centre it is at the cerium ion. Due Lo laltice relaxations. the ion positions 
will differ from those shown here. 

Table 7. HADES 11 repulsion paramem for the repulsive interactions A exp(-r /p)  between hosl 
cations and fluorine ions 1131 or cerium ions. Interaction paramten of Ihe hnsl cations with 
cerium ions were assumed to be the same as those for intestion with La3+ 1141. 

CaFl SrF2 B e l  
catior-fl"orine: 
A (ev) 1272.8 2298.5 5193.3 
P (A) 0.2997 0.2917 0.2795 

Catiowcerium: 
A (eV) 25549.6 14687.2 16050.9 
P (A) 0.2152 0.2431 0.2575 

TsMe 8. Room-temperatwe flumine-Ruorine nearest-neighbour distances (half the lanice 
wnstant a)  used in the HADES 11 calculations and the zm- and high-hequency relative dielecuic 
permiltivilies calculated for the three host lattices. 

CaFZ SrF2 BaFz 
012 (A) 2.731475 2.898 3.098 
f r , x  I .9995 2.0367 2.1845 
Wl 6.7558 6.1480 6.7383 

We now start to focus our attention on the centre with no charge compensation (Ce). 
To a first approximation, the energy of this centre is equal to the energy E& of the CeFs 
cluster surrounded by point charges, calculated using MOLFDIR. Two corrections to this value 
have to be made. First. as we have seen in section 3.1. a correction is necessary because the 
MOLFDIR value for the free cerium ion does not sufficiently coincide with the experimental 
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value. We will assume that this correction is independent of the surroundings of the cerium 
ion. Then in any surroundings the corrected energy .E%: is found from 

Here E r  is the MOLFDIR-Ca~CUlated free-ion energy and E: is the experimentally observed 
one. The corrected energies E:: are listed in table 9. 

Table 9. Correction of lk M O L F L I I R - C ~ ~ C ~ ~ ~ ~ ~  energy E& of lix CeF8 cluster in ihe pc 

lattice for differences between calculated (E!) and experimental (E:) I l l ]  b i o n  energies. 
All energies penain lo lk lowest sfale of each d e c k O N C  cerium configuration indicated. 

Ce configuration E& (au) EF (au) E:~(eV) E s t  - 883au (ev) 

Ce2+ 4f2 -9741.30786 -8860.65871 0 9.546985 
Ce2* 4f5d -9741,35709 -8860.68909 0.40625 9.440323 . 
Ce’+ 4f ~ -9741.32032 -8859.99974 20.1974 11.473 90 
Ce” 5d -9741.14639 -8859.80242 26.3640 17.’003 99 
ce4+ -9740.78169 -8858.71237 S6.9550 27.85733 ’ 

A second correction is required because of the replacement of the pc lattice surrounding 
the CeFs cluster by a relaxed alkaline-earth lattice. For this, the HADES 11 program was 
used. We calculated the following two defect formation energies. 

(i) ELFa. This is the formation energy of the CeF8 cluster in the perfect pc lattice. 
More precisely, it is the energy needed for removing one 2+ point charge and its eight 
surrounding I-  point charges from the pc lattice, putting the Cez+ and eight F- ions in 
their place, and subsequently allowing the eight fluorine ions to polarize according to the 
F parameters of the host material under consideration (CaFz. SrFz or BaFz, see table 5). 
In the ‘no pol.’ calculation fluorine polarization was not allowed. In neither calculation 
displacement was of any of the cores (nuclei) from the perfect pc lattice sites alIowed 
The results are shown in table 10. They depend on the fluorine parameters used (table 5). 
on whether or not the ‘no pol.’ assumption was used, and on the cerium parameters used 
(table 6). 

Table 10. The formalion energy E&, of the CeFs cluster in the pc lattice, calculated by HADES U. 
For cerium, the ~arametels ~ v e n  in table 6 were used. Polarization of the eight fluorine ions in 
the clusler was &owed in c-ombination with the cerium fluorine repulsion paiametels for CaF2, 
SrF2 and BG2. This polarization was not allowed in the ‘no pol.’ calculation: Energies are in 
eV. 

