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Abstract: In this paper, we review recent progress and new challenges in the area of
oxyfluoride perovskite, especially layered systems including Ruddlesden-Popper (RP),
Dion-Jacobson (DJ) and Aurivillius (AV) type perovskite families. It is difficult to
synthesize oxyfluoride perovskite using a conventional solid-state reaction because of the
high chemical stability of the simple fluoride starting materials. Nevertheless, persistent
efforts made by solid-state chemists have led to a major breakthrough in stabilizing such a
mixed anion system. In particular, it is known that layered perovskite compounds exhibit a
rich variety of O/F site occupation according to the synthesis used. We also present the
synthetic strategies to further extend RP type perovskite compounds, with particular
reference to newly synthesized oxyfluorides, Sr,CoOsF and Sr3;Fe;Os.,Fo (x ~ 0.44).

Keywords: oxyfluoride; layered perovskite; high-pressure synthesis; low-temperature
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1. Introduction

Since the discovery of a high-7¢ superconducting cuprate by Bednorz and Muller [1], there has
been considerable progress in the field of solid-state chemistry and physics. In particular, we have
deepened the understanding of metal oxides, while making improvements and development of
experimental techniques and theories. It is well known that a perovskite structure formulated as 4BO3
(4 = large s-, d-, or f~-block cation; B = smaller transition metal cation) has rich variety in structural,
electronic and magnetic properties, ranging from superconductivity, through ferroelectricity, to
photocatalytic activity. Figure 1(a) shows the ideal perovskite structure in which 4 cation occupies an
interstitial site of an eight corner-sharing BOg octahedra. This type of structure can be extended to the
layered perovskite intergrowth system termed the Ruddlesden-Popper (RP) phase, 424 -1B,03+1
(n = the number of perovskite block), the structures with n = 1 and 2 which are depicted in Figure 1(b)
and (c). Each perovskite block is intervened with double rock-salt 4O layers. Thanks to the ability of
the 4 and B sites to adopt various metal cations, we are able to finely control the chemical
compositions as well as the physical properties, as exemplified by magnetoresistive manganite [2—4]
and superconducting cuprate [5,6]. While the majority of studies have concentrated on the influence of
cation substitution, little effort has been made to control the structural and physical properties by
manipulating the anion lattices. Considering that the anion strongly affects the crystal field and
electronic state of the metal center, we can expect that substitution of anions with different bonding
nature, valence state or ionic radius from oxygen in a metal oxide can enhance the original physical
properties or induce new exotic phenomena. In fact, LaTiO,N [7] and Sr,CuO,F,:s [8] exhibit
visible-light photocatalytic activity and superconductivity, respectively.

Figure 1. Structure of the ideal perovskite structure, 4, 18,03,+1 (n =1, 2, ).

ABO; A>BO3 A3207
(n= o) (n=1) (n=2)

In general, it is very difficult to stabilize two kinds of hetero anions in one structure using
conventional solid-state reactions, in comparison with compounds with a single anion, such as an
oxide, sulfide or nitride. As for the oxyfluoride compounds, several synthetic approaches are employed
to overcome the problem, namely a low-temperature reaction using fluorinating agents [8—11],
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hydrothermal reaction [12] or high-pressure synthesis [13,14]. Interestingly, O/F site order and/or F
contents inserted, which are closely correlated with the structural and physical properties, depend on
the reaction method used. In particular, layered perovskite structures exhibit three types of anion
distribution patterns; (i) regular or random anion occupation pattern in the perovskite blocks, (ii)
fluorine insertion into only interstitial sites between the perovskite blocks, or (iii) fluorine occupation
of both the terminal apical sites and the interstitial sites. In this paper, we first review recent progress
in the oxyfluoride chemistry of perovskite-based compounds, then present a synthesis strategy to
further extend layered perovskite systems.

