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Introduction in English : Page 4

Introduction

Les recherches concernant les oxydes de métaux de transition constituent un
domaine trés important de la chimie et de la physique du solide, notamment depuis la
découverte de cuprates supraconducteurs & hauts Tc. Parmi ces oxydes les ferrites
forment aussi une classe trés importante dont les propriétés physiques ont été étudiées en
relation avec les caractéristiques structurales, notamment les phénomenes de non-
stoechiométrie anionique ou cationique.

Ce travail de thése est consacré i I'étude de l'intercalation de l'oxygéne par voie
électrochimique dans quelques ferrites déficitaires en oxygéne appartenant a la série
AMOs.1o (n = 2, 3,, ou ), ou A représente un cation volumineux (A = Ca, Sr, La) et
M le métal de transition, en l'occurrence le fer.

La non-stoechiométrie est un phénoméne assez habituel dans ces oxydes ; il
implique des changements structuraux parfois importants pouvant entrainer des
évolutions notables des propriétés physiques. Un modeéle structural a été proposé pour
les ferrites, nous le décrirons dans le Chapitre 1.

Le Chapitre IT est consacré i la description de la préparation des produits de
départ, les brownmillerite StFeO, s et CaFeO,s (termes n = 2) et les phases de type G
Sr,LaFe;0; et Ca;LaFe;0s (termes n = 3) qui sont ensuite utilisées pour nos études.

Habituellement lintercalation d'oxygéne dans ces matériaux est réalisée a
température assez élevée (t = 300 & 400°C), parfois sous pression d'oxygene. Dans ce
travail nous utiliserons une méthode électrochimique 4 température ambiante qui s'est
révélée trés efficace pour oxyder certains matériaux : La;CuO, en est le plus bel exemple.
La I partie du chapitre III est un rappel des principaux résultats obtenus
antérieurement dans notre groupe de recherche et quelques laboratoires étrangers. Cette
méthode de Chimie Douce encore récente nécessite des études pour permettre de mieux
comprendre les paramétres régissant l'intercalation de l'oxygéne. Nous nous sommes
intéressés a la faisabilité de l'oxydation électrochimique des matériaux préparés
précédemment. Les résultats sont reportés dans la 2™ partie du chapitre III.

1 est alors apparu que l'oxydation électrochimique permettait effectivement
d'oxyder les composés du Strontium tandis que ceux contenant du Calcium ne 1'étaient
pas. Les causes de ce phénoméne sont analysées et des explications données dans le
Chapitre IV sur la base des données cristallographiques disponibles et d'un modéle

ionique.



L'ensemble du Chapitre V est consacré aux investigations des propriétes
physiques de l'un des composés préparés par la méthode décrite précédemment,
Sr,LaFe;0s9s. Les aspects suivants sont décrits :

- caractérisations structurales de 300 a 80 K par diffraction X (XRD) : examen
des distorsions structurales, de la symétrie et du désordre cationique.

- étude des propriétés magnétiques en fonction de la température et du champ
appliqué (aimantation et susceptibilité magnétique) : description de la structure
magnétique et modélisation des interactions d'échanges (Annexe I).

- étude des propriétés de transport (conductivité, effet Seebeck) en relation
notamment avec la dismutation du fer tétravalent étudiée par résonance Mdssbauer. Un
mécanisme de conduction sera proposé.

- propriétés thermodynamiques : l'anomalie de chaleur spécifique due a Ila
transition électronique sera étudiée (changement d'entropie et d'énergie inteme).

- la transition de phase électronique sera examinée d'un point de vue
thermodynamique : influence des interactions de type non-Heisenberg sur les propriétés
magnétiques, influence des interactions magnétiques et de type Pauli sur les liaisons
chimiques.



Introduction

The research on transition metal oxides has long been an important field in
solid-state chemistry, solid-state physics and material science, and it has recently been
emphasized with the discovery of high Tc superconductivity in copper oxides.

Ferrites form an important branch of transition metal oxides, and comprise a
broad research area. The main respects involve : oxygen or cation non-stoichiometry and
its influences on the structure and properties, electron transport properties (in both
localized and extended regimes), electronic spin interactions and resulting magnetic
structures and properties, magnetic and metal-insulator transitions, charge
disproportionations, spectroscopic properties, and so on.

The work of this thesis is focused on some perovskite-related ferrites belonging
to the series generally formulated as AMOs. (n = 2, 3,-, or «). The A-site cations
concerned here are Sr**, Ca®* or (Sr*’, La®") and (Ca*, La>"), and M = Fe.

Oxygen non-stoichiometry is an usual phenomenon in this series and it often
involves important changes in the crystal structures and physical properties of the
ferrites. Due to the close relationship between oxygen content and structure, the
structures of different terms in this series (associated with different n values) can be
described by an unified model, as it is presented in Chapter I.

Relative to their parent perovskites (the n=oco terms in the series),
brownmillerite phases of SrFeO,s, CaFeO,s (the n = 2 terms) and G-type phases of
Sr,LaFe;0s, Ca,LaFe;0g (the n = 3 terms) are oxygen-deficient ones. In the oxygen
intercalation studies of this thesis, these ferrites are used as precursors, and their
preparations are described in Chapter II.

The oxygen vacancies in these oxygen-deficient ferrites are ordered in rows, so
that oxygen atoms may be intercalated into their structures under some conditions, with
a simultaneous increase in the oxidation state of iron and a possible change in the crystal
structure.

Conventionally, the oxygen intercalation (or the oxidation of the irons) is done
at certain temperatures in oxygen atmosphere or even under high oxygen pressures (may
be up to 10° Pa). In this work, however, a quite different recently developed method, the
electrochemical axidation, has been used for this purpose.

The method of electrochemical oxidation has been successful in obtaining high

oxidation state of some transition metals in compounds such as perovskites StFeOs,



S1Co0; and SrFeqsCoo50;, and K;NiFs-type superconducting phase La,CuOsss (6 up to
0.08 ~ 0.09) and overoxidized phase La;NiO4:5 (8 up to 0.25), etc. A review of previous
works in this area is given in the first part of Chapter I11.

By contrast to the conventional method usually using extreme conditions, the
electrochemical oxidation is carried out under mild conditions, such as room temperature
and air atmosphere. It therefore belongs to the so called "Chimie Douce (soft
chemistry)", and provides a new route for preparing some compounds. Studies on the
electrochemical oxidation are thus important for the synthetic chemistry.

Hence, one of the main purposes of this thesis work has been a systematic
examination of the oxygen intercalation capabilities under electrochemical conditions of
the above-mentioned oxygen-deficient ferrites. These results are reported in the second
part of Chapter III.

It turns out that the electrochemical method is quite effective in oxidizing the
Sr-containing ferrites into their related perovskite phases, but not for the Ca-containing
ones. The cause for this phenomenon is analyzed and explained in details in Chapter IV
based on available crystallographic data and ionic model. We will see that some simple
principles and considerations presented there can give an insight into the factors which
influence the oxygen intercalation in these ionic precursors.

The whole Chapter V is devoted to the investigations and discussions of some
physical properties of perovskite phase Sr.LaFe;Osgs, which is prepared by means of
electrochemical oxidation. Following respects are involved:

o Structural characterization (from 300 K down to 80 K) using XRD method;

examination of structural distortion and symmetry ; cationic disorder in the

structure.

e Studies on magnetic properties based on temperature and field dependencies of the

susceptibility ; the magnetic structure and its origin (superexchange interactions) ;

spin configuration ; spin polarizations ; anisotropy.

o Electron transport properties and charge disproportionation : information from

conductivity data, Seebeck coefficient, and Mossbauer spectra ; mechanisms of

electron hopping (VRH and small polaron) and electron localization (Anderson

localization, etc.).



o Thermodynamic properties : anomaly in the specific heat due to electron phase
transition ; the entropy and internal energy changes during the transition (both the

experimental ones and theoretical ones).

e The electronic phase transition : examination of the transition from thermodynamic

point of view; the influence of non-Heisenberg interactions on the magnetic

properties below and during the transition ; the influence of magnetic and Pauli
interactions on the chemical bonds.

In addition, in a cooperative work, some magnetic and thermodynamic

properties of perovskite Sr.LaFe;O, are studied theoretically in the mean field

approximation, in order to obtain more knowledge of the magnetic mteractions. The

results are reported in Appendix I.
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Many perovskite compounds, AMOs.y, exhibit oxygen non-stoichiometric over a
wide range and the oxygen vacancy concentration can reach values as high as y = 1,
which often involves vacancy order-disorder phenomena. Various systems have been
intensively investigated, such as manganites, ferrites, nickelates and cuprates, and many
structural models have been proposed for describing the structures resulting from the
oxygen vacancy ordering [1-4].

The ferrites have been more especially studied in our research group and a
series of orthorhombic phases formulated A,M;O3,1 (0 2 2) have been identified. A
structural model based on the description of the brownmillerite-like structure of the
dicalcium ferrite Ca;Fe,Os was proposed for the first time in 1976 [5].

I-1. Description of the Perovskite Structure

There are two basic ways for describing the structure of the perovskites AMO; :
the first one represented in Fig la consists in an infinite succession along the c-direction
(for instance) of layers of corner-sharing MOs octahedra (M being usually a smaller
cation with ry < 0.70A); the bigger cation A occupies the central site with a 12-fold
coordination (a cuboctahedron).

It is also usually depicted as a stacking of compact hexagonal AO; layers along
[111]c direction of the cubic perovskite cell in which 1/4 of the octahedral sites are
occupied by M cations (Fig 1b). A succession of three layers is necessary for describing
completely a unit cell of the cubic perovskite (so-called 3C). Such a representation was
proposed by Katz and Ward [6] for introducing all the perovskite polytypes (namely 2H,
6H, 3R .... polytypes) which correspond to various more or less complex sequences of
AQ; layers (a, b or c-type).

I-2. Description of the Brownmillerite-Type Structure

The general formulation of these compounds is A;M;Os : they can be
considered as non-stoichiometric perovskites AMO;, with y = 0.50. Their structure
(Fig. 2) is easily derived from the cubic perovskite structure AMO; assuming that the
oxygen vacancies (1/6 anionic sites) are ordered in rows along [101]c direction in each
second (0kO) planes (Fig. 2, 3) [7]. A slight shifts of the anions and cations in those
planes lead to this structure with altemating sheets of MOg octahedra and MO,
tetrahedra perpendicular to the y-axis. One should point out that the tetrahedral chains



Projection along
the [111] direction

(a) (b)

(111) AO, plane

(c)

Figure 1
Idealized representation of the perovskite structure :
(a) cubic unit cell  (b) projection along the [111] direction
(c) AO; (111) plane.
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Figure 2

Idealized structure of the brownmillerite
compounds A,M;0s.

-10-

Octahedral layer

Tetrahedral layer



[101]c

Figure 3

Relative orientations of the brownmillerite-type and the G-type
orthorhombic lattices with their related cubic perovskite lattice

The lattice vectors ac, bc and cc refer to the cubic cell. The brownmillerite-type
and G-type cells are represented by lattice vectors a, b and ¢ with b//bc; when a G-type
lattice is under consideration, b ~3-b¢, and for a Brownmillerite-type cell a relation of b
~ 4-bc is observed. It is also shown in the figure one of the comer-sharing metal-
oxygen octahedral layers in the perovskite structure which is projected on xz-plane. A
tetrahedral layer in brownmillerite-type, or G-type, structure (see Chap. IV) is formed
when the alternative oxygen chains are missing, which are indicated by dashed open
circles in the figure and are along [101]c direction of the cubic lattice.

-11-



Figure 4
Idealized structures of the A;M;O;3,.; series.
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are oriented in each layer in such a way that the sequence of layers along the b-direction

is ...OTOT'OTOT"... A complete description of this structure is given in Chap. IV.

I-3. Structural Model of the A,M,0;,, Phases.

From this relationship between the two structures of perovskite and
brownmillerite, a general structural model for the AMOs, phases with intermediate
compositions (0 <y < 0,50, with y = 1/n) was suggested. It supposes a sequence of (n-1)
perovskite-like sheets of MOs octahedra alternating with one sheet consistng of parallel
chains of MO, tetrahedra. The general formulation of such phases may be alternatively
written as A;M,Os,..; (with n 2 2), and the idealized structures for n = 2, 3, 4 and oo are
shown in Fig 4. Assuming an orthorhombic symmetry similar to that of the
brownmillerite, the theoretical cell parameters are related to that of the perovskite a. by
the following relations :

a, ~\2 a., b, = na,, Cn & \IZac

The complete study of various systems such as, for instance, Ca;Fe;05-CaTiO,
or Ca;Fe,0s-LaFeQ; have definitively shown that the n = 3 (general formula A;M;05) is
the most stable intermediate term of the series, other terms have been prepared and
characterized, for example, CasFe;Ti;O;; (n = 4) and CasLaFesO;3 (n = 5/2); more

complex terms have also been identified using electron microscopy [8].

I-4. Description of the G-Type Structure of A;M;0s.

As shown in Fig. 4, the anion-deficient G-type structure of A3;Ms0Os phase is
built up by double layers of MO;s octahedra (O) separated by one layer of MO,
tetrahedra (T), that is, the polyhedral layers, which are perpendicular to the d-direction
of the G-type lattice and parallel to xz-plane, are stacked in a OOTOOT sequence, which
differs from the sequence observed in the brownmillerite structure. Examples will be
given in Chap. IV.

I-5. Conclusion.

Common features of these oxygen-deficient structures are that all the M-O
coordination polyhedra are linked to one another by shared-comers and that the oxygen
vacancies in the tetrahedral layers are ordered in rows along [101]c direction of their
related cubic perovskite cell. As a consequence, while the parent perovskite structure

may be sketched by three-dimensional succession of MOs octahedra, in the oxygen-
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deficient brownmillerite and the G-type structures, the octahedral succession is only two-
dimensional, together with one-dimensional succession of tetrahedra resulting from the
ordered oxygen vacancy rows.

The relationship between the structure and composition in this series is
demonstrated by the influence of the relative oxygen content on the ratio of the
tetrahedral layers to the octahedral ones.
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Oxygen-Deficient Ferrites :
 Preparation and Phase Identification

Some Brownmillerite and G-type
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In the following, by oxygen-deficient phases, are meant brownmillerite-type or
G-type phases like A;Fe;Os or AjLaFe;Og (A = Sr or Ca) in which 1/6 or 1/9 oxygen
atoms are missing compared to their parent perovskite phases A;Fe;Og or AsLaFe;0q.

The purpose of the preparation of those phases is to obtain starting materials
(the precursors), in form of ceramic pellets, used for electrochemical experiments
(Chapter IIT) in order to examine their oxygen intercalation capabilities under conditions
of "Chimie Douce" (soft chemistry) and, if possible, to obtain their related stoichiometric
perovskite phases.

The structural characterization of the phases was mainly done by X-ray powder
diffraction(XRD). Contents of Fe*" ions were determined by chemical analysis using
solutions of Mohr salt (N/10) and potassium dichromate K2Cr,O; (N/10) in the presence
of barium diphenylamine sulfonate (0.2%) as indicator. The oxygen content of the phases
were then obtained by assuming that the oxygen species are O7. For the details of the
experimental techniques see Appendix III.

II-1. The Brownmillerite-Type Ferrites
II-1-1. The Starting Powders

The raw materials used for preparing Sr,Fe;Os and Ca,Fe;Os phases were
SrCO;, CaCOs, and Fe(NOs);'9H,0 or Fe; O3 with the purity greater than 99 wt%. The
carbonates, SrCQO; and CaCO;, were dried at 120 °C overnight in an oven and the
lanthanum oxide La,O3 was heated at 850 °C for 4 hours just before weighing.

When iron nitrate Fe(NQz);-9H,0 was used as the source of iron, the mixtures
of accurately weighed, stoichiometric amounts of the raw materials according to the
chemical formula of Sr,Fe,0s or Ca,Fe,Os were dissolved in nitric solution (volumetric
ratio HNO; (65wt %) : H,O = 1:2) and slowly dehydrated overnight over a sand-bath.
The obtained precipitates were preliminarily denitrified over flame and then well ground
to avoid inhomogeneity, before heated at 900~1000 °C in air for 6~10 hours.

When iron oxide Fe,Q; was used as the source of iron, the mixtures were
ground and heated at 1000~1100 °C in air for 10~15 hours.

The obtained products were ground and used as starting powders for the

treatments in the following steps.
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II-1-2. Preparation and Identification of Sr,Fe,0s Phase
- The Preparation Procedures

The starting powder prepared in previous steps was pelleted and heated in air at
1250~1300 °C for 48 hours before quenched in air. The product, black in color, has a
composition of Sr;Fe;Os+s with 8 = 0.40 ~ 0.46 according to chemical analysis.

The non-stoichiometric phase, Sr;Fe;Os.5, was then ground into powder and
reduced in a stream of argon gas (U degree, with oxygen partial pressure Po, < 10 atm)
at 1250 °C for 15~18 hours and slowly cooled in furnace. To obtain ceramic pellets, the
sample was ground and pressed into pellets with a size of $8x2 mm under a pressure of 1
T held for 1 minute and then heated under the same conditions.

The relative density of the ceramic pellets is D, = 80%, here D, = D,/Dy, and
D.yp and Dy, are the experimental density and calculated density (from X-ray data) of the
pellets, respectively.

- The Phase Identification

Following features shown by the finally obtained ceramic sample characterize
the Brownmillerite phase of Sr;Fe,Os:

(a) Chemical analysis of the ceramic sample (having a brown colour) gave a
value of € = 0 for the formula Sr;Fe;Os.e;

(b) Its XRD pattern can be indexed in an orthorhombic unit cell having
characteristic brownmillerite-type cell parameters as

a=>5.530(3) A, b=15.578(5) A, c=5.674(3) A;

(c) The reflection conditions of the XRD pattern agree with the I2mb space
group previously proposed for the brownmillerite structure of Sr,Fe;Os by Harder et al.
[1].

II-1-3. Preparation and Identification of Ca,Fe,0s Phase

- The Preparation Procedures

Because of its stability with respect to a large range of oxygen pressure, the
brownmillerite compound Ca,Fe,Os can be synthesized in air. The starting powder (cf.
II-1-2-1) was heated at 1200 °C for 20~24 hours before quenched in air. The sample was
then ground and pressed into pellets of ¢ 8x2 mm in size under a pressure of 1 T held for

1 minute and heated again at 1200 °C for 24 hours before quenched in air.
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- The Phase Identification

The ceramic pellets were brown in colour after their black surfaces were
polished. Chemical analysis indicated a value of € = 0 in the formula of Ca;Fe;0s+.. XRD
experiments characterize a brownmillerite-type orthorhombic unit cell having following
cell parameters,

a=5416(4)A, b=1478(1) A, c=5.588(3) A.

The reflection conditions of the XRD pattern are consistent with the space

group Pnma reported for the brownmillerite structure of Ca,Fe,Os by Colville [2].

II-2. The G-type Ferrites
II-2-1. Preparation and Identification of Sr;LaFe;03 Phase
- The Preparation Procedures

The sample of Sr;LaFe;Og was synthesized starting from accurately weighed,
stoichiometric amounts of SrCQs, La;0s, and Fe(NOs);-9H;O with the purity greater
than 99 wt%. The SrCOs powder was dried at 120 °C overnight in an oven and La;0s
powder was heated at 850 °C for 4 hours just before weighing. The stoichiometric
mixture was first dissolved in nitric solution and slowly dehydrated ovemight over a
sand-bath. The obtained precipitates were then preliminarily denitrified over flame and
well ground to avoid inhomogeneity before heated at 600~850 °C for several hours. The
obtained mixture was ground again and pelleted, and then fired in a platinum crucible at
1250 °C for two days with an intermediate grinding.

According to XRD examination (Fig. 1), the as-prepared black sample is
considered to be a mixture of cubic and tetragonal phases and the composition obtained
by chemical analysis is Sr,LaFe3;0zgsg (8 = 0.58).

To obtain the orthorhombic G-type phase, the previously prepared sample was
well ground and reduced at 900 °C for 36 hours in a stream of purified argon gas and
then rapidly cooled in the stream to avoid extra oxygen uptake.

Note: The “rapid cooling” at the end of the reduction was done by quickly
pushing the sample out of the heating zone toward the cold end of the long furnace tube
without stopping the argon flow. The argon gas used for the reduction had been purified
just before it entered the furnace, by its passing through a separately heated steel tube
tightly stuffed with very fine iron fibers heated at 350~500 °C. Such a purification which
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Table 1
X-ray Powder Diffraction Data for Sr,LaFe;0s.0010.03 (at 25°C)

h k1 dcalc dobs I/IO h kl dcalc dnbs I/IO
01 0 11.89 11.887 2 12 3 2 1.7611 1.7606 2
0 20 5.948 5,950 2 13 01 1.7467 1.7471 1
011 5.071 5.073 <l |1 5 2 1.7230 1.7226 <1
021 4.080 4.081 1 |0 70 1.6994 1.6990 1
0 30 3.965 3.966 3 0 3 3 1.6903 1.6898 1
1 01 3.931 3.929 6 |1 3 3 1.6161 1.6159 25
1 21 3.2796 3.2800 2 133 1 1.5985 1.5983 17
0 31 3.2373 3.2368 2 11 7 1 1.5599 1.5598 3
3.0928 <l {1 4 3 1.5209 1.5212 2
0 40 2.9740 2.9731 1 |3 41 1.5061 1.5061 2
0 0 2 2.8029 2.8026 26a0 7 2 1.4532 1.4528 1
1 31 2.7918 2.7915 100 {2 7 0 1.4467 1.4472 1
2 00 2.7573 2.7577 30 |2 3 3 1.4411 1.4416 1
041 2.6272 2.6269 <1l §1 5 3 1.4200 1.4201 <1
1 0 2 2.4987 2.4984 1 |2 6 2 1.3959 1.3958 12
1 41 2.3718 2.3720 8 |4 00 1.3786 1.3787 4
0 3 2 2.2888 2.2885 9 |3 4 2} 1.3655 1.3649 <1
2 30 2.2638 2.2640 8 |0 2 4 1.3641
0 51 2.1901 2.1920 <1 |1 0 4 1.3583 1.3587 <1
2 31 2.0991 2.0992 <1 |1 6 3 1.3203 1.3203 <1
1 51 2.0355 2.0365 4 (3 6 1 1.3106 1.3108 <1
2 40 2.0220 2.0224 1 3 03 1.3104
0 6 0 1.9827 1.9824 14 {4 3 0 1.3022 1.3015 <1
2 02 1.9656 1.9651 28 2 7 2 1.2856 1.2854 2
21 2 1.9393 1.9378 2 1 3 4 1.2850
1 4 2 1.9131 1.9125 <1 |1 91 1.2529 1.2529 2
2 2 .2 1.8664 1.8669 1 (2 0 4 1.2493 1.2493 2
05 2 1.8139 1.8130 =] §3 3 3 1.2442 1.2438 6
250 1.8013 1.7998 1 |4 0 2 1.2371 1.2368 4
0 2 3 1.7827 1.7822 <1 (1 7 3 1.2258 1.2257 <1
1 61 1.7703 1.7702 1 3 71 1.2180 1.2178 1

]

G-type orthorhombic unit cell:

Space group: Pmma,;

This peak was resolved using a peak decomposition program DESOMPV based on
Pseudo-Voigt profiles written by B. Lestienne and R. Von Der Miihll in this Institute.

a = 55146(4) A; V=367.75A%
b=11.896(1) A;
c = 5.6058(6) A;
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lowers the oxygen partial pressure down to ~10"? atm is necessary for obtaining the
well-defined G-type phase.

