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General Introduction

Background of This Work

Iron

Given iron’s abundance and low toxicity, exploring fundamentally new iron-based
materials with new or improved functionalities is a significant issue. As shown below, iron-
based materials show many attractive properties (e.g. ferro(ferri)magnetism, multiferroicity,
spin state transition, and superconductivity), because of a wide variety of electronic
configuration and coordination of iron.

The most of irons in solids are in divalent and trivalent states. In terms of binary iron
oxides, Fe,03, Fes04 and FeO are known. There are several kinds of Fe**,0; with different
crystal structures. Hematite a-Fe,Oj3 is the most typical one and adopts a corundum structure
with an octahedral coordinated iron (Figure 1a) [1]. e-Fe,O3, which is relatively rare phase,
has orthorhombic structure with an octahedral and tetrahedral coordinated irons (Figure 1b).
Nanocrystal of e-Fe,O3 has been recently synthesized by Ohkoshi and coworkers, and shows
giant coercive field [2--4]. Magnetite Fe;O4 adopts a spinel structure in which Fe** occupies
the tetrahedral sites, whilst the octahedral sites are occupied by both Fe** and Fe®* ions
(Figure 1c) [5]. It exhibits thermally induced electron delocalization at the octahedral sites,
resulting in metallic behavior, but becomes an insulator below 125 K due to the so-called
Verway transition [6]. Wistite Fe;.,O with a rock salt structure (Figure 1d) is known as a

nonstoichiometric compound [7]. Due to the interest in earth science, the high pressure



behavior of Wistite has been extensively studied [8]. It was revealed that Wistite shows high
spin to low spin transition and structural transition under high pressure [9,10].

Irons in divalent or trivalent states are also typically found in the many complex iron
oxides. Ilmenite FeTiO; (Figure 2a) [11] and fayalite Fe,SiO4 (Figure 2b) [12] are common
minerals with divalent iron in octahedral coordination. The high pressure study is of interest
in earth science since their elements are major components of Earth's interior [13,14].
Brownmillerite SrFeO, 5 consists of alternate stacking of an octahedral layer and a tetrahedral
layer (Figure 2c). It is known as oxygen ion conductor at low temperatures (< 600K) [15].
Hexaferrites (with Fe®"), which shows ferrimagnetic order with high magnetic anisotropy,
have long been used in technological applications such as permanent magnets and microwave
devices. Moreover, some hexaferrites recently have attracted attention for future multiferroic
devises [16--18].

Superconductivity in iron-based materials is one of the most active research fields for solid
state chemists and physicists in recent years. In 2008, Hosono and coworkers discovered
superconductivity in fluorine-doped LaFeAsO at transition temperature T, = 26 K [19]. The
crystal structure of LaFeAsO contains Fe®*As layers with tetrahedrally coordinated iron
atoms in a tetragonal lattice, and these layers alternate with LaO layers along the c-axis
(Figure 3). Applying pressure increases the T, up to 43 K [20] and replacement of the

nonmagnetic La by magnetic rare earth elements substantially increases T to 55 K [21].

Perovskite Oxides with High Valence State of Fe**
Not only typical irons but also unusual irons show interesting properties. There have been
known a small class of perovskite oxides that contain iron in an unusually high valence state

of Fe** like AFeO; (A = Ca, Sr; Figure 4a, b). Their electronic properties are peculiar.



Normal Fe** and Fe®*" oxides such as Fe”*O and LaFe**O; are antiferromagnetic insulators
governed by the Kanamori-Goodenough rule, while these Fe** oxides exhibit a shift toward
metallicity and ferromagnetism. SrFe**O3 is a cubic metal and shows a proper screw spin
structure with a propagation vector along [111] [22]. CaFe**O3 shows a metal-to-insulator
transition induced at 290 K by charge-disproportionation to Fe** and Fe>* [23]. An A-site
ordered perovskite family ACusFe;O1, (A = Sr, Ca, La) [24--26] with Fe*" has been recently
synthesized by using high pressure and high temperature technique (Figure 4c). They show
novel properties, such as negative thermal expansion [24] and intersite charge transfer [25]. It
is notable here that Fe**L (t,g%eg’L, S = 2), i.e., a charge transfer from O to Fe, is the realistic
picture of Fe*" in these oxides. The Fe*" compounds are thus quite attractive from both
experimental and theoretical view points [27], but the knowledge of the Fe*" physics is still

far from satisfactory due to few model materials.

Square Planar Iron Oxides

In 2007, Tsujimoto et al. have synthesized an infinite layer iron oxide SrFeO, with square
planar coordinated iron (Figure 5a) by topotactic reaction of perovskite SrFeOs using CaH,
as a reducing agent [28]. Such metal hydride reduction for perovskite oxides was initiated by
Rosseinsky and coworkers, who obtained square planar nickel oxide LaNiO, from perovskite
LaNiO3 by using NaH at 200 °C [29]. Since then, many highly reduced oxides were reported
by the metal hydride reduction. Examples includes Sr;LaFe; sCo;5075[30], LazNi,Og [31],
Y,Ti,06, REBaC0,0s., (RE =Y, La) [32], BaMnOy4, [33].

In spite of the fact that an iron in materials exclusively adopts nonplanar coordination (i.e.
FeOj4 tetrahedra, FeOg octahedra, FeOs pyramid and FeOs trigonal bypyramid), SrFeO, bears

FeO, square planar square coordination. Surprisingly, SrFeO, allow a large amount of



chemical substitution without any distortion, up to 80% for (Sr,Ca)FeO, [34,35], and up to
30% for Sr(Fe,M)O, (M = Mn, Co). A further substitution of Ca results in a distortion of the
FeO, square planar coordination towards tetrahedron (Figure 5b) [35]. Sr;Fe,Os (Figure 5¢)
[36] and Sr3;Fe,O4Cl, (Figure 5d) [37], which share with the structural feature of SrFeO,,
have been also synthesized. However, all the reported square planar coordinated iron oxides
have been exclusively composed of a single iron site [28,35--39], thereby limiting variations
in terms of Fe-O extended networks.

SrFeQ; is an insulator and exhibits magnetic order of the G-type, with a Néel temperature
(Tn) as high as 473 K [28]. Most importantly, the square planar coordinated iron forms more
covalent bonds (to the oxide ligands and to neighboring iron ions) [40--42], than with iron in
other coordination geometries. This characteristic is crucial for developing new and
improved properties that work at high temperatures (thus important for future applications).

Therefore, exploring new square planar coordinated iron oxides is of great importance.

High Pressure Studies

Pressure is a good parameter to tune structural and physical properties of solids since one
can control atomic distances by external pressure. One important phenomenon under high
pressure is a structural transition. By applying pressure, structural transitions occur in many
compounds because a solid prefers denser crystal structure under high pressure. A structural
modification sometimes results in new or improved properties, so that exploring a new
crystal phase under high pressure is interesting not only in earth science but also in solid state
science. For example, an elemental iron exhibits the pressure induced structural transition

from body centered cubic (bcc) structure to hexagonal close packed (hcp) structure



accompanied with a magnetic transition from ferromagnetic to nonmagnetic state. The high-
pressure nonmagnetic phase undergoes superconducting transition below 2 K [43].

A spin state transition is often induced by pressure. One of the reasons is the difference in
volume of the high spin and the low spin species; high pressure often results in a high spin
state to a low spin state transition since low spin species have denser than a high pressure one
[44]. Among the metal ions that exhibit spin state transition, the largest numbers have been
found for those with octahedral coordination. Examples includes (Mg,Fe)O [45], FeS [46],
(Mg,Fe)Si0; [47], CaFeO; [48], and Ca,FeO4 [49].

However, a recently discovered pressure-induced spin transition in SrFeO, at P, = 33 GPa
has several aspects distinct from conventional spin state transitions [50]. First, SrFeO, adopts
a square planar coordination around iron (Figure 5a) [28], thus representing the first spin
state transition in a four-fold coordinated metal center. Second, it is not a typical transition
from a high-spin state (S = 2) to a low-spin state (S = 0), but to an intermediate-spin state (S =
1). It is accompanied at the same time with an insulator-to-metal (I-M) and an
antiferromagnetic-to-ferromagnetic (AFM-FM) transition. Although this unusual spin state
transition is interested in the points mentioned above, the mechanism was an open question

in contrast to conventional spin state transition.



Outline of This Work

This thesis reports (i) synthesis, structure, and physical properties of new square planar
coordinated iron oxides obtained by topotactic reduction, (ii) structure and physical
properties of square planar coordinated iron oxides under high pressure, (iii) synthesis,
structure, and physical properties of new perovskite iron oxide with high valence state of
Fe** obtained by topotactic oxidation.

In Chapter 1, the A-site substitution effect on structural, thermal and magnetic properties of
the infinite layer iron oxide AFeO; (A = alkali-earth elements) was studied. It is revealed that
the Ba substitution is tolerable up to 30 %, although Ca can be substituted up to 100%. The
Ba substitution shows little influence on the magnetic properties, in contrast to an expectation
from the first principles calculations. The temperature, at which the oxidation from AFeO; to
AFeO, 5 occurs, and its transformation rate show a wide variation tuned solely by the out-of-
plane distance.

In Chapter 2, new oxygen deficient perovskite (Sr;Ba,)FeO, (0.4 <x < 1.0) was reported.
(Sr;,Ba,)FeO, (0.4 < x < 1.0) has been successfully obtained by topotactic reduction with
using CaH, and NaH. The new structure (BaFeO, structure) revealed that square planar
coordination can coexist with other three- to six-fold coordination geometries. Powder
neutron diffraction measurements revealed a G-type magnetic order with a drastic decrease
of the Néel temperature compared to SrFeO,, presumably due to the effect of oxygen
disorder/defects. We also performed La substitution at the Ba-site, and found that the oxygen
vacancies act as a flexible sink to accommodate heterovalent doping without changing the Fe
oxidation and spin state, demonstrating the robustness of this new structure against cation

substitution.



In Chapter 3, the effect of lanthanoid (Ln = Nd, Sm, Eu, Ho) substitution on the structural
and magnetic properties of the infinite layer iron oxide SrFeO, was investigated. All the
lanthanides examined have a similar solubility limit of ca. 30% but failed to inject electrons
in the FeO, layer for different reasons. For Ln = Nd, Sm, and Ho, the substitution resulted in
partial occupation of apical oxygen sites between FeO, layers to give a charge-compensated
composition of (Sr;_,Ln,)F ez+02+x/2. A significant reduction of the Néel temperature is
observed. In contrast, (Sr;..Eu,)FeO, adopts the ideal infinite layer structure by forcing the
europium ion to be divalent and the magnetic property hardly changes.

In Chapter 4, the pressure effect on the structural, magnetic and transport properties of the
two-legged spin ladder SrsFe,Os have been studied. When pressure was applied, this material
first exhibited a structural transition from Immm to Ammm at Ps = 30 + 2 GPa. This transition
involves a phase shift of the ladder blocks from (1/2,1/2,1/2) to (0,1/2,1/2), by which a rock-
salt-type (B1) SrO block with a seven-fold coordination around Sr changes into a CsCl-type
(B2) block with eight-fold coordination, allowing a significant reduction of volume. However,
the S = 2 antiferromagnetic state stays the same. Next, a spin state transition fromS=21to0 S
=1, along with an AFM-FM transition was observed at P = 34 + 2 GPa, similar to that of
SrFe0,. A sign of an I-M transition was also observed at pressure around P.. These results
suggest a generality of the spin state transition in square planar coordinated S = 2 irons of n-
legged ladder series Srp+1FenOzner (N=1, 2, 3,...).

In Chapter 5, pressure induced structural transition of A,MO3; (A = Sr, Ca; M = Cu, Pd)
with the intergrowth structure of rock salt (B1) AO blocks and corner-shared MO, square-
planar blocks have been investigated. All the examined compounds exhibit a structural
transition at Ps = 29 ~ 41 GPa involving a change in the A-site geometry to an 8-fold B2

coordination. This observation demonstrated that pressure induced structural transition in



Sr3Fe,0s independently occurs without respect to the spin state transition (and the AFM-FM,
I-M transitions). Moreover, this study also demonstrated that the B1-to-B2 transition
generally occurs in the intergrowth structures, as found in binary oxides or chalcogenides. An
empirical relation of Ps and the R¢/R, for the binary system holds well for the intergrowth
structure also, which means that Ps is predominantly determined by the rock salt blocks.
However, a large deviation from the relation is found in LaSrNiO3 4, where oxygen atoms
partially occupy the apical site of the MO, square plane. We predict furthermore the
occurrence of the same structural transition for Ruddlesden-Popper-type layered perovskite
oxides (AO)(AMOg),, under higher pressures.

In Chapter 6, a new perovskite oxide BaFeOs with an unusually high valence state of Fe**
was investigated. BaFeO; was synthesized by topotactic oxidation with using O3 gas. BaFeO;
shows a proper screw spin structure along [100] having a different propagation vector from
that of SrFeOs with [111]. Furthermore, we have found that this material exhibits a complete
saturation magnetization (3.5ug) by the application of a tiny magnetic field (~0.3 T). Thus,

this material represents the first example to show ferromagnetism at ambient pressure.
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(a) (b)

Figure 1. The structures of Hematite a-Fe,O3(a), e-Fe,O3 (b), Magnetite Fe;O4 (c), Wistite

Fe1,O (d).
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Figure 2. The structures of Ilmenite FeTiO; (a), fayalite Fe,SiO4 (2b), Brownmillerite

SrFe0; 5 (C).
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Figure 3. The structures of LaFeAsO.
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Figure 4. The structures of SrFeO; (a), CaFeO; (b), ACusFe 01 (c).

16



Figure 5. The structures of SrFeO; (a), CaFeO; (b), Sr3Fe,0s (¢), Sr3Fe,04Cl, (d).
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Chapter 1. Synthesis and Thermal Stability of the Solid Solution

AFeO, (A = Ba, Sr, Ca)

1.1. Introduction

Topochemical reactions such as ion exchange and intercalation reactions provide unique
access to metastable crystalline oxide solids, novel structures and local coordination that
cannot be obtained by conventional high temperature solid state reactions. Examples include
H[Ca;Na, sNb,03,4] 3 < n < 7) [1], (CuX)LaNb,O; (X = Cl, Br) [2],
H; 3[Bip21S1980NagosNb3O19] [3], which were prepared, respectively, from layered
perovskites K[Ca,;Na, 3Nb,0s,+;1], RbLaNb,O; and Bi; gSrg,0;[Big2SrysNaNbs;Oy].
However, the reaction processes and driving forces that allow the modification of structures
and composition at low temperature are still far from being satisfactorily understood. This is
contrast to the well-known reaction mechanisms in synthetic organic chemistry. However,
this is crucial for further developing topochemical routes and would ultimately help to lower

working temperatures of solid oxide fuel cells and oxygen membranes.

An unprecedented FeO, square planar coordination has been recently realized in SrFeO, by
reducing perovskite SrFeOs; (Figure 1.1a) with CaH, at low temperatures [4]. As seen in
Figure 1.1c, the structure of SrFeO, is made up of corner-shared FeO, square planes in
between strontium atoms and is isostructural with the infinite layer (IL) structure SrCuO,
[5,6]. Surprisingly, first-principles calculations revealed that this new material is a
thermodynamically stable phase [7,8]. From the isomer shift of Mdssbauer spectra, we found

that the Fe?* in SrFeO, is indeed more strongly bonded to neighboring O than those of any

18



other existing divalent ferrous compounds. This utmost feature allows this material to
achieve a magnetic order well above room temperature (Ty = 473 K) [4] and explains why a
spin-state transition is realized for the first time in a four-coordinated metal center [9,10].
This feature also preserves the square planes during structural changes, even if some
distortion occurs. SrFeO, is susceptible to substantial positive chemical pressure; the
substitution of the strontium site with calcium having a smaller ionic radius is possible up to
as much as 80 %. A further and complete substitution to CaFeO, results in a considerable
distortion of the FeO, square plane towards a tetrahedron [11,12]. The conversion from
SrFeQOj3 to SrFeO; (or vice versa) proceeds via the brownmillerite-type intermediate SrFeO; 5
(Figure 1.1b) at temperatures as low as 400K [4], thereby involving not only extraction
(insertion) of oxide ions but also drastic rearrangement of oxide ions in the basal framework.

In this chapter, we report on the negative chemical pressure effect on the structural and
magnetic properties by the Sr-to-Ba substitution. Unlike the case of positive chemical
pressure, the IL structure (SriyBay)FeO- is found to exist only up to 30%. The substitutional
and thermal stabilities as well as magnetic properties of this Ba-substituted and the Ca-

substituted systems are discussed.

1.2. Experimental

First, we prepared oxygen deficit perovskite oxides (SriyBay)FeOs.; (0 < 6 < 0.5) fory =
0.1, 0.2, 0.3 and 0.4. Mixtures of stoichiometric amount of SrCO3; (99.99 %), BaCOs;
(99.99 %) and Fe,03(99.99 %) were weighted, ground, pelletized and heated at 1473 K for 2
days in air with one intermediate grinding. Subsequently, the precursors of about 0.25 g were
finely ground with two-molar excess of CaH, in an Ar-filled glove box, sealed in an

evacuated Pyrex tube (volume 15 cm?®) with a residual pressure less than 1.3x10® MPa, and
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reacted at 553 K for 3 days. The residual CaH, and the byproduct CaO were removed by
washing out with NH4CI / methanol solution (0.15 mol/L). For the study of low-temperature
powder X-ray diffraction (XRD) and thermogravimetry (TG), (Sr1xCax)FeO, (x = 0.0, 0.2,
0.4, 0.6, 0.8) were synthesized according to the procedure as described previously [11].

The sample purity was checked by XRD profile using a Mac Science M18XHF
diffractometer equipped with a graphite monochromator and a CuK, radiation (1 = 1.54056
A). Low-temperature XRD data of (Sr1.xCax)FeO, and (Sri.,Ba,)FeO, for x = 0.0, 0.4, 0.8 and
y = 0.3 were collected for 10 — 290 K on a Mac Science MXP18 diffractometer equipped
with a closed-cycle He refrigerator installed at the Institute for Solid State Physics,
University of Tokyo. A monochromatized CuK, source was used and each scan was
performed on a 26 range of 20 — 70° with an angular step of 0.02° and a counting time of
2.5°/sec. The peak positions were calibrated against Si as an internal standard, and the lattice
parameters were obtained with a least-square method.

High-resolution synchrotron XRD experiments on (Sr1.,Bay)FeO, (y = 0.1, 0.2, 0.3) were
performed at room temperature using a large Debye-Scherrer camera installed at the Japan
Synchrotron Radiation Research Institute SPring-8 BL02B2. We used an imaging plate as a
detector. Incident beams from a bending magnet were monochromatized to 0.42026 A. The
finely ground powder samples were filtered by a strainer with 32-um-square holes and put
into a Pyrex capillary of inner 0.1 mm diameter. The capillary was rotated during
measurements to reduce preferential orientation. The obtained synchrotron XRD data were
analyzed by the Rietveld method by using RIETAN-2000 program [13]. The agreement
indices used were R-weighted pattern, Ry, = [2wi(yio — yic)z/Zwi(yio)z]” 2 R-pattern, R, = Z|yio
- Yic/Z(vio) and goodness of fit (GOF), y* = [Rwp/Rexp]?, Where Reyp = [(N — P)/ Zwozioz]” 2 Vio

and yj. are the observed and calculated intensities, w; is the weighting factor, N is the total
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number of y;, data when the background is refined, and P is the number of adjusted
parameters.

Powder neutron diffraction (ND) experiment on (SrogBag2)FeO, (y = 0.2) at room
temperature was carried out on the Kinken powder diffractometer with multicounters for
High Efficiency and high Resolution MEasurementS, HERMES, of the Institute for Materials
Research, Tohoku University, installed at a guide hall of JRR-3 reactor in the Japan Atomic
Energy Agency (JAEA), Tokai [14]. The incident neutron with a wavelength of 1.82646 A
was monochromatized by the 331 reflection of vent Ge crystal. A 12’-blank-sample18’
collimation was employed. A polycrystalline sample of 3 g mass was placed into a vanadium
cylinder. The data were collected with a step-scan procedure using 150 neutron detectors in a
26 range from 3° to 153° with a step width of 0.1°.

Thermogravimetric data of (Sr1xCayx)FeO, (x = 0.0, 0.2, 0.4, 0.6, 0.8) and (Sr1.,Bay)FeO, (y
= 0.2) were collected using Rigaku Thermo plus (TG 8120). The sample of around 15 mg
was put in a Pt pan and a-Al,O3 was used as a reference material. The measurements were
performed in heating the sample at 10 Kmin™. The samples after heated were identified by
in-house XRD measurements.

Mossbauer spectra on (Sri.,Bay)FeO, for y = 0.1, 0.2 and 0.3 were taken at room
temperature in transmission geometry by using a >’Co/Rh y-ray source. The source velocity

was calibrated by o-Fe as a reference material.

1.3. Results and Discussions
1.3.1. Crystal Structure
Figure 1.2 shows the XRD patterns of samples obtained by hydride reduction from

precurcer (SriyBay)FeOs.; (0 < 0 < 0.5) fory =0 - 0.4. The XRD profiles for 0 <y < 0.3 are
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very similar to each other and are readily indexed on basis of the tetragonal unit cell without
any peaks associated with impurities or super-reflections. However, the profile fory = 0.4 is
assigned as (SrosBag.4)FeO, 5 with the BayFe,Os-type structure [15]. The lattice parameters a
=6.829(1) A, b =11.454(1) A, ¢ = 23.11(4) A and = 99.261(8)° are reasonable considering
those of BaFeO,5 (a=6.969 A, b =11.724 A, ¢ = 23.408 A, 5 =98.372°) [15]. We could not
obtain the IL (SrosBag4)FeO, phase even with modified reaction temperature and time. The
lattice parameters of the IL phase including the Ca substituted case are depicted in Figure 1.3
as a function of the average radius of the A-site cation, ra, derived by assuming rc, = 1.12 A,
rsr = 1.26 A and rg, = 1.42 A [16]. For comparison, theoretical lattice parameters of CaFeO,,
SrFeO; and BaFeO, obtained by first-principles calculations are presented [7,8]. The linear
increase of the lattice parameters with ra suggests the successful formation of the IL structure.
The lines obtained by the least-squares fit of the experimental data are located slightly higher
than theoretically predicted values except the c axis of the hypothetical IL phase BaFeO,.
The synchrotron XRD data for the Ba-substituted samples (y = 0.1, 0.2, 0.3) also show a
simple tetragonal unit cell. Absence of any broadening, splitting of peaks, and super-
reflections as found in CaFeO, [12] suggests formation of a well-crystallized and non-
distorted IL structure. Accordingly, we performed Rietveld structural refinements for the
synchrotron XRD data assuming, as an initial model, the ideal IL structure belonging to the
P4/mmm space group with Sr/Ba on 1d (0.5, 0.5, 0.5), Fe on 1a (0, 0, 0) and O on 2f (0.5, 0,
0), where Ba and Sr atoms were set to be statistically disordered. All the refinements led to
good fits, providing reasonable reliability factors Ry, = 2.41 %, > =238 fory=0.1, Rwp =
3.21%, ;(2 =3.80 fory = 0.2 and Ry, = 3.16%, »* =3.18 for y = 0.3 (see Figure 1.4 and Table
1.1). Reasonably small atomic displacement parameters (B) for each refinement indicate that

the Ba/Sr, Fe and O atoms are positioned at the assumed sites.
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In order to get more precise information on the oxygen position and its site occupation, we
performed Rietveld refinement for the powder ND data of (SrogBag,)FeO,. The ND profile at
room temperature included magnetic Bragg reflections, which were taken into account for
the refinement, as will be discussed in detail later. The fit once again led to a reasonably
small displacement parameter (B = 1.12(8)) for oxygen atoms (and other atoms) and Rup =
7.41 %, 5* = 2.20, as shown in Figure 1.5 and Table 1.1. When allowed to change, the oxygen
occupancy factor was refined approximately to unity within error (1.005 (11)), indicating no
oxygen deficiency. All these results together with the previous ones [11,12] led us to
conclude that the ideal IL structure can tolerate up to 30% of the Ba-substitution and up to
80% of the Ca-substitution, namely with ra ranging from 1.15 to 1.31 A. It is surprising that
the solubility range of the IL structure is nearly the same as the cupric oxides ACuO, (0 < x <
0.9, 0 <y <0.33) obtained by high temperature and high pressure synthesis [6].

The bond valence sum (BVS) calculations [17] based on the synchrotron XRD data gave
(A, Fe) = (+1.95, +1.95) fory = 0.1, (+1.99, +1.95) for y = 0.2 and (+2.00, +1.93) fory = 0.3.
As shown in Figure 1.6, the BVS plotted as a function of ra follows a linear relation for both
A and Fe and hence validates once again the formation of the solid solution. Here, we would
like to point out that while the Ca-substituted IL structure tolerates large deviation of the
bond valences from the formal value (i.e., (A, Fe) = (+1.71, +2.15) for x = 0.8) [11], the Ba-
substituted IL structure is only accessible up to y ~ 0.3 with (A, Fe) = (+2.00, +1.93). This
should be related to the difficulty of Fe to take an unstable valence state of +1. Since the BVS
of Fe is determined almost exclusively by the Fe-O distance within the FeO, layer, the in-
plane length is likely to determine the solubility range of the IL structure. Note however that
the IL cuprates ACuO; show a different variation of BVS, (A, Cu) = (+1.94, +2.06) ~ (+2.41,

+1.85), suggesting a different stabilization factor.
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1.3.2. Magnetic Properties

The room-temperature >’Fe Mdssbauer spectra of (Sr1yBay)FeO, for y = 0.1, 0.2 and 0.3,
shown in Figure 1.7 consist of a single magnetically-split sextet together with a small
paramagnetic doublet peak. The obtained spectra were fitted by a Lorentzian function and the
results are summarized in Table 1.2. The doublet in each spectrum arises from a trivalent-
iron-containing paramagnetic amorphous impurity formed by decomposition and over-
reduction of the precursor AFeO,5 phase to Fe(0) that was then oxidized to Fe(lll) upon
exposure to air. Such an impurity phase was also observed upon the synthesis of (Sri-
Cay)Fe0,."? The values of isomer shift (IS) and quadrupole splitting (QS) for the sextet are
very close to those of SrFeO; and the full width at half maximum (FWHM) is resolution
limited, further supporting the structural analysis of the present compounds based on the
ideal IL structure. The Ba-concentration dependence of the hyperfine field (HF) shows that
the iron ion stays in a divalent high-spin (S = 2) state and that the Néel temperature Ty
decreases only slightly with Ba-concentration. The same tendency is seen for (Sr;.xCax)FeO,
(x <£0.8) [12]. Since the difference between S; and S; in Figure 1.7 is close to that of SrFeO,
and to the value of QS above Ty in SrFeO,, the magnetic moments in the magnetically
ordered state are considered to align perpendicularly to the ¢ axis, as in the case of SrFeO..

