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Abstract. The EPR spectra of G# in two transition metal fluoride glasses (PZG and PBI)
have been extensively studied as functions of temperaturé, Gahcentration and microwave
frequency (S, X, K and Q bands). The marked changes observed in the EPR spectra with
temperature and concentration imply the existence of pairs 8f Guhs. The spectra of isolated
Gd® ions were obtained at low temperature for samples with low'Gdbping concentration.
Isolated Gd* ions are characterized by a fine—structlb@%parameter distribution within the
range 002-Q015 cntl. The simulations of these spectra are computed with a Czjzek fine-
structure parameter distribution (this solution prohibits the existence of axial symmetry sites).
It indicates a decrease of the number of geometrical constraints compared to thosétfor Cr
and Fét (octahedral coordination in a fluoride medium), in agreement with the high&r Gd
coordination numbers. G#-ion sites are found to be more distorted in PZG than in PBI,
suggesting that the glass network has an influence on tfé& @alyhedron distortion amplitude.

1. Introduction

The purpose of the present study is to investigate the electron paramagnetic resonance (EPR)
spectra of the S-state rare-earth ion®Gdnh transition metal fluoride glasses (TMFG) as
functions of glass composition, doping concentration, temperature and microwave frequency
(S, X, Kand Q bands), and to determine the distribution of the crystal-field parameters acting
on Gd&* in TMFG.

Although numerous studies have been devoted to**Gsepectra in amorphous
compounds, only one of them dealt with their reconstruction [1]. The following spin
Hamiltonian which incorporates the Zeeman and the crystal-field interactions (where terms
of order higher than two are neglected) is used:

1
H=gfH -5+ S(b03 +b303) (1)

with the following fine-structure parameted( » = b2/b9) distributions: Gaussian fa)
(0.051 < (b9)moy < 0.056 cntt and 0017 < AbJ < 0.021 cntl); and broad and slowly
varying for A with appreciable probability over the whole rang® & A < 1.0 (figure 1).
This fine-structure distribution leads to high probability values for axially symmetric sites
(»=0).
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Figure 1. The fine-structure parameter distribution used by Brodbeck and Iton [1]: multiplication
of two Gaussian functions withb$),,,, = 0.056 cntl, AbJ = 0.019 cnt?, A,y = 0.75 and
AX =2 (hnoy and AX have been estimated; no analytical expression was given in [1]).

In a previous paper, we have shown that the following distribution of crystal-field
parameters:

P13, 3) = [1/(@0)Y26%)] (6?7 11 — 22/9) exp— [(bD)?(1 + 4?/3) /207 @)

initially applied by Czjzeket al to the calculation of the electric field gradient in amorphous
materials [2], allows one to take into account the essential features’ofadd Fé€" EPR
spectra in TMFG and to reconstruct these spectra accurately [3]. The main difference
from the above-mentioned distribution is that the functi®?, 1) yields zero probability

for both b3 = 0 and1 = 0; the existence of high-symmetry polyhedra is prohibited, in
agreement with the notion of disorder generally considered in glasses. Thus, this fine-
structure parameter distributioR (b9, A) was used to reconstruct the EPR spectra of the
Gd** ions in TMFG.ADb initio simulations have also been achieved by applying distributions
similar to those used by Brodbeck and Iton [1] in order to compare the efficiency of these
two solutions.

In the distribution (2),0 and d are two adjustable parameters; characterizes the
interaction force andl is the number of independent random componeiits< (5) of the
fine-structure tensor which can be expressed asxa33symmetric traceless matrix, thus
determined by five independent quantitié§ ;(m = 0, 1, +2) for fully random disorder.
Some local order implies an increase of geometrical constraints and consequently a decrease
of the number of independent quantities. Thealue deduced from &r and Fé€" EPR
spectra simulation in TMFG, where octahedral coordination is plainly established for these
ions, isd = 3 [3]. So, another interesting goal of this work is to test the influence of the
coordination number on thé-value with Gd*, which is known to adopt a coordination
number larger than six in a fluoride medium.
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2. Experimental procedures

The EPR spectra were studied for TMFG derived from two basic glasses: PZG (35 PbF
24 Znk, 34 Gak, 5 YFs, 2 AIF; (mol%)) [4] and PBI (19 Pbk 23 Bak, 47 Ink;, 2
AlF3, 4.5 YR, 4.5 Srk (mol%)) [5]. GdF; was added at different concentrations. After
preliminary mixing, the melt was placed in covered platinum crucible and heated aC300
and then cast into a preheated (2@) mould. Owing the fact that fluoride compounds are
moisture sensitive, all preparative work was done inside a dry glove-box.