Pellets of ¢ 8x2 mm in size were obtained by pressing the reduced powder
(ground) under a pressure of 2 T held for 2 minutes. They were at first sintered at 1150
°C for 2 hours in argon (U) gas, then, after decreasing slowly the temperature (50 ~ 100
°C/hr), annealed at 900 °C for 15 hours in purified argon flow, before rapidly cooled in
this inert atmosphere to prevent extra oxidation. The relative density of the ceramic
pellets is D, = 70~80%.

- The Phase Identification

According to chemical analysis, the final sample, brown in colour, has an |8 | 2
0.03 for the formula of Sr,LaFe;Ogys.

The XRD analysis for this phase (Sr,LaFe;Og0+003) showed an orthorhombic
G-type unit cell having

a=5.5146(4) A, b=11.896(1) A, ¢ =5.6058(6) A,

and V =367.75 A’ Z=17, =5.506 (g /cm’).

The reflection conditions of the XRD pattern agree with the space group Pmma
proposed for the G-type structure of Sr,LaFe;Og [3]. The XRD pattern and its indexing
are shown in Fig. 2 and Table 1. The Smith-Snyder figure of merit [4] for the indexing is
F30=56(0.0111, 48).

II-2-2. Preparation and Identification of Ca;LaFe;03 Phase
- The Preparation Procedures

The first steps of the procedure for preparing Ca,LaFe;O; were the same as
those described for Sr,LaFe;0Os, starting from a mixture of CaCQOs;, Lay0;, and
Fe(NOs);°9H,0. The preliminarily denitrified precipitates of nitric solution were ground
and heated at 950 °C for 10 hours in air. The product was again ground and heated at
1300 °C for 15~20 hours before quenched in air, which gave a composition of
Ca,LaFe;045 with 8 = 0.17 according to chemical analysis.

The as-prepared non-stoichiometric sample was ground and reduced in a stream
of Ar+1%H, mixed gases at 1050 °C for 22 hours and slowly cooled in furnace. Ceramic
pellets were heated at 1300 °C for 15 hours in air, then at 1050 °C for 30 hours in a flow

of argon (U degree). The relative density of the ceramic pellets was D, = 90%.
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- The Phase Identification

An £ = 0.02 in the formula of Ca;LaFe;Og., was determined by chemical
analysis for the final ceramic sample.

XRD experiment led to an orthorhombic unit cell with characteristic G-type cell
parameters as follows :

a=754955)A, b=11291(5)A, c=5564(2)A V=34521A°

The XRD pattem is consistent with those previously reported for the G-type

phase of Ca;LaFe;0s [5].

II-3. Some Remarks

The brownmillerite-type phases, Sr,Fe,Os and Ca;Fe;Os, and G-type phases,
Sr,LaFe;0¢ and CasLaFe;0s, were prepared by means of solid-state reaction with several
steps.

As it has been previously quoted, brownmillerite-type and G-type structures are
characteristic of continuous oxygen vacancy rows in their tetrahedral layers, which may
act as channels for oxygen diffusing into or out of the structures under certain
conditions,

Usually, increasing the oxygen partial pressure Po, will make oxygen atoms to
diffuse into the structures at appropriate temperature T; and the diffused oxygen may re-
escape from the structures when Py, is decreased and/or T is increased. Therefore, it is a
usual routine for the synthesis of those phases through solid-state reaction that samples
are at first heated in air atmosphere (Po, = 0.2 atm) at a temperature appropriate for
completing solid-state reactions, which usually produces non-stoichiometric phases like
A,Fe;0s.s or AsLaFe;Ogis (here A = Sr™* or Ca** and & > 0). Then they are reduced in
inert atmosphere (Po, < or << 10 atm) at a given temperature T and for a given time t,
for obtaining the desired “stoichiometric" phases of A;Fe;Os or AjLaFe;0Os. Such a

reduction process can be expressed as follows :

P~ ~0,T.t A
A,Fe3t,sFe3; 04, = > A,Fel, FeilOg,, + (8-€)20; ,

P02~0, T.t

A
or A,LaFel’ FeltOg.s > A,LaFe3’, Fej'Og,. + (8-€)20; ,

with 8 > e = 0.
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For some phases, the reduction process can not be easily controlled and a small
negative £ value may occur as was observed in Sr,LaFe;Os.., indicating that a small
quantity of oxygen vacancies may exist in its octahedral layers. Anyway, an e-value of
1 £ | <0.02 ~ 0.03 can usually be reached.

As the "stability" of the tetrahedral layers is different from phase to phase,
preparation conditions such as atmosphere (Po,) and temperature differ. For example, to
obtain brownmillerite phase Sr,Fe;Os starting from non-stoichiometric phase Sr,Fe;Os:5
(6 > 0), an inert atmosphere is necessary, and it was achieved by heating the sample in a
flow of argon (U degree) with oxygen partial pressure Po, < 10 atm; but for preparing
G-type phase Sr;LaFe;0g through similar reduction procedure, a purified argon gas with
much lower oxygen partial pressure should be used in order to obtain samples with
desired composition. Conversely, the brownmillerite phase Ca,Fe,Os can be synthesized
by heating in air, indicating a higher "stability" of its tetrahedral layers, and such a
"stability" is also demonstrated by the difficulty in intercalating oxygen into its structure.
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IlI-1. Electrochemical Oxidation : General Considerations on the Oxygen
Intercalation into Oxides Networks. A Review of Previous Works.

I-1-1. Introduction

In the synthetic chemistry of oxides, the key parameters governing their oxygen
stoichiometry are the annealing temperature and the oxygen pressure po, . Obtaining high
oxidation states of cations requires high oxygen pressures and annealing at rather low
temperatures, typically 400 to 700 °C. From a thermodynamic viewpoint, such oxides are
usually in a stable state.

In the last two decades, other ways belonging to the field of the so-called
'Chimie Douce' have been investigated for preparing metastable forms of highly oxidized
materials. The first one that can be quoted is the chemical oxidation, which implies either
to use a strong oxidizing agent in solution at room temperature or to achieve a solid-gas
reaction at moderate temperature (typically t < 400°C).

In solution, using MnO; , BrO™ or ClO™ species has been fruitful for oxidizing

some cuprates such as, for instance, La;CuOuss (8 up to 0.08) or LaCuOz+s (® up to
0.63) [1, 2]. For solid-gas reactions, F2, Cl or NO; gases have been successfully used at
moderate temperatures. Intercalation of fluorine has been achieved at about 150-200 °C
in (La,Sr),Cu0, or YBCO compounds leading to the formation of trivalent copper [3,
4]. With Cl,, a partial decomposition of the starting material is observed, followed by an
auto-oxidation [5]. Very recent works have given evidence of promising results with
NO, gas : the reaction is based on the in sifu destruction of ammonium ions in oxide
lattices by NO, in a rather large range of temperatures (20 to 400 °C) [6]. Thus oxides
with new structures or textures have been prepared by this topotactic reaction, such as h-
WO; or V,0s [6].

Another important field of the 'Chimie Douce' is concerned with electrochemical
processes, the electric potential being an interesting 'driving force' instead of chemical
agents. As a matter of fact, intercalation chemistry has been widely developed especially
for battery researches ; it is now clearly established that intercalating cations such as H,
Li* or Na* whose ionic size are rather small, can be easily achieved [7] thanks to an
expansion of the host lattice resulting from its reduction. On the other hand, oxidizing
materials requires to insert (or add) oxygen anions in the host lattice. While the material

is oxidized, its lattice simultaneously collapses. The size of the O” anions being rather
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big ( ro2-# 1.40 A ), this reaction appears quite doubtful and therefore would be likely to
occur provided that high oxygen activity could be reached.

This was achieved using the following reaction in alkaline solution (KOH 1M):

40H — 0, +2H,0 + 4¢; Ey=0.303 V/Hg/HgO. [1]

According to the Nemst relation ( E = Ey + (RT/4F) In(ao,/ [OHT"), the oxygen
activity can be estimated for usual anodic overpotentials (n = E - Ey = +150 mV),
equivalent to oxygen pressures of about 10'° Pa, at room temperature. Such an activity
of oxygen leads to the formation of oxide thin films when the working electrode is a
metal. These thin films can be either conducting as for Ni or Ru, or insulating and
passivating as for Al or Ti. A similar reaction was successfully achieved for the first time
by A. Wattiaux et al. [8 ], on oxide ceramics of La,CuQ, for which, surprisingly, oxygen
overstoichiometry and superconductivity were observed [9].

Such experiments have been then repeated by several groups and the most
significant results are reported below. The experimental procedure has been described in
detail in ref [10]: experiments are carried out at room temperature, in a two
compartment cell filled with an alkaline solution (KOH or NaOH 1M), under air or
nitrogen flow. The oxidation is performed using either the potentiostatic mode or the

galvanostatic one. The working electrode is usually a ceramic.

II-1-2. Oxygen Intercalation or Not ?

All these experiments being performed in concentrated [OH] solution
immediately raised the question conceming the nature of the intercalated species, the
formation of oxyhydroxides being the most obvious assumption. Early works using
T.G.A., "N.M.R. as well as LR. spectroscopy clearly demonstrated the absence of (OH)
species in the final material [11]. However R. Schollhorn et al. [12] contesting these
results, proposed the anodic oxidation to be described as an electron/proton transfer

process involving some lanthanum deficiency, the reaction being :
La1_95CuO3_s5(OH)0_15 = Lal.gscu2°15+04 + O.ISH‘- +0.15¢.
These conclusions were based on the facts that the structure of La,CuQ; is

densely packed with apparently no diffusion pathway of lower energy and the oxygen

transport unbelievable in an oxide network. These controversies lasted a few years and
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various intercalated species such as O,”, O, or O were suggested for explaining the
overstoichiometry of La;CuOs«s [13].

Soon after, oxygen intercalation by means of this electrochemical process was
definitively established with the oxidation of the brownmillerite-type compound Sr;Fe;Os
into SrFeQs , followed by the preparation of SrCoO; and Sr.FeCoOs [14 -16]. Similar
experiments are described in details in the following sections.

In the same way, recently the thombohedral perovskite NdNiO, s and a cubic
form of LaMnOs.; were also prepared [17].

Thus the following general electrochemical reaction can be proposed :

AMO, + 26 OH = AMOys + SHO + 206e”  [2],
which was extensively discussed and supported by galvanostatic experiments of Chou et
al. [18]. In fact, it is interesting to notice that this reaction occurs in the range of
potentials preceding the oxygen evolution (according to eq. /1) and can be directly
evidenced by a plateau on the voltammogram (Fig. 1). However it appears that in most
cases, even for low values of the current intensity, a mixed process involving both the
oxidation of the electrode (eq. [2]) and the oxygen evolution takes place, which avoids
to quantify accurately the value of 3, a part of the transferred electrons being used for
reaction [1].

Very recently, studying the electrochemical reduction of LazCui.NixOai+s
(0 < x < 1) samples prepared in air, C. Monroux et al. [19] could determine the 3 values
by coulometry. They found a very good agreement with the data of the iodometric
titration of these samples, which comes from the fact that the reduction of the sample
takes place in a range of potentials far from the hydrogen evolution (E = -1.1 V
/Hg/HgO). Such experiments confirmed also the complete reversibility of the oxygen

intercalation as noticed by several groups [12, 20, 21].

III-1-3. Intercalation of Oxygen into La,MO,-Type Compounds.

The most intense researches were devoted to the intercalation of oxygen into
La,CuO; and related compounds due to the great interest of this material for
understanding superconductivity.

Earliest experiments were carried out using a steady potential (450 < E < 900
mV) and various polarization times [20, 22 - 25]. The oxidation reaction was followed

by measuring as a function of time, the Cu® content that was directly correlated to the
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open circuit voltage (O.C.V. potential) [22]. Samples with different oxygen
stoichiometry composition were prepared and, whatever the value of 8 = 0.05, two
distinct superconducting transitions always appear, which was finally assigned to the
existence of two superconducting phases :

- the first one with Tc = 32 K and a reduced orthorhombic distortion (almost
tetragonal symmetry),  being close to 0.03-0.05 depending on authors.

- the second one with Tc = 44 K, value significantly enhanced compared to
materials prepared under high oxygen pressures [26]. Its composition seems also to
correspond to the maximum value of created holes ([p] =~ 0.16-0.18 holes/f ., 8 = 0.08--
0.09). An enhanced orthorhombic distortion as well as a significant increase of the ¢
parameter are also noticed, which confirms the intercalation process.

A further step was reached with galvanostatic experiments which led to control
the kinetics of the electrochemical reaction. This method was successfully used by
several authors and the existence of those two superconducting phases was clearly
corroborated [18, 21, 27 -31]. More recently C. Monroux et al. oxidizing ceramics in
galvanostatic conditions very close to the thermodynamical equilibrium (i = 2pA for
about 100 days), definitively established the compositions of these phases (6 = 0.04 and

= 0.09) and their electrochemical conditions of preparation and stability [32]. Fig. 2
shows the variation of the potential obtained in these conditions and the two steps
corresponding to the formation of line-phases.

Galvanostatic experiments were also used by F.C. Chou et al. [33] for oxidizing
single crystalline La,CuO, materials. These authors observed very slow kinetics
depending upon the quality of the crystals (i.e. the density of microcracks). These
experiments were repeated in our group using the potentiostatic method [30]. The
oxidation leads to superconducting materials with Tc similar to those observed for
ceramics (32 K and 40--44 K), however, the superconducting Meissner fraction appears
always rather low.

On the other hand, nice results were reported by the group of J-P. Locquet in
LB.M. (Ziirich) conceming the electrochemical oxygen intercalation into c-axis La,CuOa
thin films grown by Molecular Beam Epitaxy [30,35 - 36]. Fig. 3 shows typical thermal
variations of the electrical resistivity before and after electrochemical oxidation. The
increase of the ¢ parameter as well as the occurrence of additional (001) diffraction peaks

nicely confirms the previous results on ceramics [30, 36].

-130 -



Potential (mV)

600

Ey-2ua

3]

o

(<]
l

400

300 : ] N | \
0.00 0.04 0.08 0.12

8 coul.

Fig. 2
Galvanostatic experiments for La;CuQy.; : variation
of the potential for an oxidation current intensity i=2 pA
and of the O.C.V. potential [19].

-31-



p(Q.cm)

ED

6
As-prepared
| thin films
4 — Electrochemically
H oxidized thin films
"’#
2 —
o
0 — T I
0 100 200
T (K)
Fig. 3

V'

— 40

— 30

— 20

— 10

300

Thermal variation of the electrical resistivity of La;CuQ4
thin films before and after electrochemical oxidation [36].

-32-

p (MQ.cm)



Various La;.,ACuO, (A = Sr, Ba, Nd, Bi, Pb) solid solutions have been studied
in order to compare the superconducting properties of the materials prepared in air or
under oxygen pressure and of those electrochemically oxidized. A common feature was
that electrochemical oxidation is able to increase the oxygen content & of all materials
and to induce superconductivity [18, 37-39], even for the materials which were not
initially superconductors.

The electrochemical oxidation has been proved to be also an efficient tool for
extending the oxygen overstoichiometry of La ;NiO,; from 8 = 0.14 (samples prepared
in air) up to 0.25 [40]. Electron microscopy as well as neutron diffraction data showed
for the first time that oxygen intercalation performed at room temperature leads to an
ordered stage [41,42]. That was confirmed by A.J. Jacobson et al. : using galvanostatic
and potential step experiments, they studied the phase diagrams of the La;NiOys and
Nd;NiO,+5 systems and observed the formation of staged compositions (similar to those
observed in graphite and dichalcogenides) [21, 43 - 44].

II-1-4. Conclusion

Recently discovered electrochemical oxidation has rapidly appeared as a
powerful technique of 'Chimie Douce' for bulky oxidizing oxides. Even though it still
remains amazing, intercalation of oxygen has been clearly demonstrated. All the previous
examples did show that it is an efficient process to dope AMOs., or Ln,MO, compounds
and that a potential of a few hundred mV applied at room temperature on an electrode
can have in some cases a stronger oxidation power than high oxygen pressures at high
temperature. The most outstanding example is the superconducting cuprate La,CuOy g0
that can be prepared only by means of this technique.

That was the reason why we used this method for oxidizing some perovskite-

related ferrites.
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IT-2. Electrochemical Behaviors of the Oxygen-Deficient Ferrites
Under Oxidation Conditions.

II-2-1. Introduction

A common structural feature of the brownmillerite phases Sr,Fe;Os, CazFe;Os
and of the G-type phases Sr,LaFe;Os, Ca;LaFe;Og is the presence of oxygen vacancy
rows in their structures (c/. IV-1). Provided that all the oxygen vacancies are occupied, a
related perovskite structure will result. That can be achieved under certain conditions.
For example, the SrFeO,¢; and CaFeOs; phases were obtained under high oxygen
pressures of 50 MPa [45] and ~10° MPa [46-48], respectively; and the perovskite phase
Sr,LaFe;0g:s with 8 = 1 can be prepared by annealing in air at 200°C [49] or in flowing
oxygen at 1000°C [50].

On the other hand, experimental results showed that the perovskite phase
SrFeO; can also be obtained starting from SrFeO,so phase through quite a different
process, the electrochemical oxygen intercalation, which involves only room temperature
and air atmosphere [14, 51].

In this work, the oxidation capabilities under electrochemical conditions of all
the above-mentioned brownmillerite-type and the G-type ferrites are systematically
examined. It will be seen that the electrochemical method is quite effective in oxidizing
the Sr-containing phases, but not for the Ca-containing phases, the cause for which will

be analyzed in TV-3.

II-2-2. Apparatus and Methods
IM1-2-2-1. The Electrochemical System

Studies in our research group on the electrochemical behavior of ceramic oxide
samples in alkaline solution began with the work of A. Wattiaux et al. [10, 52]. The
electrochemical system used for these experiments consists of a power supply and an
electrochemical cell of three-electrode type, using alkaline solution, 1M NaOH or KOH,
as electrolyte. The electrolyte concentration of 1M (pH = 14) is considered as an optimal
one [15, 53]. Some important respects of experimental techniques in this work will be
sketched in the following.

Fig. 4 shows the electrochemical cell, the major components of which are the
three electrodes: the working electrode, the auxiliary (counter) electrode and the

reference electrode.
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- The Working Electrode

The working electrodes are ceramic pellets of the materials to be oxidized. The
preparation of the ceramic pellets used for electrochemical experiments was described in
Chap IL The relative densities of the pellets are around 80%, which seems to be the
optimal density for the electrochemical oxidation [10, 54, 55]. That may be due to that
too high density would reduce the permeation of electrolyte into ceramic pellet and, on
the other hand, a pellet with too low density would have bad contact between its grains.

The working electrode of rotating disk type is preferred in this work. Its
advantages are that it may produce better convection between the electrolyte in the
ceramic electrode and in the bulk solution and that it usually prevents evolved gas
bubbles (0y), if any, from accumulating on the electrode surface.

A stable and ohmic contact between the ceramic pellet and metallic support
(made of brass) which is connected with external circuit is important for the
electrochemical process and meaningful data measurements. As the brass support is not
stable during electrolysis, a gold foil is used for its protection. The assembly of the
working electrode is illustrated in Fig. 5 : the ceramic pellet and the metallic support are
separated by a gold foil which contacts the former by gold paste and the latter by silver
paste (the silver paste has a better contact effect than the gold one). In this way,
electrolyte cannot reach the silver paste and the support — an otherwise possible
oxidation of them is prevented.

Moreover, in order to improve the permeation of electrolyte into the ceramic
pellet, the electrode is so designed that the pellet is projected by about one third of its
thickness from the resin. During experiments, the electrolyte contacts not only with the
ceramic pellet but also with the metallic part (the gold foil) due to the permeation.

- The Reference Electrode

The reference electrode provides a constant reference point of potential
measurements. Mercury-mercury oxide electrode (Hg / HgO) is used for this purpose in
this work, which has an excellent stability in alkaline solutions. Its standard potential (at
aoy = 1 and T = 298K) is 0.098 V relative to SHE. All the potentials quoted in this
work are referred to this electrode.

In this work, some electrochemical behaviors at temperatures higher than the
room temperature (25°C < T < 90°C) were examined. A reasonable comparison of the

potential measurements at high temperatures with the room temperature ones requires a

= a
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common reference point of potentials. The standard potential of an electrode usually
changes with temperature, that is, E° = -AG°(T, P)/(n- 5) and 6E°/0T # 0. Unfortunately,
the thermal dependence of the standard potential of Hg/HgO electrode is not known,
therefore it cannot be directly used as a reference electrode at temperatures higher than
25°C.

To solve this problem, a U-type bridge of glass filled also with 1M NaOH was
used. As is illustrated in Fig. 4, the Hg/HgO electrode is mounted in one end of the U-
bridge. The glass tip connected with another end of the U-bridge is immersed in the
electrolyte in the cell which is heated to a given temperature. The aperture of the tip is
very narrow so that the electrolyte in the bridge can only drop very slowly into the cell.
By this arrangement, the Hg/HgO electrode can be kept at room temperature.
Measurements show that the total potential of such Hg/HgO electrode assembly is
increased only by 2 ~ 3 mV at room temperature and by even a smaller value at higher
temperatures. Such an increase in the electrode potential may be due to a small potential
difference at the glass tip.

In such a way, potentials measured at higher temperatures using this assembly
are comparable with those measured at room temperature since they are referred to the
same reference potential.

- The Counter Electrode

The counter electrode is designed to have a large surface area. The materials
usually used are good electronic conductors, such as foil of gold or platinum, or piece of
glassy carbon.

- Usual Experimental Conditions

Table 1 summarizes the usual conditions and parameters for the electrochemical
experiments in this work. Conditions for specific experiments will be described
individually.

