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Abstract. Cr’* and Fe®* Epr spectra in transition metal fluoride glasses (TMFG), pyrochlore
CsZnGaFs and amorphous GaFs are found to be very sumilar. Then, it is inferred that the
constituent octahedra of all these disordered fiuoride compounds are characterized by closely
related distortions. Two short-range structural models, based on CsZnGaFg and GaFj, are
worked out with the aim of characterizing octahedra in TMFG. The CsZnGaFs model is developed
using structural information or this compound. Amorphous GaFj structure is simulated by using
molecular dynamics calculations starting from rhombohedral GaF;. From the M-F distance and
bonding angle distributions obtained from these two models, the Cr3t and Fe* fine-structure
parameter distributions are calculated with the help of the superposition model and finally the
corresponding EPR specira are computed. A good agreement is obtained simultaneously for the
two local paramagnetic probes, which leads to a quantification of the short-range order in TMFG:
constituent octahedra are only slightly distorted. It is interesting to note that the disttibutions of
fine-structure parameters are very similar to the Czjzek ones previously used to simulate Cr3t
and Fe¥t spectra in TMFG,

1. Introduction

Most experimental data on degree of short-range ordering in disordered solids are
traditionally obtained using diffraction techniques and EXAFS. They yield information on
the number and radial distances of atoms in the first coordination shells but they give no
information on their angular distribution. For instance, previous structural studies have
shown that the transition metal fluoride glass (TMFG) network is built up of corner-sharing
MYFq and MIUFq octahedra [1, 2). Other experimental techniques, able to investigate angular
atomic distortions, are highly desirable.

One possibility is provided by *’Fe Mossbauer spectroscopy. Several ferric amorphous
fluorides have been investigated using Mdssbauer spectroscopy (NaFeFs, KFeF; and fluoride
glasses [3], FeF;, x HF [4-6] and FeF; obtained by vapour phase deposition [7]). The
quadrupolar splitting distribution deduced from a point charge calculation on a random
packing of corner-sharing octahedra network generated by computer was in good agreement
with the Mossbauer results on amorphous FeF; [8]. These studies led to weakly distorted
FeFs octabedra sharing corners in amorphous FeF; {7, 8.

Electron paramagnetic resonance (EPR) which is well known to provide valuable
information about the local site symmetries provides another possibility to investigate
angular atomic distortions. In order to make EPR an efficient tool for structural investigation
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of disordered materials, two problems have to be solved. The first one is the formalism
used to explain the EPR spectra, the second one concerns the parametrization of the spectra
in order to extract a description of the short-range ordering.

In a recent paper [9], we used the joint distribution P(bg, A) of crystal-field parameters,
where 5 is the axial component and A = b%/bg is the asymmetry parameter (0 < A € 1):

1 - A2 (BEN2(1 + A%/3)

P(bg, A.) = W(bg}d IA (1 - E) exp ——2'—2?———- (1)
initially derived by Czjzek and co-workers [10] for a random packing of hard spheres and
applied for the calculation of the electric field gradient in amorphous materials, It allows
the accurate reconstruction of Cr** and Fe* spectra in TMFG (3d transition metal jons are
well known to adopt a octahedral coordination in a fluoride medium, thercfore they can
be used as true local EPR probes). ¢ and 4 are two adjustable parameters; ¢ characterizes
the interaction sfrength and o is the number of independent random variables, In TMFG, a
simultaneous agreement for Cr** and Fe** ions at four different microwave frequencies (S,
X, K and Q bands) was obtained with a single set of (o, d) values. These sets of values
are o = 2100 x 10* cm™' and d = 3 for 't and 0 = 810 x 107* ecm™ and d = 3
for Fe’* (figure 1). The P(b3, ) function yields zero probability for 52 = 0 and A = 0.
These results indicate a zero probability for the existence of high-symmetry octahedra, in
agreement with the notion of disorder generally evoked in these glasses.
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Figure 1. P(¥3, 1) for CB* (¢ = 021 cm™! and d = 3) and Fe** (o = 0.081 cm™! and
d=73)

The present paper deals with an attempt to solve the second problem.