The X-band (9.5 GHz) and S-band (4 GHz) spectra were recorded on a Bruker
spectrometer; measurements were achieved at variable temperature (X band) by using an
Oxford cryostat. The K-band spectrometer (19 GHz) was designed and assembled in the
IBM Zurich laboratory [6]. The Q-band spectrum (35 GHz) was recorded by P Simon in
the CRPHT (UP CNRS 4212).

3. GA** EPR spectra in TMFG

The rare-earth S-state ion, &d in glassy hosts (phosphate [7, 8], borosulphate [9], oxy-halo
borate [10], silicate [11-12], lead acetate [13], ZnABaF,—RF; [8], fluorozirconate [14])
routinely exhibits an X-band EPR spectrum characterized by three prominent features with
effective g-values of~5.9, 2.8 and 2.0. This spectrum is labelled the U spectrum because
of its ‘ubiquity’ and G&* ions are frequently suspected to impose their environment, when
present as impurities in glass systems [9-11, 13, 15]. Nevertheless, examinations of the
spectra exhibited in the above-mentioned articles show that the intensity ratios of the three
prominent features change in going from one glassy system to another, and often with
composition in a given glassy system [7-9, 11, 12]. Thus’*Gdns seem to be sensitive

to their environment in glasses. In TMFG, the intensity ratio of the three prominent features
changes with glass composition, but also with temperature or doping concentration.

On reconstruction of G and Fé* spectra, we noticed that different fine-structure
parameter distributions, corresponding to different sete-ofand d-values, allow us to
provide similar calculated spectra for a given microwave frequency. Nevertheless, a
simultaneous agreement at different frequencies was obtained with a singleset [3].

Thus, the study of the microwave frequency dependence spectra is essential. It allows
us to dispose of several spectra in order to determine the actual fine-structure parameter
distribution acting on the paramagnetic ion.

In the following, we summarize the main features of the*GBPR spectra in TMFG
versus temperature, doping concentration and microwave frequency.

3.1. Temperature and concentration dependence

At X band (figure 2), a broad line whose intensity increases with concentration and
temperature is superimposed on a narrower ong=at2. When temperature decreases, the
increase of the amplitude ratio for tige= 5.9 to ¢ = 2 peaks has been observed in oxide
glasses [9, 12] and in zeolites [16]. Similar concentration and temperature dependences of
the broadg = 2 line have been noted for & and Fé* ions in TMFG. The observed
spectra have been attributed to isolated paramagnetic ions and exchange-coupled pairs [17].
As for Ct and Fé*, the broad line ag = 2 can also be attributed to exchange-coupled
pairs of Gd* ions. As we are mainly interested in isolated ions, we have recordéd Gd
EPR spectra at low temperature for samples with lowGdbping concentration at X and

K bands. Under these conditions, &dspectra can be attributed to isolated ions.
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Figure 2. EPR X-band spectra of Gd in TMFG (wt% of GdR): PBI glass:v = 9.73 GHz
for the spectrum at the top of the figure ane= 9.49 GHz for the spectra of the lower part of
the figure; PZG glassv = 9.35 GHz for the spectrum at the top of the figure ang 9.37 GHz
for the spectra of the lower part.

At low temperature and concentration, a narrow resonance is observed at X band near
zero field which gives evidence for a decrease of the absorption signalFhear0Q. It
indicates that absorption occurs for low magnetic field values [3]. Therefore, it confirms
that the U-spectrum absorption curve has significant absorption dispersed through the low-
field region 20 < g < oo [1].