As mentioned above, the magnetic order for (SrogBag2)FeO, at ambient temperature was
also probed by the ND data. Well-developed magnetic reflections characterized as ((2h+1)/2,
(2k+1)/2, (21+1)/2), where h, k and | are integers, indicate the (7, 7, 7) type spin-structure.
The Rietveld analysis demonstrated that the magnetic moments are 3.3 g5 per iron and align
in the ab plane in agreement with the Mossbauer results. A slight decrease of Ty with y is

expected from the HF change. A linear extrapolation of the HF vs. y curve to y — 1 yielded

24



the HF of 36 T for the hypothetical phase BaFeO,. This value is very close to HF =35 T
obtained for the distorted IL CaFeO, at room temperature [12]. It follows that BaFeO, would
have a similar Ty as CaFeO, (Ty = 433 K), at most 40 K lower than that of SrFeO..

A decrease in Ty in Ba-substituted IL compound has been anticipated from the theoretical
studies by Xiang et al [8]. They showed that the dominating spin exchange paths of SrFeO,
are J; = 8.68 meV and J, = 2.23 meV, where J; is the intralayer Fe-O-Fe superexchange and
J, is the interlayer Fe-Fe exchange coupling constants [8]. They also considered the
hypothetical phase BaFeO, and obtained J; =5.81 meV and J, = 1.34 meV. In the framework
of the mean-field theory and the Monte-Carlo simulation, it can be assumed that the Ty scales
linearly with J; so long as the Ji/J; ratio remains constant. Then, the Ty of BaFeO; is
estimated as 473x(5.81/8.68) = 303 K, which is, however, much lower than that estimated
from the experimental data. The reason for the significant deviation between the theory and
the experiment calls for further theoretical investigations. Here, the IS values fory = 0.1, 0.2,
0.3 that scarcely alter from that for SrFeO, might give us a hint. Since IS provides
information on how strongly Fe atom is bonded, the observation implies that the reduced J;
and J, (with y) must be compensated by the increase of other further-neighbor exchange

integrals.

1.3.3. Thermal Stability

Low-temperature XRD measurements for x = 0, 0.4, 0.8 and y = 0.3 revealed the absence
of any structural instabilities at low temperatures. For the quantitative estimation of the
lattice stiffness [18--20], we calculated the Debye temperature 0p using the Debye-Griineisen

model for the variation of unit-cell volume (see Figure 1.8), which is expressed as,
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T 0, /T x°
V(T);V(O)+jo%dT;V(O)+%T[eljj‘ DO/ exx_ldx (1)

where V(0) is the unit-cell volume at 0 K, y is the Gruneisen parameter, B is the bulk
modulus, kg is the Boltzmann constant and N is the number of atoms in the unit cell [21,22].
It is seen that the obtained values of 6p are independent of composition within the
experimental uncertainty, and are much smaller than that of CaFeO, with the distorted IL
structure (6p = 733 K) [11].

The stability and reactivity of the IL structure at high temperature was investigated by the
TG measurements in air up to 900 K (Figure 1.9). Compounds with a smaller ra (x = 0.4, 0.6,
0.8) exhibited a single-step absorption of oxygen, while those with a larger ra (x = 0.2, 0.0
and y = 0.2) did a double-step absorption with a single plateau. Since the starting materials
contain a tiny yet finite amount of amorphous impurity phase as revealed by the Mdéssbauer
study, a direct determination of the oxygen content for the target compound from the raw
data was not possible. Nevertheless, sample identification was carefully made by ex-situ
XRD after rapid quenching of the furnace at any point of the TG curve and we found that the
plateau corresponds to the AFeO, s phase, and this phase for x = 0.2, 0.0 and y = 0.2 is further
oxidized to become the pseudo-cubic oxygen-deficient perovskite. There is no intermediate
phase between AFeO, and AFeO. s, as already pointed out for SrFeO,.* With this knowledge,
we normalized the raw TG data such that the oxygen content in the plateau region is 2.5 as
shown in Figure 1.9.

Notably, the oxygen-absorbing temperature on forming AFeO,s systematically changes
with chemical substitution. We define here To, To- and To- as a temperature at which the
normalized TG curve crosses z = 0.25, 0.1 and 0.4, respectively, and are depicted as a

function of ra in Figure 1.10. To drops from 594 K for (Srp2Capg)FeO, to 527 K for
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(SrosBag2)FeO,. Obviously, To decreases in proportion with ra. However, this would not
mean that the IL structure becomes destabilized with increasing ra because 6p of the IL
compounds is independent of the substitution (except the distorted IL structure CaFeO,) and
also because (Sry,Cagg)FeO, (x = 0.8) with the most deviated valences of A and Fe has the
highest To. It is most probable that the dominant factor for controlling oxygen absorption
behavior is the lattice parameters controlled by A-site cation size. Considering the facts that
the ¢ axis is more susceptible to ra than the a axis and the oxygen pathways for the insertion
of oxygen atoms may mainly involve the interlayer space between FeO, layers, we believe
the ¢ parameter contribute more to the oxygen absorbing temperature. However, one should
recall that the conversion from the IL structure SrFeO, to the brownmillerite structure
SrFeO,5 involves not only the insertion of oxygen atoms but also the reconstruction of the
Fe-O framework [4]. Recent thin film studies have shown two distinct reaction pathways
with different kinetic energies [23]. Furthermore, the slope for the AFeO, to AFeO,s
conversion becomes steeper with r,; the difference between T o and To: is about 100 K for
(Sro2Cagg)FeO,, while about 50 K for (SrggBag2)FeO,. Thus it might be possible that the

oxygen migration pathways are also influenced by ra.

1.4. Conclusion

We demonstrated that SrFeO, with the IL structure can tolerate only up to 30% substitution
of Ba unlike the case of Ca-substitution. The long Fe-O distance caused by the Ba-
substitution destabilizes the IL structure. The negative pressure effect does not drastically
change the magnetic properties in contrast to the theoretical anticipation, meaning that iron
atoms are still very strongly bonded to oxide ion. The oxidation temperature and rate are

controllable to a great extent by A-site cation size. The importance of interstitial oxide ions
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has been recently stressed for the design of oxygen ion conductors [24--27]. In the present
compounds, no phase could be found between AFeO, and AFeO,s although more oxidized
phase SrFeOs.; (0 < 6 < 0.5) are known to exhibit high oxide ion conductivity. But, the
elongated c-axis with respect to SrFeO, may allow further manipulation of structures, for

example, by oxidative intercalation by chlorine gas.
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Table 1.1. Rietveld refinement for (Sr;.,Ba,)FeO, (y =0.1, 0.2, 0.3).

site y in (Sr;.,Ba,)FeO,
0.1 (SXRD) 0.2(SXRD) 0.2(ND) 0.3 (SXRD)

a(A) 3.99794(3) 4.00059(3) 4.0014(1) 4.00896(4)
c(A) 3.51198(3) 3.54538(4) 3.5457(2) 3.58441(5)
Bin St/Ba (A% 1d(0.5,0.5,0.5) 0.428(8) 0.49(1) 0.76(7) 0.50(1)
BinFe (A% la (0, 0, 0) 0.42(1) 0.49(2) 0.54(9) 0.51(2)
Bin O (A% 21(0.5, 0, 0) 0.58(4) 0.64(5) 1.12(8) 0.74(5)
A-O (A) 2.6607 2.6728 2.6732 2.6889
Fe-O (A) 1.9990 2.0003 2.0007 2.0045
moment (ug) 3.3
Ry (%) 2.42% 3.21% 7.41% 3.16%
R2p (%) 1.55% 2.08% 5.65% 2.15%
X 2.36 3.80 2.20 3.18

“SXRD and ND represent synchrotron X-ray diffraction and neutron diffraction. All the
refinements were performed by using the ideal IL structure, P4/mmm space group with 4 =

(Sr;,Ba,) on 1d, Fe on 1 and O on 2f.

Table 1. 2. Fitting parameters of Mdssbauer spectra for (Sr;.,Ba,)FeO, (y = 0.1, 0.2, 0.3).
y  IS(mm/s) HF (T) OS(mm/s) FWHM (mm/s) Area (%)

007 0498  40.1 1.16 0.28 100
0.1 0493 396 1.15 0.31 91
0321)  (0.0)  (0.74) (0.47) (9)
02 0495  39.1 1.14 0.31 95
0321)  (0.0)  (0.72) (0.47) (5)
03 0497  39.0 1.15 0.31 94
0.322)  (0.0)  (0.74) (0.47) (6)

“ IS, HF, OS, FWHM and Area represent isomer shift, hyperfine field, quadrupole
splitting, full width at half maximum and area percentage of total fit, respectively. We
used the values of SrFeO, in previous study [4]. The values in parentheses are from the

paramagnetic amorphous impurity.
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Figure 1.1. Schematic representation of the structures of perovskite SrFeO; (a),
brownmillerite SrFeO,s (b), infinite layer SrFeO, (c). Black, white and grey spheres

represent Sr, Fe and O atoms, respectively.
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Figure 1.2. Powder XRD patterns of (Sry.,Bay)FeO,. All the patterns except y = 0.4 could be

indexed on the basis of the tetragonal IL structure. The y = 0.4 sample is identified as

(SroeBag4)FeOys.
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Figure 1.3. The lattice parameters of (Sr1..Cax)FeO; [11, 12] and (Sr1.,Bay)FeO, (this study).
Open symbols represent the experimental values, while closed symbols represent the
theoretical ones [7, 8]. The error bars are within the size of the symbols. Solid lines were
obtained by a least-squares fit. The deviation from the linear relation for CaFeO, is due to the

distorted IL structure [12].
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Figure 1.4. Structural characterization of (Sry.,Bay)FeO, (y = 0.1, 0.2, 0.3) by the Rietveld
refinement of synchrotron XRD data at room temperature. The overlying crosses and the
solid line represent the observed and the calculated intensities. The bottom solid line
represents the difference between the observed intensity and the calculated intensity. The

ticks correspond to the position of the calculated Bragg peaks of (Sr1.,Bay)FeOs.
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Figure 1.5. Structural characterization of Sry,BagsFeO, (y = 0.2) by the Rietveld refinement
of ND data at room temperature. The upper and lower ticks correspond to the position of the

calculated chemical and magnetic Bragg peaks of (SrggBag2)FeO,.
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Figure 1.6. Bond valence sum for A (closed) and Fe (open) in (SrixCax)FeO, or (Sri.
yBay)FeO,. Here we assumed ro(A) = (1-y) ro(Sr) +y ro(Ba) where ro(Fe) = 1.734 A, ro(Ba) =
2.285 A, ro(Sr) = 2.118 A [17]. Solid lines were obtained by a least-squares fit. Values for

(Sr1.xCay)FeO, were taken from the previous study [11].
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Figure 1.7. Mossbauer spectrum for (Sry.,Bay)FeO, (y = 0.1, 0.2, 0.3) at room temperature.
Circles denote the experimental data. A black solid line is the spectrum for(Sr,.,Ba,)FeO- and
a broken line is that from an overreduced, decomposed impurity formed during the hydride

reaction. A red line represents a total fit. S; and S; are the relative shifts of the peaks.
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Figure 1.8. Lattice parameters and unit-cell volumes of (Sr;.,Cayx)FeO, and (Sr1.,Ba,)FeO, at
low temperature. (a) — (d) Closed and open circles represent the a and c axes, respectively.
(e) — (h) Circles represent the unit-cell volumes of (Sr1«Cayx)FeO, and (Sr..,Bay)FeO, and
solid lines represent the fit to the Debye-Griineisen model with 6p as an adjustable parameter.
The present result of SrFeO, is in agreement with the result from previous study (6p = 395

K) [11] calculated from the low-temperature XRD measurement without calibrations by Si.
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Figure 1.9. TG measurements of (Sr1.«Cax)FeO, and (Sr..,Bay)FeO, performed in air. We
normalized the raw TG data such that the plateaus correspond to the brownmillerite phase. It
is to be noted that there is no intermediate phase for 0 < z < 0.5 and hence the specimen in

this z range is nothing but 1-2z : 2z mixture of AFeO, and AFeO; 5 phases.
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Chapter 2. (Sry4Ba,)FeO, (0.4 <x < 1): a New Oxygen Deficient

Perovskite Structure

2.1. Introduction

Perovskite ABO; (Figure 2.1a) and spinel AB,O, oxides represent two major classes in
crystalline complex metal oxides, and are known to exhibit exotic properties such as giant
magnetoresistance, high-7; superconductivity, metal-insulator transitions, and fast ion
conductivity [1--10]. The rich diversity of chemical and physical properties in both structures
is derived from their ability to accommodate various metal elements at both the A- and B-
sites with a wide range of ionic radius and valence. Another characteristic, often found in the
perovskite structure but rarely in the spinel structure, is the high tolerance for oxygen
nonstoichiometry. For example, annealing a wide-gap insulator SrTiOs; in a reducing
atmosphere introduces a small amount of oxygen vacancies (i.e., electron doping), which
eventually lead to superconductivity at low temperatures [11]. Proton conductivity arises
from the creation of a large amount of oxygen vacancies by aliovalent A- or B-site
substitution as found in Sr(Zr; 5Y5)O3_s» in wet atmosphere [12].

When the oxygen vacancy level in a perovskite (6 in ABOs_s) is commensurate with respect
to the underlying lattice, various types of oxygen vacancy order occur, often accompanied by
breaking of translational symmetry, which is analogous to the metal-insulator (Mott)
transition in electron systems [13]. Such order in oxygen vacancies has been typically
observed when ¢ = 0.125 (SrFeO,575) [14], 0 = 0.2 (CaVO,y3) [15], 6 = 0.25 (SrFeO; s,
Y1,Ba;2C00,.75) [14, 16], and 0 = 0.4 (StMnO, ) [17]. Among them, 6 = 0.5 (ABO,5) is a

nexus of a number of structures with ordered oxygen vacancies. The brownmillerite structure,
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for example SrCoQO;s, known as a low temperature oxide conductor, consists of alternate
stacks of CoQOy tetrahedral layers and CoOg octahedral layers (Figure 2.1d).[18] The LaNiO; s
structure contains corner-shared NiOg octahedral chains along the tetragonal c-axis that are
linked by NiO4 square planes (Figure 2.1¢) [19,20]. (Y12Ba;2)Co00, s and CaMnO; 5 consists
only of BOs pyramids, but differ in that the former forms oxygen vacancy layers as a result
of Y**/Ba®" order along the ¢ axis (Figure 2.1¢) [22], while the latter forms one-dimensional
vacancy channels (Figure 2.1f) [17,21]. The BaFeO, s structure contains three kinds of Fe
coordination geometries, octahedra, pyramids, tetrahedra (Figure 2.1g) [23].

The infinite layer (IL) structure ABO; (6 = 1; Figure 2.1b) is the most oxygen-deficient
perovskite, where relative to ABOj3, the apical oxygen atoms are completely removed to form
BO4 square planar coordination. SrCuO, [24] , LaNiO; [25], and SrFeO, [26] adopt this
structure. Among them, SrCuO, was investigated intensively, exploiting high pressure
synthesis, in order to electron-dope by lanthanide substitution [27,28] and to apply chemical
pressure by Ba- or Ca-substitution for Sr [24]. The formation of LaNiO, is naturally
understood because Ni' has the same o electronic configurations as Cu”" with a half-filled
d».y» orbital that favors square planar geometry. Though not Jahn-Teller active, Fe*" (d°) ions
in SrFeO,, prepared through a low temperature CaH, reduction, bear square planar
coordination. Interestingly, owing to the highly covalent nature in Fe-O interactions, this iron
oxide can tolerate a large amount of A-site substitution; Ba-for-Sr substitution is possible up
to 30% [29]. With Ca, the ideal IL structure remains up to 80%, beyond which the FeOy
square planes become slightly distorted toward tetrahedra together with coherent rotation,
providing a distorted IL structure [30, 31]. Other than the IL structure, the so-called 8-8-16
structure, (La,Sr)CuO, with two-, four- and five-coordinated copper was reported for 0 = 1

(Figure 2.1h) [32].
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Given iron’s abundance and low toxicity, exploring novel iron oxides is a significant issue.
The series of square planar coordinate iron oxides such as SrFeO, [24], Sr3Fe,Os [33], and
Sr3Fe;,04Cl, [34] is appealing because of their interesting properties including high Néel
temperature (473 K) in SrFeO, and pressure-induced transitions (a spin state transition, an
insulator-to-metal transition, and an antiferro-to-ferromagnetic transition) in SrFeO; [35] and
Sr3Fe;Os [36], and a nontrivial spin structure in Sr(Fe,Mn)O, [37]. These properties originate
from extremely strong covalent interactions of Fe*" ions in square planar coordination, as
revealed by a small isomer shift (< 0.5 mm/s) in the Mdssbauer spectroscopy [24]. Such
covalent interactions should be important for applications that work at high temperatures.
However, all the reported square planar coordinate iron oxides have been exclusively
composed of a single iron site [26,29,31,33,34,38], thereby limiting variations in terms of Fe-
O extended networks.

Compared to a conventional H; gas reaction [39,40], a low temperature reduction by metal
hydrides (CaH,, NaH, LiH) is a useful method to introduce more oxygen vacancies in
transition metal oxides [41--43]. The reducing power of these metal hydrides is strong even
at low temperatures (< 500 °C), while the use of low temperature helps the reaction to
proceed topochemically. In this study, we report a novel oxygen vacancy ordered perovskite
structure with the ABO, composition. The topochemical low temperature synthesis, and the
chemical and structural characterization of (Sr;.,Ba,)FeO, (0 < x < 1.0) are presented. It was
previously demonstrated that (Sr;.Ba,)FeO, for 0 < x < 0.3 crystallizes in the ideal IL
structure [29]. However, we found here that additional Ba substitution induces a first-order
structural transition involving a large, discontinuous lattice expansion. The resulting new
structure is an oxygen deficient perovskite related in part to the LaNiO, s structure, but with

extensive oxygen defects and disorder (thus with various coordination geometries). Magnetic
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properties and the effect of aliovalent A-site substitution ascribed, in part, to the flexible

oxygen composition in this structural framework, are demonstrated.

2.2. Experimental

Precursor materials (Sri.,Ba,)FeO; (x = 0.4, 0.5, 0.6, 0.7, 0.8, 0.9 and 1.0; 6 < 0.5) were
prepared by mixing stoichiometric amounts of SrCO3(99.99%), BaCO;(99.99%) and Fe,03
(99.99%), pelletizing and heating at 1473 K in air for 48 h with one intermediate grinding.
For x = 0.9 and 1.0, the heat treatment in air led to a hexagonal perovskite phase
(Sr,Ba)Fe*"0; as reported [44]. We prevented formation of the hexagonal phase by heating
the mixture in a reducing atmosphere to stabilize a phase with a lower iron valence; we
successfully obtained a monoclinic phase (Sr,Ba)Fe’"0, s by heating at 1273 K for 24 h in
flowing nitrogen with one intermediate grinding [23].

The obtained precursors were ground well with a two molar excess of CaH; in an Ar-filled
glovebox, sealed in an evacuated Pyrex tube (volume 15 ¢cm’) with a residual pressure less
than 1.3x10"® MPa, and reacted under various temperatures and durations as listed in Table 1.
The residual CaH, and the CaO byproduct were removed by washing with an
NH4Cl/methanol solution (0.15 mol/L). It is seen from Table 1 that for x = 0.4 - 0.9, the
annealing temperature higher than 593 K and the reaction time longer than 3 days is required
in order to complete the reaction. Note that SrFeO, can be prepared at 553 K within 1 day
[26]. When (Sr;Ba,)FeOs3.s (x = 0.5 - 0.8) were heated with CaH; at lower temperatures, e.g.,
573 K for 3 days, a small amount of a non-reacted (Sr,Ba)FeO, s phase was obtained together
with the new (Sr,Ba)FeO, phase. For x = 0.4 and 0.9, one requires 14 days of reaction time at

593 K to isolate the pure phase.
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However, the CaH; reduction of BaFeO, s (x = 1) failed in any conditions employed; the
precursor decomposed to (Sr,Ba)O and Fe when reacted at 773 K, while no reaction occurred
when reacted at 673 K. Consequently, we used NaH as an alternative reductant and obtained
the BaFeO, phase; BaFeO, s was ground with a two-molar excess of NaH in the Ar-filled
glovebox, sealed in the same way, and reacted at 413 K for 3 days. The residual NaH and the
NaOH byproduct were removed by washing with methanol.

It was observed that, when kept in air for a week, the x = 0.5, 0.6, 0.7, 0.8 samples were
partially oxidized, while the x = 0.4, 0.9, and 1.0 compositions were much more air sensitive;
storing in the Ar-filled glovebox (1 ppm < H,O, 1 ppm < O,) for several days resulted in
oxidization back to (Sr,Ba)FeO,s. It is likely that the average A-site radius in the range of x =
0.5 - 0.8 is accommodated best by the structure.

La substitution at the barium site was attempted with the ultimate motivation to dope
electrons to the Fe’'O, layer and induce metallic conductivity (superconductivity). The
oxygen-deficient precursor perovskite (Bagglag,)FeOs.s (0 < 0.5) was prepared by mixing
stoichiometric amounts of La;03(99.9%), BaCO3 (99.99%) and Fe,03(99.99%), pelletizing
and heating at 1473 K for 24 h in air. Subsequently, the pellet was ground, pelletized and
heated at 1573 K for 24 h in air. The obtained precursor was ground thoroughly with a two
molar excess of NaH in the Ar-filled glovebox, sealed, and reacted at 443 K for 3 days. The
final product, isolated by washing with methanol, was air sensitive as was BaFeO,.

The sample purity of precursors and final products was checked by X-ray diffraction
(XRD) using a M18XHF diffractometer (Mac Science) and a D8 ADVANCE diffractometer
(Burker AXS) with Cu K, radiation (1 = 1.54056 A). For structural refinements of
(Srp,Bagg)FeO,, the most stable composition, high resolution synchrotron powder XRD

experiments were performed at room temperature using a large Debye-Scherrer camera
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installed at beamline BL02B2 of the Japan Synchrotron Radiation Research Institute (SPring-
8). We used an imaging plate as a detector. Incident beams from a bending magnet were
monochromatized to 0.7755 A. The finely ground powder samples were sieved (32 um) and
put into a Pyrex capillary of 0.1 mm in inner diameter. The sealed capillary was rotated
during measurements so as to reduce the effect of potential preferential orientation.

Powder neutron diffraction experiments on (Sryp4Bag¢)FeO, and (Sro,Bags)FeO, were
carried out on the Kinken powder diffractometer with multicounters for HERMES (High
Efficiency and high Resolution MEasurementS) of the Institute for Materials Research,
Tohoku University, installed at a guide hall of JRR-3 reactor in the Japan Atomic Energy
Agency (JAEA), Tokai [45]. The incident neutron was monochromatized to 1.82646 A by
the 331 reflection of vent Ge crystal. A 12’-blank-sample-18’ collimation was employed. A
polycrystalline sample of 3 g was placed into a He-filled vanadium cylinder. The sample
temperature was controlled from 20 K to 298 K. The data were collected with a step scan
procedure using 150 *He tube detectors in a 26 range from 3° to 153° with a step width of
0.1°.

The obtained synchrotron XRD and neutron diffraction data were analyzed by the Rietveld
method using the RIETAN-FP program [46]. The agreement indices used were R-weighted
pattern, Ryp = [Zwi(Vio — Vi) /Xwi(Vio) 1%, R-pattern, Ry = Zlyio - Vie/Z(Vio) and goodness of fit
(GOF), ;(2 = [pr/Rexp]z, where Rexp = [(N — P)/ Zwiyioz]l/z, Vio and yj. are the observed and
calculated intensities, w; is the weighting factor, N is the total number of y;, data when the
background is refined, and P is the number of adjusted parameters.

Thermogravimetric (TG) data of the reduced compounds were collected using a TG-DTA
2000S (Bruker AXS). Typically, 50 mg of sample was put in a Pt pan and o~Al,O3 was used

as a reference. The measurements were performed by heating the sample at 10 K/min under a
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flow of oxygen with a flow rate of 100 mL/min. The samples after the measurements were
identified by XRD measurements.

Mossbauer spectra on (SriBa,)FeO, for x = 0.5, 0.6, 0.7, 0.8 and the La-substituted
sample after the reduction were taken at room temperature in transmission geometry using a
>’Co/Rh y-ray source. The source velocity was calibrated by a-Fe as a reference material.
Electrical resistivity of the La-substituted sample after the reduction was measured between
210 K and 298 K using a two-probe method. The sample was pelletized to a cylinder (6 ¢ x 1
mm) and was sealed by a He-filled container. To check the effect of electrodes, the ohmic
behavior of the sample was proved in a low-voltage regime. Activation energies were

estimated from the temperature dependence of the resistivity above 230 K by Arrhenius plots.