The superposition model introduced by Newman [11] is presented in section 3. It
allows the estimation of fine-structure parameters knowing the local structure. As the
opposite operation is impossible, the elaboration of structural models (atomic coordinate
distribution) is essential in order to extract a quantitative description of short-range ordering
{distance and bonding angle distibutions). In this paper, two short-range structural maodels
are presented with the aim of characterizing octahedral distortions in TMFG, They are worked
out from two disordered fluoride compounds built up of MFg octahedra in which Cr** and
Fe’*, used as local probes, give EPR spectra similar to those obtained in TMFG.

(i) The first one, presented in section 4, is based on CsZnGaFg which has a cubic
pyrochlore RbNiCrFs-type structure characterized by a statistical distribution of octahedrally
coordinated 3d ions on the same site (16c, $G: Fd3m) leading to a disorder related to slight
displacements of anions as shown by EXAFS [12].
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(ii) In section 5, the second one, amorphous GaFs, is presented; the structure of this
disordered compound is modelled by the use of molecular dynamics (MD) calculations on
rhombohedral GaFs.

2. Experimental procedures

EPR spectra were studied on TMFG derived from two basic glasses, PZG (35 PbF;, 24 ZnF;,
34 GaFs, 5 YF;, 2 AlF; mol%) [13] and PBI (19 PbF,, 23 BaF,, 47 InFs, 2 AlF;, 4.5 YE;,
4.5 5:F; moi%) [14], on crystalline CsZnGaF; and on amorphous GaFs.

Owing the fact that fluoride compounds are moisture sensitive, all preparative work was
done inside a dry glove-box.

(i) In glasses, CrF; and FeF5 were added at low concentration (0.20 or 0.25 wt%). After
preliminary mixing, the melt was placed in a covered platinum crucible, heated at 800 °C
and then cast into a preheated (200 °C) monld.

(ii) Crystalline CsZnGaFy; was obtained from solid state reaction of (CsF -+ ZnFs -+
GaF; + CrF; or FeF;) mixture, in a sealed platinum tube at 650 *C. CsZnFeFg used for
Mossbauer study was also obtained by solid state reaction at 630 °C.

(it} Amorphous GaFy:Fe’* was obtained by vapour phase deposition [15]. The
evaporations were conducted in a 6 cm diameter Pyrex vessel connected to a vacuum system
allowing pressure around 10™* mbar in the vessel. The platinum crucible containing the
premelted starting charge (GaF; + FeF;) was heated with an RF coil. Amorphous GaF,:Crt
was very difficult to synthesize because GaF; has a higher vapour pressure than CrF;. The
chemical composition of deposited phases was analysed by ICP (Perkin Elmer 6500).

The EPR X band (9.5 GHz) and S band (4 GHz) spectra were recorded on a Bruker
spectrometer; measurements at variable ternperature (X band) were achieved by using an
Oxford Cryostat. Q band spectra were recorded by P Simon in the CRPHT (UP CNRS
4212),

The CsZnFeFs; Mdassbauer spectrum was recorded and analysed by J M Grengche
(Equipe de Physique de 1'Etat Condensé, URA CNRS 807).

3. The superposition model

The Crt+ (3d%, § = 3/2) and Fe’t (3d, § = 5/2) spin Hamiltonian fine-structure term is

28 n
Hy = Z Z Bror with n an even number, (2)

n=0 m=-n
By neglecting higher-order terms for Fe*, it becomes
Hy= 1B309 + 302 + 32052 + bL0) + b7 O71). (3)
The OF expressions are given in table 1.

The superposition mode] [11] assumes that the spin Hamiltonian parameters depend on
the local surrounding of the paramagnetic ion through the law

By =2 ba(ROKT 61 1) @

where i runs over the nearest neighbours at coordinates R;, 6; and g;. The K'(0;, ¢;) terms
are given in table 1 for n = 2.
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Table 1. O and K" expressions.

or Ky

09 =382-5(s+1) K§=4Bcos?6~1)
O} = 3(5:5. +5:5) K} =3sin26cosp
07! = 1(5.8y + 5,5} K3’ =3sin20sing

03 =52-52 K2 = $sin® 6 cos2p
0572 = 5.8y + 5,5, k3% = }sin®@sin2g
b,(R) (X10%cm™) 0
A
=100
16000 T
(53
é <1000
15000 z
E:a -A4Co0
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Figure 2, b2(R) for C&*" and Fe** in fluoroaluminates from [16].

