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Electron paramagnetic resonance of non-Kramers ions 
in a fluorozirconate glass 

E A Harris and D Furniss 
Department of Physics, University of Sheffield, PO Box 597, Sheffield SI0 2UN, UK 

Received 24 August 1990 

Abstract. Electron paramagnetic resonance of trivalent thulium and terbium ions in a 
multicomponent fluorozirconate glass is reported. A theoretical reconstruction is described 
that accounts well for the observed spectra. The signals arise from ions having doublet 
ground states with a continuous distribution of zero-field splittings from zero upwards. Spin 
Hamiltonian parameters were measured as: gg = 13.7 t 0.3, A,/gbps = 24.5 * 1.0 mTfor 
Tm" and gll = 17.5 f 0.2, Al,/gllpB = 24.9 f 0.4 mT for Tb". These correspond to ions in 
essentially 156)states. Probable sitesarediscussedand the spectra areshown to be consistent 
with 8-coordinated Tm3' in square antiprism sites and 9-coordinated Tb3* in tricapved 
trigonal prism sites. although other types of site probably also occur. 

1. Introduction 

In the last few years many papers have been published on the properties of heavy-metal 
Euoride glasses, particularly those based on ZrF,. They are of special interest because 
of their high transparency from 250 nm in the ultraviolet through the visible to 7 pm in 
the infrared. These glasses have been developed for use in ultra-low-loss optical fibres 
at 2.5 pm and are easily doped with rare-earth ions with possible applications as solid- 
state lasers and for up-conversion of infrared radiation into visible fluorescence [l]. 
Although most interest has centred on the optical properties, electron paramagnetic 
resonance (EPR) measurements can provide valuable information about the local site 
symmetries and the nature of the ground states of rare-earth and other paramagnetic 
ions in these glasses. The EPR technique has had great success in the study of crystalline 
solids, where very detailed information about the local environment of a paramagnetic 
ion can be obtained from the dependence of the EPR spectrum on applied field direction. 
In glasses the technique has also been widely used [Z], but the analysis is complicated 
because the geometries vary from one ionic site to another and the measured EPR 
represents an average over all possible orientations. Most work has been done on ions 
of the iron group; of the rare-earth group only the S-state ions Gd3+ and Eu*+ have been 
extensively studied. For the other rare-earth ions there is generally a large orbital 
contribution to the ground state, which makes it very sensitive to variations in the local 
electric field, leading to strong anisotropy in the g-tensors, severe inhomogeneous 
broadeningof the resonance andshort spin-lattice relaxation times. These effects mean 
that usually the EPR can only be observed at liquid-helium temperatures, and even then 
the resonances are broad and consequently hard to measure and interpret. 

0953-8984/91/121889 + 12 S03.SOQ 1991 IOP Publishing Ltd ' 1889 
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Table 1. Some properties of trivalent terbium and thulium 
~ 

Tm'+ . , ,,, , , , , ,  
Tb" 

~~ 

Configuration 4fB 4f" 
Ground state 'F* 3% 

716 
'bVm Nucleus '5% 

Nuclear spin, I 312 712 

Land6 factor,g, 312 

An earlier paper [3] has described EPR measurements on Tb3* in a Buorozirconate 
glass, from which i t  was clear that the ground state is a closely spaced doublet cor- 
responding to the maximum possible M ,  values: /MI) = I k.0 = I f  6). Similar measure- 
ments on Tm3+ EPR reported here show that this ion also has a doublet ground state 
corresponding to 1.44,) = 19) = 1k6). Although such a ground state could occur 'acci- 
dentally' it is surprising that the accident should happen twice. 