2.3. Results and Discussions
2.3.1. Synthesis and Lattice Evolution

The formation of the (Sr,Ba)FeO;_s precursors (6 < 0.5) was confirmed by laboratory XRD
(Figure 2.2a). All the diffraction peaks of the precursors (x < 0.8) were indexed in a pseudo
cubic unit cell with a ~ 3.9 A (when tiny superreflection peaks were neglected), while those
of the precursors (x = 0.9 and 1.0) were indexed in a monoclinic superstructure of
BaysFe 3070 (BaFeO,s), in consistency with the previous report [23]. No impurity phases
were detected for all precursors. The lattice parameters for x < 0.8 increase with increasing x
(Figure 2.2b), which is consistent with the larger ionic radius of Ba>" (vs. Sr*"). Non-linear x
dependence of the lattice parameters implies that the oxygen content varies with x.

Figure 2.3a shows the XRD patterns of the x = 0.3—1.0 compounds after the hydride
reduction. All the profiles are readily indexed on the basis of a tetragonal unit cell. It can be

recognized that, relative to the x = 0.3 sample crystallizing in the IL structure [29], the XRD
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peaks for x > 0.4 are largely shifted to lower angles. In addition, several additional
superreflections, related to the simple perovskite cell (a, x b, x ¢p) by 2a, x 2a, x ¢, are
observed. No impurity could be found within the experimental resolution.

For the sake of comparison, the normalized lattice parameters, a, (= a/2) and c, are plotted
in the whole x range (0 <x < 1) in Figure 2.3b. A prominent jump of the lattice parameters is
seen between x = 0.3 and 0.4, strongly indicating a first-order structural phase transition from
the IL structure to a new structure with much less density. For x > 0.4, both crystallographic
axes increase linearly with x (Vegard's law), meaning plausibly that, whatever the new
structure is, it forms a solid solution and that the oxygen content is unvaried with x. The
difference in the cell parameters between x = 0.3 and 0.4 are 1.7% for a and 5.7% for c. The
larger increase along the ¢ axis suggests that the new phase of x > 0.4 contains apical oxygen
atoms at least to a certain extent, in contrast to the IL structure where oxygen atoms are
exclusively absent at the apical site of BO4 square plane (B = Cu®", Ni', Fe*"). For x < 0.3,
the ¢ axis increases more steeply than the a axis with x (Ac(A) = 0.36Ax vs. Aa(A) = 0.06Ax),
reflecting the two dimensional nature of the IL structure. On the other hand, the lattice
evolution for 0.4 < x is given by Aa(A) = 0.18Ax and Ac(A) = 0.15Ax, indicating that the new
structure is likely to be three dimensional.

As mentioned above, the linear increase of the lattice parameters for x > 0.4 suggests a
constant oxygen content. The TG measurement was carried out to quantify the oxygen
stoichiometry. The x = 0.8 sample was chosen for this experiment because of its superior
chemical stability. As shown in Figure 2.4, a double weight increase separated by a plateau
was observed. A very similar behavior was obtained previously in SrFeO,, (SrysCag,)FeO,,
and (SrosBag2)FeO, [29]. The XRD inspection after rapid quenching of the TG furnace

revealed that the plateau in Figure 2.4 corresponds to the (Sry,Bagg)FeO,s phase with the
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monoclinic BaFeO; s structure [23], and this phase is, upon further heating, oxidized to the
pseudo cubic oxygen-deficient perovskite (Srg,Bagg)FeOs.s (0 < 0.5). Supposing the oxygen
content at the plateau is 2.5, then that of the initial phase can be calculated as 2.0. Thus, the
chemical formula of the new phase (x > 0.4) as well as the IL phase (x < 0.3) can be defined
as (Sr;_,Ba,)FeO,. Moreover, the facile oxidation of (Sry,Bagg)FeO; to (Srp,Bagg)FeO, s and
(Srg,Bagg)FeOs.s (0 < 0.5) at low temperatures (< 600 K), and vice versa suggests a
topochemical conversion; namely, the new phase is structurally related to the perovskite

structure.

2.3.2. Structural Refinements

The structural refinement of synchrotron XRD and neutron diffraction was performed for x
= 0.8. This composition was selected because of the highest chemical stability and also
because of the highest crystallinity revealed by the laboratory XRD experiments. Shown in
Figure 2.5a is the synchrotron XRD pattern, which could be indexed on a tetragonal 2a, x 2a,
x ¢p cell, with a = 8.302 A and ¢ =3.845 A, in consistency with the laboratory XRD data. No
systematic extinct reflections were present. From this, one can derive possible tetragonal
space groups as P4/mmm, P-42m, P-4m2, PAmm, PA22, PA/m, P-4 and P4. There are several
unindexed peaks at 9.1°, 14.7° and 18.7° (with intensities less than 0.5% of the main peak),
which could not be assigned by assuming a lowered symmetry or a superstructure. Thus they
come from tiny impurity phases. We initially built a structural model on the basis of the IL
structure (space group P4/mmm), but using the 2ap x 2ap x cp cell. The A-site was placed at
(x, x, 1/2), where 20% of Sr and 80% of Ba atoms are randomly distributed. Three Fe atoms

were placed at 1a (0, 0, 0), 1¢ (1/2, 1/2, 0), 2 (0, 1/2, 0), and two O atoms at 4/ (x, 0, 0), 4n
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(x, 1/2, 0). Here, all the variable atomic coordinates were initially set as 1/4. This IL-
derivative model resulted in a rather poor agreement at its best with y* = 16.48.

Accordingly, as a next step the symmetry was lowered to the maximum non-isomorphic
sub-space groups for P4/mmm, that is, P-42m, P-4m2, PAmm, P422, and P4/m. Among them
P4mm led to the best result, but the agreement factors were still poor (;* values became never
better than 15.5). P4 and P-4, the maximum non-isomorphic sub-space groups, respectively
for PAmm, PA22, P4/m and for P-42m, P-4m2, P4/m did not improve the result as well.
These results indicate that the real structure deviates significantly from the IL model assumed
here.

To find a clue to reach a proper structural model, maximum entropy method (MEM)
analysis was carried out by using the model with P4/mmm space group. Figure 2.6 clearly
demonstrates the presence of finite electron density at the apical sites of the square planar
iron center. This indicates that the new structure indeed contains apical oxygen atoms, unlike
the IL structure. Note that the ¢ axis shows a prominent jump (Ac ~ 0.20 A) upon the
structural transition when going from the IL phase to the new phase (Figure 2.3b). This
observation also supports a model in which the apical oxygen sites are occupied, at least to a
certain extent. Consequently, we decided to start from a model with apical oxygen atoms.
Namely, O(3) on 156 (0, 0, 1/2), O(4) on 1d (1/2, 1/2, 1/2) and O(5) on 2e (1/2, 0, 1/2) were
added as the apical sites to the IL model. When the occupancy factors (g) of the oxygen sites
were allowed to move, the g value for O(5) always became close to zero, so it was fixed to
zero in consequent refinements. On the other hand, the g values for O(1) and O(3) became
close to 1 within the error, so they were fixed to unity. It was conversely observed that the g
values for O(2) and O(4) reduced to ~0.6. Up to this point, we did not put any constraint on

the total oxygen content. However, this analysis led to a total oxygen content being close to 2,
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in a reasonable agreement with that obtained from the TG measurements (Figure 2.4). In
addition, this model drastically improved the refinement with y* = 8.14.

Although the model involving apical oxygen sites led to the much better refinement,
several atomic displacement parameters were relatively high, e.g., Ui ~ 0.03 A? for Fe(2)
and Ui, ~ 0.05 A? for Fe(3) and Ui, ~ 0.2 A? for O(4). Since one vacancy at the O(2) site
creates a Fe(2)O; coordination environment, Fe(2) would move away from the vacancy. Thus,
the three-coordinate iron atom, Fe(2)’, was placed at 4n (x, 1/2, 0), while the four-coordinate
Fe(2) remained at the more symmetric 2/ (0, 1/2, 0). This attempt gave x ~ 0.042 for Fe(2)’
and reasonably small atomic displacement parameters of Ujs, < 0.01 A? were obtained for
Fe(2) and Fe(2)’. In contrast, we could not reduce the U values of the Fe(3) and the O(4) sites
by introduction of site disorder nor superstructure along the ¢ axis. Therefore, anisotropic
displacement parameters U;; were used for these sites, and highly anisotropic displacements
were obtained; the Fe(3) atom is displaced along the ¢ axis and the O(4) atom along the ¢
axis and the ab plane.

In order to check this proposed structure, and in particular to obtain more precise
information on the oxygen positions and their site occupancies, we performed Rietveld
refinement using powder neutron diffraction data of the same compound, (Sry,Bagg)FeO,
(see Figure 2.5b). Like the synchrotron XRD, the neutron diffraction pattern at room
temperature could be indexed on a tetragonal 2a, x 2a, x ¢, cell. Note that tiny peaks at 9.5°
and 43.7° result from unknown impurity phases. We started the refinement with the final
model obtained from the synchrotron XRD data. During the refinement, the atomic
parameters of the O atoms including occupancy factors were allowed to move, while those of
Sr, Ba, and Fe atoms were fixed. Then, we returned to the synchrotron XRD data for mainly

refining the atomic parameters of the A and Fe atoms, while retaining adjustable parameters
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of O atoms. After this process was repeated several times, the oxygen content was converged
to 2.04(1), which is very close to 2.0 obtained from the TG measurements. Therefore, we
decided to fix the oxygen stoichiometry to 2. Agreement parameters for the neutron
refinement are R, = 3.17%, Ry, = 4.73%, = 4.14, R = 2.20%, Ry = 1.73% for the
synchrotron XRD and R, = 4.43%, Ry, = 5.63%, XZ =2.94, Ry = 5.46%, Rr = 3.56%. The
other space groups with lower symmetry did not lead to better results, and we concluded that
P4/mmm is the most likely space group. The final refinement results are summarized in Table
2.2 and the structure is represented in Figure 2.7.

From various experimental observations as addressed above, the compounds in all the
range of 0.4 < x < 1.0 should be isostructural. Let us call hereafter the refined structure the
BaFeO; structure. The BaFeO,; structure can be described as an “oxygen deficient” LaNiO; s
structure, which consists of octahedral chains interlinked by square planar units (Figure 2.1c).
However, this similarity does not mean that the BaFeO, structure was formed by the mere
and gradual deintercalation of oxide ions from a LaNiO; s structure. First, BaFeO; is a line
phase, which means that it has a defined composition and lattice parameters. Upon reduction
of BaFeO, 5 the oxygen content discontinuously changes from 2.5 and 2 (see Figure 2.8). In
addition, the conversion of BaFeO, from BaFeO, s (BaysFe,307¢; Figure 2.1g) [23] involves
not only extraction of, but also rearrangement of oxide ions. Such a dynamic conversion
involving framework rearrangement has also been observed in SrFeO, (from SrFeO;5s),
LaNiO, (from LaNiOz,s)lg’ 20 and Sr3Fe,0s (from Sr;FeOg) [26,33]. Because of the higher
reactivity and air sensitivity, BaFeO, is oxidized back to BaFeO, s even at room temperature,
as in CaFeO; and Sr3;Fe,0s.

The coordination geometries around iron are illustrated in Figure 2.7c. There are four iron

atoms, Fe(1), Fe(2) x 2, and Fe(3) in the unit cell. Fe(l) resides in a flattened FeOg
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octahedron with four long Fe(1)-O(1) bonds (2.352 A) along the a(b) axis and two short
Fe(1)-O(3) bonds (1.923 A) along the ¢ axis. Bond valence sum (BVS) calculations [47] for
Fe(1) gave +1.95. The O(1) site is fully occupied while the occupancy of the O(2) site is
0.604, meaning that Fe(2)’O; trigonal planar and Fe(2)O4 rhomboidally distorted square
planar coordination geometries are randomly distributed, at a rate of 79:21. The four-
coordinate Fe(2) has two short Fe(2)-O(1) bonds (1.799 A) and two long Fe(2)-O(2) bonds
(2.212 A), giving the BVS of +2.23. The three-coordinate Fe(2)’ has two Fe(2)’-O(1) bonds
(1.833 A) and one Fe(2)’-O(2) bond (1.863 A), giving the BVS of +2.24. This indicates that
Fe(2) and Fe(2)’ are also divalent. Fe(3) would have an octahedral coordination, if one could
neglect oxygen deficiencies at O(2) and O(4). However, taking the oxygen deficiencies into
consideration, the average Fe(3) coordination number is 3.58, implying that the majority of
the Fe(3) atoms should be in three- or four-fold coordination. The BVS calculations for the
three- and four-coordinate Fe(3) gave +1.72-1.78 and +2.30-2.35, so that this iron site is
likely to be divalent. In this way, the three kinds of iron are coordinated quite differently, but

they are all divalent, which is once again consistent with the oxygen content of 2.

2.3.3. Mossbauer Spectroscopy

To obtain more insight into local geometries around iron, >’Fe Mdssbauer spectra were
collected for x = 0.5, 0.6, 0.7, and 0.8 at room temperature (Figures 2.9a). BaFeO, (x = 1.0)
was not measured because of its high air-sensitivity. At any concentration measured, the
spectrum consists of four sets of paramagnetic doublets, which were well fitted by Lorentzian
functions. The results are summarized in Figure 2.9b. All the Mdssbauer parameters for x =
0.5 - 0.8 are similar to each other, supporting the successful formation of the new phase as a

solid solution.
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The black subspectrum has a spectrum weight of 15% and has an isomer shift (ZS) of ~0.35
mm/sec, which is a typical value for trivalent iron in a high spin state. Upon cooling the
specimen below Ty, the shape of this doublet did not exhibit any splitting, while other
doublets became sextets (not shown), implying that the former does not come from
(Srp,Bagg)FeO,. Although no impurity phase was detected by laboratory XRD studies, it
probably arises from a trivalent iron-containing paramagnetic amorphous impurity. It is
probably formed by over-reduction and decomposition during the hydride reduction and then
oxidation to Fe(IIl) upon exposure to air. We note that relative subspectrum area derived
from amorphous impurity increased when a more severe reducing condition was employed
(e.g., increased reaction temperature). Such an amorphous impurity phase was also observed
in the Mdssbauer spectroscopy of (Sr,Ca)FeO, and (Sri..Ba,)FeO, (x < 0.3) [29, 31]. Note
that the Mossbauer specimen is different from that used for the TG measurement in Figure
2.4; when the impurity is ignored, the TG data for the Mdssbauer specimen gives the oxygen
content of 2.1, reasonably in consistent with the existence of the Fe(Ill) impurity phase of
such amount.

The three other Mdssbauer subspectra intrinsic to (Sr,Ba)FeO, are well consistent with the
crystal structure proposed. Spectrum weights for yellow, green, blue curves in Figure 2.9a
are 22%, 42%, 21%, respectively. The 1:2:1 ratio of the spectrum weight is what is expected
from one Fe(l) ion, two Fe(2) (Fe(2)’) ions and one Fe(3) ion in the unit cell. It is
straightforward to determine which subspectrum corresponds to which iron site. The green
subspectrum with the doubled intensity is assigned to Fe(2) and Fe(2)’ in the distorted square
planar and trigonal coordination. The yellow subspectrum has a narrow full width at half
maximum (FWHM) of 0.30 mm/sec, which is close to instrumental resolution. This spectrum

is thus assigned to the Fe(1) site because the Fe(1)O¢ octahedron is free from oxygen defects.
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The IS value of ~0.8 mm/sec is typical for a divalent high-spin iron in an octahedral
environment [48]. The blue subspectrum with a much wider FWHM of 0.42 mm/sec is
assigned to the Fe(3) site because extensive oxygen defects are present around Fe(3).

We would like to point out again that the new (Sr,Ba)FeO, compound is a line phase and is
reduced (oxidized) discontinuously from (to) (Sr,Ba)FeO,s. It is therefore different from the
typical non-stoichiometric oxides, where the oxygen content continuously varies. In such a
non-stoichiometric oxide system, more weakly bonded sites are subject to oxygen deficiency.
What is observed in (Sr,Ba)FeO, is, however, opposed to this general trend; despite
significant oxygen deficiency, Fe(2) (Fe(2)’) and Fe(3) have smaller IS values of 0.24 and
0.29 mm/sec than Fe(1) and typical divalent iron in a high-spin state [48]. Namely, the iron
ions with oxygen vacancies in (Sr,Ba)FeO, are far more covalently bonded.

Fe(2) is in the rhomboidally distorted square planar coordination and Fe(2)’ is in the
trigonal coordination. Therefore, the covalent bonding nature is not limited to the ideal
square planar coordination, but is a common nature for iron in planar coordination geometry.
In order to confirm this, we prepared SriLa(Fe,Co)3;075 [43] and performed a Mdossbauer
experiments to find that the trigonal planar site indeed has a similar value of IS = 0.32
mm/sec.

As mentioned above, the majority of Fe(3) atoms should be in three- and four-fold
coordination. The small S value of 0.29 mm/sec means that Fe(3) is also in planar geometry.
If this is so, it is highly possible, despite the absence of long-range vacancy order, that the
oxygen vacancies around Fe(3) are not statistically distributed at the octahedral site. Namely,
two- and three-vacancies around a certain Fe(3) atom should selectively form, respectively,
square planar and trigonal coordination. Such a selective local configuration is reminiscent of

the recent work by Attfield et al., who demonstrated a local anion order, i.e., cis-
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conformation of nitrogen atoms in MO4N, octahedra in the absence of long-range anionic

order [49].

2.3.4. BaFeO; Structure

Although the oxygen content of the reduced materials is unvaried in the whole range of x (0
< x < 1), the BaFeO, structure differs from the IL structure’*??® and the distorted IL
structure CaFeO, [31], in a number of points. One of the notable features is the ability of
square planar coordination to coexist with other coordination polyhedra, giving a three-
dimensional extended network. The present result provides a possibility that one can obtain
iron oxides with various coordination geometries including square planes. The deformation
from the ideal square plane is also distinct; while the Ca-for-Sr substitution of SrFeO,
beyond the critical concentration (around 80%) leads to a tetrahedral distortion, the Ba-for-Sr
substitution for x > 0.4 leads to a rhomboidal distortion. The strong covalency in FeO4 square
planar coordination, as probed by Mdssbauer spectroscopy, would permit two types of
distortion.

The distortion of FeO4 square planes in the CaFeO, structure is accounted for by the
smaller Ca ion less comfortable in the ideal IL structure, preferring to decrease the
coordination number to six from eight [31]. By analogy, the BaFeO, structure might also be
rationalized by the coordination environment around the Ba ion. However, this does not seem
to be the case. The BVS of the A-site cation in (Srp,Bagg)FeO, is +1.69, which is smaller
than the theoretical value of +2, whereas +2.02 is obtained when a hypothetical IL structure
of (Srg,Baps)FeO, is assumed, where the lattice parameters are determined by linear
extrapolation of the curves in Figure 2.3b. This fact indicates that the key to stabilizing the

BaFeO, structure and/or to destabilize the IL structure lies in the iron environment. In the
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hypothetical IL structure of (Sry,Bagg)FeO,, the BVS of the iron ion is +1.81, which is
smaller than the ideal value. It means that the Fe-O bond length now becomes too long to
adopt the ideal square planar coordination. In the real structure of (Srg,Bagg)FeO,, the
average BVS of iron in planar coordination is +2.23 for Fe(2) and +2.3 for Fe(3), implying
that underbonding for A-site is less critical than for the Fe site. Note that the BVS of iron in
the solubility limit for the IL phase, (Sro7Bag3)FeO,, is +1.93 [29], further reinforcing our
discussion.

Apparently, the BaFeO, structure is structurally related to LaNiO,s comprising of one-
dimensional octahedral chains linked by square planar units (Figure 2.1c), but there exist
several important differences. First, the stability of the oxygen defect ordered structure of
LaNiO,s with two different Ni coordination geometries is brought by appropriate spin
configurations; the high-spin state (S = 1) for the octahedral site and the low-spin state (S =
0) for the square planar site [20]. However, in the BaFeO, structure, all the iron ions are
divalent and in a high-spin state (S = 2). Note also that (La,Sr)CuO,, consisting of an ordered
polyhedral network with two-, four- and five-fold coordination, has Cu in correspondingly
different valance states, +1 and +2.

Another crucial difference concerns the connectivity of the octahedral chains. The planar
Fe(2) site is either three or four-fold coordinated, resulting from the oxygen vacancies at
O(2). More importantly, the significant oxygen deficiency at O(2) and O(4) around the
otherwise octahedral Fe(3) site makes the average coordination number 3.56, a value close to
that in the planar Fe(2) site. Thus it would be, in reality, inappropriate to consider Fe(3) as an
octahedral site. The BaFeO; structure could be better described as a pillar-like structure with

the Fe(1) octahedral chains bridged loosely by other lower-coordination polyhedra.
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The Fe(1)Og chain-chain distance is rather long, at ~8 A (2a,). Therefore, why such a loose
framework is formed is an interesting question. Fe(3) atom has a quite disordered
coordination geometry with oxygen vacancies and is connected only by low-coordinate Fe(2)
and Fe(3) atoms, along [100] and [001], respectively. The oxygen vacancies result in a
random distribution of disconnected Fe(3)-(0)-Fe(3) and Fe(3)-(0)-Fe(2) bonds. Thus, this
iron site will not play a crucial role for the stabilization of the loose framework, although
Fe(2) and Fe(3) are covalently bonded resulting presumably from planar coordination
geometries as mentioned earlier. What would be essential is the full occupation for the O(1)
and O(3) sites, which provides a rigid 3D connection of [-Fe(1)-O(3)-] along the ¢ axis and [-
Fe(1)-O(1)-Fe(2)-O(1)-] along the a(b) axis (Figure 2.10). Depending on oxygen occupancy
at the O(2) site, Fe(2) adopts square planar or trigonal coordination, but in each case it is
connected by two neighboring Fe(1)Og octahedra. In other words, the Fe(2)-O(2) bonds give
firm link with the Fe(1) chains. A similar situation is found in a triple-layered perovskite
Sr;LaFe; sCo; 5075, where the inner perovskite layer, sandwiched by outer BOs pyramidal
layers, consists of 68% of BOs trigonal coordination (B = Fe/Co) with a significant degree of

randomness [43].

2.3.5. Physical Properties

Both Mossbauer and neutron diffraction experiments revealed that (Sr;Ba,)FeO, (x > 0.8)
is in a paramagnetic state at room temperature, in contrast to the IL structure with Ty far
beyond room temperature. When the temperature was decreased (Figure 2.11a), magnetic
reflections were observed together with the nuclear reflections. Neutron data revealed a G-
type spin order, which is the same magnetic structure as the IL phase. The temperature

dependence of the neutron diffraction pattern in Figure 2.11b shows that Ty is about 240 K.

59



From the Rietveld analysis for the x = 0.8 data at 20 K, the magnetic moments of all the irons,
Fe(1), Fe(2) (Fe(2)’), and Fe(3), are 3.8 up/Fe in magnitude and align in the ab plane.
Therefore, all the iron ions are in a divalent high-spin configuration, like the IL phase. The
neutron diffraction pattern for (Sro4Bag)FeO; also shows the same type of spin order and
similar magnetic moments of 3.8 g at 20 K for all the iron sites. The 7y is determined to be
240 K, which is the same as that for x = 0.8. These observations indicate that the x
dependence of magnetic properties is subtle, despite a non-negligible evolution of the lattice
parameters.

The observed transition temperature of 240 K for x = 0.6 and 0.8 is much lower than those
for SrFeO, (Ix = 473 K) [26] and CaFeO, (Tx = 420 K) [31]. The reduction in 7y would
result not only from the elongated iron-iron distance (along all the crystallographic
directions) but also from the random oxygen deficiencies that break many Fe(2)-O(2)-Fe(3)
and Fe(3)-O(4)-Fe(3) superexchange pathways. However, a closer look at the neutron
diffraction patterns (Figure 2.11a) revealed that above 7Ty weak but broad magnetic peaks
persist, even at room temperature. No sign of splitting or broadening of the doublets was seen
in the room-temperature Mdssbauer spectrum. This suggests that a short-range magnetic
correlation is already developed at temperatures well beyond 7y, but magnetic fluctuations
should be faster than the Mdssbauer time window (> 10 s). It is also interesting to compare
the magnetic properties of our system with LaNiO;s. Because of the high-spin ($ = 1) and
low-spin (S = 0) configurations at the octahedral and square-planar sites, the magnetic
property of this nickelate is best characterized by quasi one-dimensional § = 1 chains made
up of corner-shared NiOs octahedra along the ¢ axis. Namely, although Ni*" ions are
connected in the ab plane, the square-planar site acts as a non-magnetic separator, and as a

result the magnetic order occurs at a rather low temperature (7 = 80 K) [20].
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A trivalent lanthanum-substituted BaFeO, (I) was successfully obtained from the precursor
(BagsLag2)FeOs.5 (0 < 0.5). The XRD pattern of I could be indexed in the same tetragonal
unit cell as BaFeO, (Figure 2.12a), and the lattice parameters (¢ = 8.268 A and ¢ = 3.846 A)
are slightly smaller than a = 8.375 A and ¢ = 3.879 A in BaFeO,. Superreflections
corresponding to the 2a, x 2a, x ¢, cell are present. These facts indicate that I is isostructural
with BaFeO,. Because I is air sensitive and easily oxidized back to (Bagglag,)FeOs.s the
Mossbauer spectrum of I includes very broad peaks possibly arising from oxidized
(Bag sLag)FeO;.s5 as shown in Figure 2.12b. Nevertheless, ignoring this broad background,
we were able to fit the spectrum well, as summarized in Figure 2.12b. All the fitted
parameters of the subspectra are similar to those of (Sr;_Ba,)FeO, (x > 0.4), suggesting that
all the iron ions in I are in similar environments to those in (Sr;Ba,)FeO, (x > 0.4), having
all the iron sites being divalent and high-spin state. To account for this, the chemical formula
must be (BagsLap,)FeO, ;. Here, the excess oxygen may occupy the vacant sites at O(2) and
O(4) such that the iron valence state of +2 remains unaltered. In general, for a given (fixed) y,
the reduced phase has a defined composition of (Ba;_,La,)FeOy+,.