The radial functions b,(R;) depend on the probe and ligand type. From several
experimental results on fluoroaluminate single crystals, Houlbert was able to determine
b2(R) for Cr*t and Fe**: for Fe** a Lennard-Jones-type law

Ro " Ry m
b =—AlZ=) 1+ =
2(R) A(R) B(R) ©)
was fitted with A = 2.4 cm™!, B = 1.85cm™!, Ry = 1.693 A, n = 10 and m = 13 and

for Cr** only the curve trend was given [16] (figure 2). If we compare the relative by(R}
variations for the two paramagnetic probes, for R = 1.9 A it is found that

Aby(R)/[b2(R) AR} = 0.68 A~
for Cr’t and
Aby(RY/[b2(R) AR] = 337 3~

for Fe3+.

Thus, Cr*t is less sensitive to radial distortions and consequently more sensitive to
angular distortions than Fe**. Therefore, it may be interesting to work with both of these
paramagretic probes to ascertain our structural investigations.

The application of the superposition model with these b2(R) functions for Cr**- and
Fe3*-doped AlF;, GaFs; and InFs, presented in {17], gives the best agreement between
experimental and calculated bg values for GaF;. This result may be related to a small
lattice relaxation around the probes resulting from the closeness of ionic radii of Gal*
and Cr** or Fe**, On the other hand, the agreement between calculated and experimental
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parameters is less satisfying for AIF; and InF3. Then, it is more advisable for extracting 2
quantitative description of short-range ordering to have close radii for probe and host jons.
Cr’* and Fe®* are therefore well adapted for CsZnGaFs, amorphous GaFs and PZG glass
EPR studies.

4, CsZnGaF;

4.1. Introduction

In the ATMIM®E; pyrochlore structure (spatial group Fd3m), a statistical distribution of
the MY and M cations is imposed on the 16c site; the network is built up of corner
sharing MFs octahedra (figure 3). At room temperature, diffraction studies have led to a
mean value of the M=F distance dy_r = 1.92 A for CsZnGaF¢ with an abnormally high
thermal agitation for F~ anions. The true MI-F and M™_F distances have been determined
by EXAFS [12]: they are respectively equal t0 2.01 Aand 1.89 A as expected from the ionic
radii sum (2.025 A and 1.905 A [13)). The two different values for Zn—F and Ga-F distances
correspond 1o a small spreading of the M-M distances in agreement with diffraction results
(standard thermal agitation) but they imply a very important variation in the M-F-M angle
{(Zn-F-Zn = 129.5%, Zn-F-Ga = 137.8% and Ga-F-Ga = 149.1% ) (figure 4).

o ‘“‘i‘__f
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Figure 3. CsZnGaFs structure.

M1=M2— g M1=M2
O EI
- AN 48f position
M1 M2
Figure 4. Position of F~ jons between M1, M2 cations in pyrochlore AMIMTF from [12].

The CsZnGaFg:Fe** spectrum simulation has been briefly presented in a previous paper
(19]. The validity of this model for both Fe*t and Cr** spectra in TMFG is discussed in
this paper.
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Figure 5. Cr®t X band Epr spectra in pBI glass (1.50 wi% CtFy; T =4 K; v = 943 GHz)
and CsZnGaFg ¢1.00 wi% CrFa; T = 4 K; v = 9.50 GHz); Fe’* X band EPR spectra in PZG
glass (025 wt% FeFs, T = 4 K: v = 9.49 GHz) and CsZnGaFs (1.00 wi% FeFa, T = 4 K
v = 9.50 GHz)

4.2. EPR investigations

CsZnGaFg:Cr** and Fe?* EPR spectra are nearly similar to Cr*t and Fe®* spectra in TMFG
{figure 5).