Some of the properties of trivalent terbium and thulium are shown in table 1. Both 
are non-Kramers ions, i.e. ions with an even number of electrons and an integral 
electronic angular momentum J .  In a solid the ligand-field interaction can completely 
remove the electronic degeneracy of a non-Kramers ion ground state to give a set of 
21 + 1 singlets. The energy separation of the lowest levels is usually too large to be 
spanned by the available EPR microwave quantum and no EPR is observed. Sometimes 
some degeneracy may remain, either accidentally or when the ion is in a site of high 
symmetry, and EPR is possible, but even then it is very sensitive to variations in site 
geometry resulting in strong inhomogeneous line broadening. For these reasons, even 
in crystalline hosts, measurementsonTb3* ,Tm'+ and theother non-Kramerslanthanide 
ions have been much less frequently reported than those on Kramers ions. In a glass the 
inhomogeneous broadening can be less of a problem because the resonance is already 
spread out over a large field range by the orientational distribution, and the inhomo- 
geneous broadening merely redistributes the EPR intensity within this range. 

In the following section we derive an expression for the EPR lineshape expected to 
arise in this way for ions with a non-Kramers doublet ground state. Although the 
derivation is based on that presented previously [3], it differs in detail in the assumed 
direction of the microwave magnetic field. The EPR spectra form3+ andTm3+ are then 
compared with this theoretical prediction and shown to be consistent with ground states 
characterized by IM,) = I k6). Finally the implications of these results will be discussed 
in relation to the probable rare-earth-ion site geometries. 

2. Theory of the electron paramagnetic resonance lineshape 

The ground state is treated in terms of an effective spin s = 1 with the usual spin 
Hamiltonian for a non-Kramers doublet 141: 

The term 6s, gives rise to a zero-field energy splitting and also mixes the two states, 
removes the time conjugacy and allows a transition probability between them when the 



EPR of non-Kramers ions 1891 

microwave field b has a component parallel to the z direction. A term 6’sy could also be 
included, but such a term can be eliminated by a simple coordinate rotation or a different 
choice of phase of the states and so produces no extra physical effect. For the terbium 
ions ( I  = 3) there could also be an electric quadruple hyperfine interaction, but it is small 
and will not be discussed here. 

It is assumed that each of the magnetic ions is described by equation (1) but that the 
axes of quantization z are in random directions (8, q). It is also assumed that there are 
only small variations in local site geometry from ion to ion, so the parameters 811 and All 
are taken as constants. The parameter 6 is much more sensitive to these variations and 
is allowed a range of values from zero upwards, given by a distribution function P(6). 
The direction of the applied magnetic field B defines the polar axis (8 = 0) of the 
spherical polar coordinate system. The microwave field b is assumed to be normal t o B ,  
corresponding to the experimental situation in the EPR cavity, and is taken to lie along 
the azimuthal axis (0 = x/Z, q = 0). In this respect the following analysis differs from 
that presented previously [3] where the direction of b was assumed random. 

The energy levels obtained by diagonalizing equation (1) are 

Wl,z = ?[6’ + Ig l lp~B,  + All”’]’’’ (2) 
where B, = B cos 0 and m is the eigenvalue of I,. As there are no off-diagonal matrix 
elements involving m, it is a good quantum number, which can be used to label the 
states. Since g, = 0, magnetic dipole transitions can be induced only by a microwave 
field component b, through a perturbation 

YC =gllVes,b,. (3) 

hv = [a2 + (gl ,pBB, + Allm)z]’/z. (4) 

vI,’ =cosc r l~1 ,m)+s inc r /+ l ,m)  (5 )  

sin(2a) = 6[@ + (gllpBB, + = S/hv. ( 6 )  

T =  l(vll%e’Iv2)I2 = [tgllPBb, sin(241z (7) 

Thus they obey a selection rule AM, = 0, Am = 0, and the resonance condition for a 
microwave frequency Y is 

The eigenstates corresponding to (2) are 

where 

The transition probability is proportional to 

where b, = 6 sin 0 cos q. As all values of q are equally probable and q does not affect 
the resonance field, equation (7) is averaged over all q to give a mean transition 
probability 

T= @Bbsin 8sin(2a)l2/8. (8) 
Electric dipole transitions can also be important for ions in sites that lack reflection 
symmetry [4], but we neglect them here. Experimentally the samples were positioned 
in the cavity in a region where the microwave electric field was close to zero and the 
measured lineshapes provide no evidence for such a contribution. 