This compensated composition of (BagsLag,)FeO,; implies, in part, a failure of electron
doping by the La-for-Sr substitution. Nevertheless, as shown in Figure 2.12c, the electrical
resistance p is measurable, in contrast to (Sri.,Ba,)FeO; (0 < x < 1). The resistivity for
SrFeO; is out of range of our experimental system, and becomes only measurable when
pressurized above 15 GPa [35]. The room temperature resistivity of I is high in magnitude (~
MQ cm) and shows a semiconducting behavior with the activation energy of 0.21 eV. Note
that a small amount of the amorphous impurity phase can be found in the Mdssbauer
spectrum. At this point, we cannot totally exclude a possibility that the impurity phase

accounts for the resistivity decrease. However, since the amount of impurity estimated from
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Mossbauer data is comparable to that of (Sri..Ba,)FeO, (0.4 < x < 1.0), the lanthanum
substitution plus additional oxygen insertion might result in a large change in the electronic
structure with a reduced band gap. Theoretical investigation is needed for further

understanding of the La-substitution effect on the electronic and physical properties.

2.4. Conclusion

(Sr1..Ba,)FeO; (0.4 < x < 1.0) with a novel perovskite-related structure was successfully
obtained by low temperature topotactic reaction with calcium hydride (0.4 < x < 0.9) and
sodium hydride (x = 1.0). The new structure is partly analogous to the LaNiO, s structure
with one-dimensional chains of octahedra linked by planar units, but differs in that one of the
octahedral sites has a significant amount of oxygen vacancies and that all the iron ions have
the same spin and valence state. Unlike recently reported iron oxides with square planar
coordination, this structure demonstrates the ability of the iron square planar coordination to
coexist with other types of coordination. Thus, it is expected that a large family of square—
planar based iron oxides will be prepared in future. The Mdssbauer spectra indicate that the
Fe(2) and Fe(3) ions have extremely strong covalency, and this may contribute to the
formation of the unique structure. At the same time, the rigidity of a 3D Fe-O-Fe connection
which consists of [-Fe(1)-O(3)-] along the ¢ axis and [-Fe(1)-O(1)-Fe(2)-O(1)-] along the
a(b) axis acts to strengthen the framework. The extreme covalency of planar coordinate iron
and its preferential valence (+2) stabilize this compound as a line phase with a defined
composition, despite the presence of structural disorders and partial occupations.

The structural conversion between BaFeO, and BaFeO,s involves a complex
rearrangement of the oxygen framework at low temperature. The recent work on CaFeO, s-

CaFeO; thin films [50] revealed different oxygen migration pathways with selective kinetics.
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Revealing the reaction mechanism (pathway) between BaFeO, and BaFeO, s will also be an
important subject for future study. We also obtained the La-substituted BaFeO, and showed
that the additional oxygen atoms are incorporated into the structure. The importance of
interstitial oxide ions has been recently stressed for the design of oxygen ion conductors [51--

54]. The BaFeO; structure is hence interesting in connection to oxygen ion conductivity.
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Table 2.1. Reaction conditions for (Sr;«Bay)FeO,.

X Reaction Reaction Reducing agent Obtained phase

temperature (K)  time (days)

0.0% 553 1 CaH, IL
0.1,0.2,0.3° 553 3 CaH, IL
0.4 593 14 CaH; BaFeO,-type
0.5,0.6,0.7,0.8 593 3 CaH, BaFeO,-type
0.9 593 14 CaH, BaFeO,-type
1.0 413 3 NaH BaFeO,-type

% We used the values for x = 0.0 — 0.3 in previous studies [26, 29].

Table 2.2. Crystallographic data for (Sro2Bagg)FeO, (Z = 4).2

occupanc ) Up- U
atom  site bancy X y z Uiso /A? . , 32
©) Un /A% /A

Sr(l) 4k 02  023667(3) 0.23667(3) 05  0.0098(1)
Ba(l) 4k 0.8  0.23667(3) 0.23667(3) 0.5  0.0098(1)

Fe(l) 1la 1 0 0 0  0.0106(7)
Fe(2) 2f  0.208(6) 0 05 0  0.0078(6)
Fe(2) 4n  0.396(3) 0.0421(3) 05 0  0.0078(6)
Fe(3) 1c 1 05 05 0 0.029(1) 0.91(3)
o) 4 1 0.2833(4) 0 0 0.023(1)
0() 4n 0.604(3) 0.2665(8) 05 0 0.032(2)
0@3) 1b 1 0 0 05  0.003(1)
O@) 1d 0.583(13) 05 05 0.5 0.29(3) 0.16(3)

2 Space group: P4/mmm; a = 8.30241(4) A, ¢ = 3.84506(2) for synchrotron XRD data, and a

=8.3017(2) A, ¢ = 3.84632(9) A for neutron diffraction data. °
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(a)

(d)

Figure 2.1. Structures of perovskite ABO; and perovskite ABO;.s with ordered oxygen
vacancies. Perovskite ABO; with octahedra (a), infinite layer ABO, (6 = 1) with square
planes (b). Various ABO; 5 (6 = 0.5) structures are shown in (¢)-(g). LaNiO, s with octahedra
and square planes (c), Brownmillerite ABO, s with octahedra and tetrahedra (d), YBaCoO; s
with pyramids (e), CaMnO; s with pyramids (f), and BaFeO, s with octahedra, pyramids and
tetrahedra (g). The (La,Sr)CuQO, structure is shown in (h). White and gray spheres represent
A-site cations. B-site cations lie in the center of the polyhedra and black spheres in (h)

represent two-coordinate copper ions.
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Figure 2.2. (a) XRD patterns of the precursors before reduction, The patterns for x = 0.4, 0.5,

0.6, 0.7, and 0.8 could be assigned as cubic perovskite (Sr;-xBax)FeOs.s (6 < 0.5), and those

for x = 0.9 and 1.0 could be assigned as (Sri;.xBay)FeO,s with a monoclinic BaFeO;s

structure [23]. (b) Lattice parameters of (Sr;.«Bax)FeOs.s (0 < x < 0.8). The lattice parameters

for x = 0.0 — 0.3 were those obtained from previous studies [26, 29]. The solid line is a guide

to the eye. The XRD patterns for x = 0.9 and 1.0 are readily indexed on the basis of a

monoclinic unit cell with lattice parameters a = 6.978(4) A, b = 11.015(7) A, ¢ = 23.117(16)

A, p=98.22(4)°, V = 1758.6(19) A® for x = 0.9 and a = 6.950(1) A, b = 11.555(2) A, ¢ =

23.567(3) A, p=97.53(1)°, V = 1876.3(5) A® for x = 1.0.
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Figure 2.3. (a) XRD patterns of (Sr;_,Ba,)FeO; (0.3 <x < 1.0). All patterns could be indexed
by a tetragonal system. (b) The a (closed) and ¢ (open) parameters of (Sr;_Ba,)FeO, (0 <x <
1). For comparison, the unit cell of the new structure (0.4 < x < 1) is represented as the
perovskite cell (a, = 1/2a). The error bars are within the size of the symbols. The data for x =

0.0 — 0.3 are taken from previous studies [26, 29].
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Figure 2.4. Oxidation behavior of (Srg,Bagg)FeO; (x = 0.8) under a flow of oxygen gas.
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Figure 2.5.. (a) Structural characterization of (Sro,Bagg)FeO, by Rietveld refinement of
synchrotron XRD data at room temperature with 1 = 0.7755 A (R, = 3.17%, Ry, = 4.73%, P
=4.14, Ry =2.20%, Ry = 1.73%), and (b) that of neutron diffraction data at room temperature
with 1 = 1.82646 A (R, = 4.43%, Ry, = 5.63%, ¥ =294, R = 5.46%, R = 3.56%). The
overlying crosses and the solid lines represent the observed intensities and the calculated
intensities. The bottom solid lines represent the residual intensities. The ticks correspond to
the position of the calculated Bragg peaks of the main phase (Sr¢,Bagg)FeO,. The asterisk in
(b) corresponds to a short range magnetic reflection of (Srg,Bag s)FeO,, which was included

as the background of the refinement.
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Figure 2.6. Electron density map by maximum entropy method (MEM) analysis, showing

electron density at the apical sites.
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Figure 2.7. Structure of (Sry,Bagg)FeO,. Purple, yellow, green, and blue, spheres represent
Ba/Sr, Fe(1), Fe(2), and Fe(3) atoms, respectively. Orange spheres represent fully occupied
O(1) and O(3) atoms (g = 1.0), while dilute yellow spheres represent partially occupied O(2)
and O(4) atoms (g < 1.0), where g represents the site occupancy factor. (a) The structure of
(Srp2Bagg)FeO,. (b) [001] projection. Fe(2)’ is neglected in (a) and (b). (c) Coordination
environment around each iron. The displacement ellipsoids are depicted in coordination

environment around Fe(3).
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Figure 2.8.. XRD patterns for the x = 0.8 samples in various conditions: (a) obtained by a
reaction at 593 K for 3 days, (b) obtained by a reaction at 593 K for 3 days after storage in air
for one month, (c) obtained by a reaction at 573 K for 3 days, and (d) (Sro2Bagg)FeO,s. The
data of (a) and (b) were obtained using a D8 ADVANCE diffractometer (Bruker AXS), and
those of (c) and (d) using a M18XHF diffractometer (Mac Science). In (c) and (d), peaks

from Cu K, radiation are removed.
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Figure 2.9. (a) Mdossbauer spectrum for x = 0.8 at room temperature. Circles denote the
experimental data. The spectrum was fitted by four components; yellow, green, and blue
lines represent subspectra from Fe(1), Fe(2), Fe(3), respectively. The black line represents an
overreduced, decomposed amorphous impurity formed during the hydride reaction. The red
line represents the total fitted spectrum. (b) Hyperfine field (HF) and isomer shift (ZS) of (Sr;-
«Ba,)FeO,. The cross marks and the open circles represent HF and IS. Closed yellow, green,

and blue circles represent IS of Fe(1), Fe(2), and Fe(3), respectively.
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Figure 2.10. The [001] projection of the BaFeO, structure, where the blue band highlights

the in-plane Fe-O-Fe connections free from oxygen deficiency.
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Figure 2.11. (a) The temperature evolution of neutron diffraction profile for x = 0.8 showing
the magnetic Bragg reflection (}2 2 '2),, together with the nuclear Bragg reflections (100),
and (001),. (b) Temperature dependence of the magnetic moment in (Sr;..Ba,)FeO, for x =
0.6 (open), 0.8 (closed). Néel temperature (7n) for both x = 0.6 and 0.8 compounds are

determined to be about 240 K. The solid line is a guide to the eyes.
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Figure 2.12. (a) XRD patterns of (Bagglag,)FeO,.s collected at our laboratory. It could be
indexed by a tetragonal system with the lattice parameter a = 8.268 A and ¢ = 3.846 A. (b)
Mossbauer spectrum for (Bapglagz)FeO,:s at room temperature. Circles denote the
experimental data. The spectrum was fitted by four parameters; yellow, green, and blue lines
represent spectra from Fe(1), Fe(2), Fe(3) in (BaggLag,)FeO,.s respectively. The black line
represents an overreduced, decomposed impurity formed during the hydride reaction. The red

line represents the total of the four components. (c) The temperature dependence of the

resistance.
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Chapter 3. An Infinite Layer Structure with Partially Filled

Apical Oxygen

3.1. Introduction

SrCuO;, [1], an infinite layer (IL) structure with stacked CuO, layers being separated only
by Sr atoms (without insulating and/or spacing layers), represents the simplest parent
structure of the cupric high-temperature superconductors (Figure 3.1). The non-doped
SrCuQ; is a half-filled Mott insulator with the G-type magnetic order, but it becomes a
superconductor when moderate carriers are injected into the CuO, layer, as reported with the
electron-doped system (Sr; xNdx)CuO- [2].

Recently, SrFeO,, which is isostructural with SrCuO,, was prepared by a topotactic
reduction of a perovskite SrFeOz with calcium hydride [3]. SrFeO; is an insulator and
exhibits magnetic order also of the G-type, with a Néel temperature (Ty) as high as 473 K [3],
due to strong in-plane and out-of-plane exchange interactions [4--6]. The strong exchange
interactions allow a large amount of A-site substitution without any symmetry change, up to
80% for (Sr,Ca)FeO,[7,8], and up to 30% for (Sr,Ba)FeO, [9]. A further substitution of Ca
results in a distortion of the FeO, square planar coordination towards tetrahedron [8].
(Sr,Ba)FeO, beyond 30% substitution level leads to a highly oxygen-deficient LaNiO,s-
related structure with rhomboidally distorted square planar coordination [10].

SrFe0, (d°) and SrCuO, (d’) have different spin quantum numbers, S = 2 and S = 1/2,
respectively. In addition, SrFeO, shares structural features with the recently discovered iron
pnictide superconductors [11] in that the iron ions are coordinated 4-fold and form a two-

dimensional square lattice. Thus, carrier doping to this insulating iron oxide is of great
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interest. In order to inject carriers, the B-site (Fe-site) substitution in SrFeO, was investigated
[12,13]. It is shown that the substitution by Mn (d”) and Co (d’) is possible up to 30% and
gives rise to interesting properties such as a random fan-out state in Sr(Fey;7Mng3)O,
resulting from competing ferro- and antiferromagnetic interactions. Unfortunately, all the
substituted compounds remain insulating. Metallic conductivity in SrFeO; has been achieved,
instead, by applying pressure beyond P. = 33 GPa [14]. This insulator-metal transition is
accompanied by transitions in spin state (S = 2 to S = 1) and in spin structure
(antiferromagnetic to ferromagnetic phase). Here, shortening of the distance between face-to-
face FeO4 square planes and thus enhanced out-of-plane Fe-Fe interaction plays a crucial role
in the drastic change in the electronic structures at P..

Recently, Matsuyama et al. reported the synthesis and physical properties of epitaxial thin
films of (Sr,Eu)FeO; [15]. The Eu-substituted films show a drastic reduction in resistivity
though still semiconducting. Based on X-ray absorption spectra showing dominant
contribution of Eu’" states, they concluded that electrons supplied by the Eu’"-for-Sr**
substitution are attributable to electric conductivity. However, the resistivity of the undoped
SrFeO; film is already substantial (~1 kQcm at room temperature (RT)), in contradiction to
the results on powder sample [14] as well as the first principles calculations with a band gap
of ~1 eV [5,6]. We recall that europium ion can adopt both divalent and trivalent states and
that the X-ray absorption spectroscopy is highly sensitive to surface states. Furthermore,
precise structural and compositional analysis for thin film samples is in general limited.
Therefore, whether the Eu-substitution leads to electron doping to give (Sr;_Eu’ +x)Fe(2*x)+02
is not clear and should be subject for further investigations.

In this study, we prepared powder samples of lanthanoid (Ln) substituted SrFeO, by Nd,

Sm, and Ho that adopt exclusively trivalent state, in addition to Eu. Structural and physical
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properties were investigated by synchrotron X-ray diffraction (XRD), neutron diffraction,
pair distribution function (PDF) analysis, and *'Eu- and *’Fe-M&ssbauer spectroscopy. It is
found that Eu ions in (Sr,Eu)FeO, are all divalent, resulting in the same electronic
configurations of iron as SrFeO, and thus the sample is insulating. However, unlike Eu-
substitution, the substitution of Nd**, Sm’*, Ho’" for Sr*" is compensated by partial
occupation of apical oxygen sites between FeO, layers, resulting in an insulating state with a
composition of (Sr; Ln)Fe’ Oyiy. Such an IL structure with partial apical oxygen atoms

has not been reported so far.

3.2. Experimental

Precursor perovskites (Sr;.Ln,)FeOs.s (Ln = Nd, x = 0.1, 0.2, 0.3, 0.35; Ln = Sm, x = 0.1,
0.2,0.3,0.35; Ln = Eu, x =0.1, 0.15, 0.2, 0.3, 0.4, 0.5; Ln = Ho, x = 0.05, 0.1, 0.15, 0.2, 0.25,
0.3; 6 < 0.5) were prepared by mixing stoichiometric amounts of SrCO;3; (99.99%, Rare
Metallic Co., Ltd.), pre-dried LnyO3 (99.99%, Rare Metallic Co., Ltd.) and Fe,O3 (99.99%,
Rare Metallic Co., Ltd.), pelletizing and heating at 1473 K in air for 48 h with one
intermediate grinding. The obtained precursors were ground well with a two molar excess of
CaH, in an Ar-filled glovebox, sealed in an evacuated Pyrex tube (volume 15 cm®) with a
residual pressure less than 2.0x10™® MPa, and reacted at various temperatures and durations
as listed in Table 3.1. The residual CaH; and CaO byproduct were removed by washing with
a 0.1 mol/L NH4CI / methanol solution.

The purity of the precursors and the final products was checked by XRD using a D8
ADVANCE diffractometer (Burker AXS) and a Cu K, radiation (1 = 1.54056 A). High-
resolution synchrotron XRD experiments were performed at RT using the large Debye-

Scherrer camera installed at the beamlines BL02B2 and BL15XU of the Japan Synchrotron
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Radiation Research Institute (SPring-8). We used an imaging plate as a detector. Incident
beams from a bending magnet were monochromatized to 0.342673 A and 0.399633 A for
(Srp8Eug2)FeO; and (Srp75Hog25)FeO, 125, respectively. Finely ground powder samples were
sieved through a 32 um mesh sieve and put into a Pyrex capillary (0.1 mm inner diameter).
The sealed capillary was rotated during measurements to reduce the effect of preferential
orientation.

The powder neutron diffraction experiment on (Srg75Hog25)FeO, 125 at RT was carried out
at the Echidna neutron diffractometer at the OPAL reactor, ANSTO [16]. A polycrystalline
sample (3 g) was placed into a vanadium cylinder. The data were collected with a step scan
procedure using 128 neutron detectors in a 26 range from 2.75° to 163.95° with a step width
of 0.05°. The neutron beam was monochromatized to a wavelength of 1.6220(5) A by using a
Ge335 monochromator crystal. The primary and secondary collimators were left open.

The synchrotron XRD and neutron diffraction data collected were analyzed by the Rietveld
method using a RIETAN-FP program [17]. The agreement indices used were Ry, = [2Ziwi(Vio
— 1 TZwiio)’]"%, Ry = Zilvio - yiel/Zi(io), Rt = Zillo(hi) - IV Exlo(hx), Re = Ex|[Fo(hi) -
|F(he)|/’Zx|Fo(hx)|, where i, and yi. are the observed and calculated intensities, w; is the
weighting factor, Io(hk) and I(hx) are the estimated and calculated integrated intensities,
Fo(hk) and F(hx) are the estimated and calculated crystal structure factors.

The pair distribution functions for SrFeO,, (SrogEug2)FeO, and (SrosHog2)FeO,; were
obtained at RT from high energy powder XRD experiments carried out at the SPring-8 beam
line BL0O4B2 (A = 0.20154 A). Powder data were obtained to a large Omax (25 A™), then
corrected for several parameters including scattering of the quartz capillary and

normalization, followed by a Fourier transform to obtain the atomic pair distribution G(7).
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The data were fitted using a PDFgui program [18], on the basis of the crystallographic
models obtained from the XRD/neutron Rietveld analysis.

STFe-Mossbauer spectra on the (Sr;_,Eu,)FeO, (x = 0.1, 0.2, 0.3) and (Sr; ,Ho,)FeOpv2 (x
= 0.05, 0.1, 0.2, 0.25, 0.3) samples were taken at RT in transmission geometry using a
S7Co/Rh y-ray source. BIEu-Mossbauer spectra on (Sr;_ Eu,)FeO, (x = 0.1, 0.2, 0.3) were
taken at RT in transmission geometry using a '>'SmF5 y-ray source. The source velocity was
calibrated, respectively, by a-Fe, EuF; as a standard for >'Fe- and "°'Eu-Mdssbauer

experiments.

3.3. Results and Discussions
3.3.1 Synthesis and Lattice Evolution

The precursor perovskite solid solutions (Sr;..Ln,)FeOs_s (6 < 0.5) could be obtained up to
35% for Ln = Nd, Sm, 50% for Eu, and 30% for Ho. Single-phase formation in the
corresponding x range was confirmed by laboratory XRD (Figure 3.2). The diffraction peaks
of the precursors were indexed in a cubic unit cell, in consistency with the previous report
[19]. A deviation of the lattice parameter evolution from the Vegard’s law implies that the
amount of oxygen vacancy o changes with x [20].

Upon hydride reduction, the IL-like tetragonal structures were successfully obtained for
compositions up to 30% for Nd and Ho, 35% for Sm, and 40% for Eu. No impurity phase
was detected from the laboratory XRD data. The XRD profiles of the reduced compounds
were readily indexed on the basis of the tetragonal unit cell of SrFeO; (a ~ 3.9 A and ¢ ~ 3.5
A), as shown in Figure 3.3. Lattice parameters calculated by Le Bail analysis are plotted as a
function of x in Figure 3.4, together with the data for SrFeO, (x = 0) [3]. For Eu substitution,

both the a and ¢ axes were almost constant with x. The Shannon’s ionic radii of Sr2+, Eu®’
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and Eu’" with 8-fold coordination are 1.26 A, 1.25 A and 1.066 A, respectively [21]. This
strongly indicates that the substituted europium ions are divalent (i.e., (Sri..Eu*"\)Fe*'0,), in
marked contrast to the recent thin film study claiming the trivalent europium state (i.e., (Sr;-
LEu)Ee®10,) [15].

On the contrary, for Nd, Sm, and Ho, the volumes increase continuously with increasing x.
As long as the IL structure is considered, this observation does not agree with the geometrical
consideration: the ionic radii of Nd*", Sm*" and Ho’" with 8-fold coordination are,
respectively, 1.109 A, 1.079 A and 1.015 A [21] are much smaller than Sr**. There is a
tendency for these systems that the increase of the ¢ axis is more significantly than the
decrease of the a axis. These facts suggested that additional oxygen ions are positioned at the
apical site of Fe atoms (see Figure 3.1). We note that the RT resistivity of a hand-pressed
pellet of all the reduced compounds are very high (> 1 MQcm), implying no electron doping
occurred by the Ln-for-Sr substitution. Thus, the heterovalent substitution causes the
incorporation of additional oxygen so as to retain the divalent iron state. Namely, the

chemical formula is expected to be (Srl_an3 +X)Fez+02+x/2 (Ln =Nd, Sm, Ho).

3.3.2 Structure and Magnetic properties of (Sr;Eu,)FeO;

Rietveld analysis has been performed for the synchrotron XRD data on 20% Eu-substituted
sample. The observed peak widths are comparable with SrFeO, [3], demonstrating high
crystallinity. The diffraction data can be indexed in a tetragonal unit cell as shown earlier.
Tiny impurity peaks are present, arising from an incompletely reduced phase (6 < 0.5). No
superreflections as observed in CaFeO, were detected [8]. The Rietveld structural refinement
was performed using the ideal IL structure with the P4/mmm space group as a starting model,

where the Sr and Eu atoms were distributed randomly on the 1d site. The thermal parameters
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of all atoms were allowed to vary. The refinement converged rapidly, yielding reasonable
thermal parameters and discrepancy factors. When the occupancy factor (g) of the oxygen
site was refined, it became 1.0 within the statistical error. Thus, the g value was subsequently
fixed at full occupancy. In the end we obtained agreement factors of R, = 5.17%, Ry, =
7.29%, Ry = 1.81%, and Rr = 1.64% (Figure 3.5 and Table 3.2). The other space groups with
lower symmetry did not lead to better results, so we conclude that (Sro sEug,)FeO, adopts the
IL structure. Bond valence sum (BVS) calculations [22] for Sr, Eu and Fe gave, respectively,
+1.93, +1.71 and +1.98. Thus, both europium and iron are reasonably assigned as divalent,
which agrees with the result from the ionic size considerations discussed earlier.

The °’Fe Mdssbauer spectroscopy revealed that the spectra for the reduced Eu samples (x =
0.1, 0.2 and 0.3) at RT consist of a single, well-defined sextet (Figure 3.6a). Isomer shift (ZS),
hyperfine field (HF), quadrupole splitting (QS), and full width at half maximum (FWHM) are
almost constant and are close to those of SrFeO, (Table 3.3). This is consistent with the
structural refinement and suggests that iron ions are divalent in high spin state and that the

magnetic order is well developed as in the case of SrFeO,. !

Eu Mossbauer spectra at RT
(Figure 3.6b) demonstrate that the europium ions are mostly divalent, but a trivalent
component was also observed (11 ~23%). We could not find any sign of monovalent iron by
>’Fe Mossbauer spectra. In addition, the Eu substitution does not influence on the transport
properties, unlike the thin film study, meaning that the iron ion is divalent in (Sr;..Eu,)FeO,.
Therefore, we speculate that Eu®* observed in the Mossbauer spectra derives from partial
oxidation of europium ions; it is possible that (Sr;.Eu,)FeO, oxidized to (St Eu,)FeO,:s5 (0
~ 0.02) after synthesis and before the Mossbauer measurements. In fact, we obtained

(Sro7Eug3)FeO,+s by decreasing reduction temperature compared with synthesis of

(Sro.7Eug3)FeO, (the reduction temperatures are 613K and 568K, respectively, for
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(Sro.7Eug3)FeO, and (Sro;Eug3)FeO,.s5). The volume of (Sro;Eug3)FeO,:s IS slightly the
larger than that of (Sro7Eug3)FeO, (Figure 3.7). (Sro7Eug3)FeOy.s is insulator, so that the
chemical formula is expected to be (Sr2+ob7Eu2+o,3_25Eu3+25)F ez+02+5 (0<0<0.15).