2. Fluorine Occupation Patterns in Layered Oxyfluoride Perovskite
2.1. Regular or Random Anion Occupation Pattern in the Perovskite Blocks

Early in the study on the layered oxyfluoride perovskite, high temperature solid-state reaction, one
of the easiest synthetic methods, was commonly employed. However, the variety of transition metals
in the reported oxyfluoride compounds is quite limited, mainly due to the high chemical stability of the
simple starting fluoride materials. To the best of our knowledge, the first example of the RP-type
layered perovskite compound is K;NbOsF, which was reported in 1962 by Galasso and Darby [15]. As
shown in Figure 2(a), the niobium oxyfluoride adopts the tetragonal structure in the space group of
14/mmm with octahedral coordination around Nb atom and O/F site disorder at the apical sites. The
preferential occupation of the fluoride anion at the apical sites elongated the Nb-O/F bonds (2.0642 A)
along the ¢ axis compared with those (1.9780 A) in the ab plane. Subsequently, the same authors
reported an isostructural iron oxyfluoride, Sr,FeOsF [16] and determined the crystal structure to be
14/mmm. However, Weller and his collaborators demonstrated that the exact crystal symmetry could be
described as P4/nmm [17]. In contrast to KoNbOsF, the Fe counterpart possesses the O/F site order at
the apical sites leading to a strong distortion of the FeOsF octahedron (see Figure 2(b)). In fact, the
bond length between Fe and O or F is 1.904 or 2.730 A. Therefore, the iron metal center effectively
takes a square pyramidal coordination against five O~ anions. Weller ef al. also extended the layered
oxyfluoride system to Ba;,BO3;F (B = Sc and In) [18]. Both compounds exhibit preferential occupation
by F anions at the apical sites, but the anion-site order/disorder in B = In/Sc.

In addition to the RP-type layered perovskite, Dion-Jacobson (DJ) and Aurivillius (AV) -type
layered oxyfluoride phases are reported. The formulas of DJ and AV phases are expressed as
AA - 1B,0s,41 and (B1202)(A '-1B,O3,11), respectively. AStNb,OgF (4 = Li, Na, Rb) [19] (Figure 3)
and RbLrTiNbOgF (Ln = La, Pr, Nd) [20] were synthesized by conventional solid-state reaction. In
contrast to the above RP phases, the F atoms prefer to occupy the equatorial and central apical anion
sites in the double-layered perovskite block, not the terminal apical ones, because the covalency of the
chemical bond between Nb and the terminal apical oxygen is incompatible with the ionicity of the
Nb-F bond. On the other hand, Kobayashi et al. reported the reductive fluorination of DJ-RbLaNb,O;
and RP-NaYTiO4 into RbLaNb,O7F, and NaYTiO4F, using poly(vinylidene)fluoride (PVDF) [21].
PVDF or poly(tetrafluoroethylene) (PTFE) are effective fluorinating agents, utilized by Slater for the
first time [11]. This fluorination proceeds in a topotactic manner; the framework of the precursor is
maintained through the reaction. While ASrNb,OgF and RbLnTiNbOgF with the non-magnetic B
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cations are insulating, RbLaNb,O7_F, possesses mixed valence states between Nb*" and Nb** cations,
which makes it electrically conductive.

Figure 2. Crystal structure of (a) K,;NbOsF, (b) Sr,FeOsF, and (¢) Sr,CoOsF. Solid line
represents the unit cell.
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Figure 3. Crystal structure of (a) RbSrNb,OgF and (b) LiSrNb,O¢F.
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For n = 2 RP-type layered perovskite, Ba;In,OsF; [22] and Sr3Fe;O¢Fo6s [17] are known. Common
to both compounds, fluorine atoms occupy the terminal apical sites. In comparison with BasIn,OsF»,
synthesized by conventional high-temperature reaction, Sr3Fe,OgFy ¢s is obtained by a low-temperature
fluorination using F, gas. As shown in Figure 4, the precursor Sr;Fe,O¢ has an oxygen vacancy at the
central apical site, but its oxidative fluorination causes local migration of the terminal apical site to the
original oxygen vacant site. Because the intercalated F atoms occupy the terminal apical sites with O,
the deviation of the O-Fe-O bond angle in the plane from the ideal 180° is only 7.6°, much smaller
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than the corresponding value of 15.28° in BasIn,OsF, with full fluorine occupation of the terminal
apical sites.

