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Abstract. Semi-empirical effective charge calculations were made of crystal field effects and 
the corresponding energy level splittings for NNN-F' compensated centres in a number of 
RE'+: fluorite struhure systems. While the results obtained confirm that such centres were 
indeed observed in a number of experimental investigationsof these dopant : latticesystems, 
in at least one instance (the B centre i n  the Er'+: CaF, system) such identification appears to 
be untenable. Model rcconstructionswerealso made of local lattice distortions in the centres 
in the Eu"':SrF? and Er'*: SrF, systems. The WO centres are structurally related but the 
corresponding local distortions appear to be qualitatively different, this result is discussed 
in the context ofother recent work in the field. Finally. the procedure developed was used 
to improve the phenomenological calculation of 8: values for the trigonal Centre i n  the 
Eu'* :BaF, system, demonstrating its utility in such applications by significantly improving 
final fit quality. 

1. Introduction 

The presence of trigonal symmetry centres in alkaline-earth fluoride crystals doped with 
trivalent rare-earth  RE^') ions has been known for many years [I]. While some of these 
centres were thought to be associated with the charge-compensation of RE3+ ions by 
means of 02- or OH-, it has long been conjectured [ 2 , 3 ] ,  that one of the main types of 
site in this class was one in which the RE3+ dopant was associated with an interstitial F- 
ion in a next-nearest-neighbour (NNN) position (figure 1). 

Early work on the Er3+: CaF, [4] and Er'+: SrF, [ 5 ]  systems appeared to confirm the 
presence of charge-compensated centres of this type, the results being consistent with 
the presence of centres with trigonal symmetry about the [111] direction. Moreover, the 
trigonal symmetry centres associated with F- compensation were shown in a number of 
studies [5-10] to be progressively more important with increasing host lattice constant 
and  RE^+ dopant mass. 

The principal problem to be elucidated thus appeared to be establishing the point 
along the above sequence at which the trigonal centres start to appear in noticeable 
concentrations. In particular, the discussion focused on the structural identity of the 
trigonalsymmetrysitein theE?+: CaF,system, labelled the Bsite byTallant and Wright 
Ill]. Identification by Tallant and Wright of this site with the centre shown in figure 1 
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wasquestioned by other authors [8,9]. Resolution of thiscontroversy was all the more 
important for the fact that the tetragonal/trigonal (€3) site ratio was shown [12] to 
decrease with increasing dopant concentration in the Er3+:CaF2 system and, thus, 
identification of the B site, with a centre as shown in figure 1, posed serious problems 
for simple defect equilibria pictures. 

Recent studies of Cockroft et a1 [13,14] have accentuated the above problems by 
confirming thetrigonal symmetryofthe Bsite, whilequestioningthe modelofthecentre 
proposed byTallantand Wright.Thisstructuralassignmentofthe Bsitewasalsorecently 
challenged in the ENDOR study of Er?' centres in CaF2 and KMgF, by Grachev e t a [ [  151. 
To add to the puzzle, Cockroft eta1 [14] also claimed noticeable deviations from trigonal 
symmetry for the dominant site in the Er'+: SrF, system, labelled the J site by Kurz and 
Wright [16], and identified as a trigonal symmetry centre by Aizenbergeral[17]. 

The situation outlined above clearly called for an investigation of the structural 
identities of the various trigonal symmetry sites observed in the optical investigations of 
RE3+: fluorite systems and their relation to the centre of figure 1. Such an investigation 
should, moreover, be more general than the purely experimental investigations of the 
energy level schemesof a given RE" ion (with their attendant problems of generalizing 
any conclusions to other dopants) or the purely phenomenological calculations of the 
crystal field parameters corresponding to the various sites (with the associated problem 
of identifying the spurious non-physical minima in the minimization procedure). 

Previous work on the apriori prediction of the spectra of tetragonal symmetry sites 
in RE'+ :fluorite systems [IS. 191 appeared to provide a model framework within which 
suchaninvestigationcould beconducted,and thepresentpaperreportsitsresults. Thus, 
in section 2 we outline the methods followed in linking the microscopic model of the 
centre of interest with the energy level schemes of the corresponding spectra. Following 
this, we discuss the identities of the various trigonal (or supposedly trigonal) sites in a 
number of ~e"':fluorite systems and their relation to the centre of figure 1 (section 3). 
The following section (section 4) is devoted to an attempt to reconstruct the local lattice 
distortions in some trigonal centres. Finally, we apply the procedure developed to study 
a trigonal symmetry centre in the Eu'+:BaF, system, where the absence of adequate 
data about the relevant cubic centre makes direct a priori energy level prediction 
impossible (section 5). 
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2. Model crystal field calculation 

For a C,, symmetry system (such as the centre of figure l) ,  the one-electron crystal field 
Hamiltonian takes the form [20] 

H =  BiC: + BAC', + Bg(Cf9 - C;)  + BtCG + B$(C%, - Cg) + Bt(C6, + Cg) (1) 
with Ci being the usual spherical tensor operators and B: the crystal field parameters. 