III-2-2-2. Methods of Electrochemical Oxygen Intercalation
- The Electrode Reactions
In order to oxidize an electrode material, the necessary conditions are that a
non-zero current I flows from the counter electrode to the working electrode in external

circuit (which is defined as I > 0) and the potential applied to the working electrode, Ew,
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Table 1

Usual Conditions and Some Typical Parameters
of Electrochemical Experiments

Ceramic Pallet

Phase: G-type or brownmillerite-type
Size: ¢ 8mm x 2 ~2.5mm
Weight: 380 ~ 440 mg

Relative Density: ~ 80 %

Type of Working Electrode

Rotating Disk Electrode;
Rotating Speed: 600 rpm

Reference Electrode

Hg/HgO, 1M NaOH, E°= 0.098 V/SHE

Electrolyte 1M NaOH or KOH (pH = 14)
Atmosphere Air, latm
Temperature 25°C~90°C*

Relaxation time for measuring 20 mi
\ min.
the rest potential Eocy
Potentiostatic Mode Ew =400 mV ~ 700 mV
Galvanostatic Mode 1=100 pA ~ 600 pA

* The electrolyte begins to boil when T > 90 °C.
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should be at least higher than its rest potential. That is, in the electrochemical system the
working electrode functions as an anode.

According to pervious works (¢f. ITI-1), the oxidation of anodic material (taking

G-type phase Sr,La Fel O, as an example) can be expressed as :

_ 1 _
Sr,LaFe} Og +250H _Ewlor, Sr,LaFel,;Fess Og,s +8H,0+28e” . [3]

Here Iox is the current contribution of this reaction to the total current I, and Ew is the
potential applied at the working electrode, which provides the driving force for the
oxygen intercalation taking place at electrolyte-electrode interface. The usual values of
Ew range from 400 mV to 700 mV in this work (for the reason see below). In the present
example, the § value can vary within the range of 0 < 8 < 1 ; only in ideal case, it can
reach 1.

The anodic oxidation is usually accompanied by electrolysis of the electrolyte

according to the reaction :

40H" —IOJ—> 0,(g) +2H,0 +4e” , [4]

where I, isits current contribution.

The total current of the anodic reactions is therefore : 1= Iox +1o, .

The standard potential (at a, .. = 1, Py = latm) of reaction ([4]) is

°( OH ™ /0,, Pt) = 303 mV (at T = 298K) and its derivative with respect to temperature
de°/dT= -1.68 mV/°C. At given oxygen pressure P, , temperature T and activity

RT

- =1, 018 potential @, according to Nernst formula,is : ¢ = ¢° + e

In P02 ([5]).

Two usual operation modes used for the anodic oxidation are the potentiostatic

mode and the galvanostatic mode.
- The Potentiostatic Mode

The constant potential, Ew, between the working electrode and the reference
electrode is provided by a potentiostat (Fig. 6). The directly recorded data in such
experiments are current-time response I = ft).

Suppose &, to be the total quantity of intercalated oxygen species O” per
formula unit (e.g. Sr;LaFe;Os:5,) at the end of the oxidation, then, according to the
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Figure 6

Schematic Representation of the Electrochemical System
for Potentiostatic Mode.
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Faraday law, the corresponding quantity of transferred charge associated with the

starting phase Sr,LaFe;Os having a mass #1 is Q= 2‘81°A—”2- -9

where M is the formula weight of Sr;LaFe;Os and His the Faraday constant.
The electric charge Q(f) which has been transferred in the external circuit at a

given time f in the intercalation process can be obtained by integrating the I =£t) curve,
1
Q(:)=j Ldt, (0<t<T: I=Iog+Io )
0

with 7 being the total time of the experiment.
We now define q = Q(#)/Qq, which increases with time # to its final value q" =
Q(T)/Q,. If the current efficiency was 100 % (i.e. I =I ox, 102 = 0), q should vary

between 0 and 1 (corresponding to the starting phase and the final oxidized phase,
respectively) and it could be directly related to the  value in /3] which represents the
oxidation rate. But in practice the efficiency is less than 100% due to the existence of

Io, (I=Iox +1o, ) so that q can exceed 1.

It is estimated (see below) that the maximum oxidation of the samples in this
work could usually be attained at q > 1.2 ~ 1.3, but it is also dependent on specific
experiments. Anyway, the value of q provides an estimation of the intercalated oxygen
content as it will be seen later. Therefore, an alternative curve, I = flq), may
approximately show the current variation with the oxidation rate.

- The Galvanostatic Mode

In this case, the current is kept at a constant value and the potential applied to
the working electrode, Eyw = f{#), can be recorded. It is observed that Ew usually rises
with time 7 to a finite value in the end of the oxidation. Fig. 7 shows the external circuit
where a potentiostat is used. The advantage of this mode is that the electric charge, Q(?),
which has been transferred at any given time f can be easily calculated:

Q) = L: I-dt = It, (I1=const.)

Similarly, the curve of Ew = f{q) can be obtained in which Ew — const. when
q> 1.
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Figure 7

A Schematic Representation of the Electrochemical System
for Galvanostatic Mode (here a potentiostat is used).
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III-2-3. Preparation of the Perovskite Phase Sr:LaFe;0s.00
by Electrochemical Oxygen Intercalation
and Electrochemical Behaviors of Sr.LaFe;Q0s.5 (0 < & < 0.90).

II-2-3-1. Voltammetric Experiments: I = f{Ew)

Voltammetric curves measured at 25°C for starting and final phases are shown
in Fig. 8. The current response to the potential Ew shown by curve (a) (for starting
phase, 8 =~ 0) is much weaker than that of curve (b1) and (b2) (both are for the final
phase with 8 = 0.86), which is likely due to the high electrical resistance of the starting
phase.

The curve (b2) was recorded immediately after (b1). For the final phase, oxygen

evolution is the only significant reaction (I~ I, ), hence the smaller current intensity of

curve (b2) compared with that of (b1) at the same Ew should be due to a higher
overpotential represented by [5] when curve (b2) was measured and may be also to the
slower scanning speed for recording (b2).

A change in the slope can be seen for curve (b2), which may be related to
electrochemical process on the electrode : at Ew < 600 mV, some surface oxidation may
exist. For potentiostatic experiments, Ew was set around 500 mV, and for galvanostatic
experiments the current intensity I was chosen to be 600 uA. Higher potentials Ew or

current intensities I were observed to lead mainly to a larger contribution of I, as Iox is

limited by diffusion process.

Another series of voltammetric experiments were carried out at 50°C (Fig. 9).
Again, the slope change is observed in curve (c) with q = 2.04 where almost maximum
oxidation is attained. It can also be seen that the curves (a) for ¢ = 0.22 and (b) for
q=0.62 have similar current-potential responses and, as it will be see later, the main
reaction at this q range is the oxygen intercalation. If the slope change in curve (c) at
Ew< 600 ~ 700 mV is due to the saturation effect of surface oxidation of the sample, its
absence in curve (a) and (b) is due to the fact that such a saturation is not expected for q
values lower than 1. According to these curves, appropriate electrode potential (Ew) for

potentiostatic mode at 50°C may also be around 500 mV.
IT-2-3-2. The Preparation of the Perovskite Phase Sr;LaFe;0s.0.

Electrochemical experiments using different modes and various conditions were

performed on the starting orthorhombic G-type phase Sr;LaFe;Os: in order to obtain its

=i =



2.0 —

} o and
Curve | Scanning
] 5 =i rate b2
= b1
1 |(starting =0
phase) 1 SOmV/l’nm
1.0 — b1 a
) —_ s
<« (final = 0.86,.
é B phase) |150mV/min
=
0.5 — b2 1 5=0.86;
(final
phase) 60mV/m.in
00 44— e
r T = 25°C
e — T r 1 T ' |
100 300 500 700 900
Ew (mV)
Figure 8
I =f(Ew) curves of SrLaFe;03.; measured at room temperature
(The final phase : # SLF5)

-45 .




15 =
C
Curve | q(=Q/Qy) b
10 — a 0.22 /
b 0.62 a
2.04
- 4
<
=
A
— 5 _|
0 = —————————— e — — —
T=50°C
' | ' | ‘ | ' |
-200 200 600 1000 1400
Ew (mV)
Figure 9

I = f(E) curves of Sr;LaFe;0s.; at different q values and measured at 50°C

(The scanning rate for the I-E curves was 150 mV/min.. The oxygen intercalation was
done using potentiostatic mode with Ew varying from 550 mV to 700 mV.)
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Table 2

Typical Experiments for Preparing the Perovskite Phase Sr;LaFe;0s.5 (5 ~ 0.90)

Starting from the G-type Phase Sr,LaFe;Os.. (g = 0)

Starting G-type | Final Perovskite
Phase Phase
Mode € Value 6 Value Intercalated
Oxygen per
and Eocv Eocv Formula Unit
Conditions Relative Density D, | Sample Number o~ 8
Potentiostatic mode
g€ =-0.03 5=10.90 0.93
Eocy=45mV Eocv= 485 mV
T=25°C
D, =~80% #. SLF9
Final ¢ = 1.44, Q= 121.0 C
Potentiostatic mode
£=0.10 6=0.86 0.76
Ew= 500 mV, L= 3.47 mA
Eocv =.73 mV Eocv: 220mV
T=350°C;
D, =~70% # SLF15
Final " = 1.34, Qo= 105.9 C
Potentiostatic mode
€=0.00 6=0.85 0.85
Ew= 500 mV, L= 16.5 mA
Eocv =-153 mV Eo(;v: 360mV
T=90°C
D, =~80% # SLF16
Final ¢ =3.09, Q,=118.1C
Galvanostatic mode
— = 0.93
1= 600 pA for q < 1.15 B =056
I=100 ].LA.fOI'q>1.15 Eocv: 139 mV Eocv: 499 mV
T =25°C Dr = ~80% (Ew'_" 533 mV)
# SLF5

Final ¢ = 1.75, Qo=117.5C
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parent perovskite phase. Results show that the method of electrochemical oxygen
intercalation is quite efficient for this purpose, in spite of the involved "chimie douce"
conditions (room temperature and atmospheric pressure).

Some typical experiments and results are listed in Table 2. The structure and
composition of the final perovskite phases given in Table 2 were determined by XRD (¢f.
IV-1 for the discussion about the symmetry) and chemical analysis (cf Appendix III),
respectively.

Although no remmnant Sr,L.aFe;Os phase is detected in the final oxidized samples
by XRD (cf. V-I), Méssbauer spectroscopy data (cf. V-2) suggest that there still remains
a small quantity of non-oxidized microdomains. In this sense the composition given by
chemical analysis is only an overall one.

According to the chemical compositions, 98~99% of the oxygen sites in the
final oxidized phases are occupied compared with ideal perovskite. Different
experimental conditions, such as potentials (Ew), operation modes and temperature, do
not significantly change the oxidation degree although the temperature influence on the
current is very strong (see later).

Anyway a fully oxidized perovskite phase is not obtained in this work by
electrochemical method. It may be due to some intrinsic properties of the samples. For
example, some possible oxygen vacancies disorderly distributed in the octahedral layers
(¢f TV-1), or some oxygen vacancies in the vacancy rows (c¢f. IV-1) but located in the
center-of some large grains, would be difficult to be occupied by intercalated oxygen
atoms under the electrochemical conditions. One should not rule out that at the end of
the electrochemical oxidation, the material has become electrocatalyticly speaking so

active that essentially the oxygen is evolved on the surface [52, 54].

IMI-2-3-3. The Current Variation with Oxygen Intercalation (1=/{(q) )
and the Influence of Temperature in Potentiostatic Experiments

Two I = f{q) curves obtained during two potentiostatic experiments (with
Ew = 500 mV) at 25°C and 50°C are shown in Fig. 10.
- Experiment at 25°C
The starting phase (q = 0) is Sr;LaFe3;0;47 and the final phase (at q = 1.44) is
Sr,LaFe3;0gg0, according to chemical analysis. The wide current peak mainly extends
between q = 0 and q = 1.2, while the current intensity at about q > 1.2 is quite small. It

indicates that the most part of the total charge transfer during the oxidation process takes
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place in this region. That is, the oxygen intercalation should be mainly conducted within
the range q = 0 ~1.2, where the current I is largely due to Iox and the corresponding q
values should reflect the oxidation rate. Hence the increase in q value at about q > 1.2
does not mean a significant oxidation but is rather due to oxygen evolution.

As can be seen from the figure, at low q values, the current increases with q up
to its maximum (In. = 1.87 mA) at about q ~ 0.3~0.4, then it decreases. This may be
explained by the fact that the starting phase, which is very close to ideal G-type phase
containing only Fe** ions, has a high electrical resistivity (paosx > 10° Q-cm), thus an
important ohmic drop may exist even for low current intensity. After oxygen is
intercalated into the structure, Fe** ions begin to appear (cf reaction [[3]]), so that the
resistivity would decrease due to the occurrence of holes resulting in an easier electron
hopping. On the other hand, the diffusion channels in the structure are quite vacant at
low q values which is favorable for oxygen diffusion. This may account for the rapid
current increase (mainly Iox) at this stage. When q continues to increase, the channels are
crowded with more and more oxygen atoms, which would reduce their diffusion rate due

to increasing interactions between these diffusing species. Moreover the current I, of

oxygen evolution is expected to be small and the overpotential (/5/) will prevent large

variation in I, . Therefore, the current decrease at q > 0.3~0.4 should be due to the

slowing-down of oxygen intercalation process.
- Experiments at 50°C and 90°C

In the experiment at a higher temperature of 50°C, the current intensity
increases considerably at lower q values compared to that at 25°C. The maximum
current is I = 3.47 mA and the whole peak becomes narrower.

Another experiment at 90°C was also carried out (Table 2), the maximum
current (at q = 0.3) is now remarkably increased t0 In. = 16.5 mA (not shown). During
this experiment, when the current reached this maximum value, only very little and stable
bubbles were observed on the surface of working electrode.

In spite of the considerable increases in the current intensity, no significant shift
of the peak positions occurs. These observations indicate again that the oxygen
concentration in the diffusion channels has an important influence on the relative rate of
the intercalation process, which is independent of temperature : at a given temperature,
when the concentration is higher than a certain value (q = 0.3), the diffusion is slowed

down hence the current decreases.
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The increase of current with temperature in these experiments may be attributed
to the fact that higher temperatures favor both the electronic conduction
(semiconducting type) and the temperature activated ionic mobility of oxygen. The latter

can be seen from the Arrhenius expression of the mobility p of ions [56] :
~E . . . .
L = Lo €Xp (k—,l‘i), where E, is the activation energy for ion hopping from one site to
B

the next, kg the Boltzmann's constant and L, is proportional to 1/T.
However, such an increase of current disappears at higher q values (about
q > 0.5~0.6). And, as has been mentioned (cf Table 2), the oxidation degree of the

samples was not raised by increasing the temperature.

III-2-3-4. Variation of Applied and Rest Potentials with Oxygen
Intercalation ( Ew=/{(q) and Eocv=£(q) )
in Galvanostatic Experiments.

In Fig. 11 is shown the q dependence of the applied potential Ew and of the rest

potential Eqcy in a galvanostatic experiment performed at room temperature. The total

current I (=Ipx +1o, ) is fixed at 600 uA for q < 1.15 and at a smaller current, I = 100

uA, for g > 1.15 (since at higher g-values the oxidation is approaching the end). In the
figure, three stages can be distinguished.

Stage @ (0 < q < 0.7~0.8) : The rest potential Eocy is constant; the applied

potential Ey is about 290 mV at q = 0 then lowers a little down to a constant value of
about 200 mV. The latter may be related to the decrease in the resistance of the starting
phase and/or to the double-layer charging.

The low values of the applied potential Eyw (< 300 mV) and of the rest potential
Eocv suggest that the major contribution to the total current (I = 600 pA) is from oxygen

intercalation (I = Iox, IO2 ~ 0). The increase of oxygen content in the sample appears not
to influence Eqcv in this stage.

Stage @ (0.7~0.8 < q <~1.2) : Both Ey and Eocy rise with q. In this stage,

the concentration of oxygen in the diffusion channels is high and is approaching its
maximum. Therefore the current Iox , determined by the diffusing process, would

decrease with g, hence I, would increase as I =1—1Iox (I being constant). That is,

the reaction of oxygen evolution [4/ is enhanced and the oxygen pressure P, on the
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surface of grains in the ceramic sample would increase when dispersion of the gas into

the solution is slow. As a consequence, the potential ¢(Py_) on the working electrode
may become significant as it rises with Po_ according to relation (/5/) so that the

overpotential at the working electrode, nw (see below), will be shifted to higher values.
Correspondingly the potential Ey at current I would also increase since it is generally

expressed as :
Ew = Ew(eq., [ = 0) + nw + [Rw , 16]

where nw = My + o(Po_ ), with 7, being the other contributions (may be small or
negligible) to the overpotential except (P, ), Ew (eq., I = 0) is the rest potential in

thermodynamical equilibrium and I‘Ry the ohmic drop at the working electrode. Note
that in equilibrium I = 0 and nw = I'-Rw = 0.
The increase in Eocy may be partly attributed to the above-discussed mechanism

on the supposition that oxygen (gas phase) is absorbed on the surface of the grains. That

is, a finite potential ¢( P(')2 ) # 0 may still exist after a short relaxation time 7 when I = 0.

In this sense, the rest potential at zz, Ew(#, I = 0), is not the equilibrium one, Ew (eq.,
I=0), as presented in /6] butis:  Ew(fz, I=0) = Ew(eq., I=0) + ¢( P(')2 ), [7]

which rises with increasing P02 ;

It is also possible that the variation of Eocv may be related, to some extent, to
the increase of oxygen concentration in host lattice as in the series of S12C0,054 (-0.4 <
x < 1.0) prepared by thermal treatments [15, 53], where a logarithmic behavior,
Eocy o log[x/(1-x)] , was observed. This is directly related to the oxidation state of the
metal cation or in other words to the position of the Fermi level in the material.

In this work, the Eocy values used are the rest potentials at 20 minutes after the
cut of power supply, that is : Eocv = Ew(fg =20 min., I=0) . [8]

As shown in Fig. 12, the rest potentials decrease slowly with time suggesting that the
Eocv potentials are not thermodynamical equilibrium ones.

As listed in Table 2, the Eocy values of perovskites having close compositions
are quite dependent on specific experimental conditions, and seem to lower with
increasing temperatures. Another potentiostatic experiment performed with Ew = 400
mV at 25°C (not shown in Table 2) gave a Eocy ~ 360 mV for a final phase with 6 =
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Figure 11

Dependence on q of the applied potential, Ew
and of the rest potential, Eocv, for Sr,LaFe;0s;.s.
The experiment was carried out at room temperature using the potentiostatic mode
with a current intensity I = 600pA for q <1.15 and I =100pA for q > 1.15.
(The final phase: # SLF5)
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Figure 12
Time dependence of the rest potential at different q values.

The electrochemical oxidation was carried out at room temperature
using galvanostatic mode with I =100 pA.
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0.86. These observations suggest that surface effects (for example, due to Py, ) should

play an important role in Eocy measurements, since the compositions of the above

samples are very close.

Stage © (q > ~1.2): Both Ey and Eocy become constant. It is because that the

end of the intercalation is reached : Iox = 0 and almost the whole current is due to the

contribution of oxygen evolution (/4]) so that Io, = 1= const. As a result, Po, also
becomes constant, so does ¢(Pg, ), hence Ew and Eocv should be constant according to

[6], [7] and [8]. Therefore, constant potentials of Ew and Eocy in galvanostatic

experiments provide an indication of the end of oxygen intercalation.

III-2-3-5. Conclusions

The perovskite phase Sr;laFe;Osggy can be prepared by intercalating oxygen
into its G-type precursor SrLaFe;Oz by electrochemical method using both
potentiostatic and galvanostatic modes. Increasing temperature can make a more rapid
mtercalation at lower oxygen concentrations but not at higher ones, and it does not
increase the oxidation degree. The end of the intercalation can be known from constant
applied and rest potentials, Ey and Eocy, in galvanostatic experiments, or from a weak
and constant current in potentiostatic experiments performed at room temperature.

At a given temperature, the highest intercalation rate (indicated by the highest
oxidation current) is observed at intermediate oxygen concentrations. It seems that, at
lower oxygen concentrations, the intercalation rate is limited by the high electrical
resistivity of the precursor which decreases with oxygen intercalation, so that the
intercalation rate increases with the concentration; while at higher oxygen concentrations
it is diffusion-determined, so that the intercalation rate decreases with increasing oxygen

concentration.

The electrochemical method is also efficient for intercalating oxygen into some
precursors having high resistivity (~ 10° Q-cm), provided that their resistivity would

decrease considerably with oxygen intercalation.
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II-2-4. Electrochemical Experiments on Other Starting Phases :

SrFe0,s, CaFe0,s and Ca,LaFe;03
- Experimental Results

The electrochemical polarizations of brownmillerite phases SrFeO;s, CaFeO,s
and G-type phase Ca;LaFe;0s; were also carried out, using the similar method as
described previously.

Both the galvanostatic mode (with I ~ 100 pA) and potentiostatic mode (with
Ew ~ 400 mV) were used in the case of SrFeO.s. According to chemical analysis and
XRD examination, this phase can be easily oxidized into SrFeO; 5. with 6 = 0.34 ~ 0.40,
and correspondingly the structure is transformed from the brownmillerite-type to the
cubic perovskite-type (Fig. 13) with a cell dimension ac = 3.848A (for SrFeO.s). In
addition, a small quantity of SrCOs phase, formed during the electrochemical process,
was detected in XRD patterns for the oxidized phase. These results are in general
consistent with previous works performed in our group [14, 15, 40, 51].

A metallic behavior was observed for the fully oxidized phase SrFeO; [51], but
the final phase StFeO,9 obtained in the present work shows still a semiconducting
behavior according to the conductivity measurement, although its conductivity is much
increased compared with that of the starting phase SrFeO. s and the activation energy is
quite small (Fig. 14).

Electrochemical experiments for phases of CaFeO.s and Ca;LaFe;Os were
conducted using galvanostatic mode with I = 50 ~ 100 pA as their electrical resistivities
are high, but no significant changes in their compositions and structures were observed

after the polarizations.