Figure 4. Crystal structure of (a) SrsFe,O¢ and (b) Sr3Fe,O¢F s6. (¢) Fluorination process
of Sr3Fe,O¢ to Sr3Fe,OgF 56, showing rearrangement of oxide and fluoride anions.

Bi,TiO4F> Bi,NbOsF

Three kinds of AV-type layered oxyfluoride perovskites, BiBOsF (B = Nb, Ta) and Bi,TiO4F;
(Figure 5), were synthesized by Aurivillius [23]. Later work presented the ferroelectric phase
transitions at 7¢ = 303, 283, and 284 K, respectively, but the relationship between the crystal structure
and the ferroelectricity is still controversial. Hydrothermal synthesis yields better sample quality than
conventional solid-state reaction [24]. Bi,TiO4F, adopts the simple body-centered tetragonal structure
in the space group [4/mmm [24] while Bi,NbOsF is proposed to adopt Pbca symmetry [25]. These
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centrosymmetric crystal structures contradict the requirement for the ferroelectricity. In fact, the
reexamination of electrical properties in Bi;NbOsF demonstrated neither second-harmonic generation
nor a permittivity anomaly associated with ferroelectric phase transition reported previously. It is
believed from bond-valence-sum calculations that F atoms tend to occupy the equatorial sites for
Bi,TiO4F; or the apical sites for Bi,NbOsF.

We would like to show a new class of anion ordered perovskite materials, KNaNbOFs and
KNaMO,F,; (M = Mo®", W) expressed as the general formula ABB’(O,F)s [12]. Poeppelmeier et al.
successfully synthesized these three compounds by hydrothermal reaction. Layers of K' cations and
cation vacancies are alternately located in the 4 site along the ¢ axis, and Na” and B (Nb°*, Mo®", W)
cations are ordered in a rock salt configuration. More interestingly, fluoride anions are located in K"
cation layers while apical oxide anions are located in the adjacent 4-site layer containing the A4-site
vacancies. Similar to DJ-4SrNb,OgF, the Nb>* cation form short Nb=0 bonds and one long Nb-F bond
opposite the O>~ anion, leading to strong distortion of the Nb>*-centered octahedron. This type of O/F
anion order has never been seen in any other oxyfluorides. It is apparent that the cation order in both 4
and B sites influences the O/F anion order.

2.2. Fluorine Insertion into Only Interstitial Sites between the Perovskite Blocks

There are a few examples that involve fluorine insertion into only interstitial sites between the
perovskite block layers. The RP-type layered manganese oxides, LaStMnO4 (» = 1) and
Lny 7St gMn07 (Ln = Pr, Nd, Sm, Eu, and Gd) (n = 2), accommodate fluorine in the (La/Sr)O
rock-salt layers between the Mn-O perovskite blocks, followed by large expansion of the c-axis of
1 ~3 A (see Figure 6). Utilization of F, gas, NH4F, CuF, or PVDF as a fluorination agent at low
temperatures yields LaSrMnOu4F, [26,27] and Ln; 2Sr; sMn,O7F; [26,28] where fluorine is inserted in
each perovskite block. In addition, heating these fluorinated compounds with the corresponding
precursors in appropriate ratios results in a staged intercalation structure, namely LaSrMnO4F [27,29]
and La, ;Sr; sMn,O7F [27] where F is inserted between alternate rock-salt layers. It should be noted
that the F sites in the rock-salt layers are different between LaSrMnO4F and LaSrMnO4F,, and
La;»Sr; sMn,O5F and Ln; »Sr; sMn,O4F,; the F atoms in LaSrMnO4F and La; »Sr; sMn,O5F are located
in the interlayer space so as to bridge between La/Sr and the apical oxygen, while the F atoms in
LaSrMnO4F, and Ln, »Sr; sMn,O7F, occupy tetrahedral sites of (La/Sr)4 in the rock-salt layers. In spite
of the valences of Mn cations close to 4+, no long-range magnetic order is observed down to 5 K.