The total EPR signal observed in an applied field B can contain contributions from 
centres oriented such that their field components B, is in the range from zero to \El. 
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There will be separate contributions from each m value. Thus the EPR signal strength in 
the field range B to B + dB is 

E A Harris and D Furniss 

E 
I (B)  dB = d B 2  1 N(0)(d0/dB)U(BZ) dB,. (9) 

m o  

Here N ( 0 )  d 0  is the relative number of ionsoriented in the angular range do, and with 
a random distribution is given by 

The factor U(&) dB, is the signal strength associated with field components in the range 
B, to B, + dB,. This will arise from just those ions whose 6 values satisfy equation (4) 
and will thus depend on their probability density P(8)  d6, i.e. 

Writing x = p + qB,. where p = Alm/hi  and q = gbpB/hv, and defining C = 
(hv/g,pBB)z, equation (9) becomes 

N ( 0 )  d0 = sin 0 dB = ( B z / B z )  dB. (10) 

U(B,)dB, = TP(6)[d6/dBzIdB,. (11) 

I(B) dB = dBg,pBhv(b2/8B2) If(x)l dx (12) 

if 1x1 s 1 f ( x )  = x ( n - p ) [ l  -C(x-p)*]( l  -x2)”2P(6)  

if 1x1 3 1 f ( x )  = 0. 

* P  

where 

(124 

If P(6)  is a simple function, then the integral can be evaluated without difficulty. We 
have done this for two cases. 

(i)IfP(6)isconstant (=l): 

F ( x ) =  f ( x )  d x = ( 2 - C - 6 C p 2 ) [ s i n ~ ’ x + x ( 2 x 2  -1)(1-xz)1~2]/16 

t (1 - ~ * ) ~ ’ ~ [ ~ ~ ~ / 6 - C p ( 3 ~ ~ + 2 ) / 5 t p ( l  -Cpz) /3 ] .  
I 

I 
(ii) IfP(6) is proportional to 6( = ( 1  - x ’ ) ’ / ~ ) :  

F(x) = A x )  dr= C(x7/7 - x 5 / 5 )  +3pC(x4/4-x6/6)  

+(1 -3CpZ)(x3/3-x5/5)+(Cp3 -p) (x2 /2-x4 /4) .  (13b) 
Equations (13a, b)  are valid only in the range -1 < x < 1. Forx < -1, F(x) = F(-1); 
andforx>l ,F(x)=F( l ) .  

By substituting into equation (13) and applying the limits, the following result is 
obtained for the calculated EPR lineshape: 

I (B)  dB = dBg,pBhv(b2/8B2) C (14) 
m 

where 
for Aim 7 0  

for AlmCO,Alm+gpp,B>O G = F(p + q B )  + F(p)  -2F(O) (14u) 

for Allm +gllpBB<O 
The expression (14) has been computed and digitally differentiated with respect to field 

G = F(P + qB)  - F(P)  

G = F(P) - F(P + qB). 
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for comparison with experimentally observed  spectra. Some examples are shown in 
figures 1 and 3. 

The main features predicted are associated with discontinuities in If ( x )  I at x = 0 and 
x = ?1. The x = 0 condition corresponds to B, = Allm/gllpB and will affect the intensity 
for an applied field B Alim/gpB. Thisconditionisunusual for Emin being independent 
of microwave frequency and provides a measurement of the ratio A,/g,l, The x = +1 
conditions correspond to gllpBB, = i hv - Allm and allow independent determination 
of All and gll The x = 0 and x = * 1 features are associated with ions for which 6 = hv 
and 6 = Orespectively. The observationoffeaturesof both typesindicatesan appreciable 
numberofionsoverthewhole rangeof Svaluesfromzeroupto themicrowavequantum. 
Theexpression(l4) forl(B)differsfrom that given previously[3]. Theeadierexpression, 
which does not allow for the correct direction of the microwave field, may be obtained 
if Cin equations (13a, b)  is replaced by zero. 