(i) In these compounds Fe3* spectra exhibit two main resonances at g = 4.3 and
&etr = 2.0. The ratio of intensities J,,.—2 /ng=4_3 is shightly higher for CsZpGaFs than in
TMFG at equal concentration.

(i} Cr** EPR spectra exhibit two main resonances at gex = 5.0 and ger ~ 2.0. As for
Fe’*, the ratio [paa /Joemso is higher for CsZnGaFg than in TMFG.

The constituent octahedra of TMFG and CsZnGaFg may be therefore assumed to be
characterized by nearly the same distortions in the two networks; the intensity ratio values
give evidence that the constituent octahedra in TMFG are slightly more distorted than the
octahedra in CsZnGabs.

As in the previous study devoted to TMFG [9], we have recorded Cr** and Fe®* spectra
in CsZnGaFs at S and Q bands in order to confirm that the fine-structure parameters are
nearly the same in TMFG and CsZnGaFs.

(i) For Cr’*, the microwave frequency increase leads to an increase of the geg = 1.97
line intensity at the expense of the gy = 5.0 one. The S band (v = 4 GHz) spectrum is
composed of a single resonance at geg == 5.0. The Q band (v = 35 GHz) spectrum presents
a very weak resonance at ges = 5.0 (weaker than the TMFG one).

(it) For Fe®*, a similar behaviour is observed. At S band the gy = 4.3 resonance
predominates. The Q band spectrum is counstituted of a single resonance at g.g = 2.0.

The Cr** and Fe** S and @ band spectra are nearly the same in TMFG and CsZnGaFs.
Thus, as for TMFG, a single crystal-field parameter distribution may be used to account for
Cr** and Fe** spectra in CsZnGaFs. ¢ and d values characterizing Cr** and Fe* spectra
in CsZnGaFs are found to be very close to those in TMFG. 4 being an integer, a variation
of 4 value should lead to an important variation of o. Assuming d = 3 for CsZnGaF as in
TMFG the o values are slightly smaller than the corresponding values in TMFG: 0.21 cm™!
for Cr*t and 0.081 cm™! for Fe®*.
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4.3, Massbauer investigation on CsZnFefFg

The AIM"MMF pyrochlore structure type has been previously studied by Mossbauer
spectroscopy; the existence of two different iron sites has been shown in CsFeCrFg and
CsPeVF; [20] and in CsNiFe™Fg [21]). Those results are inconsistent with our single-
crystal-field distribution assumption for CsZnGaFg. Thus, we decided to perform Méssbauer
spectroscopy on CsZnFeF, which is an Fe™ pyrochlore, The disorder might be similar in
CsZnGaF, and CsZnFeFg since Ga’t and Fe¥ ionic radii are very close (0.620 A and
0.645 A respectively [18]).

Table 2. d values for some ameorphous flupride compounds.

Compound o Reference
Depaosited amorphous FeFs 2 [4]
Amaorphous FeFa, x HF 27 4

Amorphous AFeFs (A=Na, K) 2 131
pMF glass (PbF2-MnF,-FeFz) 2 3]
CsZnFeFg 29 This work

=

g =)

z @

[=

@
e

a 1 L [e]
0.0 ) 10
-3 0 1 v{mmis) A (mm/s)

Figure 6. Mossbauer spectrum (dots) at 77 K of  Figure 7. Quadrupolar splitting distribution P(A) for
CsZnFeFg with (2) one-guadrupolar-component fit or  CsZnFeFg (dots: from CsZnFeF; Missbaner spectrum
(b) P(A) fit. fit, continuous line: anatytical form of P({A)).