PBI glass, S band PZG glass, S band
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Figure 3. EPR S-band spectra of &din TMFG (wt% of GdR): PBI glass:v = 4.06 GHz;
PZG glass:v = 4.05 GHz.

At S band (figure 3), the intensity of the broad linegat: 2 and theg.;s = 5.9 to
gesr = 4.6 amplitude ratio decrease with concentration. As low-temperature experiments
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Figure 4. Observed and calculated EPR K-band spectra 6fGa TMFG: PBI glassT = 12 K,
0.25 wt% of Gdi, v = 19.8 GHz; PZG glassT = 4 K, 0.25 wt% of Gdk, v = 19.7 GHz.

are not achievable at S band, the reader may keep in mind that the S-band spectra consist
of the superimposition of pairs and isolated ion contributions. Nevertheless, the low-field
resonancesgtsr = 5.9, g.rr = 4.6, andg.sr = 2.8) can be attributed to isolated ions.

3.2. Fine-structure parameter estimation

When the microwave frequency increases, an enhancement gf=th2 resonance intensity
is observed, whereas the low-field resonance intensity decreases.

(i) At S band ¢v =~ 0.135 cnt?, figure 3), all of the spectra are dominated by two
low-field features withg.;; = 5.9 andg.;; = 4.6 and a broad resonance in the range
1000-1500 G.

(i) At X band (kv ~ 0.32 cnT?, figure 2), the spectra are characterized by three
prominent features with effectivg-values of~5.9, 2.8 and 2.0.

(iii) At K band (hv ~ 0.66 cnT?, figure 4), theg,;; = 2.8 resonance is suppressed. A
weak line is observed at.;r = 15.

(iv) At Q band (not shownhv ~ 1.13 cnt?l), there is a single nearly symmetric line at
8eff = 2.0.

When the microwave quantum is small compared with the crystal-field term, energy
absorption is observed only between Kramers-conjugate states giving prominent features
at certain well defineg-values; they mainly occur fog > 2. EPR absorption near zero
magnetic field can only occur when the microwave quantum is as large as some of the
crystal-field splittings. When the microwave quantum is larger than the crystal-field terms,
EPR transitions will be concentrated close go= 2, corresponding to the relation rule
AMg = +1.

Our results indicate therefore that most crystal-field splittings fotGdns in TMFG
are small compared with the K- (and consequently Q-) band quantum and larger than the S-
band one. The X-band spectra, with appreciable zero-field absorption and strong features at
g = 2.8 and 5.9, indicate that there are crystal-field splittings of similar or larger magnitude
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than the X-band quantum; the featureggt; = 2.0 indicates the existence of small crystal-
field splittings compared with the X-band quantum.

Thus, from the microwave frequency dependence of the experimental spectra, we may
assume that th&d-distribution ranges between 0.02 and 0.15¢m

3.3. The glass composition dependence

At X and K bands, the amplitude ratio of the low-fielg.f{, = 5.9 and 15) tog.;; = 2.0
resonance is higher for PZG. At S band, in addition to ghg = 5.9 andg.;; = 4.6
resonances, the PBI spectra exhibit a linegatr = 2.8. Moreover, the PZG spectrum
differs from the PBI spectrum by a larger overlapping of the; = 5.9 andg.;s = 4.6
resonances.

These observations suggest thatGibns occupy significantly different sites in these
two glasses.

4. EPR spectrum reconstruction; determination of the fine-structure parameter
distribution

The computer procedure used for line-shape calculation has been previously presented for
Cr** and Fé* spectra [3]. The only difference lies in the matrix generated from the
Hamiltonian (1), which is an & 8 matrix for G&*.

This computer spectrum calculation differs from the one used by Brodbeck and Iton in
two points [1, 3], as detailed below.

(i) In our procedure, each resonance is assigned a derivative linear combination of
Gaussian and Lorentzian lines, and the integrations (over magnetic field orientation and the
crystal-field parameter distribution) are performed by means of the Gauss—Legendre method.
Brodbeck and Iton assigned to each resonance a Gaussian absorption line, and a glassy-type
spectrum was computed by summing these discrete lines and by first differentiating the
absorption spectrum.