- Conclusion
As summarized in Table 3, the orthorhombic brownmillerite phase SrFeO; s can
be oxidized by electrochemical method into its related cubic perovskite phase. However,
our attempts were not successful to oxidize the Ca-containing ferrites, ie. the
brownmillerite CaFeO, s and the G-type Ca,LaFe;O0s phases, although their structures are
similar to those of the Sr-containing ferrites (¢f. IV-1). Causes of this phenomenon will
be analyzed in Chap. IV-3.
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XRD patterns for : (a) the starting phase SrFeQ,.se
(b) the electrochemically oxidized phase SrFeQ; 0,
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Figure 14

The logarithm of conductivity as a function of 10°/T for (a) SrFe0;,90 and (b) SrFe0; .
The activation energies (E;) are calculated from the slopes of the linear fits.
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Table 3

Capabilities of Electrochemical Oxidation Intercalation
of Some Brownmillerite-type and G-type Phases

Before Polarization After Polarization
Starting Phase Eocy (mV) * Final Phase Eocv (mV) *
Oxidized:
SrFe0.s .20 ~ 100 S ~ 500
(brownmillerite-type) FREL 2ne
(cubic perovskite)
Non Oxidized :
Cakietss ~100 400 ~ 500

composition and

rownmillerite-
(b ite-type) structure not changed

Non Oxidized :
Ca,LaFe;05 -15~ 150 400 ~ 500

composition and
(G-type) structure not changed

* The rest potential Eocy depends on specific experimental conditions (especially the
values after polarization) ; listed here are the usual values.

-~ 50 .
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IV-1. Structural Aspects
IV-1-1. General Remarks

The brownmillerite-type or G-type structures have characteristic orthorhombic
unit cells which are related to their parent cubic perovskite cells (see below). However,
the space group for various brownmillerite phases may be different, indicating subtle
crystallographic differences between them.

-About the Brownmillerite-Type Phases

Brownmillerite, as a major constituent of Portland cement, was first described
by Témebohm in 1897 and named ‘celite’. In 1928, Hanson, Brownmiller and Bogue
reported that celite is 4CaO-AL,O3Fe;O; and that a solid-solution extends to
2Ca0-Fe,05 [1].

The crystal structure of brownmillerite, Ca;FeAlOs (the x = 1 member of the
solid-solution CasFe,..Al,Os), was suggested by Biissem in 1937 and Imma was thought
to be the most probable space group with the basic structure consisting of layers of AlOs
octahedra alternating with layers of FeOy tetrahedra ; but, later, several authors proposed
a random distribution of A** and Fe*' ions in octahedral and tetrahedral sites and their
site occupancies were studied [1]. Structural models in space group Imma and space
group Pemn were also suggested by Smith [2] and Bertaut ez al. [3], respectively.

A generally accepted, detailed structure of Ca,FeAlOs was reported by Colville
et al. [1] and their refinements from single-crystal data showed that the most probable
space group is Ibm2 (Ima2 for standard setting) but not Icmm (Imma for standard
setting). This structure, involving a random cationic  distribution  as
Caz[Feo76Alo24](Alos6Fe24)Os, has sheets of comer-sharing [Fe, All-O octahedra
(normal to b-axis) connected to single chains of (AL Fe)-O tetrahedra which are parallel
to the a-axis (here, the g-axis is referred to the setting with b > ¢ > a; [ ] and ( ) indicate
octahedral and tetrahedral sites, respectively).

Dicalcium ferrite, Ca,Fe,Os, is an end member (x = 0) of the solid-solution
series Ca,Fe,ALOs related to the brownmillerite (x = 1). The most probable space
group, Pemn (Pnma for standard setting), and the general atomic arrangement for
Ca,Fe,0s structure were first determined by Bertaut ef al.[3], and later refined by
Colville [4] and Berggren [5] from single-crystal data. The result of Colville’s refinement
is adopted in this work for its structural description.

- 64 -



It was established that Ca,Fe,Os is an antiferromagnet (Ty = 730K) [8] with a
G-type magnetic structure in which nearest-neighboring Fe** ions have oppositely
directed spins and shows weak ferromagnetism below Ty, which is consistent with this
magnetic structure and the primitive space group.

Sr,Fe,0s is another one of a number of compounds related to brownmillerite
and was first assumed to be isostructural with Ca,Fe,Os due to the similarity between
their XRD patterns and lattice parameters [6, 7]. Sr;Fe,Os also has a G-type magnetic
structure [9] with Ty = 700 K, but no parasitic ferromagnetism as in Ca;Fe,Os was
detected. It was suggested that this last observation cast doubt on the assumption that
the space group is Pcmn and that Sr,Fe,Os is isostructural with Ca;Fe;Os. By profile
refinement of neutron powder diffraction data collected at 4.2K, Greaves ef al. [10] re-
examined the crystal and magnetic structure of Sr,Fe,Os and determined the space group
to be Icmm for the crystal structure, in which disorder of iron and oxygen atoms in the
tetrahedral positions was allowed with half occupation of 8(7) position. Later on, the
crystal structure of SroFe;Os was refined for the first time by X-ray single-crystal method
using space group Ibm2 (Ima2 for standard setting), without assuming such a disorder of
atomic positions [11]. It is this result that will be used for its structural description in the
following section.

-About the G-type Phases

Since the work of Wadsley [12] who predicted the existence of oxygen-deficient
ordered structures deriving from the perovskite AMO; , a lot of such phases have been
evidenced, especially the A;M30s term (i.e. AMO,¢7, the n = 3 member of the series
AM,;0;,.1). This kind of phase, having the so-called G-type structure, was first
synthesized by Grenier ef al. [13], who also proposed a structural model (cf Chap. I)
(Note: Do not confuse this "G-type crystal structure" with the “G-type magnetic
structure” which refers to a kind of spin ordering).

G-type compounds can be obtained either with two differently charged cations
occupying the A sites of the perovskite structure, as in Ca,LaFe;Og [14], or with two
cations in the M sites, as in CasFe,TiOg [15]. In the following, only the first kind is
concerned.

This term was also famous when high Tc¢ superconductivity was discovered in

metallic oxides by Bednorz and Miiller [16], more especially in YBa,Cu3;0; that contains
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a cationic ordering and a higher content of oxygen vacancies showing a different
ordering.

Although no structural refinement from single-crystal data has been reported for
G-type compounds due to the difficulty of preparing single crystals, the occurrence of
ordered oxygen vacancies and OOT stacking sequence (cf. I-4) as proposed by Grenier
et al., have been verified by many researchers using methods such as X-ray and neutron
powder diffraction, electron diffraction, transmission electron microscopy, and
Mossbauer spectroscopy (cf IV-1-3).

The oxygen-deficient compound Sr,LaFe;Os is one of the G-type phases. Its
detailed crystal and magnetic structure characterization was carried out by Battle ef al.
[17] using synchrotron X-ray powder diffraction and neutron powder diffraction
techniques. Their refinements showed that the most probable space group for the crystal
structure is Pmma (standard setting).

Ca,LaFe;0s is also known as a G-type compound. Although its full crystal
structure has not yet been obtained, the major structural features are beyond doubt (cf.
IV-1-3).

-About the Setting of the Unit Cell Axes

For a given orthorhombic space group, six different settings are possible
(corresponding to six permutations of the basis vectors a, b, c) and therefore the space
group symbols may be different [18].

In early works, different space group symbols have been used for describing the
structures of brownmillerite phases. In this thesis, in order to facilitate the comparison of
the structures, only the setting with & > ¢ > a has been adopted for both the B-type and
the G-type structures, and appropriate transformations [18] of reported crystallographic
data have been made if they are in other settings. In Table 1 are listed the space group
symbols corresponding to such a setting for the different phases, together with those
used by previous authors.

For the structure of Ca,Fe,Os, the lattice vectors a, b, ¢ corresponding to space
group symbol Pnma and the vectors @', b’, ¢’ corresponding to Pcmn are transformed as

a=c'; b=b'; c=-a
and the transformation between atomic positions x, y, z referring to a, b, c and x', ), z'

referring to a’, b’, ¢’ is :
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For the structure of Sr,Fe;Os, the unit cell vectors and atmic coordinates
corresponding to the space group symbol I2mb, which are not primed, and those
corresponding to Ibm2, which are primed, are transformed as

a=-c'; b=b'; c=a

and x=-z'; y=y',z=x".

Table 1
Space Group Symbols and Corresponding Settings
for the Brownmillerite and G-type Phases.

Compounds Space Group Symbols Space Group Symbols
Corresponding to Used in Literature
b>c>a*
Ca,Fe,0;s Pnma Pcmn (Colville [4])
(standard setting) (corresponding to &' > a’ > ¢')
Sr;Fe,0s I2mb Ibm2 (Harder et al. [11])
(corresponding to ' > a’ > ¢')
Sr,LaFe;O0q Pmma Pmma (Battle et al. [17])
(standard setting) (corresponding to b>c>a)
Note * This is the setting used in present work.

IV-1-2. The Brownmillerite-type Structures
- The Structure of Sr,Fe;0;5

The polyhedral representation of the structure is shown in Fig. 1, which is based
on crystallographic data (Table 2) obtained using single-crystal technique [11]. The
space group is I2mb (with & > ¢ > a), and each unit cell contains four formula units
(Z = 4). The structure projected on yz-plane is illustrated in Fig. 2a.

It can be seen from Fig. 1 that the FeOs octahedral (O) and FeO, tetrahedral (T
and T') layers are perpendicular to 5-direction, with Q-layers repeated at y = 0, 1/2 and
T, T'-layers repeated at y = 3/4, 1/4, respectively. The T and T’-layers are
crystallographically equivalent and can be transformed to each other by twofold rotation

axes parallel to a-axis and located at the sites of octahedral Fel atoms ; therefore the
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tetrahedra in the two layers are differently oriented as far as b-translation is concemned,
giving rise to the OTOT’ stacking sequence along b-axis. The tetrahedral Fe2 atoms are
in mirror planes of symmetry perpendicular to b-direction. The Sr** jons occupy large
irregular cavities between the corner-sharing octahedral and tetrahedral layers and are
surrounded by eight oxygen atoms.

In the tetrahedral layers, two corners (02) of each tetrahedron are shared with
adjacent octahedra while the other two (O3) are shared with adjacent tetrahedra, thus
forming single chains of tetrahedra zigzagging along the ag-axis and separated to each
other by oxygen vacancy rows which are along the [101]c direction.

In Table 2 are listed the atomic positions [11], bond lengths and bond angles for
the Sr,Fe,0s structure. It can be immediately noticed that the octahedral sites (Fel) and
tetrahedral sites (Fe2) are irregular, their symmetry being comparatively lower than O
(m3m) and Tq4 (4 3m), respectively.

The octahedra are distorted primarily by elongation along the b-axis, the Fel-
02 distance in this direction being 2.180A compared with 1,870 and 2.091 A for the two
bond distances at approximately right angles to b. Here the O2 oxygen atoms are those
who link the octahedral and tetrahedral layers.

The distortion from the Ty symmetry of the tetrahedra can be shown by a
comparison of the oxygen—oxygen distances: the 02-02 distance is 3.494A (along b
direction) while the 03-03 distance is 3.001A (these are not shown in Table 2). One
tetrahedral angle is 131.6°, to be contrasted with the others which average about 104°.

The Sr,Fe,0s compound has a G-type magnetic structure (Tx = 700 K). Using
neutron powder diffraction data collected at 4.2 K, Greaves et al. [10] refined iron spin
contribution to the profile simultaneously with nuclear one, which gave the effective
spins (parallel to the a-direction), S(Fe**, oct.)=1.99(6) and S(Fe*", tet.)=2.05(7), for the
octahedral and tetrahedral Fe** ions, respectively. The corresponding spin-only magnetic
moments are p(Fe™, oct.) = 4.88uy and p(Fe”, tet.) = 5.00us. The fact that the
magnetic moments are reduced from the Fe*' free ion value was attributed to covalence
effects [19].

- The Structure of Ca;Fe;0s

The polyhedral representation of the structure is shown in Fig. 3, based on

crystallographic data refined from single-crystal diffraction data [4]. The space group is
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Figure 1
The orthorhombic brownmillerite-type structure of Sr,Fe,0s

The structure of Sr;Fe,Os is based on crystallographic data reported by Harder et
al. (11). The space group symbol has been changed into I2mb (see text), to which the
basis vectors shown in the figure refer. The FeOg octahedral (Q) and FeOQ, tetrahedral
(T and T') layers perpendicular to the b direction are stacked in the sequence of
OTOT', resulting in the cell parameter of b ~ 4-ac (ac is the cell parameter of parent
cubic perovskite structure). The Sr”* ions, indicated by shaded balls, are located in the
cavities between the polyhedral layers. The oxygen vacancies in the two tetrahedral
layers, which are represented by small open circles in the figure, are so ordered that
vacancy chains are formed along [101]c direction of the cubic perovskite cell, which is
parallel to [100]s direction of the Brownmillerite lattice. The fact that ¢ > a (with a »
\2-ac) is a manifestation of such vacancy ordering.
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Table 2
Crystallographic Data for Sr2Fe;Os

(a) Atomic Positions (S.G.: 2mb) [11]

Atoms Sr Fel Fe2 01 02 03
X -0.5047 0 -0.9606 -0.266 -0.025 -0.612
¥ 0.1097 0 1/4 0.995 0.138 1/4
z 0.0156 0 0.9323 0.262 0.056 0.853
Site 8c 4a 4b 8c 8c 4b
Site Symmetry 1 2. .m, 1 1 m.
Unit Cell a=5531A, 5=15598A, c=5661A; Z=4
(b) Selected Bond Lengths and Bond Angles (calculated
from the reported atomic positions listed in (a) )
Bond Lengths (4) Bond Angles (°)
Octahedron Fel-0O: Octahedron: Fe—0O—Fe:
Fel-0O1 1.870x2 01-Fel-01 92.4 Fel-O1-Fel 175.4
2.091x2 90.5 Fel-02-Fe2 146.7
Fel-02 2.180%2 88.5x2 Fe2-0O3-Fe2 130.5
179.1x2
Tetrahedron Fe2—-0: 01-Fel-02 06.2x2
Fe2-02 1.916x2 91.2x2
Fe2-03 1.819 88.9x2
1.980 83.6x2
02-Fel-02 172.7
Sr—0:
Sr-01 2.611 Tetrahedron:
2.622 02-Fe2-02  131.6
2.623 02-Fe2-03  105.3x2
2.625 103.8x2
S1-02 2:4b8 03-Fe2-03 1043
2.699
2.920
Sr-03 2.447
Mean 2.627
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Figure 3
The orthorhombic brownmillerite-type structure of Ca;Fe;0s

This structure of Ca,Fe,Os is based on crystallographic data reported by Colville
(4). The basis vectors have been transformed according to the standard setting (space
group symbol Pnma (see text)). The OTOT' stacking is the same as in Sr,Fe;Os. The
Ca”" ions, indicated by shaded balls, are in the cavities between the polyhedral layers.
The oxygen vacancies are again in the tetrahedral layers forming chains along [101]c
direction of the cubic perovskite cell, parallel to [100]z direction of the
brownmillerite.

0



Pnma (with 5 > ¢ > a), and each unit cell contains four formula units (Z = 4). The
structure projected on yz-plane is illustrated in Fig. 2b.

The structure is similar to that of Sr,Fe,Os, the FeO, tetrahedral chains are
oriented in such a way that we have again the OTOT' stacking sequence along the b-
axis. The Ca*" ions are coordinated to eight oxygen atoms according to Colville [4], or
to nine oxygen atoms according to Berggren [5].

In Table 3 are listed the atomic positions, bond lengths and bond angles for the
structure of Ca,Fe;Os [4]. These data indicate again that both the octahedra and the
tetrahedra are considerably distorted from Oy (m3m) and T4 (4 3m) symmetries into the

site symmetry 1 for Fel ions at octahedral sites and .m. for Fe2 ions at tetrahedral sites.

The magnetic structure of Ca,Fe,Os is also of G-type (Tx = 730 K), with the
antiferromagnetically coupled moments, 4.5ug per Fe’* ion [9], lying along the a-axis
according to Mossbauer spectra recorded using linearly polarized y-rays [20]. The same
structure was confirmed by three neutron diffraction studies carried out by Corliss ef al.
[21], Friedman ef al. [22] and Takeda et al. [9].

IV-1-3. The G-type Structures
- The Structure of Sr.LaFe;0;

The structure is represented in Fig. 4 on the basis of crystallographic data
obtained by neutron powder diffraction at room temperature [17]. The space group is
Pmma (with & > ¢ > a), and each unit cell contains two formula units (Z = 2). The
structure projected on yz-plane is illustrated in Fig. 5.

As shown in Fig. 4, the FeO¢ octahedral (0) and FeO, tetrahedral (T) layers are
perpendicular to the b-direction, with O-layers repeated at about y = 0.339, 0.661 and T-
layers repeated at y = 0. The two O-layers in unit cell are related to each other by mirror
plane normal to b and located at y = Y2 (¢f Table 4a). The T-layers are
crystallographically equivalent and can be repeated by b-translation ; hence the tetrahedra
in different T-layers have same orientation as far as b-translation is concerned, giving rise
to the OOT stacking sequence along b-axis. The octahedral and tetrahedral Fe* ions in
Sr,LaFe;0; structure are located in mirror planes which are perpendicular to the a-axis
for the former and perpendicular to the b-axis for the latter. The 2:1 Sr** and La®" ions
occupy two kinds of cavities between the comer-sharing polyhedral layers :
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- one is between tetrahedral and octahedral layers (4% site) with a 8-fold
coordination.

- the other one is between two octahedral layers (2f site), with a 12-fold
coordination, having a bigger size than the previous one (cf. distances in Table 4b).

Although the ratio of the former cavity to the latter one is also 2:1, no ordered
distribution of these cations over the two sites was observed [17]. Hereafter, the
disordered 2:1 mixture of Sr** and La’* will be denoted by (2Sr, La) ions.

In the tetrahedral layers, exists a similar picture as in the brownmillerite
structures, i.e. single chains of tetrahedra which are zigzag along the a-axis and are
separated by rows of oxygen vacancies along the same direction.

In Table 4 are listed the atomic positions, bond lengths and bond angles for the
structure of SroLaFe;Og [17]. Again in this structure, the octahedra (with central cation
Fel) and the tetrahedra (with central cation Fe2) are both distorted.

The octahedra are elongated along the b-axis resulting in long Fel-04 distance
(2.365 A) compared with the mean (1.975 A) of the four Fel-O bond distances. Here
the O4 oxygen atoms, like O2 in the brownmillerite structures, play the similar role of
linking the octahedral layers and tetrahedral layers. In contrast, the Fel-03 bond which
joins pairs of octahedral layers is exceptionally short at 1.929 A

The distortion from the T4 symmetry of the tetrahedra can be shown by a
comparison of the oxygen—oxygen distances: the distance 04-04 is 3.380A (along b
direction) while the distance O5—05 is 3.090A (these are not shown in Table 4). One
tetrahedral angle is 133.5°, to be contrasted with the others which average about 104.8°.

Note that the occupancy for Fe2, 04 and O5 positions is 1/2 (with the
occupancy for O6 being taken as zero), which involves positional disorder around the
tetrahedral sites.

The magnetic structure Sr;LaFe;Os was refined simultaneously with its crystal
structure from the neutron diffraction data collected at room temperature [17]. The
Sr,LaFe;Os phase is a G-type antiferromagnet in which spin on each Fe® ion is coupled
antiparallelly to spins on its six nearest-neighboring Fe’* ions, irrespective of whether
they occupy octahedral or tetrahedral sites. The Néel temperature obtained from
Maossbauer data is Ty = 715 £ 5 K [23]. The ordered magnetic moments are along the a-
axis, with the values of 3.77(5)us and 3.15(11)pg for octahedral and tetrahedral sites,

respectively, which are lower than free jon value. That may be explained by assuming
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Table 3

Crystallographic Data for Ca,Fe,0s [4]

(a) Atomic Positions (S.G.: Pnma)

Atoms Ca Fel Fe2 01 02 03
x 0.4806(2) 0 0.9459(2) | 0.2632(8) | 0.0234(8) | 0.6005(9)
y 0.1079(1) 0 1/4 0.9839(2) | 0.1403(2) 1/4
4 -0.0233(2) 0 -0.9338(2) | -0.2366(7) [ -0.0716(7) | -0.8746(8)
Site 8d 4a 4c 8d 8d 4c
Site Symmetry 1 1 m. 1 1 m.
Unit Cell a=5.429(1) A, 5=14.771(2) A, ¢=5.599(1) A; Z=4.
(b) Selected Bond Lengths and Bond Angles
Bond Lengths () Bond Angles (°)
Octahedron Fel-0O: Octahedron: Fe—O—Fe:
Fel-0O1 1.963x2 O1-Fel-0O1 92.6x2 Fel-Ol1-Fel 164.8
1.970x2 87.4x2 Fel-0O2-Fe2  140.2
Fel-02  2.115x2 180.0x2 Fe2-03-Fe2  125.9
O1-Fel-02 93.0x2
Tetrahedron Fe2-0: 90.9x2
Fe2-02 1.844x2 89.1x2
Fe2-03 1.904 87.0x2
1.920 02-Fel-02  180.0
Ca-0: Tetrahedron:
Ca-01 2.427 02-Fe2-02  123.1
%igi 02-Fe2-03  107.3x2
2' 741 106.1x2
Ca_02 2330 03-Fe2-03 105.9
2.542
3.000
Ca-03 2.350
Mean 2.545

-75-




Figure 4
The orthorhombic G-type structure of Sr;LaFe;Os

This G-type structure of Sr,LaFe;Os, having the Pmma space group, is based
on previously reported crystallographic data [17]. The FeOs octahedral (O) and
FeO, tetrahedral (T) layers perpendicular to the b direction are stacked in the
sequence of QOT, giving rise to the cell parameter & ~ 3-ac (ac being the parameter
of parent cubic perovskite cell). In the cavities between the polyhedral layers are
disorderly located the 2:1 Sr** and La>* ions as shown in the figure by shaded balls.
The oxygen vacancies in the tetrahedral layers, indicated by smaller open circles, are
considered to be ordered along [101]c direction of the related cubic perovskite
lattice, which is parallel to [100]g direction of the G-type structure. Such a vacancy
ordering produces a difference between the cell parameters ¢ and a of the G-type
structure with ¢ > a ~ ¥2-ac.

T8 =



<— (28r,La)1, O3
e Fel, 013 02

<—— (2Sr,La)2, 04

<+— Fe2, 05

Figure 5
The G-type structure of Sr,LaFe;O3 projected on the yz-plane.
(cf. Table 4a for atom labels).

