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Solid-state chemistry of inorganic fluorides has gained great importance in the second half of 20™ century. It
aims at identifying the relationships between the structural networks and the physical properties resulting from

Hexagonal tungsten bronze (HTB)
Tetragonal tungsten bronzes (TTB)
Defect pyrochlore

UV absorbers, Multiferroic component
Catalytic activity

Structural phase transition

interactions within these networks. One of the most significant results was the discovery in the 1960s of series of
AxMFj fluorides with structures similar to those of tungsten oxide bronzes. The investigation of other compounds
mainly based on Al, Ga and transition metals with structures derived from ReOs, hexagonal tungsten bronze
(HTB), tetragonal tungsten bronzes (TTB), defect pyrochlore and perovskite was soon launched in relation, in a
first step, to their magnetic properties. Such interest was further extended to various properties such as positive
electrodes in Li-ion batteries, UV absorbers, multiferroic components. Today, solid-state inorganic fluorides are
present at the nano-sized level as components in many advanced technologies, including Li batteries or all solid-
state fluorine batteries, micro- or nano-photonics, up- or down-conversion fluorescent probes, solid-state lasers,
nonlinear optics, nuclear cycle, superhydrophobic coatings, etc. It has been pointed out that most of these
outstanding properties can be correlated to the exceptional electronic properties of elemental fluorine, F.

The aim of this article is to review the solid-state chemistry of fluorides having the formula A\MF3 over several
decades, from their discovery in the 1960s to the interesting physical-chemical properties more recently
investigated on these phases that derive from the ReOs, perovskite, defect-pyrochlore, hexagonal- and tetragonal-

tungsten bronze types.

1. Introduction

In the second part of the 20™ century, a new research direction
emerged: “Solid-state Chemistry”. The goals consisted of identifying the
relationships existing between ionocovalent structural networks and
exceptional physical properties that resulted from interactions within
these networks. These types of considerations arose largely from the
innovative studies which had allowed Linus Pauling to derive the
famous “Pauling’s rules” for atomic arrangements in crystals with ionic
bonding, such as the radius-ratio rule and coordination polyhedra,
electrostatic valency, different types of connections between polyhedra,
i.e., through corners, edges or faces, sharing of different cations, with
large valence and small coordination number [1].

Due to the much more ionic character of metal-fluorine bonds,
transition-metal fluorides were indeed excellent examples for verifying
“Pauling’s rules”. The importance of radius-ratio rules on the final net-
works can be illustrated by the impact of the Goldschmidt tolerance
factor t, in ATB2'F3 perovskites (Fig. 1). The compacity factors are
illustrated for t > 1 and t < 1. (Note that GdFeOgs-type fluoroperovskites
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serve today as models of post-post-perovskites at high pressure condi-
tions and have an impact on the mineralogy and rheology of the deep
region at the base of the Earth’s mantle. There is no need to point out the
importance of perovskite compounds in many fields, in particular as
perovskite halide [formamidinium (FA) lead iodide, FAPbI3] in perov-
skite solar cells (PSC), and the hexagonal fluoro-perovskites are relevant
models for quantum materials because several hexagonal oxide perov-
skites are candidates for illustrating the quantum-spin-liquid state at
low-temperature [2]).

Among several important events in the rise of the discipline is the
“International Conference on Transition Metal Oxides” in Bordeaux
(October 1964), a symposium in which big names in chemistry, physics
and the materials sciences participated. Among these specialists was
John B. Goodenough who developed the approach of a solid-state
chemist that involved the crystal-field description of the ionic solids,
the molecular description of the chemical bond, and the physicist’s view
of the delocalized outer-electrons, as he had just conceptualized in his
book “Magnetism and the Chemical Bond” [3].