Ceconfiguration CaFz SrF2 BaF2 ‘Nopol.’ 

c e 2 +  4f2 3.090 2.936 3.249 2.846 
Ce2* 4Bd 2.260 2.218 2.387 2.132 
ce’+ 4f -15543 -15.646 -15.294 -14367 
a’+ 5d -15.840 -15.437 -15.769 -14.417 
Ce4+ -34.418 -34.388 -34.354 -31.527 

(ii) This is the formation energy of a cerium centre in an alkaline-earth halide 
lattice. More precisely, it is the energy needed for removing one cation (CaZt, SFt or BaZt) 
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from the lattice, putting a cerium ion in its place, and subsequently allowing relaxation and 
polarization of all ions. 

The total energy Em= of the cerium centre can then be written as 

(2) M.E - Ec" = E& + Eke. 
This expression was used for cerium in each of the five states considered in tables 9 and 
IO. 

Subsequently we considered the two charge-compensated centres CeF,, and CeF, and 
calculated and from this E,,m, in the two cases CaFz and BaFz. For all cerium 
centres, the resulting energies are given in table 11. Table 11 shows the energies of the 
cerium centre, where cerium is in the lowest state of each electronic configuration and in 
several lattice configurations. The lattice configurations are defined by the positions of all 
cores (nuclei) in the case that the lattice is in equilibrium with the cerium ion in one of 
the five states. We denote the lattice configurations by the symbol for the corresponding 
cerium state. For example, the C$+ 5d lattice configuration in combination with the Ce3+ 
5d electronic configuration is the minimum energy configuration, given the electronic state 
Ce3+ 5d. But the Ce3+ Sd lattice configuration in combination with the electronic CGt 
4f configuration is a situation in which all lattice cores are fixed according to the &t 5d 
electronic state, but the shells are relaxed in order to obtain minimum energy under this 
fixation. 

Both situations in this example are of interest Of course, one wishes to know the 
minimum energy lattice configuration given the e+ 5d electronic state; but the Ce3' 5d 
state can decay radiatively to the Ce3+ 4f elecmnic state. This process is fast and the 
nuclei (cores) are not considered to be displaced during this process, whereas the electrons 
(shells) are. Thus, the situation immediately after the decay is described by the Ce" 5d 
lattice configuration in combination with the Ce3+ 4f electronic state. 

In table 11, for the charge-uncompensated cerium centre in CaFz and BaF2, the 'no 
pol.' results are also shown. Comparing these to the corresponding results in table 11, 
for which it was assumed that MoLmIR includes all of the fluorine polarization, shows that 
typically the results do not differ by more than 0.6 eV. An exception to this is the Ce4+ 
state, for which results differ by up to 1.1 eV, The 'no pol.' calculation is the wont case, 
since most probably the larger parf of fluorine polarization is accounted for by the MOLFDIR 
calculations. This suggests that, due to i n c o k t  incorporation of fluorine polarization, an 
error of several tenths of an electron volt may be introduced in the energy data in table 11. 

This is supported by considering the ground-state energy differences between the (charge 
uncompensated) C$+ centre and the G3+Fm and Ce3+F, centres. For this, the energy 
E" of the isolated F; centre was calculated using HADES 11. From this and table 11 the 
ground-state energy E e ? +  + EF7 of the infinitely separated Ce3+ and centres is calculated 
Comparing this energy to the ECGIF~" and E ~ + F ,  ground-state energies in table 11 yields 
the energy needed for the reaction Ce3++F; +(Ce3+Fm or Ce3'FM). The results are 
shown in table 12. We may compare these reaction energies to the energies needed for 
the La3++5  +(La3+F,,,,,, or La3+FM) reactions, as given by Corish and co-workers [14]. 
Corish and co-workers do not report cerium results, but table I in [I41 suggests that Ce3+ 
and La3+ are very much alike. This comparison is also made in table 12. The difference 
between values found in [ 141 and by us is not more than 0.26eV. In table 12, experimental 
data are shown, too. These show fair agreement with calculations. 

Apart from the energy levels, we also obtained the positions of the ions. We only present 
the positions of the cerium ion, the interstitial fluorine ion F;, and the lattice fluorine ions in 

F i  
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Table 12. Energies EH of the interstitial fluorine mue calculated by HAD= U. Also given are 
the cwrdinales .c describing the positions (h, h, h) of the eight nearest-neighbow fluorine 
ions, if the interstitial fluorine ion is located at (0.0.0). The energy Ea% + Er of the isolated 

(from table 1 I )  and F; centres together, as well as the difference wilh the e+- of fhe 
Ce3tF,,,,,, and &+F, centres. are derived. At the b o m  of the table wmsponding formation 
energies for the La3+-F7 centres are reproduced from [14]. Energies are in eV and apply 10 
the ground stale of the centres. Values between brackels are experimental data 1171. 