We now follow the procedure adopted in previous studies [19,21] (as well as in the 
three-parameter theory of crystal fields [ZZ, U]) and express Bf; in the form 

Bk, = r -k ( rk ) ( l  - uk)A: 

(rk) ,  T, u, are, respectively, the relevant HartreeFock radial integral [24], an empirical 
factor correcting the inaccuracy of free-ion Hartree-Fock (r') values (as a result of both 
the inadequacy of the Hartree-Fock method and the 4f wave-function expansion in a 
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Figure 1. Local lattice structure of a NNN-F- com- 
pensated centre in a RE”: fluorite system (local CAV 
symmetry). 

Figure 2. Relaxing F- ions in a trigonal F--com- 
pensated centre in a RE-”: fluorite system. Assign- 
ments of the F- iom to the various groups are 
indicated on the ions. 

lattice environment), and the appropriate Stemheimer shielding factor (linearly 
extrapolated for the dopant of interest from the valuesoEErdos and Kang [Z]). 

The last quantity required to calculate B: is the lattice sum A t ,  given by 

with the summation index i running over all the lattice ions. In (3), Z;lel and (R , ,  Oi, qi) 
arethechargeandcoordinatesofioni. Asbefore[19,21l1 thecalcu1ationofA:isbrokeu 
down into two parts, the lattice ions near the dopant being assigned effective charges 
and assumed to be displaced from their ideal lattice sites, while the rest of the lattice is 
modelled by fixed valence charges (i.e. Z;is -1 or +2) .  

In the centre identification calculations reported in section 3, non-valence charges 
were assigned solely to the eight F- ligands and the charge-compensating interstitial. As 
before [19], ligand effective charges QL and the value of z were obtained from the 
phenomenological values of 5: for the cubic centre in the dopant:lattice system of 
interest. To do this, the ligands were assumed to move radially towards the dopant from 
their ideal lattice positions d ] , ;  = (1 - c )  do,;, with the value of c obtained by requiring 
Id,,; - do,;[ to be equal to the difference in the ionic radii of the host lattice cation and 
the dopant [26]. The resulting ligand positions (R,, Si, q,) were then used to translate 
(by means of (2) and (3)) the two independent phenomenological Bt valuesfor thecubic 
centre into the relevant values of QL and r .  

In the above, as well as the following calculations, the contribution to the value of 
A:  from the remainder of the lattice was obtained by subtracting from the lattice sums 
calculated for fluorite structure crystals by Vetri and 3assani [27], the lattice sum 
contribution due to the ions in the relaxation region (with the latter at their ideal lattice 
positions). 

The effective charge Q,(F) of the F- interstitial was obtained from an effective 
potential with Coulomb and Born-Mayer contributions 

V(F)  = Q,(F)/F = Z / r  + A exp(-r/p) (4) 
using the procedure of [19]. For the centres of interest in this study (i.e. the dopant- 
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interstitialseparationsconsidered), the resultsdifferlittlefrom those obtained by putting 
Qkr)  = - 1.05. 

The values of Qt. Q, and r obtained in this way, together with the positions d l , c  of 
the nine F- ions determined from the relation d l , i  = (1 - c)d,,i, were used to calculate 
the values of the six non-vanishing E$ parameters ( E ; ,  BA, E! ,  E$ ,  E:, E t )  for the 
trigonal centre of interest. 

Finally, the values of E); were used to calculate the energy level splittings of a given 
dopant due to the crystal field in the centre investigated. The effects of intermediate 
coupling were accounted for in this calculation by using the reduced matrix elements of 
Carnal1 eral[28]. In the case of Ed', the effectsof J-mixing were taken into account by 
including the matrix elements between all the states of the 'Fterm (with the barycentres 
of the 'FJ-multiplets being adjusted to correspond to their experimental values). 

In some cases, where phenomenological E t  values for a trigonal centre were deter- 
mined (and the centre was thought to be related to the centre of figure 1). attempts were 
also made to reconstruct the corresponding local lattice distortions. In thesecalculations, 
reported in section 4of this paper, the relaxation region was taken to consist of 12 ions, 
thesebeingtheeightF-ligands, the threeFM non-ligandionsclosertothedopantthan the 
interstitial, and the interstitial itself (figure2). The limited number of phenomenological 
values of E); that formed the basis for this calculation, as well as symmetry constraints, 
made us group the relaxing F- ions into six groups. The final positions of the ions in each 
group are arrived at by employing an independent relaxation parameter r, (m = 
1, ..., 6). 