At the same time, a French scientist from Bordeaux, Robert de Pape,
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published a decisive paper on "A series of bronze-type fluorinated com-
pounds" [4] having the formulation KyFeF3 (with 0 < x < 1). The system
contained several original phases similar to those of the tungsten
bronzes KxWO3 which were so named by A. Magnéli because of their
color [5]. In this iron fluoride series, a large variety of structure types
were observed depending on the x-value, which were all characterized
by (FeFe) octahedra connected at corners (Fig. 2). A variety of different
structure types were obtained depending on the value of x and size of the
alkali metal. Because of possible varied intercalation rates of the
monovalent cations within the structure, these phases exhibited several
stability ranges, as shown in Table 1. The charge balance is compensated
by a change in the oxidation state of the transition element. Soon after
the discovery of KyFeFs tungsten bronze-type fluoro-compounds, in-
vestigations of similar compounds were launched with a particular in-
terest in the relationships between structural types and magnetic
properties [6-11].

These series were later generalized by the discovery of numerous
AX(MHM’III )F3 structural types with mixed oxidation states and con-
taining differently connected (MFg) octahedra where M = Al, Ga, d-
transition element. Metal fluoride compounds with the general formula
AMF3 adopt several networks including the ReOs (rhombohedral,
Space Group: R-3c), the pyrochlore (cubic, S.G.: Fd3m, the Tetragonal
Tungsten-Bronze, denoted as TTB (tetragonal, S.G.: P4/mbm) or the
Hexagonal-Tungsten-Bronze (denoted as HTB, orthorhombic, S.G:
Cmcm) types [12-14].

The present review takes into account the initial work that began in
the 1960s until the very recent results obtained on these types of com-
pounds and similar phases. Several examples of fluorinated compounds
exhibiting structural networks have been selected such as, ReOgs,
perovskite, defect pyrochlore, hexagonal and tetragonal tungsten
bronzes, in order to point out the great diversity of physical-chemical
properties among these phases.

2. Experimental: the microwave-assisted fluoro-hydrothermal
route

Besides the conventional methods of solid-state chemistry, i.e., firing
at high temperature of the starting components, gaseous or plasma
fluorination, conventional fluoro-hydrothermal methods, decomposi-
tion processes, the microwave-assisted technique has been used to pre-
pare aluminum and transition element fluoro-compounds. at low

TA+TF

V2(rg +1F)

Cubic perovskite
t=1

GdFeO;-type
<1

Journal of Fluorine Chemistry 281 (2025) 110374

temperatures. This technique, which was launched in Bordeaux by A.
Demourgues, D. Dambournet and N. Penin, has been shown to be suit-
able for the achievement of high-surface-area metal-based fluorides
[15-17].

The microwave-assisted procedure for aluminum hydroxy-fluorides
is given here as an example. These phases have aroused considerable
interest because of their high catalytic activity in halogen-exchange
reactions, and because they are able to favor the conversion of ozone-
depleting CFCs to more environmentally acceptable HFCs [18-20].

Among the three different forms that can be prepared,
B-AlF3 5(OH)o5, with the HTB structure [21], is obtained from the
aluminum nitrate precursor according to the following procedure: a
solution containing the aluminum precursor, water, with isopropanol as
solvent was mixed in an aqueous solution of HF (40%) in the molar ratio,
[HF]/[Al] = 3.0. After the microwave hydrothermal process, the
resulting powder was washed with a large amount of ethanol under
nitrogen, and then outgassed at 300°C under vacuum for 4 h. Elemental
analysis, FTIR and NMR spectroscopies allowed control of the final
chemical composition, showing the presence of both NH{ and H,0 as
residual species inside the network. This result can be related to the
reduction of nitrate ions to ammonium ions during the microwave hy-
drothermal process, which permits the stabilization of the HTB network
thanks to a template effect. Due to the occurrence of water and ammo-
nium ion that are trapped to the network, the thermal stability of the
resulting compound is similar to that of the compound prepared in the
conventional way using thermal treatment of p-AlF3-3H20 (with HTB
structure) or (NHy4)3AlFs. However, the different hydroxyl contents
induce different thermal behavior and physical-chemical properties.

3. Nanosized M(OH, F)3 metal hydroxyfluorides: correlations
among structural features, thermal stability and acidic
properties

Although inorganic oxides are active acidic heterogeneous catalysts
in organic reactions such as alkylation and acylation of aromatic com-
pounds, polymerization and halogen exchange, the incorporation of a
more electronegative species such as fluoride anion allows the catalyst
activity to increase by enhancing its acidic properties. Under these
conditions, the number and strength of Brgnsted/Lewis acid sites and
the specific areas of the materials appear to be the key factors that
determine their activities [18-20,22].