(ii) We take into account the line-width anisotropy. The transition width is calculated
from the relation. = Lo+ AL; Lo is the isotropic line-width and\L = k(0 H/30) A0 is
the anisotropic part of the line-width, whekels an adjustable parameter (the same for all
calculated spectra).

In order to establish comparisons between the Brodbeck and Iton distribution and
the P (b3, 1)-distribution, we have performed calculations with our computer program
(whose efficiency has been established if*Cand Fé€" EPR spectra simulations) for
both distribution types.

4.1. TheP (b3, »)-solution

An increase of/ induces a shift of the? (b9, 1)-maximum to highebg-values; an increase
of o induces a shift of theP (b9, »)-maximum to higheh3-values and a broadening of the
distribution. Thus, appreciable alterations in calculated spectrum trends (e.g. variation of
the main resonance intensity ratio) are induced-byand d-variations.

By the trial-and-error method with integérvalues, a simultaneous agreement at any
frequency is obtained, as described below.

(i) For PBI, with two sets €,d): o = 0.041 (£0.002 cm™, d = 4; ando =
0.033(£0.002 cm™%, d = 5 (figure 5). The highest probability values are observed for
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the samebd-values. The two distributions differ slightly from one another in width. There
might be a frequency value (between S and X bands or X and K bands) which would
allow one to calculate different spectra and then to determine th& @de-structure
parameter distribution in PBIl. Nevertheless, the solution might also be either a linear
combination of these distributions or a distribution characterized bwand d-parameters
such as M34 < o(cm™1) < 0.043 and 4< d < 5.

(ii) For PZG with a single seto(, d): o = 0.046(£0.004 cm™, d = 5 (figure 5).

Calculated spectra are shown in figures 4, 6 and 7. Theé gawbsor value (considered
as isotropic on average), the number of polgsuysed for Gauss—Legendre integration and
the isotropic line-width are listed below:

g =199 n(b9) = 39 n(b3) = 39 n®) =29 n(p) =29
S band:.Lo = 40(+10) G X and K bandsLy = 60(+20) G.

The computing time ranged between 90 and 200 hours according to the frequency band on
a Data General Aviion 9500 computer (core: 768 Mo).

The simulated spectra closely reproduce the frequency dependence of the experimental
spectra, and the position, and the intensities of the prominent features.

For CP* and Fé*, the samel,-value allowed us to reconstruct the spectra whatever
the frequency band [3]. For Gd, the agreement between observed and calculated S-band
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Figure 6. Observed and calculated EPR X-band spectra 6fGad TMFG: PBI glassT = 4 K,
0.25 wt% of Gdi, v = 9.49 GHz; PZG glassT = 4 K, 0.25 wt% of Gdk, v = 9.37 GHz.
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Figure 7. Observed and calculated EPR S-band spectra ot*Gd TMFG: PBI glass,
T = 300 K, 0.25 wt% of Gdg, v = 4.06 GHz; PZG glass] = 300 K, 0.25 wt% of
GdRs, v = 4.05 GHz.

spectra is better with a weakdr-value. Nevertheless, owing to the uncertainty of the
Lo-line-width determination, no significance is attributed to this discrepancy.

4.2. The Brodbeck and Iton solution

In order to determine the best solution to the U spectrum in the X band, Brodbeck and Iton
pointed out the following line-shape characteristics: ‘(i) the amplitude of the peak-a2.8
exceeds of the positive amplitude of the~ 6.0 resonance; (ii) there is a relatively smooth
dip or ‘valley’ in the line-shape beginning gt~ 2.8 and extending t@ ~ 2.0; and (jii)
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Figure 8. Observed and calculated EPR X- and K-band spectra ot*Gd PBI glass.