I( Leiniak and F S Richardson 

We were thus led to the following partition of the relaxing F- ions (figure 2): 

(a) Group 1: charge-compensating interstitial 

d2.l = dI.5 + tl(dl.1 - 4 , s )  

d2.i = d i . ~  + f2(d0., - ~ L S )  

(b) Group 2: three non-ligand F- ions closer to the dopant than the interstitial 

(c) Group 3: F- ligand on the trigonal axis between the dopant and the interstitial 

d2.5 =du.i + f3 (d i . s -d0 .1 )  

(d) Group 4: three F- ligands closer to the interstitial 

4 . i  = d1.s + h(di . ,  - 4 . 5 )  

(e) Group 5: three F- ligands further away from the interstitial 

d1.i = d1.5 + fs(d1.i - d1.5) 

( f )  Group 6: F- ligand furthest from the interstitial 

d2.n = tad1.12 

Extension of the relaxation region is, of course, inadvisable (there are only six 
independent phenomenological E$) but the matter of further restrictingit was felt to be 
worth pursuing. Thus, it was found that making Il  and I,, equal to unity throughout the 
simulation had no significant impact on model reproduction of phenomenological 5: 
values, as well as the values of 1, for the other relaxations. On the other hand, when 
only t4 and t5 were allowed to vary, their reconstructed values were close to those 
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Dy3' IN TRIGONAL SITES IN FLUORITES 

I I 

Figure3. A comparison of model-predicted splittings 
of the 'F,, 'Fi and 'F, manifolds of E$* in a NNN-F- 
compensated site in SrF2 with relevant experimental 
data on the trigonal symmetry centre collected by 
Jouart era1 1301. 

Figure4. Acomparison of model-predicted rplittings 
of the 6H,sil and 6H,,,2 manifolds of Dy3+ in NNN-F- 
compensated sites in SrF, and BaF, with relevant 
experimental data on the trigonal symmetrycentres 
collected by Eremin e ta l [32] .  

obtained when all six tm were allowed to change, although model reproduction of B6 
was poor. These effects stem from the fact that movements of ions in groups 4 and 5 
have impact on all the B$ values, while those of the other ions significantly influence 
only some Bt.  It is, however, important to underline that both groups 2 and 3 had to be 
included in the relaxation region before reasonably close reproduction of phenom- 
enological Bg could be achieved. This suggests that the ions in group 2 are far enough 
from the dopant for their positions to be determined mostly from 5; values. 

The above deduction has a direct bearing on the matter of reliability of model 
reproduction of local lattice relaxations. Previous work [29] suggests that such repro- 
duction may be unrealistic for ions far from the dopant. This arises because such 
relaxations are determined almost solely from the values of B$ for k = 2 which also 
contain contributions from movements of ions outside the relaxation region. The fact 
that movementsof the ions in group 2 (as well as those of the interstitial) are determined 
mostly from leads us to expect that model reconstruction of their positions may be 
physically unrealistic. 

3. Trigonal centre identification 

3.1. Europium 

The spectrum of atrigonal symmetrycentre was identifiedin the site-selective study ofthe 
Eu'": SrF, system carried out by Jouart el al [30] .  The characteristic trigonal symmetry 
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splittings and the fact that the centre appears to be one of the major ones in this system 
suggest that it may be a NNN-COmpenSated centre of figure 1. 

Former work on the Eu3+: SrF2 system [19] provided values of the model quantities 
needed to test the above identification. We thus have QL = -0.7871e1, z = 0.693, Z = 
-1.050 and A = 147.2 for the system of interest, as well as p = 0.5663 for this and 
all the other dopant: lattice systems studied in this work ( A  and p in atomic units). 
Using the procedure outlined in section 2 these model parameter values give 
B i  = +192cm-', Bd = +1350cm-', Bi = -1580cm-I, B8 = +1220cm-', B$ = 
+735 cm-', B: = +771 cm-' . Thecrystal field splittingsofthe 7F1,7F2and7F3manifold~ 
of Eu3" corresponding to these B: values are shown, and compared with the trigonal 
symmetry spectrum of Jouart et a/ [30]. in figure 3. It is clear that the experimentally 
observedcrystalfieldsplittingsare reproducedveryclosely, usually withaccuracy better 
than lOcm-'. Clearly, the local lattice arrangement shown in figure 1 appears to be a 
good description of the lattice environment producing the observed level splittings. 

We may note here that an apparently trigonal symmetry site was also observed in a 
site-selective study of the Eu3+:BaF2 system [31]. However, since the data on the cubic 
centre in this dopant :lattice system are insufficient for a crystal field analysis, direct 
model prediction of the trigonal centre splittings is, in this case, impossible. We shall 
return to this matter in section 5. 
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3.2. Dysprosium 

Energy level splittings, as well as crystal field parameters, were reported for centres of 
trigonal symmetry in the Dy3+:SrF2 and Dy3+:BaF2 systems by Eremin er a1 [32]. 
Although not all the levels expected for the and 'Hi,/, manifolds were reported 
in that study, the data appear to be sufficient for a meaningful test of our model 
predictions. 