3. Results for thulium 

The EPR measurements on Tm3+ were made using a frequency of 9.17 GHz on a Varian 
4502 spectrometer fitted with a helium gas Bow cryostat. The composition of the glass 
studied was (mol%) 51.9 ZrF,, 19.7 BaF,, 18.1 NaF, 3.2 AIF3, 2.5 PbF2, 4.6 TmF3. 
More dilute samples were also prepared with 90% of the TmF3 replaced by LaF3, but 
the EPR signals in these were too weak to measure accurately. The strongest signals were 
seen at the lowest available temperatures, 4.5 K. At higher temperatures the signals 
rapidly broadened and weakened. A typical spectrum is shown in figure 1, where it is 
compared with theoretical reconstructions. The features at gllpBB = hv f all should 
appear as discontinuities in the curvature of this derivative spectrum, which are difficult 
to locate precisely. On a second-derivative curve they should appear as cusps. Accord- 
ingly the second derivative was calculated digitally from the experimental curve and 
values for the two parameters All and gll determined from this: 

Ag/glipB = 24.5 ? 1.OmT. 
A second-derivative curve is shown in figure 2, where it is again compared with spectra 

811 = 13.7 ? 0.3 

mT 

I 
20 bQ 60 80 100 

. mT 

Fwre 1. The EPR spectra of Tm" at 9.17 GHz: 
(a) experimental; ( b )  theoretical reconstruction 
withP(6) - b;(c)theoretical reconstruction with 
P(6)  = constant. 

Figure 2. Semnd derivative of the Tm'* EPR spec- 
ua at 9.17 GHz: (a) experimental; ( b )  theoretical; 
reconstruction with P(b) - 6;  (c) theoretical 
raonstruction with P(b) = constant. 
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reconstructed using the above parameters. Allowing for a small amount of line broad- 
ening, due to either lifetime orinhomogeneouseffects, which will round off the predicted 
cusps, the agreement between experiment and theoryisgood, bearing in mind that there 
are only two adjustable parameters in the model. The positions of thc main features are 
not affected by the form of P(6). Comparing the experimental lineshape with the two 
reconstructions, it is difficult to choose either form as being appreciably better than the 
other. In view of this insensitivityofl(B) to the form ofP(6), it did not seem worth while 
to reconstruct spectra with other forms of P(6). The feature (A) at lowest field, given 
by glpBB = 'A,, is associated with ions having 6 = h v  and the other features (B, C), 
given by gli@BE = h v  2 Ull, are associated with ions having 6 approaching zero. It is 
thus clear that S covers a range of values from zero to at least 0.3 cm-'. In both 
reconstructions, features B and C appear more clearly than in the experimental curve. 
The only obvious modification to the model would be to allow gl, and All to take a range 
of values. If admixtures of states of different J are negligible, the ratio All/gll should 
remain constant and equal to AJ/gJ, so the low-field feature A would not be shifted or 
appreciably broadened. The observed positions of B and C correspond to ag, close to 
12g, = 14, the maximum possible for this ion, so the main effect will be a broadening of 
features B and C coupled with a shift towards higher field. This probably accounts for 
the small differences between the experimental and reconstructed spectra. The signal- 
to-noise ratio does not justify attempts to distinguish between the effects of different 
forms of P(6)  and the effects ofgil variations. We believe the latter are relatively small 
and that the EPR is due to ions in states that are predominantly IM,) = 126). 

E A Harris and D Furniss 

4. Results for terbium 

Some EPR spectra for Tb3+ are compared with theoretical reconstructions in figures 3 
and 4. The agreement is better than with the more primitive theory reported previously 
[3]. The reconstructionsuse parameters derived by measuring field positionsof the cusps 
in the higher-field part of the second-derivative spectrum: gp = 17.5 ? 0.2, Ali/gllpB = 
24.9 -C 0.4 mT. In the lower-field part of the spectrum the agreement is less good due, 
we believe. to the small nuclear quadrupole interaction, which produces features where 
energy levels cross [3]. 