The reconstruction of the experimental specirum involves two fitting procedures. First,
the adjustment with a Lorentzian line doublet leads to the hyperfine parameter values
(isomer shift IS and quadrupole splitting A); 1S = 0.45 mm s~! and A = 0.55 mm s™'
which are characteristic of FeT ions in octahedral coordination, Secondly, because of the
disagreement between the calculated and the experimental spectra we introduce a discrete
distribution of quadrupole splitting P(A}, the isomer shift being constant (figure 6). The
shape of P(A) is consistent with the following expression:

Ad—l AZ
P(A) = —7 €Xp (—?) 6)
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with A = Vzz /1 +#%/3 and n = (Vyx — Vyy)/Vzz derived by Czjzek from the joint
distribution P{Vzz, n} established in the case of a random packing of hard spheres for a
nuclear spin I = 3 [22). The ratio ¢ = {A%)/{A}* can be used to characterize the number
of independent random components of the electric field gradient (EFG), d [3]. At 300 K and
77 K, for CsZnFeFg, the ¢ valuve is 1.17 leading to d close to three. The P(A) distribution
function refinement (figure 7) yields a 4 value equal to 2.9. The d parameter values deduced
from the quadrupole splitting distribution for amorphous fluoride compounds are compared
in table 2. They are always found to be between two and three,

It may be outlined that the Mossbauer spectra simulation leads to a quadrupoiar-field-
splitting distribution P(A) whereas EPR allows us to reach the P(bg, A) distribution through
the dependence of energy levels on the magnetic field. Nevertheless, the P{i) associated
with the quadrupolar splitting distribution deduced from a point charge calculation on
a random packing of comer-sharing octahedra structure [8] yields zero probability for
i = 0 [23] consistent with the distribution used for EPR spectra simulation. The EPR and
Maissbauer studies lead to the existence of a single distribution of crystal-field parameters
or quadrupole splitting in CsZnGaFs or CsZnFeF;. These distributions P(53, A) and P(A)
are characterized by the same 4 value,

4.4. Modelling approach of TMFG based on CsZnGaF

The construction of the model taking into account the previous structural results and its
comparison to the experimental results are achieved in a four-step procedure.

Step I The Zn?t and Gat cations are randomly distributed on the 16c site: each
MF;s octahedron is surrounded by six cations. The theoretical configuration probabilities
(1/25)C? are

oMt 1/64 SME, MM 6764 4aMY oM™ 15764
IMT 3™ 20/64 2ME 4M™  15/64 1IMU 5T 6764,
ML 1/64

It is necessary to extend the primitive unit cell by 4 (Z = 512) in order to obtain
probabilities in agreement with the theoretical values.
Step IL. The F~ atomic positions (x, ¥, ) are calculated assuming that

(i} the cations are fixed;

(i1} the F~ anions stay in the M-F-M plane of the CsZnGaF, ideal structure;

(iii) the distance distributions of MI-F and M'-F are Gaussian (probability proportional
to exp —{(d — do)*/2(Ad)*]) and centred around values determined by EXAFS. Ad is an
adjustable parameter. One distance is randomly attributed to each M-F bond.

Step III. From the atomic positions of Ga®* and F~ jons, the 512 sets of fine-siructure
parameters (b3, b3, by, b3, b;%) are computed with the help of the superposition model
presented in section 3.

Step IV. The sets of fine-structure parameters are expressed in their eigenframe leading
to b and b2 values directly comparable to those used in Czjzek’s distribution.

The line shape calculation procedure was presented in [9]; here we have used a discrete
P(#3, 1) distribution whereas, in [9], P(5?, ») had an analytical form.

(i) Several sets of dg and Ad values can give a good agreement between observed
and calcula.ted spectra for CsZrLGaF(,:Fe”. Among these values, we have retained dy{Ga-
F) = 1L.91 A, dy(Zn-F) = 1.99 A and Ad = 0.025 A for which a good agreement is obtained
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simultaneously for CsZnGaFg:Fe’t and CsZnGaFs:Cr’t [19]. For Cr*¥, a satisfactory
agreement is difficult to reach with M—F distance values determined by EXAFS. This result,
related to the high sensitivity of Cr>* to angular distortions, points out that the bonding
angle distribution obtained in this case has too large values due to the very large difference
between Zn-F and Ga-F distances.

(ii) For TMFG a good agreement is obtained simultaneously for Cr** and Fe®* with
do(Ga-F} = 1.91 A, do(Zn-F) = 1.99 A and Ad = 0.03 A (figure 8). Constitutive GaF
octahedra are therefore slightly more distorted in TMFG than in CsZnGaF;.