The starting points of the present analysis were the crystal field parameters for cubic 
centresin these twosystemsobtainedin previous work [21]. The valuesforthe Dy3+ : SrF2 
system(B% = -2029cm-' andB8 = +654.8cm-')correspond toeL = -0.8501e/,~ = 
0.678, 2 = -1.050 and A = 99.56 (in atomic units). For the DyJt:BaFz system, the 
phenomenological crystal field parameter values of B i  = - 1905 cm" , Bg = 
+590.4 cm-' reported in [21] correspond to QL = -0.747 ]el, z = 0.689, Z = -1.050 
and A = 131.5 (in atomic units). Using these model parameter values we obtain the 
following B: values for the trigonal centres of interest (in cm-I): B?, = C191, 84, = 

+1290, Bi = -1520, B$ = +1050, B'$ = +632, BZ = +663 (BaF2). The crystal field 
splittings of the bHi5,2 and 6HH,3j2 manifolds of Dy3+ corresponding to the above model 
values of B); are shown, and compared with relevant experimental data, in figure 4. 
Again. we see that the model procedure followed led to a reasonably close reproduction 
of experimentally observed crystal field splittings. The results thus provide a basis for 
identifying the emissionobserved by Eremin era1 [32] as arisingfrom centresof the type 
shown in figure 1. 

+1370, i?! = -1610, B$ = +1160, Bg = +700, B: = +734 (SrFJ; B: = +171, Bi  

3.3. Erbium 

As was noted in section 1 of this paper, structural identities of trigonal or supposedly 
trigonal sites in Er3+ :fluorite systems aroused particular interest in the past. I n  particu- 
lar, this has been the case for a centre in the E+: CaF,system labelled B by Tallant and 
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Figure 5. A comparison of model-pre- 
dicted splittings of the *1,1/2 manifold of 
Er" in ~~~-F-compensatedsitesinCaF,, 
SrF, and BaF, with relevant experimental 
data on the B site [ I l l .  3 site [14]. and L 
site [16,17]. respectively. 

Wright [ l l ] ,  for a long time thought to be a clear example of the centre shown in figure 
1. However, more recent work [S, 9, E-151 led a number of authors to question this 
identification, thusmakingthematterofthecrystalfieldsplittingsthat would beexpected 
for a NNN-compensated site of trigonal symmetry in the Er3':CaF2 system of special 
interest. 

The starting points of the present attempt to  address this question were the values 
of the model parameters established for the E$+: CaF, system in previous work [19]. 
These values (Q, = -0.800 lei, r = 0.662, Z =  -1.05 and A = 109.0 (in atomic 
units)) correspond to B: = +218cm-', E$, = +1290cm-', Bq = -1510cm-', 88 = 
+1160cm-', Bg = +696cm-', = 1-730cm-' for the centre shownin figure 1. The 
41,s~ manifold splittings corresponding to above model values of B: are shown, and 
compared with the experimentally observed B site splittings as found by Tallant and 
Wright [ll], in figure 5. 

Even a cursory glance at the above comparison reveals striking dissimilarities 
between the two energy level schemes being compared. Thus, the overall model-pre- 
dicted splitting of the 4115/2 manifold (650 cm-') is very different from the corresponding 
quantity for the B site, as measured by Tallant and Wright [ l l ] ,  i.e. 461 cm-l. Since all 
eight crystal field 411s,2 levels expectedfor asingle ion site were observed by Tallant and 
Wright in the case of the B site, there appears to be little room for ambiguity in this 
matter. It is also apparent that the model splittings (which bear a clear relation to the 
splittings of the cubic centre in the Er'+:CaF, system, with the cubic rs levels being 
slightly split) are very different from the B site splitting patterns. Indeed, it is quite clear 
that approximating the B site lattice arrangement by a slightly perturbed cubic centre is 
not a good point of departure for analysing the spectrum of this site. 