The spectra were calculated with the Brodbeck and Iton fine-structure parameter distribution
characterized bybg),,y = 0.066 cnl, AbY = 0.019 cnTl, Ay = 0.75, andAx = 2. The

Lancé tensor value, the number of poles and the line-width are the same as those used for the
calculation with the Czjzek distribution.

the step base-line crossing of the sharp 2.0 feature occurs very nearly gt= 2.00’ [1].

From their calculations, they show that the principal features of the spectrum are taken into
account accurately with a broad-distribution with a maximum arount ~ 0.053 cnt?,

and a broad and slowly varyingrdistribution with noticeable probability over the whole
range 0< A < 1. Obviously, our calculated spectra using Czjzek distributions do not
yield characteristic (i) outlined above but satisfy fully the other two criteria in a better way
than those calculated with the Brodbeck and Iton distribution. Furthermore, calculations
achieved with this distribution lead to a systematically spli= 2 resonance (figure 15

of [1] and figure 8). This arises from sites with smalvalues which correspond to a

g = 2 split line if b-values are sufficiently weakb§ < 500x 10~* cm* at X band and

b < 1000x 10~ cm~! at K band). Thus, we may infer that thi»3, 1)-distributions, able

to reconstruct accurately the= 2 resonances, have to take low values for wealalues.

4.3. Conclusions

The Czjzek fine-structure parameter distribution allows us to obtain a better agreement
between observed and calculated spectra. This solution prohibits the existence of axially
symmetric sites which are difficult to expect in glasses. A Czjzek fine-structure parameter
distribution is a correct general solution to the U spectrum; the alterations of fHespectra

on going from one glass to another can be accurately taken into account with variations of
o andd.

5. Discussion

PZG glass is a typical TMFG whose network former is built up from slightly distorted
corner-sharing (ZnH*~ and (Gak)®~ octahedra with P& at interstitial sites. The TMFG
network can also be described as a mixed packing ofidhs and large cations (Ph)
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Table 1. lonic radii (,&) for the probe and the main cations of PBI and PZG glasses
(CN: coordination number).

) Gt nt  Gat In3+ PL*t Batt
Cation

CN 6 8 9 6 6 6 7 8 9 8 9

lonic radii  0.938 1.053 1.107 0.74 0.62 080 084129 135 142 147

* Determined from In—F distances in Kif; [22], SrInF7 [23], RbinsF1o [24]°, BagInzF12 [25] and RbInsFi1
[26], where the 1A ion has a coordination number equal t@/{F~) = 1.285 A [21]).

induced by the vicinity of their ionic radii, with transition metal ions in octahedral holes.
The structural disorder is then the result of the random character of the packing and of the
wide diversity of the smaller cation sites. The?Plzoordination number is of the order of

9 [18-20]. The large size of Gt ions is more consistent with interstitial site occupancy
(with coordination number around 9, as forPhons) than with octahedral hole occupancy
(table 1 [21]).

PBI glass contains a larger proportion (51 mol%) of big ions, especiafly Rid B&+
(coordination number larger than (or equal to) 8), than PZG (40 mol%). Moreover, in a
fluoride medium, even if the most commonrftncoordination number is 6, a coordination
number equal to 7 is not so unusual [22—26]. Thus, the PBI network cannot be described
like the PZG one. The F packing density is lower in PBI than in PZG; the number of
polyhedra with a coordination number higher than 6 is larger. Furthermorg, [@afhedra
are less distorted than PpRpolyhedra (a lone Gspair on PB*). Thus, Gd* ions will
substitute readily into the PBI network built up from numerous high-coordination-number
less distorted polyhedra (on average). For PBI, two sets of parameters allow us to obtain
simultaneous agreement at any frequency. This fact could be correlated with the existence
of two types of site (B& and PB*) in PBI. On the other hand, in PZG glass, Gdsites
surrounded by Mtgand PbE; polyhedra are more distorted. This explains the high ratio of
the low-field tog.rs = 2.0 resonance, and the fine-structure parameter values being higher
than for PBI glass or other fluoride glasses (#ABaF,—RF; [8], fluorozirconate [14]). In
these latter glasses, &dions dispose of a larger ‘choice’ of less distorted sites.