Cr3t Fe®*
chserved
Kl observed E)
& &
z =
5 5
E E
calowiated
calculated
. . L . 1 s L , s
[ 1750 3500 5250 7000 0 1750 3500 5250 7000
Magretic field (Gauss) Magnetic field (Gauss)

Figure 8. Observed and calculated Cr** and Fe* X band EPR spectra in TMFG (Cr3: pBI
glass, 0.20 wi% CrFs, T = 4 K, v = 9.42 GHz, Fe™*: pzs glass, 0.25 wi% FeF;, T = 4 K,
v = 9.49 GHz). .

The parameters used for the calculated spectra are:

Cr*+ g=198 Ly=60G nd =39 ng =39
Fe3t g =2.002 Lo=60G nd =127 ne =27.

Figure 9. Fine-structure parameters ( &2, A) for Cr®* and Fe*t in T™FG.

The backsround noise of the calculated spectra is higher than for reconstruction uging
analytical function [9] because the number of fine-structure parameter sets (bg , A) is smaller
(512 instead of 492 for Cr3* or 33?2 for Fe**).
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4.5, Discussion

The corresponding fine-structure parameter distributions are shown in figure 9. They
are nearly the same as the comesponding Czjzek distributions; they reduce to zero for
bd and X equal to zero; the higher probability values are observed for the same values
(A=1-58 =01 cm™! for Fe’* and A = 1 — b3 = 0.25 em™! for Cr**), Therefore
the use of the Czjzek distribution for Cr** and Fe®* spectra reconstruction in TMFG is—a
posteriori—validated.

oy %0 5
% 00 - F - o ) g o NN
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o 2004 [
@ o o % 4
£ £ 5
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§ g 0 | H »
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Qa-F {A) distanca distrisution angla () destribution for adjacent Ga-F bonds. angle (*) distributian for oppasite Ga-F bords
Figure 10. Ga-F distance, angle for adjacent Ga-F bonds and angle for opposite Ga—F bonds
distributions.
amorphous GaF g Fedt
El
oS
g
g PZG:Fed+
=
1 1 Il Il 1
o 1750 3500 5250 7400

Magnetic field (Gauss)

Figure 11, Fe’* X bond ErRr spectra in PzG glass (0.25 wi% FeFs; T = 4 K; v = 9.49 GHz)
and amorphous GaFy (2,50 wt% FeF3; T =4 K; v = 9.43 GHz}.

In order to characterize the M'UF, octahedra disorder, we have represented the MIF
distance distribution, the angle distribution between one Ga-F bond and the four nearly
perpendicular Ga-F bonds and finally the angle distribution between opposite Ga—-F bonds
(figure 10). Our model leads to slightly distorted MUFs octahedra; the distance and angle
distributions are relatively narrow: the M®Fg distances are nearly all in the dy & 0.04 A
range, the angular distortions from the regular octahedron are less than 5°.
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5. Molecular dynamics on GaF';

5.1, Introduction

Like the TMFG:Fe** spectra, the amorphous GaFj:Fe®* EPR spectrum exhibits two main
resonances at ges = 4.3 and geg = 2.0 (figure 11). The ratio of intensities 7, o / Lou=a3 18
higher for Gal¥; because the FeF; concentration is higher for GaFy. At equal temperature and
concentration these ratios would be very close, In TMFG and amorphous GaFs, the distortions
of the constituent GaFg octahedra are therefore similar. So, it was interesting to simulate
the amorphous GaF; structure using molecular dynamics (MD) in order to reconstruct EPR
spectra and then determine octahedron distortions in amorphous GaF; and in TMFG. A
previous MD study on GaF; with random atomic position generation [24] has led to strongly
distorted octahedra in contradiction with the narrower Ga-F distance distribution deduced
from EXAFS [25]. The use of the MD method, starting from atomic positions of a crystalline
compound, allows to prevent important distortions of the octahedra; it consists of relaxing
the structure so far as the potential permits it.