+ 

Wz SrFz BaF2 
EH -2.177 -2.460 -2560 

x (A) 2.554 2.675 2.829 
Ee,+ - 883au + EF- 7.171 4.846 3.071 
E=I+F., - Ea,+  - E +  -0.181 -0.403 
Ee~+F, -Ee,+ -EF i  -1.067 (-0.79) -0.612 

Fi 

EU3+pn, - Eh% - EFi -0.384 -0.546 

(-0.44) 
EU3iFon - Eha+ - E+ -0.799 (-0.79) -0.423 

the immediate vicinity of the middle of the centre Ce-F; ((0.0.0) in figure 5). Generally, 
for these ions the displacements are largest. Their core positions are given in table 13. It 
is clear that lattice relaxation is substantial and so results based on a fixed host lattice are 
unreliable. 

4. Discussion 

In this section we compare some of the calculated energy levels of the Ce3+ and Ce2+ 
centre in CaF2 to experimental data (subsections 4.1 and 4.2). In subsection 4.3 we discuss 
the cerium centre energies of table 11. Subsection 4.4 is devoted to the implications of the 
energy levels found for emission of electrons or holes from the cerium centres. Connected 
to this, the stability of the cerium centres is discussed. In subsection 4.5 we consider energy 
transfer from electrons and holes to the Ce3+ centres. 

4.1. Cd+ results compared with experimenf 

The Ce3+ ion was studied optically by Loh and by Manthey 118,191. We will compare 
our results for CaFz to results from the measurements by Manthey. Our results hold at 
mom temperature, whereas the results of Manthey were obtained at liquid nitrogen or liquid 
helium temperatures. However, the optical absorption spectra do not shift much on lowering 
the temperature [18], at least for the bands we are interested in. Table 14 summarizes OUT 
results. We observe that the calculated crystal field splinings of the 4f and 5d energy levels 
agree reasonably with experiment, considering the fact that the calculated values apply to 
the isolated Ce centre and the experimental values to the somewhat different CeF, centre. 
The difference between the weighted average 4fzF5/2 and 4f2F7p energies (levels e in 
figure ;?(a)) is calculated correctly within lSOcm-'. However, the calculated difference 
between the lowest states of the 4f and the 5d configurations is too large by 1.4eV and the 
calculated Stokes shift is too small. This is probably due to the limited cluster size in the 
MOLFDIR calculation, which excluded the possibility of interaction between the cerium 5d 
and the Ca2+ 4s and 3p states. 
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Table 13. Positions of the cerium ion (a). interstitial fluorine (Fi) and lanice fluorine ion 
nearest to (0.0.0) (F.) in the three different cerium cenm as shown in figure 5. In the (charge- 
uncompenssted) Ce cenbt. the cerium ion is at (0.0.0) and the F; psitiom$ are (&, ir, ix). 
In the CeF,.. cullre Ihe cerium. F; and F; positions 7 (x, X. x). In the CeFm -Ire, cerium 
and F; positions are (x. 0.0) and the F; positions are (x. rty, rty) (four equivalent positions). 

.~ 
Ceconf. Coord. C a F Z  SrFz~ BiF2 No pol. 

Ce CeFnnn CeFnn Cc Ce CeFm CeFm caF2 BaF2 
C e C e  

Fj :x  - 1.436 1.370 - - 1.552 1.526 - ~ - 
F. : x 1.506 0.017 0.062 1.533 1.586 -0,051 -0.041 1.493 1.563 
F,: y 1.506 0.017 1596 1533 1.586 -0.051 1.677 1.493 ~ 1.563 

F j : x  - 1.425 1.352 - - , ~ 1.531 1.490 - 
F. : x 1.484 -0.000 0.030 1.512 1.558 -0.077 -0.075~ ~ 1.475 1541 
F.: y ~ 1.484 ~-0.000 1.578 1.512 1.558 -0.077 1.651 1.475 1541 