Wearethusled toconcurwiththe authorswhothoughtthat theBsite bearsnodirect 
relation (apart from symmetry) to the centre shown in figure 1. It may be noted in this 
context that alternative trigonal symmetry local lattice arrangements for RE3' :fluorite 
systems have been discussed in the past [33]. 
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The crystal field analysisof the cubic centre in the E$':SrFIsystem reported in [21] 
allows us to perform an analogous simulation for this system. From the phenom- 
enological values of B$ for the cubic centre (Bd = -1755 cm-l ,B$ = +567.4cm-I), 
we obtain QL = -0.740 lei, r = 0.661, Z = -1.05 andA = 141.4 (in atomic units) for 
the system of interest. For the centre shown in figure 1 in this dopant: lattice system 
we thus obtain: B i  = + 197 cm-', B i  = t1190 cm-' , 84, = -1390 cm-' , Bh, = 
+1010cm-', Bg = +606cm-',Bt = +636cm-'. Infigure5,the 'I11!,2manifoldcrystal 
field splittingscorresponding to  the above Bt valuesare compared with the 4115/2energy 
level scheme of the J site in the E?+ : SrF? system [14]. The similarity of the above two 
energy level schemes is sufficiently close for us to identify the J site with a centre that 
appears to bc structurally related to the centre shown in figure 1. We may, however, 
note that in some cases the divergence between the experimentally observed and cal- 
culated level energies is significantly larger (approximately 30 cm-l) than was the case 
for the E u ~ ~  and Dy3+ centres analysed before. 

In the case of the E$+: BaFz system, the primary candidate for the centre shown in 
figure 1 appears to be the site labelled L by Miller and Wright [34]. The phenom- 
enological B$ values for the cubic centre in this dopant:lattice system (58 = 
-16Olcm- ' .5~ = +504.6cm-')[21]giveQ~ = -0.6181el.r =0.668,Z= -1.05,A = 
172.2 (in atomic units). For the centre shown in figure 1, we thus have the following 
model values of B i  : 5:, = t 179 cm-', B$ = + 1080 cm-' , 5: = - 1270 cm-', B: = 
+894 cm-'. B'j = t539cm-I .  Bt  = +565cm-'. The 4115,2manifoldsplittings resulting 
from these B$ values are shown, and compared with the L site splittings [16,17]. in 
figure 5. The agreement between the two energy level schemes appears to be close 
enough to claim that the NNN compensation arrangement of figure 1 provides a reason- 
ably good description of the L site. 

4. Local lattice distortions in trigonal centres 

4.1. Trigonaicenrre in the Ed+:SrF2sysrcm 

The resultspresented insection3 indicate that inanumber ofcases the trigonal symmetry 
spectra observed in investigations of  RE^+ : fluorite systems may, according to our model 
procedure, beidentifiedasarisingfrom the NNN-compensatedcentresof the type shown 
in figure 1. Cases where we may attempt to  derive information about local lattice 
relaxations in these centres are, however, less numerous. The reason for this is the fact 
that reasonably reliable phenomenological B: values are required for the centre of 
interest before simulation of local lattice distortions may be attempted. Thus, for 
example. the data on the D Y ' ~  centres analysed in section 3.3 appear to be too frag- 
mentary for such a calculation to be really convincing. 

From the foregoing discussion, it appears that the best choice for performing such a 
simulation is the trigonal centre in the Eu3+: SrFZsystem. The close agreement between 
the experimental data and the model-predicted crystal field splittings reportedin section 
3 appears to  remove the ambiguities of level identification for this centre, suggesting at 
the same time that phenomenological B$ values should not be too different from the 
model-predicted ones reported in section 3. 

Using the latter model values as the starting values for a fitting procedure, the 
following phenomenological B: values were obtained for the above trigonal centre 
in the EuJ+:SrFl system: BZ = +239.4cm-', 5; = +1504cm-', 5; = -1528cm-', 
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Table 1. Microscopic local structure of the trigonal centre of E$' in SrF,. R, are dopant-F- 
distances (au); R,-ideal lattice, R-orresponding to t ,  = 1.00, f2 = 1.00, I, = 1.00, 
I r  = 1.00, Is = 1.00. I, = 1.00, R,-final model reconstruction. 

RE'+-F- distance (a") 
Final value of the relevant 

Group R,  R2 RA relaxation parameter 

1 9.492 9.170 9.06 0.98 
2 9.087 9.087 6.90 0.57 
3 4.746 4.124 4.60 0.97 
4 4.146 4.424 4.54 1.04 
5 4.746 4.424 4.20 0.96 
6 4.746 4.424 4.64 1.04 

138 = +970.4cm-', E; = +996.3cm-', E t  = +924.9cm'-'. These values reproduce 
the energy level splitting measured by Jouart et al[30) with an accuracy corresponding 
to U = 1.5 cm-' (figure 6). The simulation procedure outlined in section 2 of this paper 
was then used to reconstruct from the above phenomenological E t  values the structure 
of the emitting centre. In this simulation, the ligand charges were kept fixed at their QL 
values, while the charges of group 1 and group 2 ions were assumed to be dependent on 
their distance from the Eu3+ ion according to (4). Proceeding in this way, aminimum was 
foundatr, = 0 . 9 8 , ~ ~  = 0.57,t3 = 0.97,t4 = 1.04,t5 = 0.96,t6 = 1.04thatcorrespondsto 
model Bt values of: B: = +235.1cm-', 8; = +1529cm", E $  = -1591cm-', E $  = 
+939.9cm-I, E$ = +883.3cm-I. E: = +934.6cm-I. Model reconstruction of the 
structure of the centre of interest is shown in table 1. 