Note that Matsuyama et al. synthesized Eu-substituted SrFeO, in the form of thin film [15].
They reported a decrease of the resistivity by the Eu-substitution and successful carrier
doping. They argued that the electron carriers are supplied by Eu’" ions substituting for
divalent sites, because X-ray absorption spectra demonstrated that Fe*" and Eu’" state are
dominant. However, we have obtained the opposite result. Mdssbauer spectra demonstrated
that the Eu*" state is dominant and we did not observe any sign of carrier doping. It is
possible that the thin film allows formation of metastable phase of (Sr;_.Eu’")Fe* ™0, due
to a lattice strain or a surface effect. However, whether the Eu-substitution in the thin film
SrFeO, leads to electrons doping is still questionable and should be subject to further

investigations.

3.3.3 Structure and Magnetic properties of (Sr;Ln,)FeQO,y» (Ln = Nd, Sm, Ho)

The synchrotron XRD measurement of 25% Ho-substituted sample has been performed for
the Rietveld analysis. The observed peak widths are comparable with SrFeO, [3],
demonstrating high crystallinity. The diffraction data can be indexed in a tetragonal unit cell
as shown earlier. Tiny impurity peaks are present, arising from an incompletely reduced
phase (& < 0.5). No superreflections as observed in CaFeO, were detected [8]. First, the
Rietveld structural refinement was performed using the ideal IL structure as the Eu-
substituted sample. The thermal parameters of all atoms were allowed to vary. In contrast to
the Ln = Eu case, the refinement result of the 25% Ho data was rather poor (R; = 9.51%, Rr =

6.98%). Hence, according to the model suggested earlier, the apical oxygen site O(2) on 15
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(0, 0, 0.5) was added to the IL structure. When the g values of O(1) and O(2) sites were
allowed to refine, they became, respectively, 1.0 and 0.15. This implies the full/partial
occupation of equatorial/apical oxygen site. Note that the same attempt for Ln = Eu led to a
contrasting consequence; the g value for O(2) became close to zero within the error,
indicating the absence of apical oxygen. In the refinement of the 25% Ho sample, large
isotropic displacement parameters (Ui, > 0.04) were found in O(1) and O(2), indicating local
displacements.

In order to obtain more precise information on the oxygen positions and their site
occupancies, we performed neutron Rietveld refinement of 25% Ho sample, starting with the
final structure obtained from the synchrotron XRD. Anisotropic displacement parameters
were included since large Ui, values for the oxygen atoms were obtained from the
synchrotron refinement. The refinement converged rapidly, yielding large components of the
anisotropic displacement parameters along the c¢ axis for the oxygen atoms. Then, we
returned to the synchrotron XRD data for refining the thermal parameters of the Sr, Ho, and
Fe atoms, while retaining adjustable parameters of the O atoms. Subsequently, we refined the
neutron diffraction data again, fixing the thermal parameters of Sr, Ho, and Fe atoms. After
this stepwise process was repeated several times, the g value of O(2) was converged to
0.11(3), which is very close to the proposed composition of (Sry75Ho0g25)FeO; 125. The
agreement parameters are R, = 3.32%, Ry, = 2.40%, R; = 6.16%, Rr = 6.17% for the
synchrotron XRD and R, = 5.59%, Ry, = 4.88%, R; = 6.61%, Rr = 3.71% for the neutron
diffraction. The other space groups with lower symmetry did not lead to better results, so
P4/mmm 1is the most likely space group. The final refinement results are summarized in Table

3.4 and Figure 3.8. The obtained structure is shown in Figure 3.9a.
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Although the anisotropic displacement parameters Us; for the oxygen atoms in
(Sro.75sH0¢25)Fe0; 125 are high, attempts to displace the oxygen atoms from the ideal sites did
not improve the fitting of Rietveld refinement. Therefore, in order to obtain insight into the
local geometry, more appropriate measurement for analysis of the local structure is needed.
Thus, pair distribution functions (PDF) analysis was performed for (SrosHog2)FeO, ;. For
comparison, PDF analysis was also made for SrFeO, and (Sro7Eu3)FeO, with the ideal IL
structure, and the results are shown in Figures 3.10 and 3.11. The PDF patterns of
(Srp7Eug3)FeO, are very similar to those of SrFeO,. The PDF analysis using the ideal IL
model provided good agreement parameters, Ry, of 9.0% and 8.9%, at short range (1.5-5 A),
and 16.3% and 14.4% at long range (10—20 A) for SrFeO, and (Sro7Eug3)FeO,, respectively.
This suggests that the structure of (Sry7Eug3)FeO; is free from local distortion and disorder.
On the other hand, the PDF patterns of (SrosHog,)FeO, ; are obviously different from SrFeO,,
both in the short range and long range. For example, peaks centered at 2.0 A and 2.6 A
representing, respectively, Fe—O and A—O bonding, are asymmetric (see insets of Figure
3.11). As expected, the calculated pattern when assuming the ideal IL model disagreed
considerably from the experimental one at local range, especially around 2.0 A (inset of
Figure 3.11a). Thus, as suggested by the Rietveld refinement, the apical oxygen site O(2)
with g = 0.1 was included. This caused Ry, to reduce from 14.2% to 12.5% at local range and
from 13.2% to 12.8% at long range (Figures 3.11c and 3.11d). A slight disagreement around
the peaks at 2.0-2.5 A indicates the presence of local distortion from the ideal site. To further
improve the refinement for (SrogHog,)FeO; 1, we allowed the site disorder of O(1) and O(2)
along the c axis. Although the site disorder of O(2) site did not lead better refinement, that of

O(1) atoms from 2/ (0.5, 0, 0) to 4i (0.5, 0, 0.07(2)) improved the refinement at local range
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(Rwp = 10.9%; Figure 3.11¢). Here, no obvious improvement was seen at long range (R, =
13.3%; Figure 3.11f1).

The result of the PDF analysis indicates that the insertion of the apical oxygen induces the
displacement of the equatorial oxygen where the equatorial oxygen atoms and the iron atoms
are not coplanar (Figure 3.9b). As a result, some FeO,4 square planar units are distorted by
neighbouring FeOs pyramid. For example, if a FeOs pyramid shares equatorial oxygen with a
FeO, square plane, there is probably distortion such that the shared oxygen is not coplanar
within the FeOy4 unit any more. We previously demonstrated that the square planar FeO4 can
be distorted towards tetrahedron by Ca-substitution [8] and to a rhomboidal shape by Ba-
substitution [10]. In the present compounds, the distortion of the square planar FeO4 consists
of random displacements of oxygen along the c-axis.

In (Sr;_.Ho,)FeO,.,, the square planar FeO4 coexists with pyramidal coordination, while it
can coexist with FeOs octahedral coordination and FeOs trigonal coordination by Ba-
substitution [10]. Therefore, the present study proves flexibility and the square planar iron to
coexist with the other coordination in an iron oxide network as demonstrated by the previous
works [8,10].

Ho-substitution influences on the Fe Mdssbauer spectrum to a greater extent (Figure 3.12a),
in contrast to substitution by europium. The HF decreases with x, and finally becomes 0 for x
= 0.3 (Figure 3.12b). This is consistent with the neutron diffraction measurement which
demonstrates G-type spin order with 1.2up per iron at room temperature for x = 0.25. These
results indicate that the Néel temperature (7y) drastically decreases with x. The IS and OS
values do not change by the Ho-substitution of x < 0.25, indicating that the square planar iron
is divalent in a high spin state in (Sr;..Ho,)FeO,:.» (x < 0.25). In x = 0.3, three components

exist. The largest subspectrum (black line) has the IS of ~0.5 mm/sec and OS of ~1.0 mm/sec,
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which is the similar values as x < 0.25 (Tables 3.5 and 3.6). Thus, this subspectrum can be
assigned as square planar Fe’" in a high spin state. The green subspectrum has a spectrum
weight of 15% and has an IS of ~0.0 mm/sec, which is a typical value for iron metal.
Although no impurity phase was detected by XRD studies, it is probably an amorphous phase
formed by over-reduction and decomposition during the hydride reduction, since the reaction
temperature for x = 0.3 is 100 K higher than that of x < 0.25 (Table 3.1). The blue
subspectrum has a spectrum weight of 12% and has an IS of ~0.8 mm/sec, which is a typical
value for a divalent high-spin iron. Due to a existence of apical oxygen, there should exist
about 30% of pyramidal coordination in (Sro;Hog3)FeO, ;5. We speculate that the blue
spectrum is assigned as the pyramidal irons. However, the amount of pyramidal Fe*" is small
compared with the expected value of 30%. We could not reasonably explain this discrepancy.
However, there exists a Fe metal impurity in the spectrum for x = 0.3. In addition, spectra of
the square planar irons and the pyramidal irons overwrap with each other. Thus, a
measurement of a pure sample is needed in order to discuss in more details. Here, we could
not detect spectrum from the pyramidal irons in x < 0.25 because the spectra are broad and
the amount of the pyramidal irons are smaller than x = 0.3.

We previously demonstrated that the lattice parameters have little influence on the 7x[9]
and the distortion which occurs in CaFeO; does not decrease the 7Ty largely [8]. Therefore,
the decrease of 7 by the Ho-substitution may be a result from the pyramidal coordinate iron.
As pointed out above, the iron in the pyramidal coordination is typical divalent high spin
state, and is bonded much weakly as compared with the square planar iron with strong
covalency. In fact, the 7y of FeO with a typical divalent high spin iron is approximately
200K [23] which is much lower than that of SrFeO, (473K) [3]. Note that difference of the

crystal structure between FeO and SrFeO, also have an influence on the Ty. Thus, theoretical
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investigation is needed for further understanding of the apical oxygen effect on the physical
properties.

(Sri.xHo,)FeO,.:,» crystallizes in the IL structure with partially filled apical oxygen as
shown in Figure 3.9a. Here, the lattice parameter evolutions with x for all the Ho- Nd- and
Sm-substituted compounds are similar (Figure 3.4). In addition, all the compounds are
insulator. Thus, we also assume that all the Nd- and Sm-substituted compounds also adopt
the similar structure with the chemical formulas of (Srl_an3+x)Fez+Oz+x/2 (Ln = Nd, Sm, Ho).
This means that reduction from precursor is stopped at just Fe’" state, and Fe ion is never
reduced beyond divalent. Namely, hole-doping in square planar iron is the difficult. Here, we
note that structural analyses for the individual compositions are needed to confirm the
individual structures since the lattice parameters do not show Vegard’s law (Figure 3.4).

In previous studies, all the IL-based compounds AFeO, (A = Sr;..Ca,, Sri,Ba, where 0 < x
<1 and 0 <y <0.3) were reduced directly from, and oxidized directly back to brownmillerite
(AFeO,s) phase [9]. Therefore, this compound represents the first example of the IL related
structure that oxygen content slightly deviates from 2. In the IL cuprates, there have been
many studies on A-site substitution and deficiency for carrier doping [2,24], but no one
seems to show partial occupation of apical oxygen. In the IL nickelate LaNiO,, domains of a
partially oxidized phase with a stoichiometry of LaNiO; o9 have been observed [25]. This is
occasional intergrowths (i.e. lamellar defects) of pyramidal layers among the square plane
layers, due to incomplete reduction [25]. In contrast, (Srl_an3+x)Fez+Oz+x/2 can be considered
as a terminal reduction product consisting of a single crystallographic phase with no defects.
In (Sri_,Ln,)FeO,.,, the intercalated oxygen atoms are randomly distributed in the interlayer.
Based on the concept of the bond valence [22], the intercalated oxygen atoms are more likely

to be around the randomly distributed Ln atoms. The reduction of an A-site ordered
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perovskite, e.g. YSr,Fe;Og[26], may be interesting for comparison with this study, since the

intercalated oxygen atoms possibly (partially) ordered unlike the present compounds.

3.4. Conclusion

We showed that the A-site substitution in the IL structure SrFeO, is tolerable up to ca. 30%
for all Ln (= Nd, Sm, Eu, Ho). For the Nd, Sm and Ho substitution, an increase of out-of-
plane cell parameters is observed, which is explained by an insertion of apical oxygen atoms
to compensate for trivalent doping. This compound represents the first example of the IL
related structure that oxygen content slightly deviates from 2. On the other hand, (Sr;.
«Eu,)FeO, adopts an ideal infinite layer structure by forcing the europium ions to be divalent.
The Ho-substitution results in a significant reduction of the Néel temperature, while the Eu-
substitution has a little influence on the magnetic property. Although this represents a success
of heterovalent A-site substitution into square planar iron oxide, we failed to inject carriers
into a FeO; layer, indicating significant stability of a divalent iron in the square-planar-based
iron oxide. However, this is a contrast result with a previous report of a thin film sample [15].

Thus, further research on thin films should be needed.
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Table 3.1. Synthesis conditions for hydride reduction of (Sr;xLny)FeOs s (6 < 0.5)

Ln X Reaction temperature (K) Reaction time (days)
Nd 0.1,0.2 568 6
0.3 673 8

0.35% 723

Sm 0.1, 553 3
0.2 568 5
0.3 623 4
0.35 673 7
Eu 0.1,0.15,0.2 553 3
0.3 613 6
0.4, 0.5° 723 7
Ho 0.05, 0.1, 623 1
0.15,0.2,0.25 623 4
0.3 723 2

# Reduction was unsuccessful for x = 0.35 (Nd) and x = 0.5 (Eu).

Table 3.2. Crystallographic data for (SrogEug2)Fe0,.2

atom site g x y z  Ug/A°

Sr(l) 1d 0.8 05 05 05 0.0057(2)
Eu(l) 1d 02 05 05 05 0.0057(2)
Fe(l) 1la 1 0 0 0 0.0051(3)
Ol) 2f 1 05 0 0 0.005909)

2 Space group: P4/mmm; a = 3.98905(2) A, ¢ = 3.47234(2) A.
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Table 3.3. Fitting parameters of *>'Fe and *>*Eu Méssbauer spectra for (Sr1.Eu,)FeO, (x= 0.1,

0.2,0.3).°
*"Fe
X IS (mm/s) HF (T) QS (mm/s)° FWHM Area (%)
(mm/s)
0.0° 0.489 40.1 1.16 0.28 100
0.1 0.498 39.7 1.13 0.30 100
0.2 0.508 39.9 1.08 0.30 100
0.3 0.499 39.8 1.12 0.30 100
ISLEY (Eu2h
X IS (mm/s) HF (T) QS (mm/s)” FWHM Area (%)
(mm/s)
0.1 -12 0.0 0.0 3.1 77.2
0.2 -12 0.0 0.0 0.30 86.6
0.3 -12 0.0 0.0 3.1 88.8
BIEY (Eu® from impurity)
X IS (mm/s) HF (T) QS (mm/s)° FWHM Area (%)
(mml/s)
0.1 0.672 0.0 0.0 3.0 22.8
0.2 0.747 0.0 0.0 3.0 13.4
0.3 0.399 0.0 0.0 3.0 11.2

418, HF, QS, FWHM and Area represent isomer shift, hyperfine field, quadrupole splitting,
full width at half maximum and area percentage of total fit, respectively. °S;-S,. “We use the
value of SrFeO, in pervious study [3].
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Table 3.4. Crystallographic data for (Sro75H0025)Fe02.11(3).*

atom site g X Yy z Uny /AZ Uy, /Az Uss /Az

Sr(l) 1d 075 05 05 05 0.0259(5) 0.0259(5) 0.0246(6)
Ho(l) 1d 025 05 05 05 0.0259(5) 0.0259(5) 0.0246(6)
Fe(l) 1la 1 0 0 0 00067(6) 0.0067(6) 0.030(1)
O(1) 2f 0980(8) 05 0 0 0.021(1) 0.032(2) 0.097(2)
02 1b 0151) 0 0 05 0.009(7) 0.009(7) 0.11(3)

2 Space group: P4/mmm; a = 3.95349(9) A, ¢ = 3.57172(9) A for synchrotron XRD data, a =
3.9566(2) A, ¢ = 3.5392(2) A for neutron diffraction data. U;, = Uj3= Uys = 0. The magnetic
structure is of G-type with 1.2 g per iron.

Table 3.5. Fitting parameters of >'Fe and Mossbauer spectra for (Sr1.xHo,)FeOz.y2 (x = 0.05,
0.1,0.2,0.25).2

X IS (mm/s) HE (T)° QS (mm/s)°
0.0° 0.489 40.1 1.16
0.05 0.495 38.7 1.13
0.1 0.503 36.7 1.15
0.2 0.475 27.2 1.08
0.25 0.498 9.9 1.05

1S, HF, and QS represent isomer shift, hyperfine field, and quadrupole splitting, respectively.
®Average value. °S;-S,. “We use the value of SrFeO, in pervious study [3].

Table 3.6. Fitting parameters of °’Fe and Mdssbauer spectra for (Sro7H0o3)FeO,.15(x = 0.3).

IS (mm/s) HF (T) QS (mm/s) FWHM Area (%)

square planar Fe** 0.513 0 1.02 0.55 73
typical Fe®* 0.779 0 1.96 0.55 12
Fe metal impurity -0.020 31.2 0.10 0.60 15
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Figure 3.1. The infinite layer structure ABO,. Orange, gray and blue spheres represent O, A-

site, B-site atoms. Dotted circles represent vacant apical oxygen sites.
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Figure 3.2. (Right figures) XRD patterns of the precursors (Srj..Ln,)FeOs.s(Ln = Nd, Sm, Eu,
Ho) before reduction. All the patterns could be assigned as cubic perovskite. * indicates

unknown impurity phase. (Left figures) Lattice parameters of (Sr;..Ln,)FeOs._s.
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Figure 3.3. XRD patterns of (Sri.xLny)FeOz+y2 (Ln = Nd, Sm, Eu, Ho) after reduction, All

patterns could be indexed by a tetragonal system. * indicates Si peaks as a standard material.
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(yellow), Sm (green), Eu (red), Ho(blue)) as a function of lanthanide doping x. The lines are

guides to the eye. The data for x = 0.0 are taken from the previous study [3].
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Figure 3.5. Structural characterization of (SrogEugz)FeO, by Rietveld refinement of
synchrotron XRD data at room temperature (Rwp = 7.29%, R; = 1.81%, Rr = 1.64%). The
overlying crosses and the solid lines represent the observed intensities and the calculated
intensities. The bottom solid line represents the residual. The ticks correspond to the position

of the calculated Bragg peaks.
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Figure 3.6. °'Fe (a) and *'Eu (b) M6ssbauer spectra for (Sri4Euy)FeO, (x= 0.1, 0.2, 0.3) at
room temperature. Circles denote the experimental data. (a) The red lines represent fitting
curves. (b) The green and blue lines represent fitting curves for Eu?* and Eu®*. The spectrum
for europium should split into several peaks due to quadrupole interaction. However, we used

a single fitting curve for simplicity.
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Figure 3.7. (a) Comparison of XRD patterns of (Sro7Euo3)FeO, and (Sro7Eug3)FeO.s.
(Srp7Eug3)FeO; and (Srp;7Eug3)FeO,;s were synthesized at 613 K for 6 days and at 568 K for
6 days, respectively. The patterns could be indexed by a tetragonal system but the lattice
parameters are slightly different. (b)-(d) Comparison of the lattice parameters and the volume.
The ¢ axis of (Srg7Eug3)FeO,s is slightly larger than that of (Sry7Eug3)FeO,, suggesting

existence of the apical oxygen.
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Figure 3.8. (a) Structural characterization of (Sry75H0o¢25)FeO, 125 by Rietveld refinement of
synchrotron XRD data at room temperature (R, = 3.32%, Ry, = 2.40%, Ry = 6.16%, Rg =
6.17%), and (b) that of neutron diffraction data at room temperature (R, = 5.59%, Ryp =
4.88%, R = 6.61%, Rr = 3.71%). The upper and lower ticks in (b) correspond to the position

of the calculated structural and magnetic Bragg peaks.
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Figure 3.9. (a) Structure of (Srg75H0025)FeO; 125 depicted by thermal ellipsoids. Orange,
gray and blue spheres represent O, A-site, Fe atoms. (b) A local structure around FeOs

pyramid. The insertion of the apical oxygen induces the displacement to direction of the

arrows.
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Figure 3.10. PDF analyses for StFeO, at local range (1.5-5 A) (a) and long range (10-20 A)
(b), for (Srp7Eug3)FeO; at local range (c) and long range (d). The overlying circles and the

solid lines represent the observed G(r) intensities and the calculated G(r) intensities. The

bottom solid lines represent the residual.
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Figure 3.11. PDF analyses for (SrosHoo,)FeO, with at the IL structure at local range (a) and
long range (b), for (SrypsHop2)FeO,; with the structure obtained by the Rietveld refinement
at local range (c) and long range (d), for (SrosHog,)FeO, ; with the displaced model at local

range (e) and long range (f). Insets in (a), (c), (d) show extended patterns around peaks

representing Fe—O (~2.0 A) and A—O (~2.6 A).
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Figure 3.12. °"Fe Mossbauer spectra for (Sry.xHo,)FeOa.y2 (x= 0.05, 0.1, 0.2, 0.25) at room
temperature. Circles denote the experimental data. The red lines represent total fitting curves.
The black, blue and green line in x = 0.3 represent square planar Fe**, typical Fe** and
amorphous Fe metal impurity, respectively. (b) A distribution of the hyperfine field HF. The

relative area is plotted with an interval of 1T.
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Chapter 4. Pressure-Induced Structural, Magnetic and Transport

Transitions in the Two-Legged Ladder Sr;Fe,Os

4.1. Introduction

Spin state transitions or spin crossover have been intensely investigated in various fields
not only for their fundamental details [1] but also due to potential applications in information
storage, optical switches, visual displays, and so on [1,2]. Generally, this transition can be
rationalized by the competition between the two energies in metal center: the intra-atomic
exchange energy that favors a high spin state and the crystal field energy that favors a low
spin state [3]. Thousands of examples, including minerals and biomolecules, are now found
to have spin state transitions [4--8], but they are almost exclusively limited to those with
octahedrally coordinated 3d transition metal ions.

A recently discovered pressure-induced spin transition in SrFe(11)O, at P, = 33 GPa has
several aspects distinct from conventional spin state transitions [9]. First, SrFeO, adopts a
square planar coordination around iron (Figure 4.1a) [10], thus representing the first spin
state transition in a four-fold coordinated metal center. Second, it is not a typical transition
from a high-spin state (S = 2) to a low-spin state (S = 0), but to an intermediate-spin state (S =
1). Last but not least is that it is accompanied at the same time with an insulator-to-metal (l-
M) and an antiferromagnetic-to-ferromagnetic (AFM-FM) transition (involving possibly a
partial charge transfer from O 2p to Fe 3d leading to d®° electronic configurations). These
facts indicate that many-body effects derived from the interplay between charge, orbital, and
spin degrees of freedom in a strongly correlated electron system are of great importance,

which is in stark contrast to conventional cases, where the overall physics behind a spin state
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transition can be in principle explained by a single (or several) octahedrally coordinated
metal(s).

After the synthesis of SrFeO,, subsequent studies reported several new compounds with
the FeO,4 square planar motif; (Sr,Ba,Ca)FeO, [11--13], SrsFe,Os [14], and Sr3Fe,O4Cl, [15].
Here, SrFeO, and SrsFe,Os belong, respectively, to n = o and n = 2 of the S = 2 n-legged
ladder series Srp+1FenOzne1 (n = 1, 2, 3,...). The former has the infinite layer structure
consisting of two-dimensional (2d) FeO; layers that are separated by Sr atoms (Figure 4.1a),
while in the latter two consecutive rock salt layers (SrO) cut the 2d infinite layers into two-
legged ladders (SrpFe;O4) (Figure 4.1b). As it is well known, magnetic and transport
properties in a strongly correlated electron system are largely influenced by the topology and
dimensionality of the lattice. A representative example is found in the relevant system, S =
1/2 n-legged spin ladder series Srn.1Cu,02, 1, prepared under high pressures [16]. SrCuO; (n
= o), whose magnetism is characterized by a square-lattice Heisenberg antiferromagnet,
shows a (n, m, m) magnetic order like SrFeO,, but becomes a superconductor when
appropriate carriers are injected into the CuO; plane [17]. The two-legged ladder SrCu,O3 (n
= 2) has a non-magnetic (spin-singlet) ground state with a finite gap to the first excited triplet
states, but the three-legged ladder Sr,CusOs (n = 3) has gapless excitations [18], verifying a

predicted even- or odd-number leg dependence by Dagotto and Rice [19].

In this context, Sr3Fe,Os provides a unique opportunity to understand how dimensionality
is related to the physical properties in the S = 2 spin ladder system. The effect of dimensional
reduction has been already seen by the reduction of the Néel temperature from Ty = 473 K
for SrFeO, [10] to Ty = 296 K for SrsFe,0s [20], but external stimuli such as magnetic field,

light and pressure may induce new phenomena. In this paper, we demonstrate the structural,
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magnetic and transport studies on SrsFe,Os under high pressure. We observed a spin state
transition from S = 2 to S = 1, an antiferromagnetic-to-ferromagnetic transition at a nearly
identical pressure with SrFeO,. We have also found evidence of an insulator-to-metal
transition. These facts indicate the robustness of the transitions to the dimensionality.
However, unlike SrFeO, [10], we observed a structural transition involving a change of a

stacking sequence of the ladder blocks.

4.2. Experimental

A powder sample of SrsFe,Os was synthesized by hydride reaction of a slightly oxygen
deficient Sr3Fe,O7« (X ~ 0.4) with CaH,. The Sr3Fe,O; precursor was prepared by a high
temperature ceramic method from SrCOj3(99.99%), BaCO3(99.99%) and Fe,03(99.99%) by
heating a pelletized stoichiometric mixture at 1273 K in air for 48 hours with one
intermediate grinding. For reduction, SrsFe,O;., and a four molar excess of CaH, were finely
ground in an Ar-filled glove box, sealed in an evacuated Pyrex tube, and heated at 598 K for
1 day. Residual CaH, and the CaO byproduct were removed from the final reaction phase by
washing them out with an NH4Cl/methanol solution. For more details, refer to the literature
[14]. In order to obtain better statistics for the >’Fe Mossbauer spectroscopy measurements,
>"Fe-enriched SrsFe,0s (°'Fe consisting of about 50% of the total Fe amount) was prepared.