F j : x  - 1.373 1.266 - -~ 
F.: x 1.406 -0.053 -0.086 1.422 1.446 -0.177 -0.222 1.412 1.450 
Fn : y 1.406 -0.053 1.527 1.422 1.446 -0.177 1.570 l,.412 1.450 

Fj:x - 1.373 1.261 - - 1.408 1.233 - - .  
F.: x 1303 -0.053 -0.090 1.412 1.441 -0.178 -0228 l.W .1.447 
F. : y ~1.403 -0.053 . 1524 1.412 1.441 -0.178 1.568 1.W 1.447 

Ce2+ 4 p  Ce: x 0 -1.411 -1.272 0 0 -1.575 -1.405 0 0 

Ce2+4fSd Cc x 0 -1.410~ -1.266 0 0 -1.576 -1.400 0 ' 0 
- 

Ce"4f Ce:x 0 -1.400 -1.223 0 ' D '  -1583- -1378 0 0 
- 1.407 1248 - 

Ce3+5d Ce: x 0 -1.401 -1.224 0 0 ~ -1.584 -1.380 0 0 

Ce4+ Ce: x 0 -1.386 -1.108 0 0 -1.588 -1.398 0 0 
Fj:x - -1.312 1.144 - - 1.303 1.188 - - 
F. : x 1.341 -0.105 -0.162 1.350 1.350 -0.270 -0.350 1.365 1.385 
Fn : y 1.341 -0.105 1.465 1.350 1.350 -0.270 1.469 1.365 1.385 

Table 14. Comparison between calculated energies for the C& cenkc in C S z  and the 
corresponding experimental values (which are ascribed to the CeFm centre) [19]. The MOLFDIR- 
calculated energies have beM corrected for differences with &-ion experimental values. (E(S))  
denotes the weighted average energy of all states S. 'Stokes shiff' refers to the Stokes shin 
for h e  4f2Fs/zFu -+ 5deF8 hansilion. The crystal field spliaings calculated with catiob 
anion separation r = Z.68A arc wnvened to the CaFz case by assuming the splittings to he 
pmportiond to r+6. Energies are in m-1. 

MDLFDIR MOlFDlR Experiment 
r = 2.68h I = 2.435h 

E(4f 'Fqz Ezd - E(4f 'Fs/zF.) . 224 421 579 
E ( 4 f 2 b / 2 E d  - E(4f 'h/zEiu) 385 725 1370 
(E(4f2F,n)) - (E(4f2Fs/z)) 2253 2253 2396 
E(5d t 2 E 4  - E(5d e F8) I1842 22219 21438I') 
E(5d e FE) - E(4f2Fsp F.) 43204(" 31932 
Stokes shift Ce cenfre 57'b' 
Stokes shift: CeF,. cenw 814") 
Stokes shift: CeF.. centre 144"' 1280 

(a) Energy difference between no-phonon pealrs G (A = 1873A) and B.(A = 3131.7A) [19]. 
(b) Fmm table 11. 

The Stokes shift was c&ulated as the sum of two contributions. The first is the mergy 
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difference between the lowest Ce3+ 4f state in the 5d lattice configuration and the lowest 
Ce3+ 4f state in the 4f lattice configuration (see table 11). which corresponds to the energy 
difference between the 4fZF~,2Fu + SdeF, zero phonon line and the maximum of the 
phonon wing in the emission spectrum. The second is the difference between the lowest 
Ce3' 5d state in the 4f lattice configuration and the lowest Ce3+ 5d state in the 5d lattice 
configuration, which corresponds to the energy difference between the 4f zFs~ Fu + Sde F, 
zero phonon line and the maximum of the phonon wing in the absorption spectrum. The 
two contributions are approximately equal in magnitude. 