Quasi 1D 61 4H 2H

il 3 g
% ¢

12H

Hexagonal fluoro-perovskites
>1

Fig. 1. Importance of the Goldschmidt tolerance factor, t, on the structural networks of A*B*F fluoroperovskites.
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Fig. 2. Different structural networks observed in AFeF3 (with 0 < x < 1). [From the left to right: ReO3, Hexagonal tungsten bronze (HTB), Tetragonal tungsten
bronzes (TTB), Defect pyrochlore, Perovskite].

Table 1

Stability domains of A,(Fel'Fel'y)F; compounds (0 < x < 1).
A HTB TTB Pyrochlore
K 0.18 <x < 0.25 0.40 < x < 0.60
Rb 0.18 <x<0.30 0.43 <x < 0.58
Cs 0.19 <x<0.27 0.48 <x < 0.53
Tl 0.20 <x < 0.31 0.49 < x < 0.56
NH4 0.18 <x<0.31 0.48 < x < 0.56

Depending on various experimental conditions: temperature, pres-
sure conditions and above all, the choice of the metal precursor and the
[HF]/[M] ratio, ReO3- HTB-, and pyrochlore-types can be alternatively
synthesized depending on the Al precursor and the F/Al molar ratio, as
shown in Fig. 3.

The drastic influence of microwave-assisted fluoro-hydrothermal
conditions on the final surface area is given in Table 2 for the pyrochlore
form, and the sizes of nano-particles of the different forms of aluminum
hydroxyfluorides are compared in Fig. 4 [23,24]. Note that, analogous
to the microwave assisted technique, the conventional
mild-hydrothermal methods also yields different kinetically stabilized
fluorides, including HTB and pyrochlore, by adjusting the reaction
conditions. The structural parameters and compositions of
high-surface-area (HSA) Al hydroxy-fluorides, are given in Table 3.

The acidic properties have been demonstrated by FTIR analysis and
adsorption of pyridine and CO probe molecules. For example, at 300°C
both strong Lewis and Brgnsted acidities have been observed in the ReO3

AB*precursor 4 F/Al molar ratio
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Table 2

Dependence of the final surface area of the pyrochlore Al hydroxyfluoride on the
type of precursor and solvents (HF/Al molar ratio ~ 2; solvothermal reaction at
160°C, 1 h).

Al 3* precursor Types of solvents and volume ratio Surface area (m 2 g1)

Nitrate Isopropanol/water: 1/1 6
Isopropoxyde Isopropanol/water: 1/1 77
Isopropoxyde Isopropanol/water/ether: 1/1/0.3 137

form of Al hydroxyfluoride together with an equivalent number of sites
revealing bifunctionality. The strongly acidic behavior highlights the
effect of water molecules and cationic vacancies on the surface structure.
Whereas the Lewis acid strength progressively decreases with dehy-
dration, the Brgnsted acidity remains strong, even at 500°C. The stron-
gest Lewis acidity, as found in homologous AI** and Ga®* compounds,
can be directly related to the strengths of the M—(F,OH) chemical bonds
and to the thermal stabilities of these solids. The ratio y/r2 (y, electro-
negativity and r, ionic radius), can be assigned to an electrical field
gradient around the cation, and can explain some important acidic
trends in the series. This parameter has allowed a more accurate
approach to both the acid strength and the thermal stability and has
accounted for the experimentally observed sequence [17-19].

The Cr®*, Fe®*, Ga®'-based HTB phases of general formula p-MFs.
x(OH)x. zH50, with M = Cr, Fe, Ga, were prepared either by sol pre-
cipitation followed by thermal treatments or by microwave-assisted
techniques. The thermal stabilities of these compounds depend on the

R3c !