In analysing the data in table 1, it should be remembered that the reconstructed 
distortions are superpositions of two types of relaxation-that due to the difference in 
theionicradiiofthedopant and thelatticecation,andthatdue to theprocessesassociated 
with introduction of the interstitial. The first type of relaxation leads to a radial collapse 
ofthelatticearoundthedopant, the dopant-liganddistances beingreducedfrom4.746 a. 
to 4.42 a, for the system of interest. In the second type of relaxation. the group 4 ligands 
are pushed away from the interstitial and the group 5 ions move closer to it; their final 
distancesfrom the interstitial are thus, respectively, 4.54 aoand 4.20 ao, Simultaneously, 
the separations between the dopant and the two F- ligands on the trigonal axis increase, 
with the two ligands ending up as being equidistant from the dopant at 4 . 6 0 ~ ~ .  The 
unrealistically large movements of the group 2 ions towards the original position of the 
F- ligand on the trigonal axis probably reflect the limited accuracy of determination of 
their positions that was underlined in section 2.  

Comparing these movements with those established for the tetragonal centre in the 
same dopant: lattice system [19]. we see that introduction of the interstitial appears to 
have a relatively greater impact on the lattice relaxation processes in the tetragonal 
centre in the E$+: SrF, system, while the difference in the ionic radii of the dopant and 
the lattice cation is more significant for the trigonal centre. This is immediately apparent 
when the relaxation parameter values for the tetragonal centre in the Eu3+: SrF, system 
[19], i.e. t l  = 1.01, tz = 1.18, t3  = 0.75, are compared with the t, values determined 
above (with a note taken of the fact that the f 2  value for the trigonal centre is apparently 
a model artifact). This observation helps to explain why the a priori calculations of 
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section 2, in which the I,,, values are, in effect, put equal to 1.00, have yielded crystal 
field splittings that are so close to experimental data. 

It is difficult to obtain independent corroboration of the results of the above simu- 
lation of local lattice distortions in a trigonal centre since, unlike for the tetragonal 
centres, other calculations of local lattice relaxations in trigonal centres in  RE^+: fluorite 
systems are all but non-existent. The only calculation with which we can compare our 
results appears to be the superposition model estimate of lattice relaxation processes in 
the trigonal centre in the Gd3': SrFz system of Edgar and Newman [35], In that study, it 
wasestimated that. comparedwith theirseparationsin thecubiccentrein theGd3+:SrF2 
system, the group 4 ligands are pushed out by 1%, while thegroup 5 ions move towards 
the dopant by 2%. These appear to be close to our values, the data in tabIe 1 showing 
the group 4 ligands being pushed out by 4% and the group 5 F- ions moving towards the 
dopant by 4%. As far as the ions situated on the trigonal axis are concerned, Edgar and 
Newman surmise that the dopant moves towards the interstitial by 6.5% of the dopant- 
ligand separation in the cubic centre, with the two axial ligands moving so as to make 
their separations from the dopant unchanged. Our result of a 1% reduction in the 
dopant-interstitial separation is in accord with this picture but, for the reasons outlined 
in section 2, our reconstruction of movements of the interstitial must be viewed with 
caution. On the  other^ hand, the prediction of our calculation of an increase in  the 
dopant-axial ligand distance by 4% is in clear disagreement with the conclusions of 
Edgar and Newman. It is, however, interesting to note that our results agree with their 
assumption that the two axial ligands are equidistant from the dopant. 

It is clear from the above discussion that at least some of the results of our reported 
simulations agree with conclusions of other investigators. A more definitive analysis 
cannot, however, be performed before more work is done in the held. Investigations of 
tetragonalcentrcs in ~~*:fluoritesystemssuggest thatmuchusefuldatacan bededuced 
from results of hyperfine interaction studies such as, for example, the study of trigonal 
centres in the E$+: BaF2 system by Davituliani et af  [36]. 
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4.2. Trigonal centre in the E#+:SrF,system 
The conclusions of section 3 are in clear accord with the traditional view that linked 
the J site of Kurz and Wright [16] with the NNN-compensated centre in the Er3+:SrF2 
system. The purpose of the present discussion is thus to examine the conclusion of 
Cockroft el a1 [ 14) that the trigonal symmetry of the J site is not, in fact, exact. 