The n = 2 RP phase Sr;Ru,07 is also fluorinated using CuF; to give the oxyfluoride Sr;Ru,O;F; [30].
In the fluorinated phase, fluorine is inserted in the tetrahedral sites of Sr4 in rock-salt layers between
perovskite blocks (see Figure 7). The precursor crystallizes in the tetragonal structure with /4/mmm,
but the fluorine insertion lowers the crystal symmetry to orthorhombic symmetry (Pbam), which is
associated with rotation and tilting of the RuOg octahedra. The magnetic properties also change after
the fluorination reaction, from the ferromagnetic state with 7c = 105 K to weak ferromagnetic state
with 7y =185 K.
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Figure 6. Crystal structure of (a) La, ,Sr; sMn,0s5F, and (b) La, »Sr; sMn,0;F,.

(a)

La; 28y gMn,O5F  Lag 2Sry gMnyOsF;

Figure 7. Crystal structure of Sr;Ru,O7F,.
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Fluorination of the RP-Ba, ,Sr,PdO; (0 <x < 1.5) by PVDF involves unusual oxygen displacement
through anion exchange [31,32], which is different from the case of the fluorination of Sr;Fe,Og
described above [17]. As shown in Figure 8, the structure of Ba, ,Sr,PdOs; comprises corner-linked
chains of PdOs squares along the a-axis, similar to the one-dimensional structure in Sr,CuOs.
Fluorination to Ba, ,Sr,PdO,F, involves structural conversion to 7”-structure (isostructural with
Nd,CuQOy), namely rearrangement of the PdO, network from a 1-D chain to a 2-D plane. The
remaining O°~ anions in the apical site move to the original vacant site and the two inserted F~ anions
build fluorite block layer with Ba/Sr cations. Because the Pd”" cation exhibits a strong preference for
square lattice geometry, no additional fluorine insertion at the apical sites is allowed.
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Figure 8. (a), (b), (¢) Fluorination of 4,B0; to 4,BO,F, 5 (4 = Sr, Ba; B = Cu, Pd).
(d) Rearrangement of oxide and fluoride anions during fluorination reaction.
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2.3. Fluorine Occupation of Both the Terminal Apical Sites and the Interstitial Sites

In most cases, low-temperature fluorination in layered perovskite structure proceeds by anion
substitution at the apical sites and fluorine insertion in interstitial sites between perovskite blocks. This
type of fluorination, especially in Cu oxides, has already been reviewed in detail by Greaves ef al. and
Wiley et al., independently [33-35], so we will present the following four examples in this paper,
namely SryCuOsF,45 [8,36], Ba,ZrOs;F,:xH,0 [37], Sr2TiOsF; [38], and nitride-fluoride Ce;MnN3sF,5 [39].

The discovery of a superconducting copper oxyfluoride Sr,CuO;F,:5 by Greaves et al. triggered the
search for new oxyfluoride perovskite materials by a low-temperature route [8]. Other fluorinating
agents, such as NH4F and XeF,, were shown to be useful in later work [9,10]. This compound was
initially obtained by reaction of a 1-D structure Sr,CuO; with F; gas. As observed in Ba, Sr,PdO,F; [31],
the network of corner-sharing CuOy units drastically changes from a 1-D chain to a 2-D layer in the
fluorination process (see Figure 8). However, fluorine anions partially occupy not only interstitial sites
between the perovskite blocks but also the apical sites. The superconducting temperature takes a
maximum value of 7¢ =46 K at § ~ 0.3. Interestingly, reduction of Sr,CuO,F,.;s in a flowing H,/N; gas
atmosphere yields an insulating 7”-structure Sr,CuO,F, [36]; fluorine removal at the apical sites and
rearrangement of the remaining F anions form a fluorite SroF, layer and square planar
coordinated CuOQs.