A notable experimental feature is a sharp frequency dependence of the spectrum 
around zero field when the size of the microwave quantum is near to 0.314 cm-'. This 
energy is interpreted as exactly matching the zero-field hyperfine splitting for 
S = 0, given by h v  = 3Ar/2. As the microwave quantum is reduced towards this value a 
derivative minimum moves towards zero field, and below this value it is replaced by a 
derivative maximum. Measurements at several different frequenciesindicate a value for 
Ail = 0.209 2 0.001 cm-', which compares with 0.203 2 0.006 cm-' from the high-field 
parameters. 

5. Discussion 

It is clear from the ratios All/gpL, that these EPR spectra are indeed due to Tm3+ and 
Tb'+ ions. As the Zeeman interaction and magnetic hyperfine interaction are both linear 
in J ,  they project in the same way from the J subspace to that of the effective spin s, 
assuming that small effects from matrix elements between different J manifolds can be 
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I 

m i  

Figure 3. The EPR spectra of Tb": (U )  exper- 
imental spectrum at 9.50 GHz; ( b )  theoretical 
reconstruction for 9.50 GHz with P(6) OL 6 ;  (c )  
experimental spectrum at 9.10 GHz, (d) theor- 
eticalreconsrructionfor9.10GHz~th P ( S )  = 6.  
The minimum seen at low field in (a) and (b) 
moves to zero field when hv = 3At/2. 
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20 40 60 80 IO0 
mT 

Figure4. Second derivative of the Tb" EPR spec- 
tra at 9.SOGFIz: (U) experimental; ( b )  theoretical 
reconstruction with P(S) = 6. 

neglected. It follows that All andgl are connected by the relation Aj/gll= AJ/gJ, where 
the hyperfine interaction is taken to be A J J .  I and gJ is the Landt factor. This ratio is 
independent of the nature of the ground state as modified by the local crystal field. The 
values measured directly in the present work agree well with those reported for these 
ions in a variety of crystalline materials. For Tm'+ 15-91 reported values for Al/glpB are 
all between 23.9 and 24.4 mT, compared to our value of 24.5 r 1.0 mT. For Tb3+ [4,6, 
10-131 All/gllpB values range between 24.7 and 25.5 mT compared to our values of 
24.9 2 0.6mT. Unfortunately this ratio alone gives no information at all about the 
geometry of the lanthanide ion sites. 

Measurements of All or g, individually can provide information about the sites. The 
crystal-field Hamiltonian for a lanthanide ion can be written: 

3c = (Jll4lJ) x C%;l + (JIlPllJ) E e o :  + (JllYllJ) x czo: 
4 4 4 

where 0: (q = 0,. . . , k) are angular momentum operators and (J11allJ), (J(\PllJ) and 
(JllyllJ) are Stevens coefficients. The Cz parameters are related to the A ;  defined in [4] 
by 

= A:(rK).  

The q = 0 terms have axial symmetry about the z axis. With only these terms the J = 6 
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manifolds of Tm" and Tb3' would split into six doublets characterized by IM,) = /16), 
I 5 ) ,  I?4), 1~3),/-2),1-.l)andasinglet /O).Theq >Otermshavelowersymmetryand 
mix states whose M, values differ by *q  and can split the doublets. For sites of fairly 
high symmetry some doublets may remain; for example, in sites with fourfold rotational 
symmetrythe CjandC: termswillgivethreedoubletsfrom1+5), ltl), 1~3)butsinglets 
from 1+.6), 122) and from 1+4), IkO). But generally, for low-symmetry sites, singlet 
levels are expected. The present EPR results show not only that, for an appreciable 
number of Tm3+ and Tb3+ ions, the ground states are closely spaced doublets, but also 
that since their gll values are very close to 12gj, the states must be predominantly 
IMj) = (+6). This shows that, with asuitable choice of coordinate axes, the crystal-field 
interaction is dominated by terms with axial symmetry, Cg, Ct and C!& It is difficult to 
estimate the proportion of ions in this state. Although the number contributing to the 
observed EPR signals could in principle be determined from the doubly integrated 
intensify of the measured spectra, the effect of a small uncertainty in the baseline at high 
fields introduces enormous errors, so this is not a useful procedure. But the signal seems 
to be stronger than would be expected for a totally random crystal field and indicates 
that certain geometrical arrangements of fluorines around each lanthanide ion are 
favoured. 