4.2. C$+ results compared with experiment 

A comparison of the Cez+ energy levels to calculations by Alig and CO-worfers [121 has 
been made in subsection 3.1. Reasonable-to-good agreement was found if, for the 4 P  
levels, B4 = -700cm-I was used and, for the 4f5d levels, Dq = 1120cm-' was used. 
Note that thii holds if the cerium-fluorine distance is r = 2.68 A. Alig and co-workers 
found good agreement between their calculations and optical absorption sp3m in CaFz 
if, for the 4fz levels, B4 = -3000cm-' was taken. Further, from the experimental fact 
that the lowest Ce" 4f5d level in CaFz lies 7080cm-' below the lowest 4@ level they 
deduced that D9 = 1800cm-' for the 4f5d levels if there are no configuration shifts. From 
table I we observe that (E&8(Cez+4f5d)) - (E&(Cez+4P)) is about 2000cm-' higher 
than (EF(Cez+4f5d)) - (E,M(Cezc4fz)). In other words, some4@-4f5d configuration shift 
due to the cerium environment is present but it is not large. We may then compare our 8 4  
and Dq values to those found by Alig and co-workers. For this, we need to convert our 
values, which apply to r = 2.68A, to the CaFz case where r = 2.57A (= 8 x 1.484& 
see table 13). If we assume the splittings to be proportional to r-6.6, as was found for 
the Ce3+ 5d level splitting, then for the CaFz case we calculate E4 = -923cm-' and 
Dq = 1477cm-I. Here we used the fact that the splittings are roughly proportional to E4 
and Dq [ 121. The Dq value reasonably agrees with the one found by Alig and co-workers, 
meaning that the 4f5d splittings are calculated correctly. Their E4 value on the other hand is 
larger than OUTS, meaning that our calculations underestimate 4 P  splittings. This compares 
to the Cd+  case, where the 5d splittings were calculated correctly, but the 4f splittings are 
too small (cf table 14). 

The difference between the lowest 4f5d level in the 4f5d lattice configuration and the 
lowest 4P level in the 4 P  lattice configuration corresponds to the zero phonon peak energy 
for the 4RdTz(lowest) - 4P3HqT2 transition. Depending on the cerium centre, for this 
difference table I I gives a value between -3250 and -3900cm-'. Thii is smaller than 
the experimental value, -7080cm-'. Probably, this is caused by the use of a 4fL, 4f5d, 5dz 
average configuration in the MOLFDIR calculation. 

4.3. Energy levels of the cerium centres 

We now summarize the main features of the energy levels given in table 11 for the three 
different cerium centres in the alkaline-earth fluorides. In figure 6 the energy levels of the 
CeFm centre in BaFz are visualized The figure is related to a configuration coordinate 
diagram. Whereas often only one genedized coordinate is shown along the abscissa of a 
configuration coordinate diagram, the abscissa of figure 6 shows 3N generalized coordinates 
(N is the total number of atoms in the lattice). This is because all vibrational modes of 
the lattice take part in the calculated core displacements. For practical purposes, only five 
points from the 3Ndimensional configuration coordinate space are displayed in figure 6, 
which are the lattice configurations corresponding to the five lowest-energy states. 
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, 4 f Z  4 m ,  , 4f 5d , Figure 6. Schematic of the energy levels. 
Ce=+ ce3+ Ce 4+ Emm-883 a", given in fable 11 for the CeF,. 

centre in BaF2. Data poinu for the same cerium 
electtunic sw are connected by straight lines 

0 L 
Lattice configuration 

The other centres shown in table 11 yield a more or less similar picture as figure 6. 
The main features are discussed below, starting with the cerium centres without charge 
compensation (Ce). The relative level energies (i.e. relative to the lowest e3+ 4f level) of 
the Ce centre are hardly different for CaFz and SrFz. But the energies of the Ce centre in 
BaFz are. different: the relative C$+ energies are 0.2-0.3eV higher and the relative Ce4+ 
energy is 0.8 eV lower. This is related to the fact that in BaFz the nearest-neighbour fluorine 
ions can relax inward by a greater amount than in CaF? and SrFz (cf table 13). Therefore, 
the Ce4+ centre in particular, and to a lesser extent the Ce3+ centre, have an extra low 
energy in BaFz. 

In the CeF,, and CeF, centres the electrons at cerium are less tightly bound than in the 
charge-uncompensated Ce centre. This is due to the extra negative charge near the cerium 
ion. Consequently, for the charge-compensated centres the Cez+ level energies relative to 
the Ce3+ level energies will be higher than in the not charge compensated cerium centre, 
less energy being needed for removing the electron from the Ce2+ ion. Analogously, the 
Ce'+ level energies relative to the CeW energy will be higher. 