The second-order spin-Hamiltonian parameters fof*@Gibped fluoride crystals are
given in table 2 and compared with the distribution of fine-structure parameters®in Gd
doped TMFG. It is thought that trivalent &dions substitute for trivalent rare-earth RE
or Y3* cations without charge compensation in these fluoride crystals.

In LI(RE or Y)F; and KYsFy, the trivalent cation is surrounded by eight nearest-
neighbour fluorines. In Li(RE or Y)F four of these are at a distan@g and the remaining
four at a slightly different distanc&,; the local symmetry at the trivalent cation sitedis
In KY 3F10, the eight fluorine atoms form a quadratic antiprism (local symmetry%t 4,
two different Y—F distances). In REFeompounds, the coordination number of the cation
is nine.

The highest values oP(bg, A) are observed in TMFG fobg—values ((600-700x
1074 cm? for PBI glass, (700-900x 10~* cm! for PZG glass) close to the values
determined for fluoride crystals (7800~ < [b3| (cm™) < 850x10~%). This confirms that
a Gd* coordination number of the order of 8 or 9 is likely for TMFG. The constituent,REF
polyhedra of these crystals are slightly distorted (weak or 2érealues) in comparison
with GdF, polyhedra in TMFG (higher probabilities observed fo6 & 1 < 1, and broad
fine-structure parameter distribution with significant probability values in the ranges (300—
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Table 2. Gd*" second-order spin-Hamiltonian parametb@’s(lO*4 cm1) in fluoride crystals
and for PZG and PBI glasses (highe%(tbg, A)-values).

RE3* site  Coordination

Compound Reference symmetry number 59 b3

LaFs [27] 2 9 703 -84

CeR [27] 2 9 742 —56

P [27] 2 9 784 —-82

NdFs [27] 2 9 812 —150
LiYF4 [28] 4 444 —827

LiDyF4 [29] 4 4+4 785

LiErF, [29] 4 4+4 787

LiYbF4 [30] 4 4+4 —838

KY 3F10 [31] 4 444 816

PZG glass  This work 829 600-700 600-700
PBI glass This work 8-9 700-900  700-900

* The usual coordination number in a fluoride medium.

1000 x 10~* cm! for PBI and (400-1200x 10~* cm* for PZG).

The EPR spectra reconstruction in PZG and PBI glasses leadg/teahie for Gd*
(d = 4-5) higher than those obtained forP€rand Fé* (d = 3 [3]). The Gd* coordination
number is larger than 6 and is variable from site to site in PZG and PBI glasses. As the
coordination number increases, the number of geometrical constraints is reduced and the
number ¢) of independent parameters describing the fine-structure tensor becomes larger.
This shows up thé@-parameter sensitivity to structural constraints, and allows us to confirm
the assumptions made by Czjzek in order to take into account geometrical constraints [2].

6. Conclusion

We have shown that a single distribution of crystal-field parametB(s), 1), initially
applied by Czjzek to the calculation of the electric field gradient in amorphous materials [2]
and previously used to reconstruct®€rand Fé+ EPR spectra for TMFG [3], allows us to
take into account the essential features of GHPR spectra for TMFG, and to reconstruct
these spectra accurately.

The agreement between observed and calculated spectra seems to be better than with
the distribution proposed by Brodbeck and Iton [1], which is generally considered as the
only solution for the U spectrum [9-11, 13-14]. In contrast to this previous interpretation,
the distributionP (b9, 1) yields zero probability fon. = 0. From a structural point of view,
this solution is more plausible. Therefore, the Czjzek distribution seems to be close to the
general solution for the U spectrum which is typical of3Gdn glassy systems.

The increase of the number of independent random variabllesy comparison with
that of CP*+ and Fé* ions, indicates a decrease of the number of geometrical constraints.
This result is in agreement with &d coordination numbers being higher and variable from
site to site for TMFG.

Even if the glass network imposes virtually no specific or narrowly defined site
symmetries on the Gd ions [1], the observed changes as functions of glass composition
show that the glass network has an influence on the polyhedra distortion amplitudé&tof Gd
ions.
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