L]
ReO;form  ,_ 4998024 L
|\ AlF, (OH), , c=12.345(7)A s
I .
Ehlonds L% o % - . ooomms M K o -
Cmcm
HTB form a=6.976(1) 5}\
' AIF, .(OH b =11.941(2)
| R 25(OH)os c=7.144(1) A
Nitrate =3 /' . (3 R |
Pyrochlore
’ anhydrous form Bd3n
|| NF1.500H1.50 a=9.702(1) A
I| l‘ ] f A
Isopropoxide 4= 2.1 .S ) “JL___L P | O S T S R,
T — 1 — r

2-Theta Scale

Fig. 3. Dependence of Al hydroxyfluoride structural networks and X-ray diffractograms (XRD) on the microwave experimental parameters.
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Fig. 4. High-resolution transmission electron micrographs (HRTEM) of nano-particles of Al-based hydroxyfluoride materials: (A) pyrochlore-, (B) HTB- and C) ReO3-

derived forms [from refs. 23,24].

Table 3
Compositions and structural characteristics of HSA Al hydroxy-fluorides.

Structure type Composition Symmetry Unit cell (A) Distances and angles
ReO3-derived Al g20J0.18F2.46(H20)0.54 Cubic, Pm3m, Z = 1 a = 3.6067(1) Al-F: 1-8034(1)°A
F-F: 2.5503(1) A
HTB-derived AlF5 ¢(OH)g 4 Orthorhombic, Cmem, Z = 12 a = 6.9681(2) 1.77(3) < Al-(F,0) < 1.86(1) A
b =12.0360(3) 140 < Al-(F,0)-Al <173 °
¢ =7.1434(1)
Pyrochlore AlF; g(OH)1 2. eH,0 Cubic, Fd3m, Z = 1 a=9.7309(1) Al-(O,F): 1.824(1) A

Al-F-Al: 141.12(6)°

natures of the cations, the decomposition kinetics of the M(HZO)g+
aquo-complexes and the sizes of the tunnels in the HTB framework. For
instance, in AI>* and Fe** hydroxyfluorides, the Al-(F,0H) bond is more
stable than the Fe—(F,0H) bond, with a difference of more than 200 K in
their thermal stabilities. The substitution of Fe>* by Cr®*, leads to an
increase in the content of H,O/OH groups preferentially around Cr®™,
allowing improvement of the M-F bond stability. The acidic characters
of these compounds has been characterized by FTIR analysis using probe
molecule adsorption. The results have shown that AI** and Ga®* com-
pounds exhibit stronger Lewis acidity than the homologous iron
hydroxyfluorides. This information can be directly correlated to the
strength of the M—(F,OH) chemical bonds and the thermal stabilities of
these solids [24].

4. Electrochemical performance in Li batteries of iron
hydroxyfluorides with the Hexagonal Tungsten Bronze (HTB)
structure

An iron-based hydroxyfluoride with a Hexagonal Tungsten Bronze
(HTB) network can be stabilized using microwave-assisted synthesis.
The determination of the chemical composition yields FeF5 2(OH)g s.
(H20)p.33- The HTB-type structure is stable from room temperature to
350°C under an Ar flow without any fluorine loss and only water loss.
Between 200°C and 350°C, the chemical composition can be modified
depending on the different amounts of OH'/O? and structural water. By
an adapted thermal treatment of dehydroxylation, anionic vacancies can
be stabilized within the HTB network to yield a composition corre-
sponding to FeFz 2(OH)g g.xOx/2[Jx/2- XRD Rietveld analysis, the atomic
pair distribution function (PDF) and Mossbauer spectroscopy confirm
the presence of iron atoms in an under-coordinated octahedral envi-
ronment: FeXs[]; (X = 0%, F, OH) [25]. During the redox process, the
distribution of various anions (02', F’, OH) and vacancies around Fe can
be tuned by suitable polarization of the Fe-X chemical bonding.
Fe-based oxyfluoride containing a higher proportion of 0% and anionic
vacancies as well as the lower content of structural water and hydroxyl
groups best exhibit electrochemical performance. Charge and discharge
curves for Li/ "Fe(F,OH)" cells in a non-aqueous electrolyte are given in

3 240 150
451 —~

i = -
10 5-2—1 cycle £ 200 5
& ol &
; 160 100 ;‘
& o]
2 8
-2 o
o 50 3
& 2
=] —~
2 £
»Q' =

L] 0

0 10 20 30 40

Cycle Number

discharge

T T

T T T T T T
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Fig. 5. Cyclic voltammetry charge and discharge curves for Li/ "Fe(F,OH)" cells
in a non-aqueous electrolyte [from ref. 25].