This is reproduced in the calculations. We find that the Cez+F,, levels are. shifted 
upward relative to Ce3+Fm states by 0.8 eV in CaFz and 0.6 eV in BaFz. The upward shift 
of the Ce3+F,,,,. levels relative to the Ce4+F,,,,,, state is 0.5eV in CaFz and 0.4eV in BaFz. 
These shifts are about the same for each Cez+ or Ce4+ level, irrespective the particular 
electronic configurauon (4p or 4f5d for Ce") or lattice configuration, The relative level 
energies of the CeF, centres differ from those of the corresponding CeF,, centres by no 
more than 0.2eV. The small magnitude of this energy difference is caused by the tempering 
action of lattice. relaxations. 

4.4. Electron or hole emission from cerium centres: centre stabilig 

In the previous sections we have discussed the energy levels of the cerium centre and 
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transitions between those levels, where the cerium ion charge is preserved (optical absorption 
and emission). In this section we consider what happens if electrons or holes are captured 
or emitted from a cerium centre. The location of the energy levels (table 11) determines 
whether these processes are possible and what energies are involved. 

We will consider interactions of free electrons and holes with the cerium centres. For 
this, the energy of the free electron and the free hole relative to the vacuum level have 
to be known. From reflectance measurements we know the band gap energy Eg of the 
host lattice: E, =12.1, 11.25 and Il.OeV for CaFz, SrFz and BaFz respectively [ZO]. We 
expect the bottom of the conduction band to be located at approximately OeV, which would 
imply that the top of the valence band is located at -EB' Photoemission studies confirm 
this [21,22]. Most free electrons and holes created by some excitation of the crystal will 
interact with cerium centres only after thermalization. Therefore, we will only be concerned 
with cold electrons and holes: the electron has energy OeV and the hole has energy E,. 

We can now determine which cerium centres are unstable. A centre X, say, will be 
unstable in a lattice without free electrons and holes if either of the following processes 
are energetically favourable: (i) X -+ X- + h, i.e. emission of a free hole (h) from the X 
centre, or (ii) X -+ X+ +e, i.e. emission of a free electron (e). Below we investigate the 
possibility of hole or electron emission from the CeF,, centre in BaF2 (cf figure 6), where 
the cerium ion is in the divalent, trivalent or tetravalent state. 

(a) Ce2+F,, + Ce'+F,. + h. This process requires 1l.OeV needed for creation of a 
free hole and a free electron, plus the energy needed for moving the free electron into the 
cerium ion. The latter energy is of the order of the 17.6eV Madelung energy at a barium 
site minus the 10.9eV (free ion) Ce'+ ionization energy [lll. Addiig these connibutions 
shows that the Ce2+F,,,,,, --f Ce'+F,. +h hole emission process requires about MeV, so it 
will not occur. 

(b) CeZ+F,. + Ce3+Fm + e. This q u i r e s  OeV electron formation energy, minus 
the Cez+F,,,,,, ground-state energy, plus the Ce3+F,. ground-state energy. The total is 
- 1.796eV, so this process can occur, meaning that the Cez+F,,,,,, centre is unstable against 
electron emission. 

(c) Ce3+F,, + Ce*+F,, + h. This process is energetically unfavourable: the energy 
required is 1.796eV + 11 eV. Hence the Ce3+F,. centre is stable against hole emission. 

(d) Ce3+F,, -f Ce@F,. +e. The energy required for this is OeV electron formation 
energy plus the Ce4+F,,,,,, ground-state energy minus the &+Fm ground-state energy, 
which is 6.148eV. Hence the Ce3+F,,,,,, centre is also stable against electron emission. 

(e) Ce4+F,, -+ Ce3+Fm + h. This requires l l e V  hole formation energy minus 
6.148eV. so the Ce@Fm centre is stable against hole emission. 

(0 Ce4+Fm -+ Ce5+Fm +e. This is highly improbable, since it quires a great deal 
of energy because of the large 65.6eV Ce4+ ionization energy [ll]. Thus, Ce4+Fm is also 
stable against electron emission. 

We conclude that the CeF,,,,,, centre in BaF2 is only stable if the cerium ion is in its 
trivalent or tetravalent state. This holds if no free charge carriers are present that can be 
absorbed. On the other hand, if free electrons are present, the Ce&F,, centre is unstable: 
electron capture releases 6.148 eV. 