« 77 -




7=7 ‘Y (1)8209°s =2 Y (s)s¥88' 11 =9 Y (1)5605'S =P PRD Mun

w 1y v0°0 889°0 0 ¥L0'0 90
w 1y 9%°0 L8O 0 PEL'0 SO
I 18 wn E10€°0 0TH1'0 897°0 vO
qunu s I 1002°0 U v/l €0
T Y I Al 90¥€'0 0 70
T 3y I 0 $TOE'D 0 10
w 1y A 98L1°0 0 8L0T'0 (£X |
u 1w I SIHT0 Y88EE0 v/l L |

T 14 I LOEL'O yI161°0 /1 7(e1 “a87)

T T I EPPL'O o /1 1(e1 “187)

Anowmig NNg ms KyaedndaQ 5 d x smoly

(emwy :*5°S) suonisod dmoyy (&)

[L1] BOfoqeTeas a0} vreq dwjdeadoqeisit) §aqe]

-78 -



*79,] JO IapIosip [euomisod o) 0] oNp SUO PIFEISAE UE ST INJEA ST, 4

09'C Teow
6T sO—7(¥1 I1S7)
6T
T
7971 7od4-SO-7°4 €LLL  YO-T3d-£0 Lv'T yO—-7(®1 IS7)
LS8 TPIFO-1°4 0°€8 TXE65'T 70-2(¥1 “1S7)
7991 1°d-€0-1°1 £'08 FO-12d-70| TXCIS'T 10-¢(®1 “187) 16’1
8'8L1  [°d-7O-T°d XvY6 €0 13470 161 SO—72q
8¥ST  I1°4-10-1°4 I'L8  TO-12d-70 7X$8'1 vO—7°d
A0 $'68 £78°C ueow {0—7°] uoapaqena],
068  PO-T°J-10| TXTLL'T
1'801 SO-724-0 TX9°€6 €0-1°9-10 1234 GoE€T FO—1°4d
TXL €01 TX8'ILT 640'€ £0-1(¥71 1S7) 6261 £0-1°d
TXEPO1 $0—7°1+0 X016  TO-1°4-10| VXEIL'T ZO-1(®71 1S7) 7%666'1 Z0-1°d
SEEl ¥0-7°4—+0 868 10-1°4-10| ¥*896'C 10-1(¥71 187) TXTS6'T 10-1°4
JITNED CRVEN | SO EN R} I0-1(®1 AS7) {0—T U0IpayeRnQ
(o) so[8uy puog (y) sp8uag puog

( (e) 31qe L, ur paysyy suonisod d1moje pajrodar Iy) uo paseq pappe pus

pajenared aE safdue puoq af—0—24) se[Suy puog pus sq3Sud| puog pajRpPRs (q)

[L1] 3OfaqeTeas 10) vrB(g drydeadoqeisdi) 3qe],

-79.



References : page 106

that the magnetization is not completely saturated at room temperature [23]. The small
value of the observed magnetic moment at tetrahedral site was also assigned to the
influence of structural disorder on the superexchange interactions, as well as to another
possibility that the moment may disorderedly deviate from the a-direction [24].

- The Structure of Ca;LaFe;0s

Although no full structural data have been reported for Ca,LaFe;Os, its major
G-type structural features were confirmed in many investigations carried out by several
authors using X-ray powder diffraction, electron diffraction (ED), transmission electron
microscopy (TEM) and Méssbauer spectroscopy. For example, ED and TEM analysis by
Alario-Franco et al. [25] clearly showed the characteristic G-type lattice which is derived
from the parent cubic perovskite one in the way presented in Fig. 3 of Chap. L.

As CaslaFe;Og is also an antiferromagnet with the magnetic ordering
temperature being circa 770 K [26], its Mossbauer spectrum recorded at 295 K [26, 27],
comprising two well-resolved six-line magnetic hyperfine splittings, confirms the
presence of tetrahedral and octahedral iron sites in the expected ratio of [T)/[O] = 1:2.

IV-1-4. Discussions and Conclusions

- Comparison of the Structures
Common features in those anion-deficient structures of brownmillerite-type and
G-type are that all polyhedra, both the FeOs octahedra and FeO, tetrahedra, are linked to
one another by sharing comners as in the perovskite structure, and that the oxygen
vacancies in their tetrahedral layers are ordered along [101]c direction of the related
perovskite cubic subcell, resulting in similar single chains of tetrahedra along that
direction as well as similar orientation of their unmit cells. On the other hand, the
difference between brownmillerite and G-type structures is evident due to their different
polyhedral stacking sequences. Even the two brownmillerite-type structures of SroFe;Os
and Ca,Fe,0s are not ideally isostructural due to their different symmetries. From the
polyhedral representation shown in Fig. 2, it is clearly seen that the tetrahedral chains are
differently oriented in the two brownmillerite structures.
- The Disorder of Sr and La Ions in Sr;LaFe;05
Tt has been mentioned in IV-1-3 that, although the 2:1 Sr*" and La®" ions
occupy two kinds of cavities (the 4%, 8-coordinated, and 2f, 12-coordinated, positions)

with their relative quantity being also 2:1, their distribution over these two sites is not

-80-



ordered. Here we will show that the observed disorder is consistent with the bond length
data.

The size of the 2f cavity may be represented by the mean of A1-O distances
davo » and that of the 4k cavity by the mean of A2-O distances daz.o. Here Al = (281,
La)l and A2 = (281, La)2.

From Table 5, it can be seen that, the A values of Sr** and La> cations for the

two cavities have the same sign but with small differences; on the other hand, the
weighed average (r, +r,),, for the two cavities are close to dai.o or daszo , although

the average values with some different weighing do not make large difference.

These data indicate that the observed mean distances of A1-O and A2-O do not
correspond to ordered occupation such as the two Sr°* ions in the two 4k sites and the
La® ion in the 2fsite . It is a way to confirm the cationic disorder over these two sites.

It will be known later that this disordered distribution of 2:1 Sr** and La>" ions
is also observed in perovskite phase of Sr,LaFe;Ogos . Since this perovskite is obtained
starting from Sr,LaFe;Os phase by a "chimie douce" method, such a disorder is a natural
consequence.

- The Influence of Bonding on the Cell Parameters

As it has been previously mentioned, the cell parameters of brownmillerite (n =
2) and G-type (n = 3) structures can be approximately related to the cubic cell as: a, =
\fZ-ac, b, = (6-n)a., and ¢, = v2-'a.. Observed cell parameters have the relative
magnitude of ¢, > a, > V2-a. (with ¢, being greater than a, by 0.1~0.2 A) and 5, > (6-
n)d..

The observation of ¢, > a, can be attributed to the ordered oxygen vacancies in
the tetrahedral layers, where O3 (in the brownmillerite structures) or O5 (in the G-type
structure) are only bonded to the tetrahedral Fe2 ions in forming zigzag chains along the
a-direction while the crosswise bonding between the parallel tetrahedral chains are absent
due to the oxygen vacancy rows (Fig. 6).

The fact that b, 2 (6-n)-a. is due to long octahedral Fel-O distances along b-
direction (¢f. IV-1-2 and IV-1-3), which was also observed in brownmillerite structure of
Sr;CoFeOs [24].

Therefore, the transition from the orthorhombic structures to the cubic ones

after oxygen intercalation will shrink the structures due to additional bonding effect
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provided by intercalated oxygen atoms as well as smaller ionic radius of Fe** ions which
are present after the oxidation process.
It can be seen from the following table that the decrease in unit cell volume after

oxygen intercalation is an usual phenomenon in the AqB,Os,-1 series.

Variations in Unit Cell Volumes after Oxygen Intercalation
into Brownmillerite and G-type Phases Belonging to the Series of A;B,O3n4

Phase AV/IV, (%) ac (A) Reference

G-type Perovskite
-5.2 3.8769(2) This work

Sr.LaFe;0z = Sr;LaFes;0goo

Brownmillerite Perovskite

Sr;Fe;0,5 =  SrFeOs - 55 3.835(2) Wattiaux et al. [28]
S5,C0,005 = SrCoOs -6.3 3.845(2) Bezdicka et al. [29]
Sr,CoFeOs = Sr,CoFeOg -6.7 3.837(2) | Bezdicka et al. [30]

- The Degree of Distortion from the Cubic Perovskite Structure

For brownmillerite (n = 2) or G-type (n = 3) phases in A.M.Os,., series,
intercalation of oxygen atoms into their tetrahedral layers may transform the structures
into the perovskite one (n = o). Various starting phases may have structures distorted to
different extent from their "parent" perovskite structure, therefore, the influence of their
structure on the oxygen intercalation would be different, as energies involved in the
structural changes would be different.

To simplify the comparison of the distortions of the oxygen-deficient ferrites
concerned here, their parent structures are assumed to be ideal cubic perovskite, with all
the Fe—O-Fe bond angles (between octahedra) being 180° and the O—Fe-O bond angles
(within octahedra) being 180° or 90°. The corresponding bond angles in brownmillerite
and G-type structures are distorted from these ideal values, and various kinds of bond
angles should be distinguished, e.g. Fe~O-Fe bond angles can be between octahedra
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Table 5

The Comparison of Cavity Size with Metal-Oxygen Radius Sum

for Sr** and La®" Cations in the Structure of Sr,LaFe;0g

In 2f cavity (12-Coordination)

(mean A1-O distance d .0 =2.82 A)*

In 4k cavity (8-Coordination)
(mean A2-O distance daz0 =2.60 A)*

cations Sr** La* cations Sr** La*
— .. b i g . b
ionic radius ionic radius
1.58 1.50 1.40 1.30
rv (A) rm (A)
- b . b
radius sum radius sum
For ¥ To (A) 2.84 2.76 Iy + o (A) 2.66 2.56
A (A) A (A)
[=(rm +ro) 0.02 -0.06 [=(rm + ro) 0.06 -0.04
—dato] —dazo]
Weighed Weighed
[ C
Average 2 81 Average 263
(ry +16 )y A) (ry +76)y A)
a. A1=(28r, La)1l and A2=(2Sr, La)2; see also Table 4b.
b. All the ionic radii used here including that for oxygen anion 0%,
Note roz-= 1.26 (A), are those of Shannon ef al. [31].

C. (I'M +l‘0 )W = (2/3)'(I'M + l'o)sr + (1/3)‘(1’]\/[ 4 l'())La.
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and/or tetrahedra and the bond angles of O-Fe2—O and O-Fel-O are within tetrahedra
and octahedra, respectively.

Therefore, the degree of structural distortion of these oxygen-deficient ferrites
may be examined by averaged difference between the corresponding bond angles in the
derived orthorhombic structures and the perovskite structure.

In the following, the calculations are performed on the phases of CaFe;Os,
Sr,Fe,0s and Sr;LaFe;0g, their bond angle values are given in Table 2b, 3b and 4b. The

average distortion involving all Fe—O-Fe bond angles will be denoted by Dy, ,_p,, the
distortions within tetrahedra and octahedra by D, and D, , respectively.

As an example, in the Ca,Fe,;Os structure (brownmillerite-type), we obtain the
following results :

(a) Average distortion of Fe—O—Fe bond angles :

The corresponding bond angles in the parent cubic structures are 180°. As can
be known from Table 3b, each unmit cell has 20 oxygen atoms (i.e. O1x8 + O2x8 +
03x4), therefore,

D, o = [(180-164.8)x8 + (180-140.2)x8 + (180-125.9)x4]/20
= 32.8 (°/ per bond angle).

(b) Average distortion of O—Fel—0 bond angles within octahedra :

The corresponding bond angles in the parent cubic structures are 90° (12 bond
angles) or 180°(3 bond angles).

D, =[(92.6-90)x2 + (90-87.4)x2 + (180-180)x2 + (93.0-90)x2

+(90.9-90)x2 + (90-89.1)x2 + (90-87.0)x2 + (180-180))/15
= 1.7 (°/ per bond angle).

(c) Average distortion of O—Fe2—0 bond angles within tetrahedra :

The corresponding bond angles in the parent cubic structures are 90° (5 bond
angles) or 180° (1 bond angle). Therefore,

D,, =[(180-123.1) + (107.3-90)x2+ (106.1-90)x2 + (105.9-90))/6

= 23.3 (°/ per bond angle).

In the same way, calculations were carried out for Sr,Fe;Os and Sr.LaFe;Og
structures. For clarity, all the results are listed in Table 6. It can be seen that large
distortions are found between polyhedra (Dy,_,_p ) and within tetrahedra (D, ) ; for

Sr,Fe,0s and Sr;LaFe;O;s phases, these two distortions are close and smaller than those
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of Ca,Fe,Os. By contrast, the distortions within octahedra are much smaller. In other
words, the structural changes during the transformation ,

brownmillerite - type structur

c ;
= perovskite structure ,
G - type structure

will arise mainly from the changes of Fe—O-Fe and O—Fe2-O bond angles (changes in
bond lengths are not considered here). One may expect that smaller energies would be

required for the transformations involved in Sr;Fe;Os and SroLaFe;Os phases.

Table 6
The Averaged Distortions (°/ per bond angle) in the Structures
of CazFezos, Sl’zFe;Os and SrzLaFe;;Os

Phases Ca,Fe;05 SryFe; 05 Sr;LaFe;0g
Distortion between
. 32.8 25.1 22.9
Polyhedra, D, _, .
Distortion Within
B 23.3 20.2 20.1
Tetrahedra, D,
Distortion Within
. 1.7 3.0 3.8
Octahedra, D,

IV-2. The Oxygen Vacancy Rows :
the Channels for Oxygen Diffusion and the Channel Widths

A section of the tetrahedral layers in Ca,Fe;Os and Sr.LaFe;Os structures are
shown in Fig. 6. Due to close structural similarity, the same representation of Fig. 6a can
be applied to the case of Sr;Fe;O;s after the atom label Ca is changed to Sr. It can be
clearly seen from this figure that the space between the single tetrahedral chans (due to

oxygen vacancy rows) produce continuous channels. It is via these channels that oxygen

atoms may be intercalated into the structures, involving simultaneous increase in the
oxidation state of iron cations and possible structural changes.
Therefore the channel width, with respect to the size of the diffusing oxygen

anion, appears to be an important parameter for the diffusion process.
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IV-2-1. The Calculation of the Channel Widths.

As shown in Figs. 6 ~ 8, along the diffusing channels, there exist three kinds of
periodic polygonal "windows" through which the intercalated oxygen has to squeeze;
they are so-called trapezoid window, triangular window and rectangular window . Fig 7
gives a view of the channels showing clearly the three kinds of windows. Calculation
results of interatomic distances suggest that such a route (through the windows) should
be the most possible for the diffusion process, because along any other path the diffusing
oxygen atoms would have to squeeze through narrower space.

The widths of the diffusing channels are therefore determined by the distances
between the ions which form the polygonal windows as well as the sizes of the ions
themselves.

In the calculations of the channel widths, all the ions are assumed to be spheres.
The shapes of the three polygonal windows are shown in Fig. 7 and separately in Fig. 8.
The window sizes are represented by corresponding radii, rw, of the inscribed circles to
the circles of the atoms which form the polygonal windows (cf. the figure given in
Appendix II).

The ionic radii used in the calculations are taken from those of Shannon ef al.

[31] and are listed as follows (with the roman numbers in the brackets indicating the

coordination numbers):
O*(VI): rox- = 1.26A; Ca® (VII): ree- = 1.264;
Sr**(VII): rse- = 1.404; La**(VII): rp.» = 1.30A.

Note that, for Sr;LaFe;Oyz structure, the radius of the 2:1 disordered A2 cations
(A2 = (2Sr, La)2, with 8-fold coordination) is taken as the average of

rm=% rse+ + % rL. = 1.37 A.

The formulas for calculating the radii, rw, of the polygonal windows in the
structures of CayFe,0s, SrFe;Os and Sr;LaFe;Og are those in the following. The
parameters in the formulas are defined in Fig. 8 and the values of the interatomic
distances, d;, d, and ds, are listed in Table 7 (they are calculated from the atomic

positions previously given in Tables 2a, 3a and 4a).
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(a) For the trapezoid windows (cf. Appendix II) :

| =Ml 1) + (6] - (a —rge )0} +dids (0 1))
IW - 2[[_12 __(rA _ 2 )2]

= 1'02- b

2d? -d*+dd
2 ; ] 3—(I'A —1'02..)2.

d,—d
with H? =d§—(‘~*—21—)2 and M =

Here, ra can be rca- (for Ca;Fe;Os), rse+ (for SrFe;Os) and ra» (for

SI'zLaFeg, Og)

(b) For the triangular windows :
Note that (rw+roz) is the radius of the circumscribing circle to the triangle
02b(04b)-02¢(04c)-03(05), so that :

[ =—F————— - I ,-, With cos0=
Y 2d1-cos’e  ° 2d3

(c) For the rectangular windows :

v d +d; - 2rge-

2

rw=

IV-2-2. Results and Conclusions

The window radii r, calculated for the three phases are shown in Table 8 .
Although the radius of diffusing oxygen anions is not knmown, it is assumed to be
ro» = 1.26A. The magnitude of negative rw-ro2- (Table 8) values provides a measure of
the narrowness of the windows.

From Table 8 , the following points can be concluded :

(i) The radii of the three windows in the Ca-containing phase Ca;Fe,Os are the
smallest compared to those in the Sr-containing phases, Sr2Fe;Os and Sr;LaFe;Os. That
is, the diffusion space in Ca,Fe;0Os is the narrowest.

(ii) Among the three windows of each phase, the narrowness of the windows
increases in the following order:

rectangular rw > trapezoid rw > triangular rw,
indicating that the triangular window, maybe also the trapezoid window, should be the

determining ones for the oxygen diffusion process in each phase.
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[ Trapezo_id window ]

Triangular \ vl
window

Figure 7
View of the diffusion channel in a tetrahedral layer
of the oxygen deficient ferrites (here is the case of Ca,Fe;0s).
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Table 7

Distances (in A) between atoms which form the polygonal windows in the concerned
phases. For the definitions of the windows and the distances see text and Fig. 7and 8.

(a) CazFe;0s
Trapezoid d (=doz-02¢) d; (=dca-02p) ds (Fdca-ca)r
(ca-gi,'f‘g’;’;Ca.) | 3.241 2.330 4.198
Triéngular di Fdozv-0z)) | dz2 (Fdozv-03) -
(og-l:l)g?-vos) 3241 3.524 -
Rectangular d; (=dozb-02¢) d; (=do2s-02n) -
(oza-(v)‘;lt?:g;‘»z-ozd) 3241 3.370 -
(b) SroFe20s
Trapezoid d; (=dozn-02c) d; (=dsr-o02p) ds (=ds;.sr)
(Sr-ggili((lfzvz-sv) ' 3424 2.468 4.377
Triangular d; (=dozb-020) | d2 (=dozb-03) -
(og-lf)givds) 3.494 3.805 -
Rectangular di (=dozb-02¢) d2 (=doza-02s) -
(oza-(‘;gl:-(g;vc-md) 3.494 3.532 _
(c) Sr.LaFe;0s
Trapezoid d; (Fdo4v-04c) d2 (=daz-04p) d3 (=dsz-a2)
(AZ_OW{&%’X” Az | 33753381 2.478 4.543
Triangﬂar di (Fdosr-04) | d2 (Fdosb-o05) -
(of;’f:‘,i‘;f"os) 3.375~3.381 3.670~3.705 _
Rectangular d1 (5doan-04c) d; (=do4a-04p) -
(043_3;3‘32_0 | 33753381 3.390~3.698 _

Note: (1). A2=(2Sr, La)2.
(2). In some cases, ranges of distance are given due to the positional disorder of the atoms
concerned (see V-2-3).
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(iii) The differences in the window radii, rw, between the Ca-phase and the Sr1-
phases may be related to their different capabilities of oxygen intercalation (see next
section for details).

IV-3. What Influences the Oxygen Intercalation ?
IV-3-1. Introduction
Experiments have revealed that oxygen can be intercalated into the
brownmillerite Sr.Fe,Os and G-type Sr.LaFe;Os phases by electrochemical method.

Structurally, the existence of the continuous oxygen vacancy rows (the channels) in their

tetrahedral layers should be an important precondition for this phenomenon. However, it
does not provide a complete explanation, because under similar conditions it is not
possible to intercalate oxygen into Ca,Fe;Os and Ca,LaFe;Og structures although they
are also of the brownmillerite-type and the G-type, respectively.

Suppose one intercalated oxygen, its diffusion along a channel in the structures
will be influenced, of course, by the channel width. On the other hand, since the diffusing
oxygen species is negatively charged, its coulombic interaction with the ions in the host
lattices may also have an important influence on the diffusion process.

Based on available crystallographic data and the ionic model, two energy terms,
resulting from short-range and long-range interionic interactions, will be examined and
compared for the three phases of Ca;Fe,0s, Sr;Fe;0s and SroLaFe;0g (unfortunately a
full crystal structure of Ca,LaFe;Os has not yet been reported), in order to explain their
different capabilities of oxygen intercalation. The influence of other effects will also be

discussed.

IV-3-2. The Width of the Diffusion Channels
and the Short-Range Pauli Interaction

As has just been described, along the diffusion channels (the oxygen vacancy
rows) in both the brownmillerite and G-type structures, there exist three periodic
polygonal windows (Figs. 7 and 8) through which a diffusing oxygen has to squeeze.

Generally, for two given atoms or ions, if they get so close together that their
electron clouds begin to overlap, a short-range repulsive force becomes important due to
Pauli repulsion [32]. The corresponding repulsive energy, E;, can be represented by an

exponential function :
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Em=Bexp(—‘p‘—),

where r is the separation between the two atoms or ions, B is a constant and p another
constant, typically 0.35 [33]. A smaller r means a stronger overlap of the electron clouds
hence a higher repulsive energy Er; .

As can be seen from Fig. 7, 8 and Tables 7 and 8, when a diffusing oxygen
anion comes near the window centers, an overlap of its electron cloud with those of the
lattice ions forming the windows may occur. The narrower the windows, the stronger the
overlap and hence the higher the repulsive energy.

From the previously obtained results (the radii rw ), it is clear that, for each
phase, such an overlap at the triangular window center is the strongest, next to it is the
trapezoid window center.

The most important thing is that, among the three concerned phases, the
corresponding window radii of Ca,Fe;Os are the narrowest (the averaged differences in
their triangular and trapezoid window radii being about 0.09A). Therefore,

(a) the repulsive energies experienced by a supposed oxygen atom diffusing
in the channels of Ca,Fe,0s could be significantly higher than the corresponding energies
in the other two structures ;

(b) for each phase, the repulsive energy at the three window centers increases
in the following order :

4xE,, (rectangular center) < 4xE.;, (trapezoid center) < 3xE., (triangular center),
here the coefficients are the numbers of the interaction pairs;

(c) the effect of the "channel width" is nothing than the effect of the repulsive
energy.

IV-3-3. Electrostatic Potentials Along the Diffusion Paths
and the Long-Range Coulomb Interaction.

As all the three phases concerned here, Ca;Fe;Os, SroFe;0s and SrplaFe;Os, are
magnetic insulators or semiconductors (G-type, Tnx=700~730K) with localized
electrons, the ionic model may apply.

In ionic crystals, the ions may be regarded as point charges with a regular three-
dimensional arrangement and each of them experiences an electrostatic Madelung
potential of appropriate sign, which depends on summation of long-range Coulomb
potentials from other ions in the lattice. In an ionic oxide, the Madelung potential is

positive at sites occupied by oxygen anions and is negative at cation sites, thus stabilizing

04 =



the ionic charge distribution. That is, filled oxygen levels have lower energy than that of
empty metal levels.