Fig. 5 at a current density of 50 mA/g. The positive active material is
HTB-type FeF5 2(OH)g g .(H20)0 33 annealed at 350°C under an Ar flow
[25].

Reviews on the use of fluorinated materials as positive electrodes for
Li- and Na-ion batteries have recently appeared [26] and Fe-based
fluorinated electrode materials have been discussed in terms of four
classes of materials: metal fluorides, fluorine-based polyanionic com-
pounds, carbon fluorides, and fluorine-substituted/surface-fluorinated
electrode materials [27].

5. UV shielding properties and dual electrochemical properties
in titanium hydroxyfluoride derived from the ReOgs structure

It has been noted that microwave syntheses allow the preparation of
metastable phases with unusual chemical behaviors that are illustrated
by the acidic properties of Al-based compounds, and the UV shielding
properties of ReOg-derived Ti*" hydroxyfluoride. Using lower molar
ratios, R = F/Ti, two other Ti-based networks, i.e., hexagonal tungsten
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bronze and anatase types can be synthesized as shown in Fig. 6 for Ti**,
and pyrochlore, HTB- and ReOs-types for Fe>* systems [28-30].

A new Ti hydroxyfluoride, which crystallized in a ReOs-derived
network, was obtained using the microwave-assisted route. A super-
structure for the ReO3 network was proposed with two Ti sites and two
anionic (OH/F) positions. Titanium vacancies are present in the struc-
ture and hydroxyl groups and are in the vicinity of the Ti** cations. All
physical  characterizations yielded the chemical formula
Tig.75Jo.25(OH)1 5F1 5. Refinements of the powder XRD and neutron
diffractograms confirm the Pn3m space group with isotropic TiXe/o
octahedra and elongated TiY4,2X2/2 (X, Y = OH, F) octahedra, where Ti
vacancies are mainly located in the latter distorted site as determined by
valence bond calculations, whereas F/OH  are randomly distributed
over the two anionic sites, as shown in Fig. 7.

Titanium hydroxyfluoride, Tip 75(OH); s5F1 5, has been proposed as a
UV absorber with an absorption edge around 3.2 eV -as the TiO, anatase
form- but with a lower refractive index (n = 1.9 in the visible range [28].
The O(2p)-Ti(3d) charge transfer band, which is responsible for this
absorption, implies OH groups and the nonbonding character of the 2p
valence band. The low value of the optical band gap, despite the short
Ti-O/F bond distance, can be explained by the stabilization of OH
groups in the vicinity of Ti*" cations. This results in the destabilization
of the 2p (O) valence band with nonbonding character because of the
presence of protons and Ti vacancies [28-31].

In the field of Li batteries, electrodes based on multielectron redox
processes can overcome the limitation due to intercalation chemistry, in
which only up to a single electron is transferred per redox-active metal
ion. The materials undergo reversible reduction to form metal nano-
particles M® and binary Li compounds, following the reaction: M*"Xy +
zLit + ze o MO + yLi,yX [32]. Mixed-anion oxy- or hydroxyfluorides
offer an attractive compromise, because of their reduced polarization,
tunable redox potentials, and improved cycle stability [33]. Nanoscale
(~80 nm) vacancy-containing titanium hydroxyfluoride, derived from
the ReOs-type, is not the electroactive component responsible for the
reversible energy storage unlike other mixed anion systems [34].
Instead, the initial discharge (lithiation) process induces an irreversible
dissociation of the hydroxyfluoride into oxide- and fluoride-rich phases.

Journal of Fluorine Chemistry 281 (2025) 110374

These components are involved in two reversible processes: intercala-
tion and conversion processes, respectively [35].