The high-pressure >’Fe Méssbauer measurements were performed up to 100 GPa using a
Bassett-type diamond-anvil cell (DAC) [21]. The powder sample and small ruby chips were
inserted in a 200 um hole of a Re gasket. Daphne7474 was used as a pressure-transmitting
medium. A point y-ray source of °’Co in a rhodium matrix of 370 MBq and another one of
925 MBq with active areas of 1 mm and 5 mm in diameter, respectively, were used. The

velocity scale of the spectrum was relative to a-Fe at room temperature (RT). We estimated
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the pressure distribution along the sample by measuring fluorescence of ruby chips dispersed
in the sample. We found that the pressure gradient at the sample was not more than 5 GPa at
maximal pressures. Experiments under the external magnetic field up to 3 T were carried out
with the magnetic field applied along the y-ray propagation direction. For examination of the
intermediate-pressure phase, we employed a DAC with a 180 um hole of a Re gasket in order
to obtain a smaller pressure gradient.

Four-probe dc resistance measurements up to 67 GPa were carried out between 5 K and
300 K with Pt electrodes. The sample/metal-gasket cavity was coated with an insulating
mixture of Al,O3; and NaCl combined with epoxy. The initial sectional area and the distance
between probes were about 60 x 50 pm? and 50 pum. Applied pressure was calibrated by
means of fluorescence manometer on ruby chips placed around the sample.

Powder X-ray diffraction (XRD) profiles at high pressures up to 39 GPa at RT were
recorded using Mo-K, radiation from a 5.4 kW Rigaku rotating anode generator equipped
with a 100 pm collimator. A powder sample of SrzFe;Os was loaded into a 180 pm diameter
hole of a pre-indented rhenium gasket of the diamond-anvil cell. Helium was used as a
pressure-transmitting medium. The shift of ruby fluorescence was used to determine the
pressure. The pressure gradient at the sample increased slowly with pressure, but was not
more than 0.5 GPa at the maximum pressure. The diffracted X-rays were collected with an
imaging plate. More details of the experimental setup are reported elsewhere [22]. Three
diffraction peaks, (015), (105), (110) for the low-pressure phase and (015), (104), (111) for
the high-pressure phase, were used to refine the cell parameters.

High-resolution synchrotron XRD experiments at high pressures up to 36.7 GPa were
performed at RT using angle-dispersive X-ray diffractometry installed in the NE1

synchrotron beam line of the Photon Factory - Advanced Ring for Pulse X-rays (PF-AR) at
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the High Energy Accelerator Research Organization (KEK), Japan. The incident X-ray beam
was monochromatized to a wavelength of 0.41310 A. The X-ray beam size was collimated to
a diameter of about 50 um. The angle-dispersive X-ray diffraction patterns were obtained on
an imaging plate. The pressure gradient at the sample, estimated in the same way as
described above, was not more than 1.0 GPa at maximal pressures. The observed intensities
on the imaging plates were integrated as a function of 26 using the Fit2d code to obtain
conventional, one-dimensional diffraction profiles. The obtained synchrotron XRD data were

analyzed by the Rietveld method using RIETAN-FP program [23].

4.3. Results and Discussions

Typical >’Fe Mésshauer spectraat high pressures are shown in Figure 4.2. At 0.5 GPa, the
spectrum at RT consists of doublet peaks with an isomer shift IS of 0.47 mm/s and a
quadrupole splitting QS of 1.26 mm/s, indicating a paramagnetic state as well as square-
planar coordination geometry for a high-spin Fe?*, which is consistent with a previous
study.** When more pressure was applied at RT, the doublet immediately changed to six
well-defined peaks, indicating the presence of magnetic order. The value of S;-S, as
indicated in the spectrum at 7 GPa of Figure 4.2 is 1.48 mm/s, which is very close to the QS
value at 0.5 GPa in the paramagnetic state. A gradual and linear decrease in IS with pressure
(Figure 4.3) is in accordance with the trend observed in many iron compounds including
SrFe0, [4,9], and can be interpreted in terms of a gradually increased hybridization of iron
3d orbitals with the 2p orbitals of the oxygen neighbors.

With increasing pressure up to 30 GPa, the split of the sextet increases (see the 26 GPa
spectrum in Figure 4.2), implying the increase of Ty, which should result from increased

magnetic interactions through the decrease of cell parameter. Indeed, the temperature-
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dependent Mdssbauer measurements at pressures up to 10 GPa reveals that Ty has a linear
increase with pressure in this pressure region (Figures 4.4). One can see from the top panel of
Figure 4.3 that the hyperfine field Hys steeply increases up to 10 GPa as anticipated, but then
saturates above 20 GPa to ~ 32 T. This value is much smaller than 43.7 T at 4 K in an
ambient pressure (corresponding to the fully saturated moment for S = 2) [14] and 41.6 T at
4K and 23 GPa (Figure 4.5). The tendency of Ty to saturate above 20 GPa is not consistent
with the pressure dependence of the cell parameters. All the crystallographic axes
continuously decrease with pressure as will be shown later. At 10 GPa, Ty rises up to 365 K
(22% increase with respect to the ambient pressure data). Remarkably, Hps for SrFeO; is
nearly independent of both pressures [9] and Sr-to-Ca substitution [12], in spite of the fact
that a and ¢ in SrFeO, [9] and a and b in Sr3Fe,Os (as will be shown later) behave similarly
as a function of pressure before the transition arrives. The variability of Ty for Sr3Fe,Os with
pressure can be explained in terms of geometrical frustration in the ladder arrangement due to
the I-centered lattice.

The spectrum at 7 GPa contains a small portion of a doublet with similar IS and QS values
(0.64 mm/s and 1.41 mm/s, respectively) to those of the sextet (0.42 mm/s and 1.48 mm/s),
as seen in Figure 4.2. The doublet-to-sextet ratio slightly increases at 26 GPa. At each
pressure measured in this study, the doublet vanishes at 9 K so that this component is not
considered to arise from impurity phase but from SrsFe,Os having a lower Ty (Tn < RT).
Note that we did not observe such a coexistence with a paramagnetic component in the
previous high-pressure study of SrFeO, [9]. This means that a structural strain caused by
nonhydrostatic stress would be more prominent in SrsFe,Os than in SrFeO,. Under our
experimental conditions, solidification of a pressure medium (Daphne7474) inevitably results

in nonhydrostatic pressure to the SrsFe,Os/SrFeO, samples. Given the intergrowth structure
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composed of different units (i.e., rock-salt and ladder blocks), such an effect in SrsFe;Os
would be much stronger than in SrFeO,. Even a small amount of strain might cause a
substantial reduction of Ty due to the geometrical frustration in the magnetic lattice as
already pointed out.

When further pressure was applied, a drastic change in the Mdssbauer spectra appeared
(see Figure 4.2), featured by a reduction of the hyperfine field (Hys = 13.5 T at 38 GPa, RT),
suggesting an intermediate-spin (S = 1) state as was observed in the high-pressure phase of
SrFeO; [9]. When the sample was cooled to 9 K, Hys increased to 18.4 T, which is nearly half
of that of the low-pressure phase, thereby confirming that the iron ions are in the intermediate
spin state. Figure 4.3 displays that the obtained IS and QS values are close to those of the
intermediate-spin state of SrFeO, [9], demonstrating that the iron is in a square planar
geometry having only one crystallographically equivalent site. The relatively large Hys value
in the intermediate-spin state at RT indicates well-developed magnetic order. Despite the
pressure gradient of ~ 5 GPa, a careful analysis of the relative spectrum weight gave a rough
estimate of the transition pressure P as 34 + 3 GPa, which is surprisingly close to that of
SrFeO; [9]. When a magnetic field was applied parallel to the y ray direction, the intensities
of the second and fifth lines of the sextet at 44 GPa showed a remarkable decrease at 1.5 T
(not shown) and disappeared at 3 T (see Figure 4.2), indicating that the high-pressure phase
(P > P.) is a FM state. The AFM-FM transition at P, was also found in SrFeO; [9]. The
spectral features of the S = 1 state remain up to the maximum pressure of 100 GPa applied in
this study. This shows that the S = 1 FM state is quite robust, as in the case of SrFeO, [9].

Given the high-spin to intermediate-spin state transition and the AFM-to-FM transition in
Sr3Fe;0s, an 1-M transition, which was observed in SrFeO, [9], is intuitively expected. The

electrical resistivity of SrsFe,Os performed under pressure is shown in Figure 4.6. The
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resistivity is unmeasurably high below 15 GPa, due to a large band gap as theoretically
suggested [24]. However, it became measurable above 15 GPa and then remarkably
decreases. It is reduced by five orders of magnitude at 60 GPa. Such a large decrease in the
resistivity suggests the presence of an I-M transition at P, although the temperature
dependence of the electrical resistance (AR/AT) does not become positive even at 67 GPa. It
should be noted that the observation of metallic behavior (AR/AT > 0) in a powder sample is
in general difficult in low dimensional materials as demonstrated by Naj;3V20s [25].
Moreover, the obscurity of the transition may be a result of surface damage due to the air
sensitivity of Sr3Fe,Os [14] and pressure inhomogeneity. It is well known that divalent iron
oxides are all insulators [26,27]. According to first principles calculations, the unusual
metallic state of SrFeO, under high pressure is accompanied by the charge transfer from O
2p to Fe 3d, resulting in d® to d®° electronic configurations [9]. Accordingly, it is natural to
expect that the electric conductivity in SrsFe,Os is also attributed to the charge transfer.
However, despite such evidence pointing towards an I-M transition, the resistivity data is still
ambiguous, and first principles calculations for Sr3Fe;Os would shed more light on this issue.

A pressure-induced spin state transition always involves a volume reduction at P [8,9]. In
order to probe this, we carried out high pressure XRD experiments at RT up to 38.8 GPa (see
Figure 4.7a). In SrFeO,, we previously reported that the diffraction patterns do not show any
spectacular change at P, — the anomaly at P. is recognizable only when the cell parameters
are plotted as a function of P [9]. In the case of SrsFe,Os, however, we unexpectedly found a
drastic change in the diffraction pattern above 30 GPa. From P = 2.2 to 29.0 GPa, all
diffraction peaks (excluding rhenium peaks) could be assigned to an I-centered orthorhombic
structure. The diffraction patterns above 30 GPa could be also indexed on the basis of the

orthorhombic unit cell (e.g., a = 3.00 A, b = 3.78 A, ¢ = 19.09 A at 38.8 GPa) but have
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different extinction conditions. It is seen from Figure 4.7a, for example, that the originally
extinct (104) and (111) peaks in the low-pressure structure (space group Immm) appear,
while the originally allowed (105) and (110) peaks disappear. It follows that the new
structure induced by pressure has an A-centered orthorhombic lattice. When releasing the
pressure, the high-pressure structure remained at pressures above 28.4 GPa, and then
completely returned to the original low-pressure structure at pressures below 25.5 GPa
without any loss in crystallinity, suggesting that the structural transition is of first-order,
reversible and topotactic.

As depicted in Figures 4.7b-d, all the axes decrease smoothly before the structural transition
arrives. The pressure dependence of the volume for the low-pressure structure (Figure 4.7¢)
can be fitted well by the Birch-Murnaghan equation of the state [28], yielding the bulk
modulus of K =94 GPa, which is slightly smaller than that of SrFeO, (K = 126 GPa) [9]. The
volume reduction at 30 GPa is about 4%. Remarkably, while the a and ¢ axes decrease during
this transition, the b axis (i.e., the leg direction) increases. Due to the small pressure
distribution within the sample (< 0.5 GPa) for the XRD experiments, the structural transition
pressure Ps can be precisely determined as 30 + 2 GPa based on the data during compression.
In the case of SrFeO,, we employed almost the same experimental setup as the present study,
and obtained a perfect agreement of P, [9], at which the anomaly was found in Md&ssbauer
(33 £ 3 GPa) and XRD (33 + 1 GPa) measurements, but in SrsFe,Os there is an apparent
discrepancy between Ps (= 30 + 2 GPa) obtained from the XRD measurements and P (= 34 +
3 GPa) obtained from the Mdssbauer measurement, a strong indication that the structural
transition and the spin state transition are independent. In support of this interpretation, we
see a large drop of the b axis at 34 + 2 GPa (see Figure 4.7¢), which coincides with P.. The

volume reduction at P is as much as 3%. The presence of the intermediate phase (i.e., the
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two critical pressures at 30 GPa and 34 GPa) was further confirmed by careful Mdssbauer

measurements as discussed later.

The high-pressure structure up to 36.7 GPa was determined using synchrotron XRD data
(Figures 4.8). As expected, the XRD patterns measured above Ps could be indexed on the A-
centered orthorhombic cell (@ = 3.014(4) A, b =3.800(7) A, ¢ =19.11(3) A at 36.7 GPa), and
several small reflections from unknown impurities were found. Earlier, we already explained
from the Mdssbauer spectra that the irons in the high-pressure structure are in a square planar
geometry having only one crystallographically equivalent site. In addition, the structural
transition is reversible with only small hysteresis, indicating that the two structures are
topotactically related with each other. All these observations led us to consider that the
structural transition from the I- to A-centered space group is caused by a change in the
stacking sequence of the two-legged ladder (or the original perovskite) blocks. In the I-
centered structure of SrsFe,Os below Ps (or that of its precursor SrsFe,0-), the two-legged
ladder (or perovskite) blocks are phase-shifted from each other by (1/2, 1/2, 1/2) (see Figure
4.1b). In the A-centered structure above Ps, we expected that the adjacent ladder blocks are
staggered only in the b and c directions, giving a phase shift of (0, 1/2, 1/2) as shown in
Figure 4.1c.

Possible space groups for the high-pressure phase are Ammm, A2mm, Am2m, Amm2 and
A222. Among these candidates, Ammm is the maximal non-isomorphic subspace group for
Immm, the space group for the low-pressure structure. Accordingly, we chose Ammm as the
initial space group for refinement of the high-pressure structure. Assuming Sr(1) to be at 2c
(0.5, 0.5, 0), Sr(2) at 4j (0.5, 0.5, z), Fe at 4i (0, 0, z), O(1) at 2a (0, 0, 0), O(2) at 4i (0, 0, 2)

and O(3) at 4i (0, 0, z), we refined the structural parameters while the occupancy factors were
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constrained to unity. The refinements converged well, providing Ry, = 0.90%, v = 0.89 (see
Figure 4.8). These small agreement indices as well as the small atomic displacement
parameters B for all atoms suggest that the refined structure is reasonable. Other candidate
space groups with lower symmetry did not give any appreciable improvement in the
structural refinement, so we conclude that the structure with Ammm as summarized in Table

4.1 is the best choice.

The inter-atomic distances for the refined structure are listed in Figure 4.9 and Table 4.2.
The FeO, square planar coordination at ambient pressure consists of four almost equivalent
bonds (~ 2.0 A), while that at 36.7 GPa has a distortion with three long bonds (1.97(1) A and
1.912(5)A) and one short bond (1.62(5) A), as shown in Figure 4.9. The mean Fe-O distance
of 1.85 A is close to that for SrFeO, at 39.2 GPa (1.88 A). The Sr-O distance at 36.7 GPa
ranges from 2.20 A to 2.65 A, which is acceptable in this pressure region considering
previous studies [9,29--31]. As for Sr(1), Sr(2) is eight-fold coordinated to oxygen atoms in
the CsCl-type structure (Figures 4.1c and 4.9). The mean bond distance around Sr(1) (2.53
A) is slightly longer than that for SrFeO, at 39.2 GPa (2.41 A). However, that of Sr(2) (2.43
A) is very close to 2.41 A,

We see now that Sr3Fe,Os undergoes a pressure-induced structural transition involving a
phase shift of the two-legged ladder blocks. The change of the stacking sequence at P leads
to the increase of the oxygen coordination number of Sr(2) from seven to eight (see Figures
4.1b and 4.1c), while maintaining the FeO, square planar coordination. The new structure
adopts the intergrowth of a two-legged ladder with CsCl type structure. In geology, the
structural transition from the B1(NaCl) type to the B2(CsCl) type was intensively studied by

both theoretical [32,33] and experimental [34,35] methods due to the possible occurrence of
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this transition in the earth’s lower mantle, which could affect the transmission of seismic
waves. Indeed, AX materials (A = Be, Mg, Ca, Sr, Ba, X = O, S, Se, Te) with the B1 structure
undergo or are predicted to undergo structural transitions to the B2 structure with observed or
expected critical pressures ranging from 5 GPa to 1000 GPa, depending on the ionic radii of
A [34--36]. In SrO [37], the B1 to B2 transition occurs at 36 GPa which is close to Ps (= 30
GPa) observed in Sr3Fe,Os. Moreover, the atomic distances (Sr-Sr, O-O and Sr-O) of the two
compounds above P are similar; those of SrO at 37 GPa are, respectively, 2.89 A, 2.89 A
and 2.50 A while Sr(2)-Sr(2), O(3)-O(3) and the mean Sr(2)-O distance of SrsFe,Os at 36.7
GPa are 2.752(7) A, 3.05(6) A and 2.43 A. All these facts validate the observed transition in
Sr3Fe;0s. It is also interesting to point out that Dion-Jacobson type layered perovskite oxides
ALaNb,O; (A = alkali metal) exhibit a similar structural modification [38], where the
stacking sequence of the perovskite blocks can be varied by the ionic radius of the A ion,
instead of pressure. A = Cs, K and Li, respectively, give P-, A-, I-centered structures with
eight, six and four-fold coordination around the A ion, while maintaining the perovskite
blocks.

The new structure above Ps consists of infinite Fe,Os layers intervened by Sr atoms along
the a direction with the sequence [~ Fe;Os — Srz — Fe;,Os — Srz —] (Figure 4.1c). In the low-
pressure structure (Figure 4.1b), each Fe,O7 rung is collinearly aligned with the neighboring
Sr(2) atoms along [001], while in the high-pressure phase each Fe,O; rung is connected to
two Fe,O7 rungs of neighboring ladders in a zigzag manner. It is this staggered arrangement
that permits a distinct decrease of ¢ during the structural transition (~0.4 A). Also, the
alternating stacking of (Fe,Os)® and (Srs)®* in the high-pressure structure would effectively
reduce the stack distance along the a axis (Aa ~0.1 A). On the contrary, the large reduction in

a and c axes by the phase shift is partly compensated by the increase of the b axis (the leg

123



direction) about ~0.05 A. The elongation of this axis is rationalized as the relief of coulomb
repulsion between adjacent Sr(2) ions and between adjacent O(1) ions (see the arrows in
Figure 4.1), both of which become considerably shorter upon the structural transition (Sr(2)-
Sr(2): 3.5 A —» 2.8 A; 0(1)-0(1): ~3.3 A— ~3.1 A).

There remains a question about magnetic properties of the intermediate-pressure phase (Ps
< P < P.). Thus we decided to perform Mdssbauer measurements in this pressure region
using a different batch. In this measurement, we used a DAC with the smaller sample hole in
order to obtain a smaller pressure gradient. As shown in Figure 4.10, the RT spectrum at 31
GPa consists of sextet (57%) and doublet (43%). The Hys for the sextet component is 32.4 T
at RT and is 40.2 T at 4 K, indicating persistence of the high-spin state, but we notice that S;—
S, (1.10 mm/s) is different from that at 26 GPa (see Figure 4.10) and is rather close to those
at P > P, as demonstrated in Figure 4.3. Since QS (= S;-Sy) provides relevant information on
the local structure around iron, the sextet component can be assigned as intrinsic to the
intermediate-pressure phase (Ps < P < P¢). The doublet component has nearly the same IS
and QS values as the sextet at 31 GPa so that it is also ascribed as intrinsic to the
intermediate-pressure phase. We deduce that structural strains induced by the structural
transition might be a possible reason of why the spin-ordered coexists with the disordered
states in the intermediate-pressure phase.

The low-temperature spectrum at 31 GPa consists of only a single set of sextet, meaning
that the paramagnetic phase also experiences magnetic order. By the application of magnetic
field of 3 T, the sextet becomes markedly broadened, which indicates that the intermediate-
pressure phase is in an AFM state as the low-pressure phase. The magnetic moments align
parallel to the FeO,4 square planar unit, as in the low-pressure S =2 AFM and high-pressure S

= 1 FM phases. It is not possible to determine the magnetic structure of the intermediate
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AFM phase from the Mdssbauer data, but the G-type order as observed at ambient pressure
[14] is likely to be preserved because a change in the spin structure in SrFeO, takes place
together with the spin state transition.

It is interesting that the spin state transition in Sr3Fe;Os occurs at almost the same pressure
as SrFeO; [9], an observation pointing that the dimensionality has little influence on the spin
state transition. Whangbo and Kohler argued that the face-to-face FeO, square planar
arrangement is essential for the occurrence of the spin state transition in SrFeO; [3]. In
accordance with their argument, SrsFe,Os containing the same face-to-face arrangement
exhibits the spin state transition. However, close inspections of the structures of SrFeO, and
Sr3Fe,0s have found several aspects to be addressed. First, the distance between adjacent
face-to-face FeO,4 square planar units (i.e., a for Sr3Fe,Os and ¢ for SrFeO,) is considered as
the most crucial factor for the spin state transition, but the spin state transition occurs when ¢
=3.09 A for SrFeO, and a = 3.04 A for SrsFe,0s. The structural transition helps to shorten a,
and the length at Py is close to ¢ for SrFeO, at P.. The second concerns the shape of the FeO,
square planar coordination; in SrFeO, all four Fe-O bonds are equal in length [9], but this is
not the case in Sr3Fe,Os below P, and further distortion becomes more prominent above Ps
(Figure 4.9). Owing to the short Fe-O(1) length, the iron atom is shifted toward O(3), which
results in a deviation of the Fe-O(2)-Fe bridging angle from the ideal value 180 ° (e.g., 167 °
at 36.7 GPa). Third, the d-orbital occupation and electronic configuration should be affected
by the deformed structure of FeO,. In the S = 1 state of SrFeO,, the dy, and dy, for the spin-
down channel are equally filled (half-filled) [9], but this balance might be disturbed in
Sr;Fe,Os. All these factors can more or less contribute to changing P, so that it is possible

that our observation can be a mere accidental coincidence. Therefore, a systematic and
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comprehensive study of the other ladder series Sry+1FeqO2q+1 including SroFeO3 and SrsFe3;Oy
(not yet synthesized) is strongly desired.

As demonstrated already, the structural transition in Sr;Fe,Os can be explained quite
adequately by structural terms so that we consider that the two transitions occur
independently (although the proximity of Ps and P, in Sr3Fe,Os superficially suggests some
interplays between them). If this is the case, we can in turn predict a pressure-induced
structural transition for compounds that share structural features with Sr;Fe,Os. Among the
candidate materials are 4,CuO; (4 = Ca, Sr, Ba) [39,40] and Sr,PdOs[41], all having the
Immm space group with the intergrowth structure of 4O rock-salt block and CuO, (PdO,)
chain (or one-legged ladder) blocks, being isostructural with the hypothetical compound
Sr,FeOs;. Another candidate, K;NiO,, is tetragonal (14/mmm), which differs from the
aforementioned 4,CuO; structure by the absence of bridging oxygen, yielding a two-fold
dumbbell coordination around Ni [42]. It is interesting to check whether the orthorhombicity

is necessary or not for the structural transition from the /- to A-centered lattice.

4.4. Conclusion

Sr3Fe(11),05 exhibits a spin state transition from S =2 to S = 1 state at P, = 34 GPa with an
AFM-FM transition. Signs suggesting an I-M transition were also observed at pressure
around P.. SrFeO, shows the same behavior, suggesting a general intrinsic character for
square planar coordinated iron oxides. The critical pressure P is insensitive to the
dimensionality, but further studies especially using other systems Sr,.1Fe,O2n+1 are needed to
understand the spin-ladder physics for S = 2. Most importantly, unlike SrFeO,, we also
observed a pressure-induced structural transition at Ps = 30 GPa, which involves a change in

the stacking sequence of the ladder blocks. The SrO block of the original seven-fold rock-salt
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structure adopts the eight-fold CsCl structure. This allows an efficient contraction of the
volume. Ever since the prediction of superconductivity in the S = 1/2 two-legged ladder
system by Dagotto et al. [43], the search for superconductivity has been vigorously
performed and (Sr1.xCax)14Cu24041 Was found to show superconductivity under high-pressure
although its T is low [44]. The successful metallization of S = 2 SrsFe,Os under high

pressure would also provide hope that further pressurization could lead to superconductivity.
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Table 4.1. Structural parameters for Sr;Fe,Os at 36.7 GPa obtained by Rietveld refinement.

atom site g X y z B /A
Sr(1) 2c 1 0.5 0.5 0 0.4(2)
Sr(2) 4j 1 0.5 0.5 0.1979(3) 0.4(2)
Fe 4i 1 0 0 0.1029(7) 1.5(2)
O(1) 2a 1 0 0 0 0.6(4)
0(2) 4i 1 0 0 0.614(2) 0.6(4)
0(3) 4i 1 0 0 0.188(3) 0.6(4)

“ space group : Ammm, a =3.0108(4) A, b =3.8004(4) A, c =19.113(3) A,
Ryp=0.90%, R, = 0.66%, % = 0.89
Ry =4.98%, Rp = 3.28%,

Table 4.2. Interatomic distances for SrsFe,Os at 36.7GPa.