Energy levels may be influenced by the effect of polarization. For example, the
energy of empty metal levels may be lowered and that of filled oxygen levels be raised to
some extent [34]. In what follows, however, the effect of polarization is not considered.
It will not qualitatively influence our conclusions because it is not unreasonable to
suppose that the polarization effects in the three phases under consideration would be
similar.

- The Calculation of Electrostatic Potential and Electrostatic Energy

In an ionic lattice, the electrostatic potential, V;, at an arbitrary site 7 (i.e. not

necessary the lattice site) equals the sum of all the electrostatic potentials due to

individual lattice ions:

vi=a S AL
ry
(J#1)

where ¢; is the charge of the ion at lattice site j, r; the distance between site i and j, and 4
is a conversion factor depending on the units. (Nofe: In the present calculation, the unit
of electric charge is the absolute value of one electron charge e, the distances r; are in A,
and the conversion factor is chosen to be A=14.40 which converts potentials in e/A into
potentials in V (Volt) and energies in ¢*/A into those in eV.)

If there is a charge g; at site 7, its electrostatic potential energy (or coulombic

potential energy), Ecou,i , due to its interactions with the charges of lattice ions will be :

q i
Ecoui = qu:‘ = A'qi' r_J .
j I
(J#0)
Suppose now i also to be a lattice site and correspondingly ¢; is the charge of

the lattice ion at i, the electrostatic energy of the whole lattice (the Madelung energy) is
given by

Here the division by 2 is to avoid counting each interionic interaction twice.
The above summations (involving inverse of distances) converge very slowly,

that is, the interionic coulombic interaction is a long-range effect.

0% o
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Our calculations were done using a program (MADEL [35]) based on Ewald's

rapid-convergence method [36].
- Calculation Results and Discussions

Fig. 9 shows the variations of electrostatic potentials with x-coordinate along
the diffusion paths in the tetrahedral layers of Ca;Fe,Os, SroFe;Os and SroLaFe;Os (¢f.
IV-1-2 and IV-1-3), which are calculated using the method described above for
numerous positions along the paths. For simplicity, the diffusion paths have been
approximated to straight lines comnecting the centers of the neighboring polygonal
windows as shown in Fig. 10 (the window centers are the origins of rw, ¢/ Fig. 8). The
y-coordinates of these straight lines are y = 0.75 for Ca,Fe;0s, y = 0.25 for SroFe;0s and
y = 0 for Sr;LaFe;0s.

The coulombic potential energies of a charge (-2¢) at the window centers,

which are indicated by corresponding polygonal symbols in Fig. 9, are listed in Table 9.

According to the obtained results, following discussions can be made.

(i) As can be seen from Fig. 9, the electrostatic potentials along the diffusion
paths are almost all negative for Ca,Fe,Os and positive for Sr,Fe;Os and SroLaFe;Os.
Therefore, for a negatively charged oxygen species, its diffusion along the channels in
Sr,Fe,0s and Sr,LaFe;Og phases may be favored by the Coulomb energy, but it is not the
case for Ca,Fe,Os phase. Or in other words, the Coulomb energy of the diffusing oxygen
in the channels of Ca,Fe,Os structure is again significantly higher than the corresponding
energies in the structures of Sr.Fe;Os and Sr;LaFe;0s.

(i) Even if an oxygen anion has somehow entered into the channels in
Ca,Fe,0s, it still has to overcome a higher coulomb energy barrier than in the other two
structures for continuing its diffusion. In Table 9 are shown such energy barriers,
(Etea —E™"), along the channels in the three phases (with the charge being taken as
-2e).

(iii) For each phase, the Coulomb energy of a negative charge at the three
window centers increases according to

E.ou (rectangular center) < Eco (triangular center) < E.ou (trapezoid center).

Note that the Coulomb energy at the trapezoid center is also the highest one
along the channel.
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Figure 9
Variations of electrostatic potentials with x coordinates along the lines
connecting the polygonal window centers in CaFe;Os (y coordinate=0.75),
Sr,Fe,0s (y=0.25) and Sr,LaFe;0z (y=0). Only the variation within one period is
shown for each phase, the period being 1a. Values at trapezoid, triangular and

rectangular window centers are marked by the corresponding polygonal symbols.
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Figure 10
Representation of the diffusion path taken as zigzaging lines
connecting the centers of the neighboring polygonal windows (here
is the case of Sr,LaFe;0g).
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Table 9

Electrostatic Potential Energies for a Charge (-2¢) at the Polygonal Window Centers
and the Maximum Energy Differences Along Channels in the structures of Ca;Fe,Os,
Sr,Fe,0< and Sr.LaFe;0s.

Electrostatic Potential Energy *
for a charge of (-2¢) (eV)

max min
Ecoul "Ecoul ik

Trapezoid Triangular Rectangular (eV)

Centre Centre Centre
Ca,Fe;05 3.06 1.84 -0.26 352
Sr;Fe;0s -1.90 -2.60 -3.62 2.12
Sr;LaFe;0s 1.00 -0.96 -1.80 3.22

* The zero of the potential energy is taken as the energy of free charge.

*x RO _ R o the difference between the highest and lowest potential energy along a
channel (¢f. Fig. 9).
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The relative Coulomb energies at the trapezoid centers of the three phases for a
charge (-2¢) are schematically shown in Fig. 11. Note that these energy values are only

estimated ones since some approximation is involved (see below).

Trapezoid center
in Ca;Fe;Os

Trapezoid center 2.06 eV
in Sl‘zLﬂFﬂ303

4.96 eV

2.90 eV

Trapezoid center
n SI'zFEzOs

Figure 11
The differences in the coulombic potential energies of a charge (-2e)
at the trapezoid centers of Ca,Fe;0s, Sr;Fe;0s and SrolaFe;0s.

IV-3-4. The Different Capabilities of Oxygen Intercalation of the Ferrites :
the Influence of Energies

For one diffusing oxygen, besides the short-range repulsive and long-range
coulombic interactions considered in the sections of IV-3-2 and IV-3-3, its energy may
also be influenced, more or less, by some other effects such as polarization (as mentioned
previously), its dispersion interaction [32] with lattice ions (which results in an attractive
potential energy proportional to 1/1°), and local lattice relaxation [37].

However, since the dispersion interaction is quite weak [32, 33] and the effects
of the polarization and the local lattice relaxation may be assume to be similar for the
three phases under consideration, neglect of them will not influence our examination of
the relative energies of the diffusing oxygen in the three structures.

Therefore, from the results obtained in IV-3-2 and IV-3-3, the energetics of the

oxygen diffusion can be qualitatively discussed as follows.
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(i). The oxygen intercalation capabilities of the three ferrites are mainly
determined by the two interaction energies at the triangular or the trapezoid window
centers, i.e. the short-range repulsive energy (Er;) and the long range coulombic energy
(Ecou); While the interactions at the rectangular centers are not the controlling factor for
the intercalation. (Note that for each phase the repulsive energies and the coulombic
energies at the triangular and trapezoid centers have inverse order.)

The total interaction energy of a diffusing oxygen anion, Ei(x), may thus be
approximately expressed by the sum of these two contributions :
Eio(X) = Ecoul(x) + n°Erep(X) ,
where x is the x-coordinate along the diffusing path (Fig. 9, 10), n the number of the
repulsive interaction pairs at the window centers. Note that Ex,(x) is only important
when the oxygen comes near the window centers (the short-range nature) and that the
energy zero for Ey«(x) is taken as the energy of free ion.

Therefore the maximum total energy along a given channel can be written as

Etot. = max{E(Tri.), Ei(Trape.)} ,
where E(Tri.) and E(Trape.) are the total interaction energies at triangular and
trapezoid window centers along the channel. In other words, for each phase the largest
energy for the diffusion is found at either the triangular or the trapezoid window centers.
(ii). According to the results listed in Table 8 and Fig. 9, we have :
EDR™(CasFe,0s) > Efg (Sr:LaFe;0s) and Egy (Sr2Fe;0s),

or more generally,

Eio(X, CasFe;0s) > Ei(x, SroLaFe;0g) and Eio(x, Sr2Fe0s) ,
for any given x value (note however that here x represents x-coordinates corresponding
to similar positions along the diffusing paths in the three structures, not necessarily
having the same value). That is :

« the total energy experienced by an axygen anion diffusing along a channel
in Ca,Fe;0;s structure is significantly higher than the corresponding energies in the
other two structures.

Therefore, the reason why oxygen atom cannot be intercalated into the structure
of Ca,Fe,0s by electrochemical method may be assigned to the fact that the energy
required for the intercalation is relatively high and it should exceed the effect of the
"driving force" provided by the electrochemical experiments. The opposite situations for
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Sr,Fe,0s and SrLaFe;Os are likely due to that the corresponding energies are low
enough.

(iii). The diffusion process may be facilitated if the diffusing oxygen species
is O rather than O, because lower oxygen charge will reduce the energy barrier to the
diffusion arismg from both the coulombic and repulsive interactions. Anyway, the
qualitative conclusions obtained above would not be changed by this consideration.

From the calculated electrostatic potentials along the diffusing paths (Fig. 9)
and the Madelung potentials of lattice oxygen anions O” given in Table 10, it is known
that an intercalated oxygen anion would have a much higher Coulomb energy than the
lattice oxygen anions, it would therefore not be stable. That is why the host lattices are
necessarily distorted after the intercalation so that the Coulomb energy may be decreased
(the potentials at oxygen sites in related perovskites are also around 24 V). .

(iv). The above discussions apply to the initial stage of the oxygen
intercalation, at the time of which other effects, such as interactions between diffusing
oxygen atoms and changes in the host lattices, are not important. That is, the comparison
of the different capabilities of oxygen intercalation (i.e. can or can not be oxidized)
involves only the brownmillerite and G-type structures of the precursors. Therefore, the
arguments given above may explain why Ca,Fe;Os cannot be oxidized by electrochemical
method (with intercalated oxygen content & = 0), but they are not sufficient to explain
why a large quantities of oxygen (8 ~ 0.90) can be intercalated into the Sr-ferrites.

(v). Structural distortions of brownmillerite CaFe,Os, SroFe;Os and G-type
Sr,LaFe;0;s phases with respect to their parent perovskite structure were examined in
IV-1-4 (Table 6). The results show that the distortion in Ca,Fe;Os is the largest while the
distortions in Sr.Fe,0s and Sr;laFe;Os are relatively small and similar. As has been
discussed, Ca,Fe,Os may need more energy to complete its structural transformation
from brownmillerite to perovskite structure during the oxygen intercalation.

Although the energies associated with the structural transformations are not
related to the different capabilities of the electrochemical oxygen intercalation, it may be
another factor which, together with the factors discussed above, causes different
oxidation capabilities of these phases in high oxygen pressure process. For example,
Sr,Fe,0s can be oxidized to its related perovskite phase under an oxygen pressure of 50
MPa, while the same process for Ca;Fe;Os needs a much higher oxygen pressure (~10°
MPa) (cf. III-2-1).

-102 -



Table 10

Madelung Potentials (in V) at Lattice Sites and Madelung Energies
for CazF 0205, S]‘zFezOs and Sl'zLaFe303

Ca,Fe,05 Sr,Fe 05 Sr,LaFe;04

Ca, Sr, (2Sr,La)2 -20.90 -20.11 -23.15
(@2Sr,La)1 - ; 2178
Fel -36.35 -37.02 -36.51
Fe2 -33.61 -32.50 -33.37
01 22.41 21.22 21.94
02 23.07 22.13 21.73
03 25.52 26.14 22.77
04 ; s 22.12
05 - . 25.62

o i‘r’lga;a'(‘;‘;ﬁol) 25410 24842 40445 *

* The Madelung energy for the formula unit of SrssLa;3Fe;0s 33 is 26963 (kI/Mol).
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IV-3-5. Summary and Conclusions

From a viewpoint of ionic structure, the energy experienced by an oxygen anion
diffusing along the channels in the structures of the involved precursors depends mainly
on its two kinds of interactions with the ions in the host lattices : one is the short-range
Pauli interaction (repulsive) which involves only the lattice ions forming the channel
windows and occurs when the diffusing oxygen squeezes between them ; another is the
long-range Coulomb interaction between the electric charges of the diffusing oxygen
anion and of the lattice ions. The total interaction energy can be approximately
represented by the sum of these two contributions.

This picture applies to the initial stage of the oxygen intercalation, at the time of
which other effects, such as interactions between diffusing oxygen atoms and changes in
the host lattices of the precursors, are not important. It provides an estimation about the
relative energies of the diffusing oxygen anion in the three structures, on the supposition
that the effects of polarization and local lattice relaxation would be similar for the ferrites
concerned (the contribution of dispersion energy is negligible).

Based on available crystallographic data and the ionic model, the repulsive
energies and electrostatic potentials along the diffusing paths have been examined and
calculated for brownmillerite Ca,Fe,Os, S1;Fe,0s and G-type Sr;LaFe;Os phases.

Experiments show that oxygen can be intercalated into the structures of
Sr,Fe,0s and Sr;LaFe;Og by electrochemical method, but the electrochemical
intercalation is not possible in the cases of Ca;Fe,Os and Ca;LaFe;0s, although the
continuous oxygen vacancy rows also exist in the two latter structures. This phenomenon
is due to that the involved energies for the intercalation are different for these phases.

Following conclusions can be drawn :

(i) The reason why the oxygen cannot be intercalated into the structure of
Ca,Fe,0s by electrochemical method may be assigned to the fact that the energy required
for the intercalation is relatively high and it should exceed the effect of the "driving
force" provided by the electrochemical experiments.

The energy analysis for Ca,LaFe;Og phase is not possible due to the lack of full
crystallographic data, but it is expected that the cause for its similar electrochemical
behavior like that of Ca,;Fe,Os may be the same.

(i) Tt is shown that, in each of the three structures, a diffusing oxygen will

experience the highest energy at either the triangular or the trapezoid window centers,
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therefore the capabilities of oxygen intercalation of these phases are determined by the
interionic interactions at these two positions.

(iii) It is suggested that the oxygen species involved in the diffusion process
may be O but not O, in the sense that a lower energy barrier (of both the Coulomb and
the Pauli interaction origin) is expected for O".

(iv) Calculations also indicate that the structural distortion from parent
perovskite is larger for Ca;Fe,Os than for the other two phases, which, in addition to the
effects mentioned above, may also be responsible, to some extent, for their different
oxygen intercalation capabilities under electrochemical conditions as well as under high

OXygen pressures.
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V-1. The Crystal Structure of the Perovskite Phase Sr:LaFe;0s.9010.05
V-1-1. Results of X-ray Powder Diffraction.

Powder XRD experiments were carried out for Sr;LaFe;Oggoso0s in the
temperature range from 300K down to 80K ; the patterns can indexed in both cubic
perovskite cells and related rhombohedral cells.

However, neutron diffraction experiments performed at room temperature and
50K by Battle ef al. [1] both showed the R3¢ symmetry for the crystal structure of a
very close composition of Sr.LaFe3Oggs. The rhombohedral structure can be viewed as
distorted from the related cubic perovskite one, having the Pm3m space group, by a
small compression along one of the body-diagonals of the cubic cell

Such a difference between the trigonal and the cubic symmetry can not be
distinguished by X-ray diffraction according to our results as well as to those of Battle ef
al. [2], the cause of which will be discussed later.

The room temperature cell parameters, both the thombohedral ones and the
cubic ones of SroLLaFe;0g o are listed in Table 1.

Table 1
Cell Parameters for Perovskite Phase SroLaFe;O0s.9010.05

Obtained by XRD at Room Temperature

ag=5.4853 A; 0z=59.96°; Vy=116.61 A%
Rhombohedral Cell
\_ Z=2/3
an=5.4822(5)A; cy=13.440(8)A; Vy=349.83 A’
In Hexagonal Setting: = 4
S.G.:R3¢; Z=2; D=5.925 g/cm’;
ac=3.8769(2) A; Vc=58.27 A%,
Cubic Cell S.G.: Pm3m; Z=1/3; D,=5.928 g/cm’;

The powder XRD pattern and its indexing in the two unit cells are shown in
Fig. 1 and Table 2, respectively. The thombohedral lattice is indicated by the reflection

condition -# + k + [ = 3n in the hexagonal indexing. The relations between the cell
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Powder XRD Pattern (at Room Temperature) for Sr;LaFe3;Og90:0.05.
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parameters ay, cy of the hexagonal cell and the cell parameters ag, o of the

rhombohedral cell are as follows:

. o
aH=2-aR-sm—-23—, cH=J§-aR-,/1+2-cosotR;

.o
aRzé-\/S-a§+c§, 5111—2&= 32 = -
2-43+(ci /afy)

V-1-2. Discussions
- Some Crystallographic Relations

For a given cubic perovskite structure having Pm3m symmetry, its derived
rhombohedral cell with an ideal angle ag = 60° and the corresponding hexagonal cell are
schematically shown in Fig. 2. In the figure and hereafter in the text, all the parameters
referring to the three cells are indicated by corresponding subscripts C (cubic cell), R
(derived rhombohedral cell) and H (derived hexagonal cell).

As can be seen from Fig. 2, the transformation between the lattice vectors of the

hexagonal and cubic cells can be expressed by

(aH by cH) = (-bc +c¢ ac—cc 2ac+2b¢ +2cc)

0 1 2
= (ac b, cc)- -1 B 2}, @D
1 -1
P
and the cell dimensions are related as : ay=by=v2-ae, cg= 2v3-ac .

Hence, the coordinate triplets and the Miller indices referring to the two umit

cells are transformed, respectively, by

) (L2 1 [Fe e,z
H 3 3 3(‘3 i 3 "3
_j 2 1 1 _| 2% _Ye _zc
Yui=\ 3 T3 T3(]P°|T|73 T3 3 @
1 1 1 Xg o T8
H/ 6 67/ 66 6 J
o=p"

and
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L )
1 -1 2

= (-ke+le  he=lc  2he+ko+l)) .

The reflection conditions for the derived hexagonal lattice can be deduced from
relation (3) . Thatis : - hy+ ky+ ly=3n and ly= 2n, for reflections Ay Ay lu, since
there is no restriction on hc kc Ic reflections [3].

Similarly, the thombohedral lattice vectors can be derived from the cubic ones

according to

(aR by cR)=(ac+cc ac+bc bc+cc)

= (“c b cc)'

_— O -
(= e
ek D

with the cell dimensions having a relation of ag = V2-ac (with ag = 60°),

Consequently, the volumes of the hexagonal, thombohedral and cubic unit cells
(denoted by Vi, Vg and Vg, respectively) have the relative sizes of

Vu:Vr: Ve =6:2:1.

- About the Structural Distortion and the Symmetry

Using (2), the atomic coordinates referring to hexagonal axes for AMO; with
Pm3 m symmetry can be obtained from those referring to the cubic ones. They are listed
in Table 3 where the crystallographic parameters and reflection conditions [3] of the two
related symmetries, Pm3 m (g = 60 °) and R3¢ (g # or = 60 °), are compared.

One should point out that a structural distortion from Pm3m to R3 ¢ symmetry
occurs when the x-coordinate of oxygen deviates from the representative value of 1/2
required by Pm3 m symmetry (cf. Table 3), but the ag angle may or may not deviate
from 60° (*).

(*) Note: In the case where the x-coordinate of oxygen remains to be x = 1/2 while the cubic

perovskite lattice is elongated or compressed along [111]c direction, the distorted structure will have

R3 symmetry which necessarily involves an angle ay # 60 ° (for the hexagonal setting used here).
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Figure 2

Representation of the Primitive Cubic (C) cell
and its derived Rhombohedral (R) and Hexagonal (H) cells.
For clarity, the origins of the cubic and thombohedral cells have been translated by ax.
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It can be seen from Table 2 that the XRD pattern is satisfactorily indexed with
both the rhombohedral and the cubic cells, leading to an ambiguity about the assignation
of the symmetry. That should be related to the two facts:

(i) The possible distortion of the unit cell is very small (with ag being very
close to 60°), so that, within the experimental resolution for the XRD peak positions, the
choice between the thombohedral cell and the cubic one cannot be decided.

(i) Observed reflections agree with both Pm3m and R3 ¢ symmetries (cf.
Table 2 and 3), i.e. no extra reflections corresponding to R3¢ symmetry are present in
the XRD patterns.

However, diffraction peaks characterizing the rhombohedral cell were detected
in neutron diffraction experiments for SrLaFe;Ogos [1] at both room temperature and
50K and the R3 ¢ symmetry was assigned although the distortion of the unit cell appears
to be very small. The crystallographic data are listed in Table 4 and the structural
representation will be given later in V-3-2 (Fig. 12).

According to the reflection conditions listed in Table 3, only oxygen atoms can
possibly contribute to the observed extra reflections, that is, any occurrence of extra
reflections involved in such a structural distortion is due to coordinate shifts of oxygen
atoms as will be argued in the following.

Indeed, the intensity of a diffracted beam from given hkl planes is : [ oc IF;,H | A
(4) , with Fjy being the structure factor given by the summation over all the atoms j in

the unit cell : Fug=2.f;-expli2n(he;+ky;+iz,)]  (5),
J

where 2m(fx;+ky;+1z;) is the phase difference of atom j, at the position of (x;, ¥ 2),
between atom at origin; f; = f{sin6,/2) is its scattering factor which can be considered as
constant in present case.

Since the coordinates of the cations (Fe, 2:1 Sr and La) are the same for the two
structures (¢f. Table 3 and 4), it can be concluded from (4) and (5) that the relative
contributions to the intensity /,x from these cations do not depend on the structures. On
the contrary, oxygen coordinates in the rhombohedral and the cubic cells are different as
is reported in Table 3 and Table 4 (with observed x > 1/2), so that the intensity
contributions from the oxygen atoms to a given A4/ reflection are different for the two
structures, accounting for the observed extra reflections in the neutron experiments

which are not allowed by the cubic structure where x = 1/2.
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The above analysis explains the experimental observations of Battle e al. [1].
Although the authors did not report the indexing of their neutron diffraction data, we
have verified by calculations that those extra hkl reflections characterizing the
thombohedral cell are of the form of / # 2n (Table 5) ; therefore they undoubtedly arise
from the contribution of oxygen atoms. Moreover, the intensities of those reflections are
weak although they become relatively a little stronger at SOK where the shifts of oxygen
positions are larger than those at room temperature.

In conclusion, the presence of the extra reflections is due to a small distortion of
oxygen octahedra (having Oy, (m3 m) symmetry in the cubic structure and 3 symmetry in
the trigonal structure), which involves coordinate shifts of oxygen atoms. Indeed a
distortion only in the unit cell will shift the peak positions but will not give extra peaks in
the diffraction patterns.