Trivalent lanthanide ions in fluoride glasses are expected to have coordination 
numbers between 8 and 9 [14], with eightfold coordination becoming increasingly 
preferred in the sewnd halfof the series as the ionic radii decrease with increasing atomic 
number. Related crystal structures display avariety of lanthanide sites, many with low 
symmetry. Although a diversity of sites is likely in the glass, our results suggest at least 
a tendency for the ions to impose some local order, adopting sites that are relatively well 
defined and of high symmetry. We have therefore considered some of the possible 
arrangements (figure 5) of eight or nine fluorine ligands around a central lanthanide ion 
to see what sort of ground states might be expected. In these arrangements we have 
taken all the Ln-F separations RL to be equal. Neglecting any angular dependence of 
the bond energies, the most favoured structure should then be that which maximizes the 
separations of neighbouring fluorines. For eightfold coordination the square (Arch- 
imedean) antiprism with DM symmetry is the arrangement that achieves this. The 
tetragonal dodecahedron with D2,, symmetry is very nearly as good in this respect. 
Similar considerations for ninefold coordination indicates that the tricapped trigonal 
prism with D,, symmetry should be the most favoured arrangement followed by the 
monocapped square antiprism with Cdv symmetry. All these arrangements have a clear 
principal symmetry axis, a feature that is necessary to understand the EPR. 

The problem of estimating the crystal-field parameters Cz for the site geometry is 
not simple, as the mechanism whereby aparamagnetic ion interacts with its immediate 
neighbours involves both electrostatic and chemical effects. An approach that has 
proved particularly useful for rare-earth ions has been the 'superposition model' [15], 
in whichthecontributionfromeachneighbouringligandis taken to beaxiallysymmetric 
about the line from its Centre to the paramagnetic ion. These contributions are then 
summed over just the nearer neighbours. The size of each contribution is assumed to 
depend only on the type of ligand and its distance from the paramagnetic ion and is 
determined empirically from experimental results on known structures. One result of 
these calculations is that the terms of rank k = 2 are usually greater than those with k = 
4, which in turn are greater than those with k = 6. This raises an immediate problem in 
interpreting the present results because the factor (J11011Jj is of opposite sign for Tb3+ 

E A Harris and D Furniss 
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LO1 fbl  

Figure 5. Possible fluorine coordinations around a lanthanide sire. Ln-F separations are 
assumed equal and the angles shown were chosen to maximize F-Fseparations. (a) Square 
antiprim, with 0 = 59.3" (Archimedean) or 0 = 5 4 . T  (cubic). (b)  Tetragonal dodecahed- 
ron.with0, =36.8"andBz= 69,5".(c)TricappedtrigonaIpnsm,with0 =41,8".(d)Mono- 
cappedsquareantiprism,withB, =70.l'andB2 = 125.P. 

and Tm3+. If both ions occupy a similar unique site, it must be one in which the 
contributions to Cg tend to cancel to zero to produce 1 *6) ground states for both ions. 
A more likely alternative is that the EPR is due to the two ions in different kinds of site. 

Using the superposition model the crystal-field parameters are given by 

c: = %ikK*q(eL,pL)  
L 

where the coordination factors Kkn(e,, 9)') are related to spherical harmonicsand listed 
in [15]. The intrinsic parameters Ak are functions of the ligand distance RL, but 
as we are taking R, to be the same for all ligands, they are taken to be constants. We 
have used the values below suggested by Yeung and Newman [16] from their analysis of 
E?+ : LaF,. These values are believed to be reasonably representative for any lanthanide 
ion at its standard lanthanidefluorine spacing, and io any case a small variation in any 
of them will not critically affect our conclusions: 

&=240cm-' &=74cm-'  &=19.4cm-l. 