Distance (A)
Sr(1)-0(1) x 4 2.4243(2)
Sr(1)-0(2) x 4 2.65(4)
Sr(2)-0(2) x 2 2.20(3)
Sr(2)-0(3) x 2 2.65(4)
Sr(2)-0(@3) x4 2.432(4)
Fe—O(1) x 1 1.97(1)
Fe—O(2) x 2 1.912(5)
Fe-O(3) x 1 1.62(5)

131



O(1) O(2) O@3) Sr(2) Fe

(c)

Sr(1)

Figure 4.1. Comparison of the structure of (a) SrFeO,, and Sr3Fe,Os at (b) low pressure (P <
Ps) and (c) high pressure (Ps < P). White, blue, and orange spheres represent Sr, Fe and O

atoms, respectively. Blue arrows represent the adjacent Sr(2)-Sr(2) and O(2)-0(2).
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Figure 4.2. Observation of the spin state transition in SrsFe,Os by high-pressure °'Fe
Maossbauer experiments. The red spectra correspond to the S = 2 state, and the green to the S
= 1 state. The solid lines represent the total fitted curves. The difference between the first and

second peaks and the fifth and sixth peaks, S;—S,, represents QS (see text for more detail).
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Figure 4.7. (a) Powder XRD patterns of Sr3Fe,Os at various pressures at RT, indexed on the
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(b)-(d) the lattice parameters and (e) the volume. Black circles represent the data obtained
upon increasing pressure using laboratory XRD, blue circles represent those obtained upon
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synchrotron XRD. The dotted line in panel (e) represents Birch-Murnaghan fitting below Ps.
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Figure 4.8. Structural characterization of SrzFe,Os by the Rietveld refinement of the

synchrotron XRD data at 36.7 GPa and RT. The overlying crosses and the solid line

represent the observed and the calculated intensities. The bottom solid line represents the

difference between the observed intensity and the calculated intensity. The ticks correspond

to the position of the calculated Bragg peaks of high-pressure phase of SrsFe;,Os. Asterisk

indicates reflection from unknown impurity.
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Figure 4.10. >’Fe Mdsshauer spectra in the S = 2 state at RT. The red spectrum corresponds

to the low-pressure phase, and the pink and orange to the intermediate-pressure phase.
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Chapter 5. B1-to-B2 Structural Transitions in Rock Salt Intergrowth

Structures

5.1. Introduction

Crystal structures of minerals under high pressure have long been of great interest in
structural chemistry and geology. For example, silica SiO, has various polymorphs
depending on temperature and pressure [1--4]. The recent discovery of post-perovskite
structure in MgSiO3; may account for the D seismic discontinuity [5]. Among a numerous
number of pressure-induced structural transitions, the transition from B1(NaCl) to B2(CsCl)
is perhaps the most systematically studied system and best understood both from
experimental and theoretical point of view. This is because both B1 and B2 structures are
simple ionic structures and MgO is believed to exhibit this transition in the Earth's lower
mantle. So far, many ionic binary compounds AX (A = Ca, Sr, Ba: X =0, S, Se, Te) with the
B1-type structure at ambient pressure are known to or predicted to transform to the B2-type
structure at high pressure [6--18]. It was furthermore revealed that, for a given X, the
logarithm of transition pressure Ps shows a linear dependence on ratio of the cation/anion
radius, Ra/Rx (see Figure 5.1) [6--8].

Pressure-induced magnetic/transport transitions have been recently observed at P, = 33
GPa in the infinite layer structure SrFeO,, that is, a spin-state transition (from high-spin state
to intermediate-spin state), an insulator-to-metal transition, and an antiferromagnetic-to-
ferromagnetic transition [19]. The two-legged spin ladder structure SrsFe,Os, an intergrowth
compound composed of alternate stacking of the SrO rock salt block and the (SrFeO,),

ladder block along the c axis, also undergoes these three transitions at the nearly same
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pressure of P, = 34 GPa [20]. Unexpectedly, the latter compound shows an additional
structural transition from Immm to Ammm at Ps = 30 GPa [20]. The structural transition is of
1st order and is characterized by the phase shift of the neighboring ladder blocks from
(1/2,1/2,1/2) to (0,1/2,1/2). With this phase shift of the ladder block, the coordination
geometry around strontium changes from the 7-fold rock salt arrangement to the 8-fold CsCl
arrangement. Therefore, this structural transition can be characterized as a B1-to-B2
transition within an intergrowth compound.

However, whether or not the B1-to-B2 transition is universal to structurally related
intergrowth compounds is uncertain. Several considerations show that one cannot easily
preclude the scenario that the FeO,4 square planes (or the ladder subunit in SrzFe,0s) take a
leading role in the structural transition. A series of n-legged spin ladder Sr,, 1Cu,O2, 1 (N = 2,
3,...) [21,22], obtained by high pressure synthesis, can be viewed as “quasi” infinite layer
structures composed of the (Cun,Oz, 1)*™ ™" layers intervened by (n—1)Sr®*. Notice that the
high pressure form of Sr3Fe,Os also forms the “quasi” infinite layer structure composed of
(Fe,05)° layers intervened by 3Sr®*. Furthermore, the preservation of the piled ladders upon
transition may be ascribed to Fe-Fe interactions between face-to-face FeO, square planes (i.e.
metal-metal bonding), which are experimentally and theoretically shown to be strong [23--
26]. The metal-metal bonding would become stronger under high pressure. Another source of
complication is the proximity of Ps and P¢: the structural transition might be driven by certain
interplay between energetically close states (S = 2 antiferromagnetic insulator vs S = 1
ferromagnetic metal).

In this study, we investigated the presence of pressure-induced structural transitions in
one-dimensional (1D) compounds A;MO;3; (A = Sr, Ca; M = Cu, Pd) [27,28]. The crystal

structure is shown in Figure 5.2a. A;MOs is an intergrowth structure of the AO rock salt
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blocks and the 1D chains of corner-shared MO, squares (or one-legged ladders), and adopt
the Immm space group. In A,Cu(11)Os, only 3d x>-y? orbital is active and the metal-metal
bonding between face-to-face CuO, square planes is negligibly small, in contrast to the case
of Sr3Fe,0s. All examined A,MO3; compounds exhibit the same type of structural transitions
as SrsFe,Os, which provides a unique opportunity to discuss the intrinsic nature of this
transition and quantitative comparison with the well-studied binary systems. In addition, the
effect of the partial oxygen filling at the apical vacant site was investigated through
LaSrNiOs 4. The electrical properties of Sr,CuO3 between the low- and high pressure phases

are compared for investigating the effect on the physical properties.

5.2. Experimental

Powder samples of Sr,CuQOs, Ca,CuOz; and Sr,PdO; were synthesized by the high
temperature ceramic method [27,28]. Stoichiometric amounts of SrCO; (99.99%), CaCO;
(99.99%), CuO (99.99%), and PdO (99.99%) were mixed, pelletized, and fired at 1173 K for
24 hours. Subsequently, the pellets were ground, re-pelletized, and heated at 1223 K for 24
hours. The sample purities were checked by X-ray diffraction (XRD) measurement using a
D8 ADVANCE diffractometer (BRUKER) equipped with a graphite monochromator and Cu
Ko radiation (1 = 1.54056 A). As shown in Figure 5.3, all the diffraction patterns were
represented by the Immm space group, in consistency with previous reports [27,28]. No
impurity peaks were detected.

A powder sample of LaSrNiO3z4 was synthesized topochemically by reducing a single-
layered Ruddlesden-Popper type perovskite LaSrNiO,. The LaSrNiO, precursor was
prepared by a high temperature ceramic method from SrCOj; (99.99%), predried La,O3

(99.99%) and NiO (99.99%). A pelletized stoichiometric mixture was heated at 1373 K in air
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for 24 hours, and at 1673 K in O, flowing for 48 hours after an intermediate grinding. For
reduction, LaSrNiO,4 and a two molar excess of CaH, were finely ground in a No-filled glove
box, sealed in an evacuated Pyrex tube, and heated at 623 K for 24 hours. Residual CaH, and
CaO byproduct were removed from the final reaction phase by washing with a 0.05 mol/L
NH4Cl/methanol solution. The tetragonal and orthorhombic lattice parameters of the
precursor and the reduced phases are, respectively, a = 3.82699(5) A, ¢ = 12.4569(2) A and a
= 3.6856(3) A, b = 3.8670(3) A, ¢ = 12.708(1) A. Oxygen amount of the reduced material
was examined by thermogravimetric (TG) measurement using a TG-DTA 2000S (Bruker
AXS). 50.8 mg of the sample was put in a Pt pan and a-Al,O3; was used as a reference. The
measurements were performed by heating the sample at 10 K/min under a flow of oxygen
with a flow rate of 100 ml/min. Figures 5.4 demonstrates that the composition was calculated
as LaSrNiOs4. This stoichiometry is supported by the dependence of the lattice parameters
on the oxygen content as reported in the literature for LaSrNiO4 4, which was obtained by H;
gas reduction from LaSrNiO4[29].

High resolution powder synchrotron XRD experiments under high pressures were
performed at room temperature up to 37 GPa for Sr,CuQO3, 51 GPa for Ca,CuO3 and 35 GPa
for Sr,PdOj3 using angle-dispersive X-ray diffractometry using the NEL1A synchrotron beam
line of the Photon Factory - Advanced Ring for Pulse X-rays (PF-AR) at the High Energy
Accelerator Research Organization (KEK), Japan. Helium was used as a pressure
transmitting medium for Sr,CuO3; and Sr,PdOj3, while a 4:1 methanol:ethanol mixture was
used for Ca,CuQO3. The pressure gradients within the samples were not more than 8 GPa for
Sr,Cu03, 4 GPa for Ca,CuO3 and 1 GPa for Sr,PdO3z at maximum pressures applied in this
study. The incident X-ray beam was monochromatized to a wavelength of 0.4115 A for

Sr,CuO;3 and 0.4114 A for Ca,CuOs. For Sr,PdOs, the first batch was measured with a
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wavelength of 0.4115 A, until the used DAC was broken at 24GPa. The second batch was
measured with a wavelength of 0.4114 A in a pressure range from 19 GPa to 35GPa. The
beam was collimated to a diameter of about 50 um. The angle-dispersive XRD patterns were
obtained on an imaging plate.

The observed synchrotron XRD intensities on the imaging plates were integrated as a
function of 26 using the Fit2d code [30] to obtain one-dimensional diffraction profiles. The
data at the highest pressure applied to each compound were analyzed by the Rietveld method
using the RIETAN-FP program [31]. The agreement indices used were the weighted pattern
R, Rup = [ZWi(Yio — Vi) /ZwWi(yio)?]"?, pattern R, R, = Zlyio - Yic/Z(Yio) and goodness of fit
(GOF), 52 = [Rup/Rexp]2, Where Rex, = [(N — m)/ Swiyio’]Y%, vio and y;c are the observed and
calculated intensities, w; is the weighting factor, N is the total number of y;, data when the
background is refined, and m is the number of adjusted parameters.

Powder synchrotron XRD experiments for LaSrNiOz4 at pressures up to 70 GPa were
performed at room temperature using angle-dispersive X-ray diffractometry using BL10XU
of SPring-8. The powder sample was loaded into a 90 um hole of pre-indented rhenium
gaskets of the diamond anvil cells. A 4:1 methanol:ethanol mixture was used as a pressure
transmitting medium. The Raman shift of diamond was used to determine the pressure [32].
The incident X-ray beam was monochromatized to a wavelength of 0.41417 A. The beam
was collimated to a diameter of about 30 pm.

The temperature dependence of the electric resistivity of Sr,CuO3; was carried out between
150 K and 300 K by a standard four-probe dc resistance method in various constant pressures
up to 40 GPa. Pt electrodes were used and the sample/metal gasket cavity was coated with an
insulating mixture of Al,O3; and NaCl combined with epoxy. Applied pressures were

measured by means of a fluorescence manometer on ruby chips placed around the samples.
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In these electrical resistance measurements, the initial sectional area was about 60 um x 50

um and the distance between probes was 50 pm.

5.3. Results and Discussions

The high pressure synchrotron XRD measurements of Sr,PdO3, Sr,CuOs, and Ca,CuO; at
room temperature are carried out. Selected synchrotron XRD patterns are shown in Figure
5.5. Upon exclusion of weak unknown impurity peaks, the diffraction patterns of these
compounds in the low pressure regime could be assigned to the orthorhombic I-centered unit
cell, consistent with the reported data at ambient pressure [27,28]. As is expected, the 260
angles of the reflection peaks gradually increase with increasing pressure, resulting from
contraction of the lattice. For all the compounds examined, the further application of pressure
finally results in drastic change in the diffraction patterns featured by a discontinuous change
in the cell constants and by modified reflection conditions compatible with the orthorhombic
A-centered lattice. There is a pressure region where the low and high pressure phases coexist,
mainly resulting from a pressure gradient across the specimen. We determined Ps as a
pressure where the volume fractions of the two phases become close (Figure 5.6). The
obtained values are 29 GPa for Sr,PdO3, 30 GPa for Sr,CuQOj3, and 41GPa for Ca,CuQOs.

The cell constants of the Cu- and Pd-compounds, which are determined by the least-
squares method using well-separated reflections in the synchrotron XRD profiles, are plotted
as a function of pressure in Figures 5.7a-c. The pressure dependence of the volume below Ps
(Figure 5.7d) can be fitted well by the Birch-Murnaghan equation of state [33]. The bulk
modulus for Ca,CuQs3, K = 151 + 1 GPa, is in a reasonable agreement with a previous study
where K = 165 GPa [34]. Much smaller bulk moduli were obtained when the A-site is

strontium (K = 99 + 3 GPa for Sr,CuOj3 and Sr,PdO3), suggesting that the compressibility is
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predominantly influenced by the A-site. The number of ladder legs should not affect lattice
compressibility because the low pressure phase of the two-legged ladder SrzFe,Os has a
similar value of K = 94 GPa [20].

Reflecting topotactic nature of the structural transition, when the applied pressure is
gradually reduced, the high pressure diffraction patterns completely returned back to the low
pressure diffraction patterns without any loss in crystallinity at 20 GPa for Sr,PdO3 and 30
GPa for Ca,CuOs3. Even when the pressure was quenched from the pressure above Ps, what
we found was the original low pressure phase. As shown in Figures 5.7a-c, the lattice
evolution at Ps is anisotropic: The a and c¢ axes exhibit a discontinuous decrease, while the b
axis (i.e., the MO, chain direction) exhibits a discontinuous increase. This is indeed what has
been observed in SrsFe,Os5[20]. The change in the a and b axes at Ps is about —4% and +2%
for Sr,PdO3; and —4% and +3% for Sr,CuO3 and Ca,CuQOg3, which are comparable to —3% and
+2% for SrsFe,Os [20]. All of these observations suggest that the structural transitions in
Sr,Pd0O3, Sr,CuO3 and Ca,CuOs3 are analogous to that in SrzFe,Os. Namely, the structural
transition is described by a phase shift of the neighboring MO, chains from (1/2,1/2,1/2) to
(0,1/2,1/2), which allows a change in the A-site coordination environment from the B1-type
to B2-type geometry (Figures 5.2).

The high pressure A,MOj3 structure was refined using the synchrotron XRD data at 34.7
GPa for Sr,PdO3, at 37.4 GPa for Sr,CuQg, and at 51.3 GPa for Ca,CuO3, assuming the space
group Ammm (as in SrsFe,Os[20]). The atoms are placed at 4j (0.5, 0, z) for A = Sr or Ca, 2a
(0, 0, 0) for M = Cu or Pd, 4i (0, 0, z) for O(1), and 2b (0, 0.5, 0) for O(2). During the
refinements, the occupancy factors were constrained to unity. All the refinements converged
well, yielding Ry = 0.75%, Rup = 1.21%, ¥* = 2.83 Reragg = 0.97%, R = 0.46% for Sr,PdOs,

R, = 0.90%, Ryp = 1.20%, ° =2.49 R, = 0.57%, R¢ = 0.31% for Sr,CuOs, and R, = 0.69%,
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Rwp = 1.24%, ¥* = 1.59 R, = 1.08%, Rr = 0.49% for Ca,CuO; (Figure 5.8). The atomic
displacement parameters B for each atom are acceptable. The final structural parameters
together with reliability factors based on the Ammm space group are summarized in Table 5.1.
We note that other lower symmetry space groups which satisfy the reflection conditions for
the high pressure phase (i.e. A2mm, Am2m, Amm2 and A222) did not improve the structural
refinements.

The inter-atomic distances for the refined structures are listed in Table 5.2. The A-site ions
in the low pressure phase are coordinated to 7 oxygen atoms (A-O(1) x 1, A-O(1) x 4, A-
O(2) x 2) in the B1-type arrangement (Figure 5.2a), while in the high pressure phase they are
coordinated to 8 oxygen atoms (where A-O(1) x 1 — A-O(1) x 2) in the B2-type
arrangement (Figure 5.2b). The A-O distances (2.226 A ~ 2.564 A) for the high pressure
phase are acceptable considering known compounds in this pressure region [10,19,20,35--37].
The Cu-O distances (1.84 A ~ 2.016 A) for the high pressure phases are also comparable to
those found in previous studies [38,39].

Now that the proposed high pressure structure of A;MO3 is confirmed, we can say that the
pressure-induced B1-to-B2 transition generally occurs in the rock salt/spin-ladder intergrowth
compounds and is not restricted to iron oxides and/or two-legged ladder structure . Namely,
we can propose that (AO)(AMO,), (n = 1, 2, 3...) with the AO rock salt unit and the
(AMOg), n-legged spin ladder unit, if synthesized, would exhibit the same type of transition.
It also gives a proof that the structural transition in SrsFe,Os at 30 GPa is independent to
other magnetic/transport transitions at 34 GPa.

We may further expect that the B1-to-B2 transition is more general and is observed for
intergrowth structures having a rock salt sublayer. Among possible candidates are K;NiO,

[40] and AzZnN; (A = Sr, Ba) [41], the structures of which differ from the A,MO; structure
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by the absence of bridging oxygen (thus 14/mmm), yielding a two-fold dumbbell coordination
around Ni and Zn. The structure of BazZnN,O is built up from the intergrowth structure
between the BaO rock salt block and Ba,ZnN; block [42]. Misfit layer compounds (MS),TS;
(M = Sn, Pb, Bi, rare earth elements; T = Nb, Ta ; n = 1.08 — 1.19) are intergrowth structures
between distorted MS rock salt blocks and TS, blocks [43]. Delafossite CuFeO, consists of a
FeO rock salt block and linearly coordinated CuO block. Xu et al. reported the high pressure
transition leading to an increase of Cu coordination at 23 GPa [38], instead of a B1-t0-B2
transition in the FeO block. Further high pressure possibly leads to the B1-t0-B2 transition.

Let us now quantitatively compare the B1-to-B2 structural transition between binary
systems and the intergrowth systems. It is known from experimental and theoretical studies
in binary oxides or chalcogenides (AX) that for a given X, log Ps follows a linear pressure
dependence on Ra/Rx (Figure 5.1) [6--8,44]. Figure 5.9 shows the empirical relation for X =
oxygen, where log Ps = —2.0 Ra/Ro + 3.2. It is remarkable that the critical pressures for the
intergrowth compounds A,MO3 and SrzFe,Os are located just on the line. This means that P
is determined solely by Ra/Ro in the AO block. Insensitivity of the ladder block to Ps in turn
implies that the ladder subunit at ambient pressure is a favorable form at high pressure. The
structural stability of the ladder subunit under high pressure is understandable because it
should have high compressibility along the out-of-plane direction as a result from the
complete absence of apical oxygen. In support of this, a preliminary experiment showed that
the infinite layer structure SrFeO; consisting only of the infinite-legged ladder block does not
show any structural transition at least up to 100 GPa.

When the vacant apical oxygen site of the MO, square plane is partially filled, does this
type of structural transition occur, and if it does, how and to what extent is Ps influenced? To

answer these questions, we performed a high pressure synchrotron XRD measurement on
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LaSrNiOs 4. Here, LaSrNiO3 without apical oxygen is isostructural with Sr,CuO3. At ambient
pressure, LaSrNiOs4 adopts the orthorhombic I-centered space group, sharing the same
structural feature with Sr,CuOg, but differing in that the apical oxygen site at 2d (0.5, 0, 0) is
partially (i.e., 40%) and randomly occupied (Figure 5.10). The ratio Ra/Ro in LaSrNiOsy4 is
0.86 (Ra is the average ionic radius of La>* and Sr**). Then Ps is estimated as 30 GPa on the
basis of the Ps-Ra/Ro line in Figure 5.9. However, the synchrotron XRD patterns of
LaSrNiO3z4 at 44 GPa and 55 GPa shown in Figure 5.11 could still be assigned to the I-
centered orthorhombic unit cell. A set of new peaks assigned to the A-centered orthorhombic
unit cell emerged at 63 GPa together with those of the original I-centered unit cell. The 70
GPa profile indicates the completion of the structural transition. Since the strongest
reflections, (110) for the low pressure phase and (111) for the high pressure phase, are of
comparable intensity at 63 GPa, Ps should be around this pressure. The lattice parameters at
55 GPa and 70 GPa are, respectively, a = 3.401(2) A, b=3.637(2) A, c=11.99(2) Aand a =
3.124(2) A, b = 3.727(2) A, ¢ = 10.568(7) A. The increased b axis, a characteristic feature of
the B1-to-B2 transition, is observed. In addition, as a consequence of the partial occupation at
the apical vacant site, the distance between the face-to-face square planes (a axis) is
considerably longer as compared with those of other compounds, e.g. 2.7496(3) A (= a) for
Ca,CuOs at 51.3GPa, 2.947 A (= ¢) for SrFeO; at 70.4GPa (unpublished data).

Ps ~ 63 GPa for LaSrNiOs 4 is twice higher than that estimated from the empirical relation
for the binary rock salt systems and for the rock salt/ladder intergrowth compounds (see
Figure 5.9). Obviously, Ps is affected by the partial occupancy at the apical site. Given the
less efficient contraction of the a axis in the pressure study of LaSrNiOsg, it is naturally
considered that Ps depends on the amount of apical oxygen in LaSrNiOs.y; the more the

apical oxygen atoms there are, the higher Ps becomes. Ultimately, the fully ocqupied
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compound LaSrNiO,4 (x = 1; K;NiO4—type structure), or in more general terms, Ruddlesden-
Popper phase An+1BnOsnss (n = 1, 2, 3,...) should undergo the same type of structural
transition at elevated pressures. A simple linear extrapolation of the critical pressures (63
GPa for LaSrNiOs4 and 30 GPa for LaSrNiO3) gives Ps ~120 GPa for LaSrNiQy, - a pressure
range at which synchrotron XRD experiments are currently accessible [4].

Ruddlesden-Popper type layered perovskite compounds have offered a wide range of
chemical and physical properties, including superconductivity in (La,Sr)CuQO, [45] and
Sr,RuO, [46], colossal magnetoresistitivy (CMR) in (La,Sr)n+1MnnOszne1 [47], itinerant
ferromagnetism in SrsRu,0- [48], Mott insulating behavior derived from the strong spin-orbit
coupling in Sr2IrO,4 [49], and photo catalysis in Sr,TiOg4. As far as the authors’ are aware, this
type of structural transition has not been reported yet. Thus it is very interesting to investigate
if the structural transition occurs generally in Ruddlesden-Popper compounds or not. It is
expected that the phase change of adjacent perovskite blocks can change the electronic
structures, leading to new or improved chemical and physical properties.

The ambient pressure phase of Sr,CuO; is well known as a prototypical 1D spin-1/2
Heisenberg antiferromagnet with Tn/Jinra ~ 0.002 (where Jina IS the intra-chain
superexchange interaction) [50,51]. The staggered arrangement of the adjacent CuO, chains
renders the Cu dy_y» orbitals to be only weakly overlapped between the chains, strongly
enhancing the one-dimensionality of the magnetic interactions. Upon the structural transition,

the adjacent chains align in a uniform manner to form a (CuOs)*

quasi” infinite layer
structure. As a result, the inter-chain interaction via a Cu-O-O-Cu super-super-exchange
interaction path within each (CuOs)*" layer would not be negligible, making the system a

quasi 2D antiferromagnet.
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In order to detect a sign of possible effects of increase in dimensionality, we investigated
the transport properties of SroCuQj; at elevated pressure. Shown in Figure 5.12 is the pressure
dependence of room-temperature resistance po(RT) of Sr,CuQOj3. Reflecting a wide band gap
(~ 2 eV) in the ambient pressure structure,[52,53] p(RT) at 2 GPa is about 10° Q (roughly
corresponding to 10° to 10* Qcm). p(RT) decreases slowly towards ~ 20 GPa, and then
decreases rather steeply above Ps, an indication of a reduced band gap and/or an increased
electron mobility/carrier number in the high pressure phase. The anomaly associated with the
structural transition is not so obvious, which is understood in terms of a large pressure
distribution along the sample and the use of hand-pressed pellet, as was seen in SrFeO, and
Sr3Fe;05[19,20]. A crude estimation of the activation energy, as calculated from temperature
dependence of the resistances, gave ~ 0.21 eV below Ps and ~ 0.18 eV above P (Figure 5.13).
We would like to recall that in the two-legged ladder structure (Sr,Ca)14Cu24041, pressure
induces dimensional crossover from 1D to 2D as well as charge-transfer from the chain to the
ladder, and as a consequence superconductivity appears [54]. At present, it is not clear yet if
the reduced band gap in Sr,CuO3 above Ps is explained by the dimensional increase from 1D
to 2D. Carrier doping into the (CuOs)* layer, for example, by Na-for-Sr substitution may
eventually induce metallic conductivity. Because of experimental limits at high pressure, first
principles calculations would be definitely useful for understanding the electronic structures

and the nature of the chemical bonds between the magnetic moments.