5.2. MD principle

5.2.1. Potential expression. The simulation was performed using a modified Born—~Mayer
pair potential [26]:

o +o;—r Z:Z;e?
v,](r)=bA,jexp(‘ pf )+ rf ')

where b is a repulsive constant which is the same for all fluoride compound (b =
0.19 x 10~12 erg) [27]. o is the ionic radius and Z the jonic charge. According to Busing
[28], the softness factor p is the same for all pairs ((.29 A) and Ay, =14+2Zi/n, + Z, /n;
with # the number of valence electrons. o (Ga) has been refined in order that Ga-F distances
remain equal to 1.89 A on the average (table 3).

Table 3. M0 parameters used for pair poteotial.

Parameters Ga-Ga Ga-F F-F
B}, 5107 2065 726
o+ (A) 282 2,647 2.474 [22]

By = bAexp(o; + ;) /p] x 101%erg.

In order to reduce the calculation time, the pair Coulomb potentials are usually
approximated and Coulomb forces truncated:

i j = T a2 6
o= o n(2970) 222 ()]

with Ry = 9 A.

522 Calculation procedure. The initial set of atomic positions corresponds to
rhombohedral GaF; [29]. The network is built up of corner-sharing GaFs octahedra (figure
12). The original size of the box is 4a, 4b and 2c (768 atoms; Z = 192). A random
Maxwellian distribution is used to determine the initial velocity of each atoms.
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Figure 12. GaFs structure, hexagonal cell: @ = 5.002 A, c = 12.973 A.

After the force on each atom is computed, the atomic positions and velocitics arc updated
every time step 8¢ (5t = 2 x 107" 5). The atomic positions are calculated with the simple
algorithm suggested by Verlet [30]. At each time step, the atom velocities are increased or
decreased in order to scale kinetic energy (Ey = %Z, M; vf) compared with total energy
(E =73 3kT).

The calculation is done in two steps:

(1) structure relaxation; this step lasts 100 to 3008t according to the temperature so
atoms can cover approximately the same distance (=0.04 ,3;);

(ii) atomic position accumulation every 1008 in order to obtain 576 different
configurations for GaFg octahedra. Thus, the number of fine-structure parameter sets is
close to the one used within the preceding model.

5.3. Results

The calculations were performed for several values of the temperature (proportional to total
energy) between 25 and 300 K. The results of the MD relaxation of GaF; for 25 K, 75 K,
120 K and 200 K are shown in figure 13, 14 and 15,

Figure 13 displays the changes in Ga—F distance distribution, angle between Ga-F
perpendicular bonds distribution and angle between opposite Ga-F bonds distribution. The
distribution width increases with temperature, GaFg octahedra become obviously more and
more distorted. Whaltever the temperature value, the Ga—F distance distribution remains
centred at 1.89 A which is the Ga-F distance in rhombohedral (GaF; and the angle between
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Figure 14. Observed (pzG glass, 0,25 wit% FeF3, T =4 K, v = 9.49 GHz) and calculated X
band EPR spectra and fine structure parameters { 52, 1) for Fe** in TMFG; the Czjzek distribution
used for Fe* simulation is shown at the top of the figure,

perpendicular bonds distribution remains centred at 90°. The maximum of the distribution
of the angles between opposite bonds moves out from 180° when temperature increases.
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Figure 15. Observed (pBI glass, 0.20 wt% CrF3, T =4 K, v = 9.42 GHz) and calculated X
band EpR spectra and fine-structure parameters (53, &) for Cr¥ in T™FG; the Czjzek distribution
used for Cr3* simulation is shown at the top of the figuse.

This behaviour was not observed in the CsZnGaFg model (figure 10}, where this maximum
remains at 180°, this is related to the assumption of fixed cations and F~ ions in the ideal
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M-F-M plan,
Figures 14 and 15 show the corresponding Cr** and Fe®* calculated spectra and fine
structure parameter distributions. The parameters used for the calculated spectra are

et g=197 Lo=60G nf =49 np = 49
Fe*t g =2.002 Ly=60G ng =27 ng =27

(except for Fe’* at T = 120 K: nf = 25, ng = 25). When the temperature increases, the
low-field resonance intensity increases for Cr¥* (g = 5.0) and Fe** (geg = 4.3). Whatever
the temperature value, the fine structure parameter distribution reduces to zero for bg and A
equal to zero and the highest values of P(b), A) are observed for A = 1. Therefore, these
distributions have the same properties as the Czjzek ones. The fine structure parameter
distribution width increases with temperature and its maximum is observed for increasing
b3 values.