Sr,Ti03F, or Ba,ZrOsF,xH,0 can be prepared by the reaction of n = 1RP Sr,TiO4 or Ba,ZrO4 with
NH4F, CuF,, ZnF, or PVDF [37,38]. In both cases, fluorination occurs by substitution of two F anions
for one O®™ anion, but the fluorine insertion manner and coordination environment around the metal
center are different between these two compounds (see Figure 9). Fluoride anions in Sr,TiO3F, occupy
both the apical sites and interstitial sites in alternate rock-salt layers. Additionally, the TiOsF octahedron
is highly distorted, probably due to O/F site order at the apical sites. In contrast, Ba;ZrOs;F,xH,O
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possesses fluorine, located at the apical sites and in each rock-salt layer. The Zr metal center takes an
octahedral coordination, with O/F anions being disordered at the apical sites.

Figure 9. Crystal structure of (a) Sr,TiOsF,, (b) Ba,ZrOsF, - xH,0, and (¢) Ce;MnN;F, .
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It is important to note that a RP-type layered manganese nitride Ce;MnN3, which is isostructural
with Sr,CuO3, accommodates fluorine in a different way [39]. Unlike Sr,CuO,F»;5 and Ba, Sr,PdO,F»,
fluorination involves local migration of the original apical oxygen to the equatorial anion vacant sites,
but anion substitution or oxygen removal does not take place. Moreover, additional fluorine atoms are
incorporated in alternate rock-salt layers. The resultant structure resembles that of Sr,TiOsF, and the
N/F site order results in deformation of the MnN4F octahedron. Upon fluorination, the magnetic
properties changes the Pauli paramagnetic behavior to a paramagnetic one.

3. Recent Results on New Layered Iron and Cobalt Oxyfluoride Compounds
3.1. Unusual O/F Site Disorder in Layered Cobalt Oxyfluoride

As reviewed above, a variety of fluorinating agents greatly contributes to oxyfluoride chemistry.
Considering the limited variety of transition metals, however, a further search for new oxyfluoride
phase is necessary in order to better understand oxyfluoride. Co is among the 3d transition metals
studied to a lesser extent. In fact, only one Co-based perovskite compound has been reported:
LaSrCoFeOsF [40], where O/F sites are randomly distributed as well as Fe/Co sites. High-pressure
synthesis is an effective alternative approach to low-temperature fluorination, although expensive
apparatus required for the reaction method is necessary. Recently, we have achieved the synthesis of
the first example of RP-type layered cobalt oxyfluoride Sr,CoOsF, under a pressure of 6 GPa at
1,700 °C [41]. This compound adopts a simple body-centered tetragonal structure with the space group
14/mmm (Figure 2(c)). Magnetic susceptibility measurements revealed an antiferromagnetic phase
transition at around 320 K, which is different from the ferromagnetic behavior in the corresponding
oxide Sr;Co0Oy4 [42]. Furthermore, neutron powder diffraction study characterized the S = 2 high-spin
state at Co cations. The structural features in the cobalt oxyfluoride are also worthy of attention. The
O/F anions are disordered at the apical sites, and the cobalt cation shifted from the basal plane takes a
square pyramidal coordination. We noticed that the coordination environment around Co center is
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unusual when compared with related oxyfluoride compounds (see Figure 2). As described above, a
similar O/F site disorder is observed in Ba,ScOsF and K,NbOsF, but each B cation with d® electronic
configuration takes octahedral coordination without shifting from the basal plane. In comparison,
SroFeOsF and Ba;InOsF have a square-pyramidal coordinated metal center, but O/F site occupation
occurs in an ordered manner. Thus, coexistence of anion disorder and square-pyramidal coordination,
which has never seen in related oxyfluoride, is realized in the new cobalt oxyfluoride. It was initially
assumed that square-pyramidal coordination stabilizes the O/F site ordered state, but this is not the
case in Sr,CoOsF. Square-pyramidal coordination of Co cations is commonly seen in cobalt-based
materials with 4° high spin configuration, such as BiCoOs [43] and Sr,CoOsCl [44]. The observed O/F
disorder, however, is non-trivial. The role played in the unusual coordination environment around Co
is probably related to the reaction condition employed: high-pressure and high-temperature synthesis.
A denser environment at high pressure or entropic effects associated with high temperature are likely
to stabilize the anion-disordered phase.