The above arguments explain also why those reflections unique to the
thombohedral structure are absent in the XRD patterns, since oxygen has a weak
scattering power for X-ray photons but it is not the case for neutrons (on the other hand,
iron in the composition has a strong absorption of Cu Ko X-ray, which makes weak
reflections more difficult to be detected). For this reason, we will adopt the
rhombohedral symmetry for the present phase in agreement with the neutron diffraction
results mentioned above.

When the R3 ¢ symmetry is used, the rhombohedral angle o obtained by XRD
is very close to 60° (Table 1 and Fig. 3b). Then it appears difficult to decide whether a
elongation or compression of the unit cell along [111]c direction of pseudo cubic lattice
really exists or not.

- The Disorder of Sr and La Ions.

Sr and La ions in Sr,LaFe;Ogo phase can be considered to be disorderly
distributed at the pseudo cubic centers. This is deduced from the fact that the XRD data
can be satisfactorily indexed with a cubic perovskite cell, since any long-range ordering
of Sr and La ions, being the two heaviest ions in the structure and having different
scattering factors for X-ray, should have produced peaks associated with superlattice in
the XRD patterns. This conclusion is in accordance with the neutron diffraction results
[1].

Moreover, since the phase Sr,LaFe;Ogo0 was prepared, under "Chimie Douce"
conditions (c¢f III-2-3-2), from the G-type phase Sr,LaFe;Os where exists the same
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Table 4

Crystal Structure Data for Sr,LaFe;0s.4 [1]

(a) Atomic Positions (S.G.: R 3¢, Hexagonal Setting)

at 50K at Room Temperature
Atom  Site X y Z Atom  Site X y z
La/Sr 6a 0 0 1/4 | La/Sr 6a 0 0 1/4
Fe 6b 0 0 0 Fe 6b 0 0 0
0 18  0.5266(2) 0 1/4 0 18¢ 0.5190(2) 0 1/4

ay=5.4733(2) A, cu=13.3504(2) A.

(ag =5.4580 A, og =60.19°)

ay=5.4784(3) A, cu=13.3928(4) A.

(ar =5.4712 A, ag =60.09°)

(b) Bond Lengths and Bond Angles

at 50K at Room Temperature
Bond Lengths (A) Bond Angles (°) Bond Lengths (A) Bond Angles (°)
Fe -0 1.936(1)x6| Fe—O-Fe' 171.4 | Fe -O 1.938(1)x6| Fe-O-Fe’ 173.8
La/Sr-0 2.591(1)x3 | O-F-0O’ 90.32 [ La/Sr—O 2.635(1)x3| O-Fe-0O' 90.16
2.883(1)x3 89.68 2.843(1)x3 89.84
2.733(1)x6 2.738(1)x6
0-0'  2.748(2)x4 0-0'  2.745Q2)x4
2.733(2)x4 2.738(2)x4
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Table 5

Extra reflections characterizing the rhombohedral cell of Sr;LaFe;0g.94
observed only in the neutron diffraction experiments *

Possible Indices
h kl dovs (A) 20,15 () 1) P8

(An=1.909 A)

[a—
[
W

~2.347 ~48.0 A%

% B A
O
L

~1.789 ~ 64.5 VW

~ 1.497 ~79.2 VW

NN W
O -
~J] L

~1.316 ~93.0 W

— N W
et N
O 3 W=

9% I =N
—_—
L =

~1.186 ~107.2 W

[—
[=]
(=
e

~1.089 ~122.4 W

o W WA W
o O = O
O ] U

[a—y
[o—

~1.010 ~141.7 w

MEENE T 16 T G US I -8
O O =
O~ L W

o

1
3

*All the hkl indices close to the extra peaks are listed, which are calculated from the
room temperature neutron diffraction data reported by Battle ef al. [1]. Among them,
only some may be really assigned.
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disorder (¢f IV-1-2 and IV-1-4), this disordered distribution of Sr and La ions should
remain in Sr,LaFe3;0s 99 structure.
- Thermal Variation of the Cell Parameters.

XRD experiments for SrlaFe;Osg phase were carried out at various
temperatures from 300K down to 80K. All the XRD patterns are of the same feature and
can be indexed in both the cubic perovskite cell and the rhombohedral cell, and no
discontinuities are present in the thermal dependencies of the umit cell parameters, as
shown in Fig 3a, 3b and 3c. Therefore, in the above temperature range, the structure
only undergoes a normal contraction with lowering temperature. The previously
mentioned neutron diffraction results for Sr.LaFe;Ogos also revealed that the R3¢

symmetry remains unchanged at 50K.

V-1-3. Conclusions

From a general viewpoint, for a given perovskite phase AMOs, a structural
distortion from Pm3m to R3¢ symmetry necessarily involves coordinate variations of
oxygen atoms (i.e. x # 1/2), while the unit cell may or may not be elongated or
compressed along the [111]c¢ direction of pseudo cubic lattice (corresponding to o # or
= 60°). If such a structural distortion is not associated with a significant deviation in the
angle (i.e. og = or = 60°), it would not be detected by the XRD analysis. By contrast, a
structural distortion from Pm3m to R3, which involves a lattice distortion but no
variations in atomic coordinates, may be easily determined using XRD method.

Despite the fact that the characteristic thombohedral reflections are absent in
our XRD patterns for Sr;LaFe;Ogq and that no significant unit cell distortion is
observed, for reasons given above, we still adopt the R3¢ symmetry which was
previously reported for a close composition of Sr;LaFe;Ogo4 based on neutron
diffraction data.

The room-temperature unit cell parameters of the perovskite phase
Sr,LaFe;0ggo are determined by XRD to be (in hexagonal setting): ay = 5.4822(5)A,
cu= 13.440(8)A. The Smith-Snyder figure of merit is Fo=27 (0.0109, 31)

It is confirmed that the A-site Sr** and La’" ions are disorderly distributed in
SroLaFe;Oggo structure and that no structural transition and discontinuity in the cell

dimensions occur at low temperatures.
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Figure 3a

Temperature dependence of the hexagonal cell dimensions of SroL.aFe;Os.90
(rhombohedral structure in hexagonal setting)
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Temperature dependence of the rhombohedral cell dimensions of SroL.aFe;Oss0
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V-2. Mossbauer Spectroscopy Study
V-2-1. Experimental Results

The *'Fe Mossbauer spectra for SrLaFe;Oso were recorded at various
temperatures from 4.2 K up to room temperature.

- High Temperature Range (T > 200 K)

In the temperature range 200 K < T < 293 K, the spectra exhibit a single broad
symmetrical peak : typical spectra are given in Fig. 4. Good fits are obtained using a
doublet, ie. pairs of lines with equal intensities, which is assumed to be due to
quadrupole interactions (the quadrupole splitting A varies from 0.155 mm-s" at 293 K to
0.182 mms” at 200 K). The width at half-height at 293 K is I' = 0.35 mm-s’. The
isomer shifts (8 = 0.141 mm-s” (293K) ~ 0.193 mm's" (200 K)) of iron are intermediate
between the values expected for Fe** (5 ~ 0.39 mm's” as in LaFeO; [4]) and Fe*' (8 »
0.06 mm-s™ as in SrFe0.7 [5]).

These results indicate a paramagnetic "averaged" valence state of iron [2, 6],
which is in agreement with magnetic measurements (cf. V-3) and the electron hopping
model proposed in V-4-2. Assuming a linear variation of 8 between Fe’ and Fe™, the
resulting valence is close to Fe *
1/3Fe™ + 2/3 Fe*).

- Low Temperature Range (T < 200 K)

as predicted by the chemical composition (i.e. =

Given in Fig. 5 is the spectrum at 4.2 K showing the analysis in terms of two
magnetic hyperfine splittings and a central single but rather wide line having an isomer
shift of 8 = 0.37 mm's™ and a relative area of 5.3%.

The two sets of six-line magnetic hyperfine splitting characterizes a magnetic
ordering and hyperfine fields of 46.6 and 26.4 Tesla, isomer shifts of 0.366 and -0.025
mm-s”, and relative areas of 64.6% and 30.1% (i.e. a ratio of 2.05:0.95), respectively.
Moreover, no detectable quadrupole perturbations exist for the two hyperfine sextets (g
= or ~ 0). These observations can be readily explained by the existence of mixed valence
states of Fe**and Fe’* with oriented (high) spins (Fig. 5).

The relative areas (including that of the single line, for discussions see below)
correspond to a concentration ratio of [Fe’"]:[Fe’*]=2.1:0.9, which is in excellent
agreement with the overall chemical formula of SroLaFe;Ogg as obtained by chemical

analysis.
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It can be seen from Figs. 4 ~ 8 that the hyperfine fields exist up to T = 198 K.

V-2-2. Discussions
- The Charge Disproportionation and Nonintegral Charge States

It will be known later in V-3 that there exists a drastic magnetic transition (para-
antiferromagnetic transition) in Sr;LaFe;Osg in the temperature range 180 K~200K,
which accounts for the hyperfine splitting in the Mdssbauer spectra. Moreover, the
Massbauer data also clearly show a charge disproportionation of the averaged valence
state into mixed valence state, as was first suggested by Takano ef al. for CaFeOs and
Sty LagoFes 0y [6, 7].

Here, referring to the composition of SrLaFe;Os for simplicity, the charge
disproportionation can be expressed as :

3FS (PM) = Fe®™ + 2Fe®™ (AFM) (0 <A <0.67),
when the temperature is lowered from the paramagnetic (PM) region to the
antiferromagnetic (AFM) region. The introduction of the parameter A is due to that the
charge states are believed to be nonintegral.

Mossbauer data can provide strong support for the nonintegral charge states,
according to the arguments by Battle et al. [1], in that the magnetic flux density
(B = 46.6 T) observed for nominal "Fe’™" state in Sr,LaFe3Oggo is intermediate between
the flux densities (B = 55 T) of localized Fe** states in various compounds having similar
oxygenated sites and that of nominal Fe** state (B = 33.1 T) in perovskite SrFeOs as
shown in Table 6, where some parameters for phases whose structures are related to the
perovskite are also listed for comparison. Moreover, nonintegral charge states assumed
for a similar composition of Sr;LaFe;Ogos ([1] and ¢f. V-3) are consistent with the
unusual iron spin densities observed in neutron diffraction experiment.

- The Temperature Range and Features of the Transition

According to the Mossbauer spectra recorded at various temperatures shown in
Figs. 4-8 , the hyperfine field exists up to T = 198K within the experimental resolution.
Moreover, it can be seen that the paramaguetic averaged-valence state and the
antiferromagnetic mixed-valence state coexist over a range of temperatures (170 K up to
200 K), which coincides with the region where takes place the abrupt magnetic transition
(cf V-3). Also the temperature dependence of the hyperfine fields of the remnant

antiferromagnetic phase shows a discontinuity near the Néel temperature.
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Figure 4
7T Fe Mossbauer spectra recorded at 293K, 200K and 198K for "Sr;LaFe;Ogo0". It
can be seen that the hyperfine field (indicated by the arrows in the figure) exists up to about
198K within the experimental resolution. For 200K < T < 293K, each spectrum (only two are
shown) comprises a single broad symmetrical peak which can be well fitted using a doublet
and corresponds to the paramagnetic averaged-valence state.
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Velocity (mm-s™)
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Figure 6
Mbssbauer spectra recorded at 197 K and 195 K for "Sr;LaFe;Osg", showing
coexistence of the major phase of paramagnetic averaged-valence state (represented by the
central peak) with the minor phase of antiferromagnetic mixed-valence state (represented by
the hyperfine field indicated by the arrows).
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Figure 7

Méssbauer spectra at 190 K, 170 K and 150 K for "Sr,LaFe;Ogo". Now the phase
of antiferromagnetic mixed-valence state can be well defined, while the phase of paramagnetic
averaged-valence state becomes the minor phase and it almost disappears for T <170 K.
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Figure 8
Mobssbauer spectra for "SroLaFe;Og9" at 130 K and 55 K.
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Table 6

Mossbauer Parameters at 4.2 K for Iron Ions in Octahedral Oxygenated Sites

Compounds | Valence States B (Tesla) & (mm-s™) References
Sr,Fe,0s Fe** 53.9 0.50 [60]
Ca,Fe,0s Fe** 54.7 0.46 [8, 60]

Sr,LaFe;0g Fe** 55.5 0.46 [60]
LaFeO; Fe* 56.4 0.46 [4]

SrFeOs Fe** 33.1 0.15 [9]
Fe* 46.0 0.36
SRy Fe' 26.9 -0.05 [6]
St,LaFesOs 04 Fe’" 45.1 0.352 o]
(at 78K) Fe’™* 25.9 -0.027
Fe** 46.6 0.366
SI‘zLaFe:-;Og.gs & ) ' This work
Fe 26.4 -0.025

-132-




These facts suggest that the two phases make a locally first-order transition to
each other (i.e. the transition takes place first in some domains before the whole system
is transformed), as was first observed and discussed by Takano ef a/. [6] and Battle ez al.
[1, 2] for two close phases of Sr,LaogsFes0o and SrLaFe;Ogos. Some further
discussions concerning the phase transition will be given later in V-5 and V-6.

- The Overall Composition and the Composition of the Main Perovskite
Phase: Evidence from the Méssbauer Data at 4.2K

Although our Mossbauer data for SrpLaFe3Osgo phase are generally in
agreement with the previously reported ones, the above-mentioned weak single line
resotved in the low-temperature spectra was not observed in the previous experiments
for phases of Sr;,La,FeO; (0.1 <y < 0.6, [6]), Sr.LaFe30s94 [2] and Sr.LaFe;0y [10].
Since its isomer shift at 4.2K is §=0.37 mm's”, this line may be assigned to nominal Fe*
state. The single-line feature leads us to assume that it may be of superparamagnetic
(SPM) origin.

As the present sample (with the overall composition of SroLaFe;Os00 according
to chemical analysis) was obtained by electrochemical oxidation (cf. I1I-2) from G-type
phase Sr,LaFe;Os containing only Fe¥, it is possible that there may exist domains deep in
some larger grains which remain non-oxidized after the electrochemical process, or some
very small grains located in cavities formed by larger grains may not experience the
electrochemical oxidation. If the size of these non-oxidized domains or grains are small
enough and the anisotropy effect is weak, a superparamagnetism phenomenon will occur
[11].

Therefore, according to the Mossbauer data recorded at 4.2K, the composition
of SroLaFe;0s 00 obtained from chemical analysis is only an overall one, with about 5%
of "non-oxidized phase" intergrown with the major (95%) "oxidized" perovskite phase
having following nominal composition at 4.2K :

3 o5+
Sr,LaFe; ) Feq 9505 o5 -

The physical properties for T <300 K concemed and studied in the following
sections can be attributed to the main perovskite phase of Sr,LaFe;0; o (the sample

concerned in this and the following sections is the same).
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V-2-3. Conclusions

Although the overall composition of Sr,LaFe O, ,, was given by chemical
analysis, the Mossbauer results reveal that the real composition of the main perovskite
phase is Sr,LaFe,O, o, It is this phase which accounts for the physical properties
studied in the following sections and will be referred to from now on.

At high temperatures, the iron ions in Sr;LaFe30g.9s phase are in paramagnetic ’
averaged-valence state, while at lower temperatures they are in antiferromagnetic mixed-
valence state ; the two states make a locally first-order transition to each other over a
temperature range of 170 < T < 200 K, involving a disproportionation of iron charge.

Although it is convenient to denote the low-temperature mixed-valence states
by Fe** and Fe™, it is understood that they only have a nominal meaning as the charge

states are non-integral in nature.
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V-3. Magnetic Properties.

V-3-1. Dependencies of the Magnetic Susceptibility on Temperature
and Field.

- Thermal Dependence of the Magnetic Susceptibility ( ,,(T) ).

The temperature dependence of the molar susceptibility of Sr;LaFe3Ogos
(corrected for diamagnetic susceptibilities of all the ions in the phase) is shown in Fig.9,
which is measured in an applied field H = 1.7x10* Oe ; in the inset of Fig. 9 is also shown
the reciprocal susceptibility as a function of the temperature in the range of 170K < T <
350K

The susceptibility displays an abrupt decrease when the temperature is lowered
below about 200K, characterizing the antiferromagnetic ordering of the iron spins. It is
consistent with the Mossbauer spectroscopy data and the anomalies in the specific heat
(¢f. V-5) as well as in the conductivity and thermoelectric power measurements (cf. V-
4). The peak position of the specific heat is considered as determining the Néel
temperature, that is, Ty = 196K.

(a) In the paramagnetic region, it can be seen from the inset of Fig. 9 that the
susceptibility at about T > 280 K can be well described by the Curie-Weiss law:

Xm =T g , where C,,is the Curie constant and 6p the Weiss constant.
“Vp

From the linear fit of % vs. T plot (for T = 280 ~ 350 K), the following
quantities for Sr.LaFe;O0s s phase can be obtained :

Cn = 11.17 (emu-K/Oe'mol) , 6p = -177 (K).

Thus the averaged effective moment per iron atom is . = 5.46 up . This value
agrees with the magnetic moment of 5.55 u previously reported by Battle et al. [2] for
SroLaFe;0g.94.

On the other hand, it is known that the site symmetry of the iron ions is very
close to O (¢f IV-1-1), so that the ground states due to the crystal field splitting can be

either high-spin 73,e2 (Fe’) and 13,¢, (Fe'™) configurations having, respectively, °4,,
and °E . Symmetries (note that for the former the orbital quantum number L = 0 and for
the latter the orbital moment is predicted to be quenched [12] ), or possibly low-spin 77,

(Fe*") configuration having * 7}, symmetry. With the spin-only moment for a spin S given
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by pPi =2[S(S+1)]? (up), the averaged spin-only moment of high-spin iron ions in the

nominal composition of Sr,LaFe}! Fel3,Ogos may be obtained from

m.2 _ LI10 m 2 , 190 mn .2 _ 110 2 . 1.90 2
(Thig) =Tx(uf‘i) +—j——x(u::?+) = S5x5.927 + 5T x4.907,

with the value being u;iin =5.30 up . It is close to the observed value.

Those results indicate that the iron d-electrons are in localized high-spin states.
However, a small difference between the observed and the spin-only moment
exists, with the observed one being a little larger. It cannot be explained by possible

incomplete quenching of the iron orbital moment due to the presence of spin-orbit

coupling, because if it is so the magnetic moment of the °E ¢ State (with the spin-orbit

coupling parameter A > 0) will be a little smaller, but not larger, than the spin-only one.
Nor can it be explained by the contribution due to Van Vleck temperature-independent
paramagnetism since it is only of the order of 10”° emu/Oe'mol. In fact, as the d-electron
orbitals of the central iron ions are to mix, to a certain extent, with those of the oxygen
ligands, the above deviations from the spin-only moment are reduced since the orbital
mixing corresponds to an additional quenching of the orbital angular momentum [12].

Therefore other causes have to be considered : this a little higher effective
moment than the spin-only one may be related to the influences of the non-oxidized
superparamagnetic domains (¢/. V-2-2) and of some spin-polarization effect (which will
be presented later), and/or to that the extrapolation is made on a too small temperature
range.

At temperatures near Ty (about 200 ~ 280 K), the Curie-Weiss law is somewhat
deviated, suggesting some short-range spin ordering.

(b) In the antiferromagnetic region, the susceptibility x, is almost
temperature independent until the magnetic transition sets in. Such a behavior could be
due to spin polarization effect (which will be discussed later in V-6-3), or to the peculiar

magnetic interactions in this material (cf recent theoretical results reported in Appendix

D).
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- Field Dependence of the Magnetic Susceptibility ( ¥,,,(H) ).
The variation of the susceptibility as a function of applied field is shown in

m

AH
for atomic diamagnetic susceptibility). Slight deviations from linearity are present in the

Fig. 10 for various temperatures : it is obtained according to %, = (corrected

M, = f(H) curves (three of these curves are shown in Fig. 11), and these can be clearly
seen from the 7, vs. H plots given in Fig. 10.

The common feature is that, in both the paramagnetic and antiferromagnetic
region, the susceptibility decreases with the field H for H# < 2500 Oe ~ 3000 Oe.
However, the explanation of these observations is complicated by experimental errors
which may be important at low fields.

The fact that at various temperatures below Ty the susceptibilities increase with
the field for H > ~ 7000 Oe could be explained by the effect of anisotropy.

For an antiferromagnet with sublattice magnetizations M, and M3 (they make
an angle to each other when a field H is applied), its susceptibility (for polycrystalline
sample) is given by [11]:

x=tmt St e - 2 H?,

where y; and y, are the susceptibilities parallel and perpendicular to (M - Mj), and X is
the constant.

Therefore, with the presence of anisotropy, the susceptibility is field-dependent
(*), although the application of the above equation to Sr.LaFe;Oggs phase can only be an
approximation due to multiple sublattices. The susceptibility is observed to rise with the
field more rapidly at lower temperatures (especially at 5K), suggesting that the term (y; -
71)*/K may be larger for low temperature.

(*) Note that if the anisotropy field is small compared with the molecular field and if the

applied field is not too large, then in the mean field approximation the susceptibility is field independent

and is givenby § = % ut % . for polycrystalline samples. Here z; and y, are defined as parallel

and perpendicular to the easy direction.
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Figure 11

Field dependence of the magnetizations measured with increasing field at :

(a) 5K (after zero field cooled (ZFC) from 300K to 5K)
(b) 130K (measured after exposed to a field of 2x10* Oe.
(c) 250K (in PM region, measured as in (b)).
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V-3-2. The Magnetic Structure of "Sr;LaFe;0,".

We can reasonably assume that the magnetic structure, as well as the crystal
structure, of our compound Sr;L.aFe;Os s are similar to those previously reported [1] for
a very close composition ; it is shown in Fig 12.

In this magnetic structure, the rhombohedral lattice translations and c-glide
plane of the crystal structure (space group R3c) are absent, which results, for the spin
structure, in the space group P3m1 and a primitive trigonal unit cell (in hexagonal axes)
commensurate with the triple unit cell (in hexagonal axes) of the crystal structure. The
ordered iron spins lie in the xy-plane, with magnetic moments (at 50K) of 3.61(3)up for
nominal Fe** ions and 2.72(6)pg for nominal Fe** ions, respectively.

For simplicity, the ideal composition Sr;LaFe;Os is assumed in the following.

The spin interactions between the localized d-electrons on iron sites are
dominated by superexchange interaction, which couples two nearest neighboring
magnetic iron cations via the non-magnetic oxygen anion. Because of the structural
arrangement of corner-sharing FeQgs octahedra of the perovskite-type, there exist
superexchange interactions along 180° Fe — O — Fe pathway of both c-type and =-
type. The o-type interaction is much stronger than the n-type one, hence decides the sign
of effective exchange coupling constant Jeg [15].