5.4. Discussion

For Fe*, the spectrum calculated at 120 X is in agreement with the experimental TMFG
spectrum whatever the frequency band (S, X and Q). The comresponding fine structure
parameter distribution is similar to the Czjzek distribution used to simulate the TMFG:Fe*
spectrum; the maximum is observed for the same b9 value: 0.1 cm~!.

For Cr**, a satisfying agreement is not so clearly obtained. The spectrum calculated at
200 K is in agreement with the experimental X band spectrum. However, high 52 values
induce a calculated g.r = 5.0 resonance at Q@ band higher than the experimental one.
Conversely, at 120 K, the intensity of the calculated g.s = 1.97 resonance is too high. But
at this temperature, the fine structure parameter distribution has its maximum at the same
value (39 = 0.25 cm™') as the Czjzek one used to simulate TMFG:Cr*. It may be inferred
that the P(b3, 1) values at 120 K are slightly too large for small 53 values. In other words,
among the 576 octahedra, some of them should be more distorted.

Table 4. Distance and angle standard deviations.

Model {d: — )y (e —90°)) (|8 — 180°])
GaF; (120K} 0021 A 2.4° 4.3°
CsZnGaFs 0022 A 210 2.9°

Table 5. Root mean sguare deviation,

Modcl I @R [T e — (e
GaFs (120 K) 2.65x 1072 A 2.95°

CsZnGaFs; 276 % 1072 A 2.60°

FeF; [8] 5x107t A 13°

Nevertheless, the acceptable agreement obtained at this temperature allows to assume
that the 120 K MD calculation gives the best description of the local disorder in TMFG,
Moreover, the distance and angle distributions are nearly the same as those deduced
from the CsZnGaFg; model (figure 10); the distance and perpendicular angle standard
deviations (|d; — {d}]} and {lo; — 90°|) are very close (table 4). Only angles between
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opposite bonds distribution have different trends (see 5.3); for these angles, the standard
deviation calculation {|8; — 180°|) gives quite different values (table 4). The CsZnGaF;
medel leads to a high probability of obtaining the angle between opposite bonds close
to 180°. Moreover, M-F distance values are randomly attributed without worrying about
system stability. Therefore, we put more trust in the MD model calculation. In table 5,
root mean square deviation values are reported for our models and the random network
of corner-sharing octahedra representing the structure of amorphous FeF; [8]. The ‘FeFs
model’ leads to higher values especially for angles difficult to take into account in our EPR
spectra reconstruction.

6. Conclusion

The use of the Czjzek distribution for Cr>* and Fe** spectra reconstruction in TMFG have
been validated since the fine structure parameter distributions generated by our models are
similar to the Czjzek one.

The two models give a guantification of the local disorder within TMFG, CsZnGaF, and
amorphous GaFs constituent octahedra. Octahedra are shown to be but slightly distorted;
the Ga—F distances are nearly all in the interval do == 0.04 A and the angular deviations
from regular octahedra are generally less than 5°, Our results are in agreement with EXAFS
study leading to a narrow distance distribution [20]. Compared to EXAFS, the advantage of
this study is to quantify the angular distortions.

Our results are quite different from those obtained through previous MD calculations [24]
and ‘quasicrystalline’ simulations of diffraction data [31] which lead to strongly distorted
octahedra, It may be outlined that these models have given satisfactory descriptions of
the medium-range ordering but were not tested on experimental measurements sensitive to
short-range order.

Finally, our results show unambiguously that the short-range order in TMFG has strong
similarities with crystalline structures built up from MFg octahedra. CsZnGaFg gives
satisfying results and has a particular interest, due to its chemical composition (CsF, ZnFs,
GaFs) close to the PZG glass one (PbF;, ZnF,, GaFs); the P2G glass and CsZnGaF; network
are built with the same kind of octahedron.
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