We start by noting that from their analysis of the centre in question, Cockroft el af 
arrived at two sets of phenomenological crystal field parameter values; namely: (I) 
E,$ = +189.0cm-', Bf, = +866.2cmML, E$ = -1434cm-', E$ = +1090cm-', E: = 
+698.4cm". E t  = f445.2cm-I and (11) E $ =  +189.Ocm-', E:= +954.8cm-', 
E! = -1372cm-', E: = +1106cm-', E$ = +675.4cm-', E: = +480.Ocm-l. 
The difference between the two calculations was that the ground state g-values were 
included in the f i t  that led to set (11). and were disregarded in calculating (I). In further 
discussion we shall, however, concentrate on the information that may be derived from 
set ( I ) ,  since our deductions based on both these E: sets are qualitatively the same. 
Thus, the application of the lattice distortion simulation procedure of section 2 led to a 
minimumatt, =2.83,t2= 1.15 , r j=0 .99 , t~=0.96 , tS= 1.03,t6= 1.01,corresponding 
t o B : = + 1 9 4 c m - ' , B ~ = + 8 8 2 c m - ' , B ~ =  - 1450cm-',Bf,= +1070cm-l,52= + 
538cm-', E$ = +577cm-'. 
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Eu3+ IN TRIGONAL SITE IN SrF2 
L 

~ ~ 3 - 4 .  IN .TRIGONAL s r r E  IN BaF2 

Figure 6. A contpariron ol experimental cqstal field 
T , .  'F:and'F,splirring,for the trigonal centre in the 
Eu'-:SrFl system 1301 with the splirtingr corre- 
sponding to phenomenological \ d ~ e s  of B; 

Figure 7. A con.pariron of evpenmenral cry,tal ficld 
7,.  'F,and'Fi~plitlinps1or the rrigonalcentre in the 
€U'- BaF, system 1311 with the splittingr corre- 
sponding 10 phenomenological valuer of 5:. ( I )  and 
(11) correspond. rryxcrtrel?.  to the firs1 3nd second 
ret of phcnomciiologicsl S; balue, (sec i e ~ t ) .  

Comparing these results with those of the foregoing discussion of the trigonal centre 
in the Ex3+: SrF,system, we see that the present simulation produced a picture of local 
lattice distortions very different from that presented in table 1. This is particularly 
significant in the case of ta  and t5 values since, as was noted in section 2, these are 
particularly insensitive to the details of the modelling procedure followed. Values of 
l4 = 0.96, f5 = 1.03 found for the J centre correspond to a situation in which group 4 
ligands move towards the dopant, while group 5 ions are pushed out. This situation is 
the exact opposite to that found for the trigonal centre in the Eu3+:SrF2 system, where 
it was group 5 ions that moved towards the RE3+ ion and group 4 ligands that moved 
away. Moreover, the t4  and f5 values deduced from sets (I) and (11) are the same. 

We thus conclude that while the "N-compensation model provides a reasonable 
approximation to the structure of the J centre, its exact structure appears to be quali- 
tatively different from that of the trigonal centre in the Eu3+:SrF2 system. It may, in 
particular, be the c a e  that, as was concluded by Cockroft et ai, the trigonal symmetry 
of the J centre is not exact. 

5. Crystal field analysis of the trigonal centre in the Ed+:  BaF, system 

A well-known difficulty of any non-linear multiple-minima fitting problem is the fact 
that the choice of the starting point of the minimization procedure usually determines 
the quality and reliability of the final fit. This section contains a report of an attempt to 
employ the procedure outlined in section 2 to address this problem in the case of the 
crystal field splittingsof a trigonal centre in the E d + :  BaF, system. The reason why the 
procedure employed in this case had to be different from, for example, that used in 
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fittingthesplittingsof Eu3+inatrigonalsiteinSrF2wasthat thedataonthecubiccentres 
in the Eu3+:BaF2 system are, at present, insufficient for phenomenological B$ deter- 
mination. Thus, a calculation in which B$ valuescorresponding to t, = 1.00 are used as 
a starting point in fitting trigonal centre splittings is, at present. impossible for the 
E d + :  BaF, system. 

There is, on the other hand, little reason to think that the trigonal centre observed 
by Jouart et al[31] in the Eu3+:BaF2 system is qualitatively different from the trigonal 
centreintheEu'+:SrF,system whosespectrumwasreportedin [30]. Inaccordancewith 
theoretical calculations [7,10] concerning the occurrence of NNN-COmpenSatedsites, the 
centre in question appears to be the dominant one in the Eu3+ :BaF2 system. Moreover, 
the crystal field splittings in the trigonal centres in E d + :  BaF, and E d t :  SrF, systems 
are very similar. The above arguments are strong indications that the centre in question 
is thus theNNN-compensatedcentre of figure 1 that wasanalysedin the previoussections 
of this paper. 