The crystal-field parameters determined by this method are listed in table 2 and from 
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TableZ. Crystal-fieldparamelers(cm-') forthemordination polyhedraoffigure5,calculated 
using superposition theory. 

Square Square Trigonal Monocapped 
Tetragonal antiprism antiprism capped square 
dodecahedron (Archimedean) (cubic) orism antiorism 

C! 139.4 -2M.7 
C? -74.8 -181.2 

0.0 120.0 -62.0 
-230.2 -75.7 -43.4 

C: 1163.2 0.0 0.0 0.0 449.9 

Ct  -130 49.0 34.5 -49.3 51 6 
C: 322.0 0.0 0.0 0 0  -298.7 
C! 0.0 0.0 0 0  493.9 0.0 

Table 3. Energy levels (cm-') for Tm'+ and Tb'+ in the coordination polyhedra of figure 5 ,  
calculated using the parameten of table 2. 

,.. ,. 

Square Square ~ Trigonal Monocapped 
Tetragonal antiprism antiprism capped square 
dodecahedron (Archimedean) (cubic) prism antiprism 

, , , ,  , ,, ,,.,. ,_,l,,,,,_,l,,l:lll:,.. ~ ' , ' , , , ' . , I . ,  ' 
~ ~~~ ~ ~~~~~~~~~~ 

. .  
~ ~ ~- ~~~~ ~~~~~~ ~~~~ ~~~~~~ ~ 

~ ~ ~ ~~ 

Tkilium 
177.9 
171.9 162.1 X 2 229.2 X 2 195.5 182.4 X 2 
171.4 X 2 141.1 X 2  203.8 x 2 138.0 x 2 136.5 
83.2 38.0 X 2 58.9 x 2 59.7 21.1 
63.5 x 2 
33.6 
30.7 

-231.5 
-241.1 X 2  
-253.2 

Trrbiwn 
171.1 
166.9 X 2 
161.0 
45.2 
-1.8 x 2 

-82.3 

22. 1 
9.8 X 2 

-2.3 X 2 
-359.8 x 2 

179.9 x 2 
137.0 x 2 
22.5 x 2 

-2.4 x 2 
-86.7 x 2 
- 158.7 x 2 

-107.3 -183.3 
-108.3 X 2 
-146.8 
-154.5 

57.0 X 2 
-115.5 X 2 
-130.9 
-255.1 x 2 

160.0 X 2 
127.7 x 2 

-25.0 x 2 
78.7 x 2 

-102.4 X 2 
-130.4 

52.6 
28.0 
-2.1 x 2 

-~41.3 x 2 
-160.4 X 2 
-204.0 

82.9 
60.5 X 2 
49.4 
28.4 x 2 
7.2 x 2 

-11.9 

19.5 
4.7 

-5.1 x 2 

70.4 x 2 
-38.8 

-175.7 
-181.1 

79.5 x 2 
61.8 
30.8 
29.4 
9.7 
8.9 x 2 

-173.9X2 -30.1 X 2  -25.1 
-125.9 -66.5 
-126.5 -69.7 X 2 

-77.5 

these we have calculated the energy levels and states. The energy levels are listed in 
table 3. 

For the dodecahedron the ground states are singlets for both Tm3+ and Tb3+. The 
126) states are not low-lying and are strongly mixed and well split by the large C: and 
Cg terms. For Tm3' there is a doublet state only 12 cm-' above the ground state but all 
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components of its calculated g-tensor are small. It is clear that a (i6) doublet ground 
state could not be produced for either ion by minor variations of the ligandpositions and 
that this type of site is not responsible for the observed EPR. 