5.4. Conclusion
We have demonstrated that the intergrowth structures A;MO3; (A = Sr, Ca; M = Cu, Pd)
exhibit a pressure-induced structural transition with the space group changing from Immm to

Ammm, involving change of the structure of AO block from rock salt structure to CsCl
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structure. Together with SrsFe,Os, the present study demonstrates the generality of the B1-to-
B2 structural transition in the intergrowth structure of (AO)(AMO,), (n =1, 2, 3...). It is
remarkable that the critical pressures Ps for the intergrowth compounds are determined solely
by Ra/Ro, showing quantitatively the same trend as the binary AO compounds, which make
it possible to predict Ps of other related compounds. Given the B1-to-B2 structural transition
in binary chalcogenides [6--18], the rock-salt/ladder intergrowth chalcogenides may also
exhibit the B1-to-B2 structural transition with Ps scaled by Ra/Rs, Ra/Rse, and Ra/Rre.
Introduction of oxygen atom at the apical site leads to a significantly deviation from the Ps vs
Ra/Ro relation. It is expected that the high pressure structures consisting of “quasi” infinite
layers have different electronic structures due to inter-ladder(chain) interaction within the
layer, leading to new or improved chemical and physical properties. Unfortunately, we have
not successfully quenched the high pressure phase, which is an important step for
investigating detailed properties and future applications. Recently, the high pressure B2
structure of KI crystal was obtained even at ambient pressure using nanospaces of single-
walled carbon nanohorns.[55] Thus, novel techniques may be necessary, and hold the key for

tapping into high pressure materials for widespread use.
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Table 5.1. Rietveld refinement for A,MO; (A = Sr, Ca; M = Cu, Pd).”

Sr,PdO; (34.7 GPa) Sr,CuOs (37.4GPa) Ca,CuO; (51.3GPa)

a(A) 3.0277(2) 2.9859(3) 2.7496(3)
b (A) 3.9293(3) 3.8445(7) 3.7044(5)
¢ (A) 11.8447(9) 11.497(2) 11.029(1)
zfor A 0.6570(2) 0.6589(2) 0. 6587(4)
z for O(1) 0.8298(8) 0.840(2) 0.830(1)
B for A (A% 0.14(8) 1.3(1) 0.2(2)

B for M (A% 0.31(7) 2.3(1) 0.3(2)

B for O(1) and O(2) (A% 0.2(2) 1.8(2) 0.5(2)
Ryp (%) 1.21% 1.20% 1.24%

Ry (%) 0.75% 0.90% 0.69%

¥ 2.83 2.49 1.59

R1 (%) 0.97% 0.57% 1.08%

Re (%) 0.46% 0.31% 0.49%

“ All the refinements were performed using Ammm space group with A on 4/ (0.5, 0, z), M on
2a (0,0, 0), O(1) on 4i (0, 0, z) and O(2) on 2b (0, 0.5, 0).

Table 5.2. Interatomic distances and ratios between B—O(1) and B—O(2) for A;MO;
(A= Sr, Ca; M = Cu, Pd).

Bond (A) SI'deO3 Sr2CuO3 CaZCuO3
0GPa” 347GPa 0GPa" 37.4GPa 0GPa® 51.3GPa
A-O(1)x1 2467 2.510 2.289
A-O(1) x 2 2.3982(14) 2.360(2) 2.226(3)

A-O(1) x4 2.671 2.545(8) 2.629  2.4339(3) 2.490 2.3103(7)
A-O(2) x 2 2.588  2.4851(6) 2570 2.564(15) 2.466 2.332(9)

M-O(1)x2 2068  201609) 1967  1.842) 1959 1.880(11)
M-0(2) x 2 1.993  1.9646(2) 1.958 1.9223(3) 1.884 1.8522(3)

Ratio
M-0O(1)/M-0(2) 1.038 1.026 1.005 0.957 1.040 1.015

“References [27] and [28] are used.
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Figure 5.1. Ps vs Ra/Rx plot shown by Narayana et al [8]. Ra = A-site ion radius and Rx =

chalcogenide ion radius.
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Figure 5.2. The A,MOj3 structures (a) at low pressure (P < Ps) and (b) at high pressure (Ps <
P). White, blue, and orange spheres represent A, M and O atoms, respectively. Dotted circles

represent apical vacant oxygen sites.
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Figure 5.3. Powder XRD patterns of Sr,PdOs, Sr,CuO; and Ca,CuO; at ambient pressure at

room temperature. All the patterns could be indexed by the I-centered orthorhombic lattice.
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Figure 5.4. (a) Powder XRD patterns of (top) LaSrNiO4 with the tetragonal I-centered cell
and (middle) LaSrNiO; 4 with the orthorhombic I-centered cell. After TG measurement of

LaSrNiOs4 (see Figure 4S), the sample get back to LaSrNiO, (bottom). (b) Oxidation

behavior from LaSrNiOs 4 to LaSrNiO4 under a flow of oxygen.
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Figure 5.5. Selected powder synchrotron XRD patterns of (a) Sr,PdOs, (b) Sr,CuO3 and (c)
Ca,CuOj3 at room temperature under high pressures. For each specimen, the patterns can be
indexed using the orthorhombic I-centered cell for P < Ps and the orthorhombic A-centered
cell for P > Ps. Peaks marked by circles and triangles, respectively, represent the low and

high pressure phases. Peaks with asterisks denote unknown impurity.
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Figure 5.7. Pressure dependence of (a)-(c) the lattice parameters and (d) the volume for
Sr,CuO; (red), Sr,PdO; (black), and Ca,CuO3 (blue). The parameters were obtained from
synchrotron XRD measurements. Solid lines in (d) represent Birch-Murnaghan fitting for the

low pressure phase below Ps.
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Figure 5.8. Observed (crosses), calculated (lines) and difference plots from the structural
refinements of the powder synchrotron XRD data for (a) Sr,PdOg3 at 34.7 GPa, (b) Sr,CuO; at
37.4GPa and (c) Ca,CuOs at 51.3GPa. The ticks represent the positions of the calculated
Bragg reflections. Ranges for 9.3° - 9.7°, 10.9° - 11.3° in (b) and 9.8° - 10.4°, 11.3° - 11.7° in

(c) are excluded from the refinement because of the existence of unknown impurities.
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Figure 5.9. Ps vs the A-site ion radius (Ra) to the oxide ion radius (Ro). Ra in 6-, 7- and 8-
fold coordination is used [45], respectively, for the low pressure structure of AO, A;MO3;
(SrsFe20s) and LaSrNiOs4. Experimental (black closed circles) and theoretical (black open
circles) values for binary systems AO (A = Ca, Sr, Ba) are from the references [9--11]. Red

Closed squares represent the data obtained in this study.
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O(2) O(1) Ni La/Sr j-»

Figure 5.10. The LaSrNiO34 structures (a) at low pressure (P < Ps) and (b) at high pressure
(Ps < P). White, blue, and orange spheres represent La/Sr, Ni and O atoms, respectively.

Light orange spheres represent O atoms at apical oxygen sites (2d).
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Figure 5.11. Powder synchrotron XRD patterns of LaSrNiOs 4 under high pressures collected
at room temperature. The data at 44 GPa were indexed by the I-centered orthorhombic unit
cell, while those at 70 GPa by the A-centered orthorhombic unit cell. The ticks represent the
positions of the allowed Bragg reflections. The calculation pattern for 70 GPa is obtained by

the expected high pressure structure.
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Chapter 6. BaFeO;: A Ferromagnetic Iron Oxide

6.1. Introduction

A small class of oxides that contain iron in a high valence state of Fe*" (d*) are known. The
most representative phase is SrFeOs (SFO) that crystallizes in the cubic perovskite structure
containing corner-sharing (FeOg)® octahedra and Sr*" ions that occupy the resulting large
open voids. It has been shown that SFO and related oxides behave very differently from Fe**
and Fe'* oxides such as FeO, Fez+/3+304, and LaFe*"O; (LFO). To the best of our knowledge,
all these Fe*" and Fe’" oxides are antiferromagnetic (or ferrimagnetic) insulators in their
ground states. Valence mixing often generates good electrical conductivity, but even for the
most well-known case of Fe;O4, an insulating gap of 0.11 eV [1] eventually opens at 119 K
(the Verwey transition). Fe;O4 and Y3Fe3+5012 have nontrivial spontaneous magnetizations
of approximately 1 pg per Fe ion, but these values are due to simple imbalance between the
antiferromagnetic sublattices and not to ferromagnetism. In contrast, the Fe'" oxides
commonly exhibit a shift toward metallicity and ferromagnetism. SFO maintains cubic
symmetry down to low temperatures in spite of the instability inherent to the twofold
orbitally degenerate t2g3eg] configuration and, at the same time, maintains metallic
conductivity down to low temperatures [2,3]. SFO is seemingly an antiferromagnet (7x = 134
K), but the nearest neighboring spins make an angle of only approximately 46° (3.1 ug per Fe
ion at 4 K) in the helicoidal spin structure with a long wavelength [4,5]. Moreover, genuine
ferromagnetism appears when the specific volume is compressed to V(7 GPa)/V(0 GPa) =
0.95 [6].

As discussed in the recent report on an Fe*" oxide SrCu®"3Fe*",0,, [7], the specificity of

Fe'" oxides can be assigned to the fact that the approximate effective charge transfer energy
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Aege drastically drops from 8 eV for FeO and 5.5 eV for LFO to -3 eV for SFO. Thus,
Fe**(06)""" or Fe*'L (L: ligand hole) is the realistic picture rather than Fe*"(Og)'* [8,9]. The

4 oxides should thus be considered to result from

aforementioned characteristics of “Fe
interplay of Fe d electrons and O p holes [10].

Oxygen-stoichiometric SFO and CaFeO; (CFO) have been obtained by applying high
oxygen pressures of 30 MPa — 2 GPa at elevated temperatures (typically ca. 1300 K) to easily
obtainable oxygen-deficient phases SrFeOs-; and CaFeO,5[2,3,11]. On the other hand, it has
been known that BaFeOOs-5 (0 ~ 0.1) prepared in a similar way crystallizes in the 6H or 12H
perovskite structure where not only corner-sharing but also face-sharing Fe—O octahedra are
contained (Figure 6.1) [12]. However, by using the following process (see the Experimental
Section for details), we succeeded in obtaining fully oxidized BaFeO; (BFO), which
crystallizes in the normal perovskite structure. The starting material was a powder of the
easily obtained oxygen-deficient 6H phase. The undesirable face-sharing configuration was
eliminated by reducing BaFeO,s before oxidation. In the constituent FeOs octahedra of
BaFeO, s, FeOs pyramids and FeO, tetrahedra are connected only by corner sharing [13]. The
powder was subsequently oxidized topochemically at low temperatures by using ozone as an
oxidant. Ozone is usually considered to be suitable for strong superficial oxidation such as
overlayering of silver metal with AgO [14]. Oxidation to Fe**, Co*", and Cu®" by ozone has
also been limited to the cases of thin films (ca. 50 nm) of SFO, CFO, SrCoO; [10], and

Ba,CuOs.s [15]. However, we show below that the BaFeO, s powder approximately 1 mm in

diameter could be oxidized completely by this oxidant.
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6.2. Experimental

The sample was prepared as follows: appropriate amounts of Ba(NO3), (99.9%) and
Fe(NO3)3-9H,0 (99.9%) were dissolved in distilled water, to which a fivefold excess of citric
acid, a onefold excess of propylene glycol, and an ammonia solution were added while
stirring. The solution was condensed at 393 K for 10 h, and the resulting polymerized solid
was heated first at 723 K for 2 h and then at 1073 K for 5 h in air to obtain a fine powder of
6H-BaFeO;;. The powder was converted to BaFeO,s by heating in a vacuum of
approximately 10 Pa at 1073 K for 5 h. Oxygen-stoichiometric BFO was obtained by
heating the BaFeO, s at 473 K for 4 h in oxygen-containing ozone (ca. 10 vol%) flowing at a
rate of 100 mLmin™. The ozone was generated by using an ozonizer (Ecodesign, ED-OG-R2).

High-resolution synchrotron X-ray diffraction (XRD) experiments were performed using a
monochromated incident beam (A = 0.65297 A) at the JASRI SPring-8 BLXU15 line, and the
obtained profile was analyzed by the Rietveld method using a RIETAN-2000 program.
Powder neutron diffraction (ND) experiments were carried out at A= 1.82646 A on a sample
powder packed in a vanadium can using the Kinken powder diffractometer, HERMES,
installed at JAEA, Tokai. The temperature and field dependence of the magnetization was
measured by using a SQUID magnetrometer (Quantum Design, MPMS2) between 5 K and
300 K up to 5 T. >’Fe Méssbauer measurements were performed in transmission geometry
using *>’Co/Rh as a radiation source and a-Fe as a control for velocity calibration and center

shift. The collected spectra were computer-fitted using the Lorenzian function.

6.3. Results and Discussions
Figure 6.2a shows the room-temperature synchrotron XRD pattern, which suggests a cubic

cell of a ~3.97 A. The sharpness of the signals indicates that the powder is well-crystallized
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and chemically homogeneous, and also that the powder remains stable. The Rietveld
refinement, assuming cubic perovskite structure (Pm-3m) as an initial model, quickly
converged to small R factors with reasonable magnitudes of temperature factor (B; Figure
6.2a and Table 6.1). Essentially the same conclusion was obtained from powder ND
measurements (Figure 6.2b and Table 6.1). It was also confirmed that the cubic symmetry is
preserved to at least 8 K. Since neutrons are sensitive to oxygen, we checked the oxygen
content by analyzing the ND data; when allowed to vary, the oxygen site occupancy factor
converged to 0.994(7). We thus conclude that BFO is a cubic perovskite that is fully oxidized
within experimental error. The Mdssbauer spectrum collected at room temperature (Figure
6.3a) is consistent with this conclusion and consists of a sharp singlet signal with a center
shift (CS) of 0.146 mms™.

Mdossbauer measurements also provided firm evidence of magnetic order. A single
magnetically split sextet with a hyperfine field (HF) of 22.1 T and 29.1 T appears at 77 K
(not shown) and 4 K (Figure 6.3b), respectively. Interestingly, application of an external field
(H) of 0.5 T and above along the g-ray beam changed the relative peak intensity from the
normal 3:2:1:1:2:3 to the 3:0:1:1:0:3 pattern (Figure 6.3c) and, at the same time, the HF
value decreased by the value of H. These results clearly indicate the ferromagnetism of BFO.
Consistent with this observation, the magnetization (M) measured at H = 0.1 T on cooling
showed a pronounced increase followed by saturation at around 120 K (Figure 6.4a). We
have estimated the transition temperature to be 111 K, where the temperature derivative of
magnetization shows an anomalous change. The M-H curve (Figure 6.4b), however, was
complex and consisted of a low-field linear part that changed to a high-field ferromagnetic
part at approximately 0.3 T at 5 K (ca. 0.2 T at 77 K). A field-induced switching from

antiferromagnetism to ferromagnetism was thus suggested. The saturation magnetization
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corresponds to a large atomic moment of 3.5ug per Fe ion (3.2ug per Fe ion at 77 K), which
is consistent with the Fe>*L picture with S = 2. The usual Curie-Weiss estimation of the
atomic moment in the paramagnetic temperature region failed because the curve of (M/H)*
versus T curve has a nonlinear, concave shape (Figure 6.4a). SFO also behaves similarly
although the reason for this is not clear [4].

The spin state at zero field was examined by ND measurements. Figure 6.5a shows the
profile around the 100 and 110 reflections between 8 K and 303 K, where weak satellite
reflections that indicate the formation of a superstructure with a propagation vector of g/a* =
[0.06,0,0] can clearly be seen. As shown in Figure 6.5b, these peaks disappear at around 110
K, which is close to the temperature of the magnetic transition. On the other hand, the
synchrotron XRD pattern at 80 K did not show these additional signals. We thus conclude
that BFO is an antiferromagnet with a spiral spin structure of the A type (g//a) that shows a
field-induced transition to ferromagnetism at approximately 0.3 T at 5 K (0.2 T at 77 K).

The spiral spin order of BFO is somewhat different from that of SFO, as SFO has its
propagation vector along the <111> axis, and the Fe (111) layers rotate their spin axis by
approximately 46° from one layer to another. For BFO, however, the propagation vector is
along the <100> direction and the Fe (100) layers rotate the yz component of their spin axis
by approximately 22° from one layer to another. In this respect it may be concluded that BFO
is closer to ferromagnetism than SFO. We believe that BFO must “show metallic properties”
better but could not confirm it experimentally because well-sintered pellets could not be
produced.

The proper screw spin structure of SFO was classically explained based on the RKKY
interaction model featuring a ferromagnetic nearest-neighbor interaction (J; = 1.2 meV) and

antiferromagnetic second-nearest and fourth-nearest neighbor interactions (J, = -0.1 meV, J4
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= -0.3 meV) [5]. More recently, Mostovoy [16] proposed another theoretical framework and
constructed a phase diagram including various spin structures. The study starts from the
ferromagnetic Kondo lattice model involving itinerant electrons of Fe ey parentage in
strongly hybridized d,-p, orbitals and also localized, spin-polarized ty; electrons. The
theoretical consideration was made in terms of p—d charge transfer energy 4, p—d transfer
integral (pdo), p—p transfer integral tp,, and the superexchange coupling J between the tyg
spins. When J is neglected, the ferromagnetic state (FM) and the proper screw spin state with
q//<111> (A-HM) dominate the phase diagram spanned by 4/(pdo) and typ/(pdo). When J is
taken into account, the A-type antiferromagnetic state (A-AFM) and the proper screw spin
state with g//<111> (G-HM) appear in lower 4/(pdo) regions below the A-HM state. Because
the cubic lattice constant and hence the Fe—O distance r increase on going from SFO (r =
1.925 A) to BFO (r = 1.985 A), the parameters in the model Hamiltonian should change
accordingly. According to Harrison’s rule [17], r varies according to (pdo)oc1/r®®, tppocllrz,
and Joc(pdo)*oc1/r**, while 4 changes much less. Therefore, the most remarkable difference
between SFO and BFO is that the J value is reduced roughly by a factor of two owing to the
lattice expansion; that is, in the theoretical treatment developed by Mostovoy, the shift from
the G-HM structure of SFO to the A-type spiral structure and ferromagnetism of BFO may
be ascribed to the weakening of the antiferromagnetic interactions between the tpy cores. It is
interesting to note here that both lattice compression under external pressure [6] and lattice
expansion by chemical substitution lead SFO to ferromagnetism.

Recently, two research groups independently prepared BaFeOs. s films on the SrTiO3 (001)
substrate, but the results are controversial [18-20]. One research group claimed that their

film was highly insulating and ferromagnetic (T¢ > 300 K) [18,19], while the other claimed
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metallicity and ferromagnetism with T¢ ~ 235 K [20]. The observed moments were as small

as 0.6 ug per Fe ion. This diversity indicates the necessity of careful control of film quality.

6.4. Conclusion

A new cubic Fe*" perovskite, BFO, was prepared by low-temperature oxidation using
ozone. This oxide has an A-type spiral spin structure below 111 K, while application of a
small external field induces ferromagnetism with a large atomic moment of 3.5ug per Fe ion.

BFO is thus the first reported Fe oxide that shows ferromagnetism at ambient pressure.
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Table 6.1. Structural parameters for BaFeOs.”

B /A’ B /A’

atom site x y z (XRD, RT) (ND, 150K)

Ba 1b 05 05 05 0247(5) 0.19(5)
Fe la 0 0 0 0.49() 0.36(3)
O 3¢ 050 0 07303) 0.72(4)

“ space group : Pm-3m, a = 3.97106(1) A. Rwp = 7.01%, R, = 1.46%, R = 0.42%, Rr =
1.34%, R, = 4.75% for synchrotron XRD at room temperature. a = 3.95435(8) A Rwp =
6.11%, R, = 2.58%, R = 4.62%, Rr = 1.37%, R, = 4.80% for ND at 150 K.
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Figure 6.1. Synthetic route for cubic BaFeOs. Ba Blue, Fe brown, O white.
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Figure 6.2. Synchrotron powder XRD profile taken at room temperature (a) and the powder
ND profile taken at 150 K (b) for BaFeO3. The overlying crosses and solid lines represent the
observed and calculated intensities, respectively. The solid line at the bottom of the spectrum
represents the difference between the observed intensity and the calculated intensity. The

ticks indicate the calculated peak positions.
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Figure 6.3. Mossbauer spectra of BaFeO3 taken at room temperature (a) and 4 K (b). The
spectrum (c) was obtained from a sample enriched with °’Fe at 4 K in an external field of 1 T
applied parallel to the y-ray beam. The peaks of this spectrum are broadened because of the
saturation effect arising from the enrichment. Dotted lines: experimental data points, solid

lines: best-fit curves.
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Figure 6.4. Temperature dependence of magnetization divided by field M/H, and its inverse

measured at H = 0.1 T on cooling (a) and the M-H curve recorded at 5 K (b).
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Figure 6.5. ND profiles showing satellites in the vicinity of the (100) and (110) peaks (a).

Temperature dependences of relative intensity for 1+6,0,0 (solid circles) and 1+6,1,0 (open

circles) satellite peaks (b).
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General Conclusion

This thesis reported the synthesis, structure, and physical properties of novel iron oxides
prepared by topotactic reactions. Especially, this thesis focused on the square planar
coordinated iron oxides and a perovskite oxide with the high valence state of Fe**.

In Chapter 1, the author demonstrated that SrFeO, with the IL structure can tolerate only
up to 30% substitution of Ba unlike the case of Ca-substitution. The long Fe-O distance
caused by the Ba-substitution destabilizes the IL structure. The negative pressure effect does
not drastically change the magnetic properties in contrast to the theoretical anticipation,
meaning that iron atoms are still very strongly bonded to oxide ion. The oxidation
temperature and rate are controllable to a great extent by A-site cation size.

In Chapter 2, (Sr;Ba,)FeO, (0.4 < x < 1.0) with a novel perovskite-related structure was
successfully obtained by low temperature topotactic reaction with calcium hydride (0.4 < x <
0.9) and sodium hydride (x = 1.0). The new structure is partly analogous to the LaNiO; s
structure with one-dimensional chains of octahedra linked by planar units, but differs in that
one of the octahedral sites has a significant amount of oxygen vacancies and that all the iron
ions have the same spin and valence state. Unlike recently reported iron oxides with square
planar coordination, this structure demonstrates the ability of the iron square planar
coordination to coexist with other types of coordination. Thus, it is expected that a large
family of square—planar based iron oxides will be prepared in future. The Mdssbauer spectra
indicate that the Fe(2) and Fe(3) ions have extremely strong covalency, and this may
contribute to the formation of the unique structure. At the same time, the rigidity of a 3D Fe-
O-Fe connection which consists of [-Fe(1)-O(3)-] along the ¢ axis and [-Fe(1)-O(1)-Fe(2)-

O(1)-] along the a(b) axis acts to strengthen the framework. The extreme covalency of planar
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coordinate iron and its preferential valence (+2) stabilize this compound as a line phase with
a defined composition, despite the presence of structural disorders and partial occupations.

In Chapter 3, the author demonstrated that the A-site substitution in the IL structure
SrFeQO; is tolerable up to ca. 30% for all Ln (= Nd, Sm, Eu, Ho). For the Nd, Sm and Ho
substitution, an increase of out-of-plane cell parameters is observed, which is explained by an
insertion of apical oxygen atoms to compensate for trivalent doping. This compound
represents the first example of the IL related structure that oxygen content slightly deviates
from 2. On the other hand, (Sr;.Eu,)FeO, adopts an ideal infinite layer structure by forcing
the europium ions to be divalent. The Ho-substitution results in a significant reduction of the
Néel temperature, while the Eu-substitution has a little influence on the magnetic property.
Although this represents a success of heterovalent A-site substitution into square planar iron
oxide, we failed to inject carriers into a FeO, layer, indicating significant stability of a
divalent iron in the square-planar-based iron oxide.

In Chapter 4, the author repoted that SrsFe(11),05 exhibits a spin state transition from S = 2
to S = 1 state at P = 34 GPa with an AFM-FM transition. Signs suggesting an I-M transition
were also observed at pressure around P.. SrFeO, shows the same behavior, suggesting a
general intrinsic character for square planar coordinated iron oxides. The critical pressure P
is insensitive to the dimensionality, but further studies especially using other systems
Srn+1FenO2n+1 are needed to understand the spin-ladder physics for S = 2. Most importantly,
unlike SrFeO,, we also observed a pressure-induced structural transition at Ps = 30 GPa,
which involves a change in the stacking sequence of the ladder blocks. The SrO block of the
original seven-fold rock-salt structure adopts the eight-fold CsCl structure. This allows an

efficient contraction of the volume.
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In Chapter 5, the author demonstrated that the intergrowth structures A,MO3; (A = Sr, Ca;
M = Cu, Pd) exhibit a pressure-induced structural transition with the space group changing
from Immm to Ammm, involving change of the structure of AO block from rock salt structure
to CsClI structure. Together with SrsFe,Os, the present study demonstrates the generality of
the B1-to-B2 structural transition in the intergrowth structure of (AO)(AMO,), (n=1, 2, 3...).
It is remarkable that the critical pressures Ps for the intergrowth compounds are determined
solely by Ra/Ro, showing quantitatively the same trend as the binary AO compounds, which
make it possible to predict Ps of other related compounds. Given the B1-to-B2 structural
transition in binary chalcogenides, the rock-salt/ladder intergrowth chalcogenides may also
exhibit the B1-to-B2 structural transition with Ps scaled by Ra/Rs, Ra/Rse, and Ra/Rre.
Introduction of oxygen atom at the apical site leads to a significantly deviation from the P vs
Ra/Ro relation. It is expected that the high pressure structures consisting of “quasi” infinite
layers have different electronic structures due to inter-ladder(chain) interaction within the
layer, leading to new or improved chemical and physical properties.

In Chapter 6, a new cubic Fe** perovskite, BaFeOs, was prepared by low-temperature
oxidation using ozone. This oxide has an A-type spiral spin structure below 111 K, while
application of a small external field induces ferromagnetism with a large atomic moment of
3.5up per Fe ion. BaFeOs is thus the first reported Fe oxide that shows ferromagnetism at

ambient pressure.
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