To start the calculation of phenomenological B$ valuesfor this centre we therefore 
used the procedure followed in the centre identification calculations of section 3, with 
the ionic radii and lattice constant values appropriate to the Eu3+: BaF2 system, and the 
QL, t, 2, A values determined previously for the Eu3+:SrF2 system. The resulting 
B: values were: B i  = +178cm-'. BA = +1550cm-', B! = -1830cm-', B$ = 
+1360cm-', B$ = +821 cm-', B$ =~+861 cm-'. Taking these values as the point of 
departure, we proceeded to fit the splittings in the trigonal centre in the EuZt:BaFz 
system observed by Jouart etal. The calculation resulted in phenomenological B' values 
of B $ =  +214cm-',Bd = +1390cm-',B4,= -1450cm-',Bfj= +811cm-1,B$= 
+601 cm-', BZ = +623cm-'. These values reproduce the experimental crystal field 
splittings with an accuracy corresponding to u = 8.5 cm-' (figure 7). This value of u is 
significantly larger than the u = 1.5 cm-' obtained in the analogous calculation for the 
E d t  :SrF2 system, indicating that the initial B: values do indeed seem to influence the 
quality of the final fit. 

To improve on the starting point of the minimization procedure we employed a 
modified version of the distortion modelling procedure of section 4. In this calculation, 
thevaluesofthe distortion parameterst, were fixedat the valuespreviouslydetermined 
for the trigonal centre in the Eu3++:SrF2 system: namely, t l  = 0.98, f2 = 0.57, t3 = 0.97, 
I~ = 1.04, f5 = 0.96, t6 = 1.04, and the quantities varied so as to reproduce the above 
phenomenological B$ values were the ligand effective charge QL and the wave-function 
expansion parameter t. The sole minimum found in this way corresponds to QL = 
-0.724 /e l ,  z = 0.724. 

The above values of QL and z were then used, together with iI = 1.00, t2  = 1.00, 
t 3  = 1.00. l4 = 1.00, t5  = 1.00, f6 = 1.00, to obtain what were hoped would turn out 
to be improved starting values of B: for a phenomenological crystal field parameter 
determination for the system of interest. The starting B$ values obtained were 
B: = +176cm-', B$ = +1190cm-'. BI = -1400cm-', BS = +967cm-', B; = 
+583 cm-l, B$ = +611 cm-'; aset noticeablydifferent from that employedin the first 
phenomenological B$ determination. 

The phenomenological B i  values obtained by fitting the experimentally measured 
splittings in the centre ofinterest starting from the above second set of initial 5; values 
were Ba = +225.Ocm-l, B i  = +1275cm-l, Bg = -1428cm-*, Bt  = +915.5cm-', 
B3 = +856.6 cm-', BO, = +935.1 cm-I. These values of crystal field parameters repro- 
duce the experimental crystal field splittings with an accuracy corresponding to u = 
2.4 cm-' (figure 71. 

K LeSniak and F S Richardson 
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We thussee that the reported application of our modelling procedure helps to reduce 
significantly the deviation between the calculated and measured crystal field splittings 
(from U = 8.5 cm-' to U = 2.4 cm-I), underlining its utility in analysing the spectra of 
trigonal centres in  RE^+: fluorite systems. 

6. Conclusions 

It is clear from the foregoing discussion that the modelling procedure outlined in this 
paper has indeed turned out to be a useful tool for tackling the problems presented in 
section 1. In particular, it has provided unequivocal support for linking some of the 
trigonal symmetry centres observed in optical investigations of RE3+: fluorite systems 
with the "N-compensation arrangements in figure 1. The selectivity of such identi- 
fication may be seen in the case of the B centre in the Er3+:CaF2 system. where the 
present procedure clearly indicates that such identification is unwarranted, a view in 
accord with those of most other investigators. Furthermore, we were also able to obtain 
information about local lattice distortions in several centres of the type considered. 
Since this is, to our knowledge, the first instance when such a complete reconstruction 
of these distortions has been made for the centre type of interest, it is difficult to evaluate 
the quality of this reconstruction. We may, however, no:e that at least some of these 
results are in accord with a superposition model estimate performed by Edgar and 
Newman [35] for a trigonal centre in the Gd3': SrF, system. 

The results of this study, as well as analogous work on the tetragonal [IS, 191 and 
cubic [Zl] centres in  RE^': fluorite systems give clear support to the view that a suitably 
modified electrostatic effective charge model may still be of some use in analysing rare- 
earth crystal field spectra. It should, however, be stressed in this context that such 
applications need to be judicious, with at least one example (the cubic centre in the 
Eu3+: PbF, system [21]) clearly illustrating the limitations of such a model. 

Finally, as was noted in 1191, the approach advocated in this and preceding papers 
offers a clear path to tackling the problem of calculating the lattice sums A: for odd k ,  
and thus, ultimately, that of calculating thefjftransition probabilities. 
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