The square antiprism is the only configuration that we are considering that has 
effectively pure axial symmetry and hence pure lMj)  states. For an Archimedean anti- 
prism (with f3 = 59.3" in figure 5(u) and equilateral triangular faces) a (+6) ground 
doublet is predicted for Tm3+. As it is well separated from all the other levels, slight 
variations in site geometry will lead to only small splittings of this doublet. We therefore 
consider it highly probable that such sites account for the present Tm3+ EPR. We note 
that a site with similar symmetry was proposed by Kazanskii [9] in interpreting the 
optically detected EPR of Tm3+ in fluorite crystals, where gl, = 14 was measured and 
related to ions within lanthanide clusters of the type Y,,F,,. A square antiprism is 
also closely related to the bicapped trigonal prismatic geometry occurring in the YF3 
structure, which is adopted in all the lanthanide trifluorides from samarium to lutetium. 
ForTb'+ in the Archmedean antiprism, the dominant contribution to the energiesfrom 
the Cf term is of opposite sign and the predictedground state is the 10) singlet. However, 
parameters are sensitive to changes of geometry, and a small modification to this 
arrangement that increases the negative charge density near the axis of the antiprism 
could lead to a I +6) doublet ground state for this ion also. For example, the addition of 
two more distant fluorine neighbours to form a bicapped square antiprism could have 
this effect, as could an axial extension of the configuration that reduces B. To illustrate 
this we show in table 3 the levels for a square antiprism with f3 = 54.7". (We refer to this 
as a 'cubic' antiprism, as it corresponds to a cube writh one face rotated through 45" in its 
own plane. It has the property that K ~ o  and hence Cq are zero.) Thus if the arrangement 
of fluorine ligands around a lanthanide ion is a square antiprism, it must be modified in 
one of these ways to account for the Tb3+ EPR. It is interesting to note the EPR results 
reported forTm3+ [SI andTb" [13] in lanthanide nicotinate dihydrates, where both ions 
were also found to have nearly degenerate doublet ground states with IM,) = 1+6). 
Although the sites have very low symmetry in these crystals, the surrounding oxygens 
lie at the vertices of a rather distorted square antiprism. 

Turning to possible 9-coordinated sites, the calculated ground state for Tb3+ in a 
tricapped trigonal prism site consists of two closely spaced singlets with a small splitting 
6 = 0.6 cm-'. The states are essentially 1 i 6 )  and the splitting is associated with a small 
admixture of 10) introduced by the Cg term. Variations in ligand position would give rise 
to a distribution of 6 values, so sites of this type could clearly give rise to the observed 
EPR. Such sites are occupied by all lanthanide ions from lanthanum to thulium in the 
NaLnF, crystal structure, so it is highly probable that some occur in the glass and give 
rise to the Tb3+ EPR. However, for Tm3+ in this site, the predicted ground state is a 
singlet well separated from other states. The other common 9-coordinated site, the 
monocapped square antiprism, would have singlet ground states for both ions. This 
arrangement would have to be considerably distorted to produce a doublet capable of 
giving the observed EPR. 

6. Conclusions 

We have shown how EPR spectra of the two non-Kramers lanthanide ionsTm3+ andTb3+ 
in a fluorozirconate glass have been interpreted by assuming closely spaced electronic 
doublet ground states with a range of values for the zero-field splitting parameter 6. The 
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g,, values show that a substantial number of both ions have essentially a 13-6) ground 
state, indicating that the sites contributing to the EPR are relatively well defined but with 
a continuous range of small variations from site to site. It is unlikely that these results 
could arise from a random arrangement of fluorines around each lanthanide, and this 
indicates that certain characteristic arrangements are preferred. The Tm3+ results are 
probably due to ions occupying 8-coordinated square antiprism sites, and the results for 
Tb3+ are consistent with ions in a 9-coordinated tricapped trigonal prism site. Other 
structurescouldalsooccur,itisunfortunate that thenumbersofionsin thesesitescannot 
be determined experimentally from the EPR. However, the tendency, suggested by the 
present results, to progress from nine- to eight-fold coordination on going from Tb3+ to 
Tm3' would be consistent with the expected reduction in bond length. 
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