3.2. Highly Fluorinated Iron Oxides

Various fluorinating agents have been reported so far, for example, F, gas, NH4F, XeF,, CuF; and
PVDF and PTFE [8-11,21]. Each fluorinating agent exhibits a distinct fluorinating power and reaction
pathway. Thus, the fluorine contents in the resultant material depend on the choice, not only of the
fluorinating agent, but also the anion lattice of the precursors. For example, the fluorine contents
incorporated by XeF, in YBa,Cu3O7-s increase with decreasing the oxygen deficient contents [45]. The
fluorination of perovskite SrFeO; using PVDF yields SrFeO,F while the reaction of brownmillerite
Sr,Fe,Os with F; gas results in the formation of two cubic phases different from SrFeO,F [17,46].

On the other hand, as shown above, the n = 2 RP-type layered iron oxide Sr;Fe,O¢ was fluorinated
with F, gas to give the oxyfluoride Sr3Fe;OsO0g7 [17]. This fluorination did not involve anion
substitution. There are two approaches to extending the fluorine contents; a precursor with smaller
oxygen concentrations is reacted with F, gas, or a fluorinating agent with higher reducing power is
employed. According to such perspectives, we successfully synthesized a more highly fluorinated iron
oxide, Sr3Fe;Os44F| 56, by reaction of Srs;Fe;O7-5 (6~0.25) [47]. As is the case in Sr3Fe;O0¢Oy 7,
fluoride anions preferentially occupy the terminal apical anion sites with oxide anions, but the O/F
sites are displaced from the ideal 4e (0, 0, z) to more general sites 16m (x, x, z). Moreover, fluorination
with PTFE results in more significant expansion of the c-axis (21.406(2) A) and the deviation of the
O-Fe-O bond angle in the plane from 180° is 15.28° nearly close to that in Ba3In,OsF,, reflecting the
increased fluorine content in Sr3Fe,Os44F 56. And, the antiferromagnetic phase transition temperature
greatly differs from below r.t. to 390 K.

Interestingly, work that is more recent has demonstrated further extended fluorination. Slater et al.
have successfully synthesized three more fluorinated phases, Sri;Fe;OsasFi72, SrsFe,O4F4, and
Sr;Fe,Os3F¢, by changing the molar ratios of Sr;Fe,O;-5 to PVDF [48]. While Sr;Fe;Os,5F; 72 has
structural features similar to SrsFe;Os 44F 56, fluorine atoms in SrsFe,O4F4 occupy half interstitial sites
between rock-salt layers as well as terminal and central anion sites (see Figure 10). These two
compounds exhibit antiferromagnetic order at r.t. In contrast, Sr;Fe,O3;F¢, which is assumed to
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correspond to complete filling of both apical sites and interstitial sites by fluorine, magnetically
orders below r.t.

Figure 10. Crystal structure of (a) Sr3Fe,Os 44F 56, and (b) Sr3Fe;O4F 4.

Sr3Fe;Os 44F 1 56 SrsFe,O4F,
5. Conclusions

We have reviewed how layered oxyfluoride perovskite compounds have a rich variety of fluorine
occupation, depending on reaction route, namely, low-temperature reaction, hydrothermal reaction,
and high-pressure synthesis. Low temperature topotactic reaction is an attractive and straightforward
technique to synthesize kinetically stable phases; Not only anion substitution but also fluorine insertion
in interstitial sites between perovskite blocks occur, in some cases involving a rearrangement of anions
around the metal center. In particular, the high capacity for fluorine insertion observed in Sr;Fe, 075 is
quite unusual compared with other metal oxides. High-pressure synthesis can also provide good
opportunities for extending oxyfluoride chemistry. Indeed, an unusual coordination environment in
Sr,CoOsF was realized under extreme experimental conditions. This result should contribute not only
to further syntheses of new oxyfluoride compounds, but also to controlling the structural and physical
properties through anion order/disordering.
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