6. Thermodynamic properties and structural phase transitions
in iron fluorides with the Tetragonal Tungsten Bronze (TTB) type

Transition metal fluorides with the general formulation KexMZ"
xMﬁingo (M = transition metal), similar to the general formula Ky 5
MFs, adopt the tetragonal tungsten bronze (TTB) structure. These phases
may be of interest as potential multiferroic materials. It has been shown
that members of this series may be multiferroic at low temperatures. The
relationships between ferroelectricity, ferroelasticity and magnetic
ordering parameters can be precisely adjusted by modifying the com-
positions. The presence of both ferroelectric and ferroelastic behavior
had been shown to be due to small polar deviations from the parent
symmetry [36].

The compound, KgFejgF3y (alternatively formulated as
K0.6Fe%EFe8_§F3), crystallizes in TTB structure type, with a polar ortho-
rhombic distortion (space group Pba2, ¢ = 2cryp) at room temperature
[37], deriving from the ideal TTB P4/mbm tetragonal phase. In the
TTB-derived fluoride, “KFeyF¢“, two structural phase transitions occur
between nonpolar phases P4/mbm < Pbam < G2 at T; = 340 K and T,
= 250 K without any doubling of unit cell parameters, followed by a
magnetic phase transition at lower temperature (Ty = 133 K) [38]. In
the P4/mbm form, Fe?* and Fe®" ions are not ordered and distributed
between Fel and Fe2 sites, whereas in the Pbam one Fe2 site is split into
two sites, Fe2 and Fe3, as shown in Fig. 8.

7. Heat capacity and magnetic properties of CsFeyFg exhibiting
the defect-pyrochlore structure

For x close to 0.5 and large monovalent cations, mixed-valency iron
fluorides, AyMF3 (A= Rb, Cs, Tl, NHy) display a structural arrangement
of the defect-pyrochlore type (see Table 1). For CsFe?*Fe3*Fq, the or-
dered arrangement of Fe?"and Fe3" ions in the two cationic sites of the
pyrochlore structure have been confirmed by Mossbauer spectroscopy.
Pyrochlore-type CsFeyFg indeed contains two nonequivalent octahedral

Case of Ti** (oxidation state T —> stabilization of 0%, OH, F- in the vicinity of Ti*)

T=150C T=90C
R = F/Ti precursor molar ratio 0.2 1.5 3.0
) . [
N
i ¥ R (.38
TossO1s1Fo10 7 TiOOH;F, o “5°8%:| &84 TIOF,
anatase form HTB form ReO, form

Potential use I‘ UV absorbers with low refractive index (non photocatalytic)

Case of Fe?* (stabilization of OH, F in the vicinity of Fe3*)

T=160C

R = F/Fe precursor molar ratio 2

T=160C T=170C

1

u n
¥ >

Pyrochlore form

%’I-O .il.s
HE|

HTB form  ReO;form

Potential use I‘ Fe-based oxyfluoride as electrode for Li-ion batteries

Fig. 6. Dependence of the type of final Ti*" and Fe*" (oxy)hydroxyfluorides on the experimental parameters (R ratio) used in the microwave-assisted synthetic route

(from ref. 30).
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Fig. 7. Structural network and TEM photograph of the supercell (SG: Pn3m, a = 7.6177 A) of Tig.7s[Jo.25(0H)1.sF1.5 . The two Ti sites and the two O/F atomic
positions characterizing Ti*" cations and O /F anions ordering pointing outwards [from ref. 28].

Fig. 8. Crystal structure of KFe,Fg at: (a) T = 453 K, P4/mbm; (b) T = 303 K, Pbam [from ref. 38].

sites for iron cations. The Fel site is located in an elongated FeFg octa-
hedron, whereas Fe2 position is in a slightly compressed one. The
octahedral environments of the Fel and Fe2 cationic sites are given in
Fig. 9, together with the qualitative energy levels in an octahedral
crystal field for 3d orbitals. Due to their high-spin electronic configu-
rations and a larger available volume, Fe?" cations are more suitable for
the Fe2 positions. Mossbauer experiments confirm the ordered distri-
bution of Fe>" and Fe?* in Feland Fe2 positions, respectively.