The above analysis holds for all centres considered in table 11. Nevertheless, the energy 
levels of the charge-uncompensated cerium centres are slightly different from thme of the 
CeF,, centre, since here the relative energies of the Ce2+ levels are lower and those of 
the Ce4+ levels are higher. This has an interesting implication for the stability of the Ce2+ 
centre. It remains unstable against electron emission, because the energy of the Ce3+ 4f 
ground state with Ce'+ 4f lattice configuration is lower than that of the Cez+ 4f5d ground 
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state with Ce?+ 4f5d lattice configuration. But the energy of the Ce3+ 4f ground state with 
Cezi 4f5d lattice configuration is higher than the energy of the 4f5d ground state with 
Cez+ 4f5d lattice configuration. The energy difference is Eb = 0.696, 0.731 and 0.487eV 
for CaF2, SrF, and BaF2 respectively. This means that far electron emission an energy 
barrier Eb has to be overcome: the charge-uncompensated Ce2+ centre is metastable. This 
has been confirmed by experiment After reducing Ce” doped crystals chemically (additive 
colouration) the Ce2+ absorption spectrum was not directly observed. Instead, a spectrum 
characterized by two absorption bands near 4Mx) and 7000A was observed The Cez+ 
absorption spectrum arose on bleaching into the 4OCO8, band [12,231. At room temperature 
this spectrum was slowly re-converted: Cez+ centres are replaced with the centres associated 
with the 4ooo and 7000A absorption bands [12,23]. These centres were shown to be (111) 
symmetry centres consisting of. two electrons bapped at a C$+-nearest-neighbour fluorine 
vacancy complex 124-261. 

The banier energy Eb can be compared to photokonductivity experiments. Pedrini and 
co-workers found the onset of photoconductivity in Ce’+-containing CaF2, SrFz and BaFz 
at 1.6, 1.3 and 1.1 eV respectively [23]. These values are up to 1 eV larger than our Eb 
values. However, it is not excluded that the photoconductivity thresholds are somewhat 
lower than according to Pedrini and co-workers, since they determined the threshold as the 
energy where @e photocurrent fell below their instrumental resolution. Moreover, no clear 
structure in their photosensitivity curves can be observed near the energies reported. 

43. Electron or hole absorption by cerium centres: Cd+ excitation 

We have been concerned above with centre stability and emission of a free electron or 
hole from a cerium centre. We will now consider electron or hole absorption at a cerium 
centre. Free electrbns and holes may be created in the crystal if it is excited by high-energy 
radiation. After capture of an electron and a hole, the cerium centre may be left in an 
excited state, from which luminescence may result. We will only consider excitation of 
trivalent cerium centres, since these are most common (stable). 

We will consider the C$+F,, centre in~BaFz as an example (cf figure 6). The free- 
e!ectron capture~process Ce3+F,,,,,, +e +Ce2+F,, is energetically unfavourable because the 
Ce2+Fm 4f5d states lie above the Ce3+Fm 4f ground state, and the electron energy is OeV. 
On the other hand, in principle capture of a bee hole is possible. In figure 6, capture of the 
hole, Ce3+Fm + h +~Ce4+Fm. corresponds to the transition from point A to point E. The 
energy needed for this hole capture process is E W F ~ .  - Ee3+~, .  - Eh = 8.237 - 11.0 = 
-2.8 eV (cf table 11). Thus, in the hole capture process, 2.8 eV has to be dissipated. After 
this the Ce4+Fm centre relaxes to point C, where ai e l h n  with energy OeV may be 
captured. The resulting excited Ce3+Fm centre relaxes from C to D. Upon radiative decay, 
it arrives at point E and subsequently relaxes to point A again. 

The above excitation cycle is similar for all cerium centres: C2+(F<.),) + e 2 
Cez+(F,.,,) electron capture will not occur and Ce3+(Fo,) + h + ~Ce*(Fcn),) hole 
capture is possible if an energy gap of 2-3eV is bridged. However, these eleclmn and 
hole capture processes are not the only conceivable ones. We will consider some other 
possibilities below. 

Electron cupture. That freeelectron capture by a trivalent cerium centre is unlikely to 
occur does not mean that electrons cannot be captured at these centres. It is possible 
that the electron is captured not at the Ce3+ ion but in its neighbourhood, due to the 
attractive positive effective charge of the ion. The properties of the resulting centre, 
Ce’+(F,,,)-e would not change much if the cerium ion was replaced with another trivalent 
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rare-earth ion. Indications for the existence of such centres were found by Vakhidov and 
co-workers [27]. 

Hole cupture. Whereas level energies do not forbid free-hole capture, it is unlikely 
that the free-hole capture rate will be very high because the effective positive charge 
of the Ce3+ ion repels holes. At small cerium concentrations the free-hole capture 
rate may therefore be considerably smaller than the hole self-trapping rate. The latter 
rate is rather large: the self-trapped hole (VK centre) is generally formed within a few 
ps 1281. The self-trapping energy Ev, - Eh is probably a few eV [29-311. Hence, the 
energy needed for Ce3+F,, + VK + Ce4+F,, trapped hole capture in BaFs, which is 
Ew+F,, - Ew+F,. - Ev, = -2.8eV + E h  - Ev,, is expected to be near zero or positive up 
to about 2 eV. Thus this VK capture process need not be energetically favourable. In any case 
it is slow because of the 0.3 eV activation energy necessary for VK hopping transport [32]. 
Summarizing, free-hole capture at the Ce3+ ion seems unimportanc VK capture may be 
possible but is not a fast process. The argument, which is given here for the Ce3+F,. 
centre in BaF2, is similar for the other cerium centres. 

The above suggests that cerium excitation by electrons and holes is not a fast process. 
An exception may be the Ce3+(F<.,,d + e  + (Ce3+(F,.,,) -e) electron capture precess, 
within a few ps followed by (Ce3+(F,,,,) - e) + h + (Ce3+y(F(n,m) free-hole capture (* 
denotes excitation). However, at least at low cerium concentrations, this is apparently not 
a very important process, since most observed scintillation from cerium centres is slow [l]. 

5. Conclusions 

We have calculated both formation energies and energy levels of the cerium centres Ce, 
CeF,. and CeF, in CaF2, SrFz and BaF2. The calculational method is mainly ab initio aid 
allows application in many other lattices. The combination of results of molecular cluster 
calculations with results of lattice relaxation studies provides a very detailed picture of the 
energy levels of the cerium ion in various configurations. The present study shows the 
importance of lattice relaxation. There is overall a satisfying agreement with experiment. 
In many cases, agreement is within a few tenths of an electron volt. A similar error was 
deduced from a comparison with the 'no pol.' data. However, the Ce3+ 4f + 5d transition 
energy was found to be 1.4eV too large. Moreover, the Stokes shift for this transition was 
too small. This is attributed to the small CeFs cluster used in the MOLFDR calculations. 

The main conclusions drawn from the position of the energy levels are as follows. 
First, due to lattice relaxations, the energy levels of the CeF, centre are, within about 

0.2 eV, equal to those of the CeF,, centre. The electrons in both centres are less tightly 
bound than in the chargsuncompensated cerium centre. The relative energy levels of this 
cerium centre differ by up to 0.8 eV from those of the chargecompensated centres. 

Second the Ce, CeF,, and CeF,, centres are only stable if the cerium ion is in its 
trivalent or tetravalent state. 

Third, if free electrons are present, the tetravalent cerium centres are unstable. They 
a~ turned into the trivalent state by elect" capture. 

Fourth, in its divalent state, the charge-uncompensated Ce centre is metastathe, in 
agreement with experimental data 

Fifth, cold electrons cannot be captured at trivalent cerium ions. Possibly, electrons are 
captured near cerium ions. 

Sixth, cold holes can be captured at trivalent cerium ions, provided a considerable lattice 
relaxation takes place. Because of the positive effective charge of the Ce3+ ion, the hole 
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capture rate is probably relatively small. This suggests that at low cerium concentrations, 
(fast) cerium ion excitation is unlikely, the holes being self-trapped in the host lattice before 
reaching cerium sites. 

Finally, fast processes in which free electrons and holes are captured near the cerium 
ion instead of at the cerium ion were not considered in detail. Experimental results [l] 
suggest that these are of limited importance for the observed scintillation due to Cl?+. 

It seems interesting to perform calculations similar to those reported in this paper for 
ceriumdoped materials which exhibit fast cerium scintillation. It is anticipated that in 
this case efficient free-electron and free-hole capture is possible. Conversely, the present 
calculational method is thought to be helpful in searching for new materials in which fast 
excitation of the cerium centre is possible. 
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