In a narrow temperature range, i.e., 500-560 K, a succession of phase
transitions occur as determined by differential scanning calorimetry
(DSC) in CsFe"'Fe''Fe, Pnma (Z=4) < Imma (Z = 4) < 14;/amd (Z = 4)
< Fd3m (Z = 8) (from lower to higher-temperature). The rotation of
(FeF¢) octahedra and small displacements of Fe atoms are responsible of
the structural phase transitions. The low experimental entropy values
that are associated with these transitions are characteristic of displacive

transformations [40]. The structure of the high temperature (Fd3m)
form and the low-temperature (Pnma) form are compared in Fig. 10. In
the structure of the cubic form at 573 K, the cluster of five (FeFg)
octahedra is not tilted, whereas in the orthorhombic Pnma form at 298 K
the (FeFg) clusters rotate around the bp-axis but not along agm-axis
[39]. The determination of the magnetic structure of the
low-temperature form of CsFeyFg requires the existence of four sub-
lattices. Sublattices 1 and 2 contain Fe3* cations and sublattices 3 and 4
are occupied by Fe?" cations . The relative orientations of the magnetic
moments of Fe ions are shown in Fig. 11. A simple model of super-
exchange rules [3,41] can be used to estimate exchange interactions and
magnetic structures. Exchange interactions in CsFeyFe, Ee (in K), are
calculated using E. = z;;J;S;S;. The strongest interactions are antiparallel
between Fel and Fe2 sites and to a lower level between Fe3 and Fe4,
whereas frustrated interactions occur between Fel-Fe3 and Fe2-Fe4.
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Fig. 9. Bond lengths in the two crystallographic sites of CsFe,Fg, and the electronic splitting of the 3d-levels of Fe?>* and Fe®**cations [from ref. 39].
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Fig. 10. a) Cubic form of CsFeyFg at 573 K, illustrating clusters composed of five FeFg octahedra); b, ¢) orthorhombic form at 298 K (with FeFg clusters rotating
around b,-axis and not along agm-axis) [from ref. 40].
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a

Fig. 11. Magnetic structure of CsFe,Fs shown with relative orientations of the
magnetic moments of Fe ions [from ref. 39].

The magnetic data are: Ty = 34 K and a paramagnetic Curie temperature
O¢ = - 260K, and the major information arising from the very high value
of the ratio (O¢/Ty) indicates the existence of strong frustration effects
between layers in the structure. At 13.7 K and 30 K, heat capacity
anomalies can be correlated with the structural phase transition. An
antiferromagnetic ordering is observed associated with a Schottky
anomaly. The orthorhombic symmetry is maintained down to 7 K, as
revealed by the Raman spectra. The maximum magnetic entropy, as
calculated for high-spin state Fe>Tand Fe>" ions, is in good agreement
with the total experimental magnetic entropy. It can be pointed out that
a similar pyrochlore-type compound CsMn*"Mn®*Fg was obtained using
Cl" anions under hydrothermal conditions for the mild reduction of
Mn,03 in concentrated HF. A magnetic transition to a canted antifer-
romagnet state was observed at 24.1 K, with successive long-range
ordering of the Mn?* and Mn>" sites [42].

Note added in the proof: Mixed-metal fluorides with the HTB-type:
AMZTME yFs, where x = 0.18—0.33 (A = Cs, Rb; M?* = Co?*, Ni%™,
Zn?*; M3* = v3*) were recently synthesized using a mild hydrothermal
method. Most of these phases crystallize in the monoclinic space group
P2;/m, except Csg.27Zng 27V 73F3 which exhibits the P2; space group.
These phases exhibit a HTB to cubic B-pyrochlore structural phase
transition at high temperatures [43].

8. Conclusions

The variety of results obtained over the past 60 years for fluorides
having the formula AyMF3 which exhibit structures derived from ReOs,
perovskite, defect-pyrochlore, hexagonal- and tetragonal- tungsten
bronze types show the relevance of these materials to energy storage,
catalysis, optical properties (luminescence, up- and down-conversion,
UV absorption), magnetism, ferroelasticity and other fields. It is note-
worthy that the ease of obtaining these fluoro-compounds in the form of
nanoparticles has also opened up great possibilities in fields as varied as
the material sciences, pharmaceuticals, medicine, and agrochemicals
[44]1.
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