Generally, three kinds of superexchange interactions are possible among high
spin d° and d* configurations. But in Sr,LaFe;O,, only the antiferromagnetic (Jor < 0)
coupling,

Ss) T — ¥ (8sn) ,  Fe¥(@)—00p)—Fe™(&), ()
and the ferromagnetic (J.¢ > 0) one,
Ss) T — M (Ssn) ,  Fe™(d®)—O0@p)—Fe™'(d), (7)
really exist.
Another antiferromagnetic coupling,
(Ss) T — $(San) , Fe’'(d)—O0(2p) —Fe™(d), (8)
is absent in the system, as its superexchange energy is smaller than the two previous ones
[15], resulting in the observed magnetic structure.

This magnetic structure of the ideal "Sr,LaFe;O," phase can be described as that

each Fe’* ion with spin $=3/2 is ferromagnetically coupled with six Fe*" ions with spin

S=5/2, while each Fe’" ion is antiferromagnetically coupled with three other Fe*" ions as
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well as ferromagnetically coupled with three Fe’" ions. As a result, the ordered spin and
charge densities of iron ions vary periodically along pseudo cubic directions of [100]c,
[010]c and [001]c (note that they are the directions of superexchange pathway) in the

sequence of :

Charge state : 3% 54 3% 34 5% Fb A, )
Spin state : (O N A A (10)
Sublattices : Ay B, C, Dg Eg Fg *°-. (11)

Here 3+ and 5+ are the charge states of irons with high spin d* (Ssz) and d’ (S3z)
configurations, respectively; the arrows show the relative orientation and size of the iron
spins; and A, , Bo, Ca, Dy, Eg and F represent six sublattices of the magnetic structure
shown in Fig 12, with subscripts o and B indicating the two antiparallel spin directions.
Due to the lattice translations of ay and by , layers with constant iron spin and charge
densities are formed which, perpendicular to ¢y , have the same sequences of spin and
charge orderings as (9) and (10) along cy direction.

It is noted that this magnetic structure leads to a site ratio [Fe*]:[Fe™] = 2:1,
which is in complete agreement with the charge disproportionation model presented in
V-2-2.

In the notation of the sublattices, the magnetic structure can also be described
as that each set of sublattice is coupled, ferromagnetically or antiferromagnetically as
shown in (711), with two nearest-neighboring sets of sublattices along pseudo cubic edges
with an interaction distance of ac = 3.877 A (short-range nature of superexchange
interactions). Since each sublattice with a-spin (say, B; ) can find a sublattice with
antiparallel B-spin of the same size (Ep, in this case), the SrLaFe;0s compound is
macroscopically an antiferromagnet. All possible magnetic couplings between the six
sublattices are tabulated in Table 7.

V-3-3. Conclusions.

The SroLaFes;Osgos phase is an antiferromagnet with Ty = 196 K. It shows an
abrupt magnetic transition which is associated with a charge disproportionation.

In the paramagnetic region, the Curie-Weiss behavior is observed for T >

280 K, with an observed iron moment of pp. = 5.46 up which is a little higher than the

spin-only value of u;f" = 5.30 up; but this behavior is deviated at T = 200 ~ 280 K due
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Figure 12 The Crystal and Magnetic Structure of "'Sr,LaFe;0," [1].

The largest balls in the figure represent Fe** ions and the medium ones the Fe’" ions,
with the arrows indicating the size and orientation of their spins lying in xy-plane; the smallest
balls are the oxygen atoms. The 28r**:La’" cations which are disorderly located in the cubic

centers are not shown in the figure for clarity. The space group for the crystal structure is R3c,

and that for the spin structure is P3ml. The unit cells (in hexagonal axes) of the two structures
are commensurate, as shown in the figure, but the unit cell of the crystal structure is a triple one,
while that of the magnetic structure is a primitive trigonal one, for the thombohedral translations
are absent in the magnetic structure. Each unit cell contains two formula units of Sr,LaFe;0s
(Z=2), hence six iron ions, which form six magnetic sublattices below the ordering temperature.
The spin and charge densities of the iron ions located within the same layers perpendicular to cy
are constant due to ay and by translations, but they vary periodically from layer to layer along cu
direction in the same sequence as that of the rows along ac directions of the pseudo cubic cell,
with a period cy shorter than that along ac directions which is 6ac= \3-cq.
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to short-range spin ordering. The experimental observations lead to following
conclusions:

(a) The iron d-electrons are in localized high-spin states . The closeness between
the observed and spin-only moments reflects the quenching of the orbital moment of the
SE, (Fe*") state by the chemical environment as theoretically predicted.

(b) The susceptibility vs. field dependence for H < ~3000 Oe reveals some
contribution from spin-polarization effect of conduction electrons.

() The fact that the observed iron moment is a little higher than the spin-only
value could be attributed to the spin polarization effect, the influence of non-oxidized
domains and/or to the limitation of the fitting temperature range.

In the antiferromagnetic region, the increase of the susceptibility with magnetic
field (for H > ~7000 Oe) is explained by the effect of anisotropy.

The low temperature magnetic structure of SroLaFe;Osgs phase is described
based on the structural model previously reported for a phase of very close composition.

Theoretical thermal dependencies of the magnetization, the susceptibility and
specific heat are reported in Appendix L
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V-4. Electron Transport Properties.
V-4-1. Theoretical Models.
- Electronic Conduction in Localized States
The electronic conductivity of any solid is given by
o= 0.t oh=ne .+ nye (1)

where e is the absolute value of the electron charge; n., m, are the concentrations of the
charge carriers (electrons and holes, respectively); f&, i the corresponding carrier
mobilities defined as their average drift velocity in an electric field of unit strength. Hence
o, and oy are the conductivity contributions due to each kind of carriers. Often the
conduction may be predominated by electrons or by holes.

An Arrhenius behavior, o= op exp(-Eo/ksT ), (2)
is frequently observed for the temperature dependence of the electrical conductivity (here
E, is the activation energy). For example, it applies to conventional band conduction
when carrier concentration is thermally activated while the mobility decreases slightly
with temperature. This behavior can also arise from small polaron hopping involving
thermally activated mobility when the carrier concentration is temperature-independent.
In the latter case, electronic conduction originates in diffusion of carriers in localized
states.

A small polaron is formed when a charge carrier is trapped at a site by a local
lattice distortion that it causes. The carrier and the distortion can move as a whole, and

©p

at temperatures of T > > (here ®p is the Debye temperature) the activated hopping

mobility is given by [16]
= %(eaza)/kBT)exp(-E”/kBT ), 3)

where E, is the activation energy for the self-trapped carrier to hop to a neighboring
site ; a is the distance between atoms and @ the attempt-to-escape frequency. It describes
the adiabatic case in which the carrier goes backwards and forwards several times during

the period of excitation, i.e. when the two neighboring sites are of the same energy level.

® )
At temperatures of T < —2L however, the zero-point energy ho takes the place of the

2

thermal energy k5T in (3) and the process is no longer activated.
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When electron states are localized at the Fermi level with a finite density of
states and there exists some dispersion of emergy in the vicinity of the Fermi level,
variable range hopping conduction may occur at low temperatures, giving rise to the
conductivity of the form o= Aexp[-(TdyT)'"], 4
where v may be 2 or 4 (for three-dimensional process), depending whether Coulomb
interaction is important or not [17 - 20].

- The Thermoelectric Power (Seebeck Coefficient)

The Seebeck coefficient, a, is defined as the open-circuit potential difference

(AV) per unit temperature difference (A7) across a sample in the limit of A7—0:
AV
o ==(Z7)ar-0- )

Generally, the sign of a corresponds to the sign of carrier charges [21].
By Onsager and Kelvin relations [22], the Seebeck coefficient (5) can be

expressed as o = -%(ﬁ + QT*) , (6)
where S is the particle entropy and O* is the heat transferred by the particle [23].

For a hopping conduction (e.g. small polaron hopping) involving fixed
concentrations of localized electron carriers and of available hopping sites (denoted by n
and N, respectively), when the entropy is mainly determined by the configurational one
and the transferred heat (O¥) is negligible with respect to the thermal energy kgT [23,
24], or k3T exceeds the spread of carrier energy levels [25, 26], or, in other words, in
high temperature limit (T — o) [27], the Seebeck coefficient is temperature-independent
and takes the form of Heikes formula [28] :

S:onﬁg kB 1-c¢
= = 7,
o -2 2 in(——), ?

where c=n/N. Note that the configurational entropy per carrier,

* aSconﬁg 1-¢ .
Seconfig = n =kp ln(—c-~), corresponds to the case where only one hopping

electron is permitted on a given site. The sign of the Seebeck coefficient represented by
(7) determines the type of conduction: if n < N/2 then a < 0, the conduction is due to
electrons; while for # > N/2, o > 0, it is caused by holes. Further, if ¢ varies, the
magnitude of the Seebeck coefficient increases with decreasing c, so that the maximum

| o | occurs where ¢ is minimized.
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For amorphous non-degenerate semiconductors, the Seebeck coefficient is
given by [29, 30]

k ‘EC ‘EF|

o = +—B( kB Eq
T e

= iy, 8
ot D e G,r v @

where E¢ is the mobility edge energy, Eq=|EC —E|, and 4 is a dimensionless constant
which depends on the details of the scattering mechanism [31] and is not easy to
estimate. In the n-type conduction o < 0; if p-type conduction dominates o > 0.

If two kinds of charge carriers (electrons and holes) are simultaneously present,

CleTe +ah0h
G.1t0p

the net Seebeck coefficient [32]is: a =
V-4-2. The Small Polaron Hopping at High Temperatures (T > 195 K)
In Fig. 13, the logarithm of conductivity, logo, and the reduced Seebeck

coefficient, o' = (k—g/(elj—h—lﬁ)—’ of Sr;LaFe;0g9s are plotted versus 10*/T (in the inset

logo is given vs. T4).
The following general features can be noticed :

- In the measured temperature range of 58 to 290 K, the conductivity is low (e.g.
oseoe = 1.41x107 Q'Lcm'l) and increases with rising temperature, characterizing a
semiconducting behavior.

- The Seebeck coefficient is negative, indicating that the dominant carriers are
electrons.

- The Seebeck coefficient and the conductivity have remarkable changes in their
behaviors at about 180 K and 195 K, the latter temperature coinciding with the
critical temperature of the magnetic transition (cf. V-3).

In the following part of this section, the temperature range of T > 195K is
concerned, where the iron ions are in paramagnetic state.

- Evidence for the Small Polaron Formation

For T > 195K, the conductivity is thermally activated while the Seebeck
coefficient is temperature-independent : it is typical of a small polaron conduction
involving a temperature-independent carrier concentration (cf. formula (7)), and can be

assigned to localized e -electron hopping between high-spin iron sites :

- 148 -



1 | 1 | 1 | 1 1 1 1 1 1 1 | I
— -5.0
58K
i - -6.0
g
- 1
03 035 037 ]
T (K ) - 7.0 ©
B0
Q
g =
— -8.0
O
ot
intalm]
— -9.0
16 18
1000/T (K™)
Figure 13

Temperature dependencies of logarithm of the conductivity and of the reduced
" - o .
Seebeck coefficient, o ——( kyle)inl0’ for Sr,LaFe;Og9s. Note that the spacings of

log(c) and o' axes are the same, so that the temperature dependencies can be directly
compared in the figure. The inset shows that the conductivity obeys the Mott T law
for temperatures of 58 to about 100 K.
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(Fe** + e~ )+ Fe** «—> Fe'* +(Fe* +e7)

Fe Fe¥ ©)
According to the discussion given in V-2, for T > 195K, the nominal

composition of the perovskite is St,LaFe*, Fei* 05 o5, with [Fe*'J/[Fe*'] = 1.10/1.90.

Since all the iron sites are equivalent for the hopping process, the constant site ratio

1.10

et = 36T
=g

Therefore, the activated temperature dependence of the conductivity arises from

the dependence of the hopping mobility as described by equation (3), that is,
G = Ne'e U, o< -:}-,exp(-Ep/kBT ).

The activation energy calculated from the slope of log(cT) vs. 10%T plot is
E,=013eV,

The applicability of equation (3) in the case of Sr,LaFe;Oggs for at least T >
200 K suggests that the Debye temperature ®p <400 K.

As can be seen from Fig. 14, a good linear behavior in log(cT) against 10°/T
plot occurs for T > 240K, and, at temperatures between 240 and 195K, the
conductivity is slightly higher compared with the extension of the linear fit. It may be a
manifestation of the short-range ferromagnetic ordering of iron spins in the temperatures
near Ty, since parallelly oriented spins surrounding a site of Fe** (= Fe*"+ ¢") will make

the localized electron hop easierly.

- Contributions to the Seebeck Coefficient

n_

With the ratio c= N

0.367, the Seebeck coefficient calculated using formula

(7) is a = - 47 uV/K, being considerably lower than the observed average value o =-11
uV/K (for T > 195 K). On the other hand, the ratio obtained from o using (7) is
¢' = 0.47, which corresponds to an oxygen content significantly lower than 8.95/fu..
These facts cannot be explained by experimental errors, suggesting that some other
effects must exist.

In fact, terms due to contributions of spin and orbital degeneracy, spin

polarization as well as lattice entropy may be added into equation (7), so that

k l1-¢ S olar S
o0 = ==l B Bt {———) # T ==

) - (10)
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Figure 14

A close view of log(c'T) versus 10°/T plot of Sr;LaFesOgos in the temperature
range from 180 to 300 K. A good linear relation exists only for T > 240 K.
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The parameters present in (10) are described as follows:

= 228S Tl = %, where S
0

(i) In the present case, the spin degeneracy factor B,
and S, denote the net spin of a iron site with and without the presence of the carrier spin,
respectively [33 - 35]; and B, =%
obtained by analogy with the consideration of Marsh ef al. [36] and by assuming that the

is the orbital degeneracy factor [31], which is

energy difference (if any) between two e,-orbitals is negligible since the site symmetry is
(or quite close to) Oy . Note that two configurations of ez (with the carrier) and e;
(without the carrier) are involved.

(ii) The term arising from lattice vibrational entropy change S, (associated

with the ions surrounding a carrier on a given site) was previously estimated to be —-—S;“‘ ~

10 (uV/K) [24, 31, 37].
(iif) Moreover, for small polarons in magnetic semiconductors, over a large

Spolar
kg

temperature range above the magnetic transition temperature, there exists a term

due to spin-polarization effect according to Liu and Emin [38]. This term originates from
magnetic exchange interaction of the hopping electron with adjacent sites, and
contributes positively to the Seebeck coefficient since the corresponding entropy change
Booiis= B

(Note: For a simple-cubic lattice with a spin s = 1/2, it was estimated by Liu and
Emin that Sy = -5/*/ks T, with J being the exchange integral.)

Including all the above effects, the Seebeck coefficient for the present system is

S ol ar
then : Q=0+ O, &-13 + I“}ie!—’ (1V/K), (11)

where o, = -13 (LV/K) accounts for the contributions of spin and orbital degeneracies

s

polar e

polar \

as well as for the configurational and vibrational entropy contributions; a
is due to the spin-polarization effect. According to the theoretical treatment of Liu and
Emin, the value of a ,,,, is expected to be small (see also below), therefore the observed

Seebeck coefficient, o= -11 uV/K (averaged value for T > 195K), can be well

accounted for by the combined contributions presented above.
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In the above discussion, we have taken the Seebeck coefficient for T > 195 K as
being temperature-independent. However, a closer examination (Fig. 15) reveals that it
decreases slightly with rising temperature.

If we assume that, following Liu and Emin, the Seebeck coefficient due to the

spin-polarization takes the form of

czpolm' =? (12)

and that the term %"’-— (¢f. equation (10) ) involved in o, is independent of the

temperature, such a decrease in the observed Seebeck coefficient could be attributed to
the spin-polarization effect.
In fact, according to (11) and (12), a linear fit of o vs. 10%/T” plot (Fig. 15) in

the temperature range of about 200 to 293 K gives two constants of ozf " =-12 (uV/K)
and P = 4.95x10* (uV'K). The former is in good agreement with the theoretical value of

a, ~ -13 (uV/K); from the latter, the spin-polarization contribution to the Seebeck

coefficient in this temperature range is found to be & . = 1 (LV/K), which is small and

decreases with rising temperature.

Further, we would like to point out that:

(a) The agreement between the calculated and observed Seebeck coefficient
values in tumn suggests that the estimate of the lattice vibration contribution, f.e.

‘—S'-é‘i ~10 (uV/K), is acceptable.

(b) 1t is possible to estimate, from the observed constant P, the exchange
integral J involved in the spin-polarization interaction in present case after an

appropriate modification of the theoretical treatment of Liu and Emin (for the case

2
considered by Liu and Emin, P = Z_ Z with y = 5).
B
(¢) A cusp in o is observed in the vicinity of the critical temperature (Fig. 15).
k
We think it may be related, to some extent, to the critical behavior of —TB]n(BSPm)

term in formula (10), because the spin degeneracy factor {3,,, would change with rising

temperature from 1 to % around the critical temperature. In this sense, the critical
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temperature indicated by the Seebeck coefficient is between 195 K and 199 K. The terms

S
of —7‘?111([30,,1“.r ) and —% may also vary during the transition, but their behaviors are

not known.

V-4-3. Electronic Conduction at Low Temperatures (T < 195 K)

Now the temperature range of T < 195K is concerned, where both the spin and
charge states of the irons in Sr,LaFe;Ogos are ordered so that the sample is an
antiferromagnet with mixed valence states of Fe** and Fe’* (¢f. V-2 and V-3),

- Observations of the Seebeck Coefficient and the Conductivity

For T < 195 K, the reduced Seebeck coefficient (o' = O) generally

S * S
(kg/e)nl
shows linear dependencies on 1/T (Fig. 13) like the activated form of (8), but several
kinks are present in the curve (as marked in the figure) involving changes in the slope,
with the most remarkable ones being at T =~ 180 K and 195 K.

The low-temperature conductivity of Sr,LaFe;Og9s deviates from the Arrhenius
behavior of (2). At about 60 to 100 K, it can be appropriately described by equation (4)
with v chosen to be 4 (inset of Fig. 13).

At temperatures between 100 and 195 K, however, no single mechanism can
account for the conductivity behavior to our knowledge.

- Discussions

(a) About the T behavior of the conductivity

The exp[-(To/T)"] behavior of the conductivity at about 60 ~100 K may be
related to variable-range hopping (VRH) (¢f. equation (4)). The VRH conduction
involves, at low temperatures, hopping over larger distances than between nearest
neighbors.

Below the ordering temperature, the charge disproportionation (cf. V-2 and
below) occurs in the present system. It indicates that the energy level of the nominally
empty eg-orbitals of Fe’* states is higher than the ep-levels of the Fe’* states as
schematically represented in Fig.16.
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Figure 15

The Seebeck coefficient « plotted as a function of 10*/T? for SroLaFe;0s.s.
Its slight decrease with rising temperature is attributed to spin polarization effect.
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(site Fe* + ¢")
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Figure 16
Schematic representation of some energy levels involved in
Sr;LaFe;0g9s for about T < 195K. The activation energy for temperatures
between 180 and 195 K is indicated.

According to V-2-2, the iron charges are nonintegral, and the d-electron
number of Fe’" is somewhat greater than 3, i.e. its e,-level is not quite empty. Such an
e.-electron density of Fe’" states could arise from a small charge transfer (for instance,
from oxygen 2p-orbitals to iron Fe'’ e,-orbitals) due to some covalence (which is
responsible for the superexchange interactions). As a consequence, the Fermi level is
pinned at the bottom of the e,-band as shown in the figure, giving rise to the il
dependence of the conductivity between 60 ~ 100 K.

The Seebeck coefficient for VRH conduction was predicted to have a
temperature dependence as oo TV, (13)
when the density of states (DOS) is a slowly varying function of energy [21, 39].

However, as pointed out by Zvyagin [22], for many semiconductors in the VRH
regime the energy layer for the conduction is quite large and the slow variation of the
DOS in the conduction layer seems to be rather an exception. One might expect large
variations of the DOS and a weaker temperature dependence of the Seebeck coefficient
than that given by (13).

In the present case, the Seebeck coefficient is observed to be proportional to

1/T in the region where the conductivity obeys the Mott law, and this behavior exists up
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to T = 195 K (Fig. 13). The energies of E,' calculated from the slopes of o against 1/T
plot for various temperature ranges are given in Table 8.

When VRH conduction is the appropriate model, the mean hopping distance
Ruop(T) , the mean hopping energy €nop(T) and the Mott characteristic temperature To

(which can be obtained by fitting the experimental data) are given as follows [40, 41]:

_Rhop(T)z%'a'(TolT)lm, (14a)
Ehop (T) = i—.kB i/ (14b)
T, ~18/[ky N(Eg)a’]. (14¢c)

Here, N(E) is the density of states in the vicinity of the Fermi level, a is the localization
length which is chosen in the calculation to be 5 A (approximately the distance between
nearest-neighboring Fe’* sites). Listed in Table 8 are quantities calculated using above
equations as well as activation energies calculated from the Seebeck coefficient.

The small hopping energy of €4, (~ 107 V) suggests that the electrons hop
between Fe™* sites with parallel spins. As a consequence, the spin ordering (cf. Fig. 12)
may be reinforced by such a hopping process due to spin polarization effect (¢/. V-6-3
for further discussions about this effect).

Based on the magnetic structure given in V-3-3 (Fig. 12), the Fe’" sites form
alternative planes with parallel and antiparallel spins, and the distance between planes of
parallel spins is cy = 13.4A (one of the cell dimensions). Since the mean hopping distance
Ruop(T) at low temperatures is larger than cy (¢f Table 8), the electron hopping

between the planes with parallel spin orientation can be present, but the probability for
hopping within such planes is expected to be greater. That is, although the hopping
process is not homogeneous for all directions, it is all the same a three-dimensional one.
Correspondingly, the best linear dependence of the conductivity on T is observed
when v is chosen to be 4, since v = d + 1 with d representing the dimensionality [41] and
the value of v = 4 corresponds to a three-dimensional process (d = 3).

(b) The charge disproportionation : evidence from the Seebeck coefficient.

As previously mentioned, the Seebeck coefficient exhibits sharp changes at
about 180 and 195 K (Fig. 13): when temperature increases up to about 180 K, the
activation energy changes from 0.04 eV to 0.14 eV (cf Table 8) as reflected by the
changes in the slope; while at about T>195 K, the activated behavior changes to the non-

activated one. It is worth mentioning that, at about 180 K, the magnetic susceptibility
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(cf- Fig. 9 of V-3) and the specific heat (¢f. V-5) begin to increase anomalously, and a
small quantity of the paramagnetic phase coexists with the major antiferromagnetic phase
according to Mossbauer data (cf. V-2). These observations indicate that the electronic
phase transition (from antiferromagnetic mixed-valence state into paramagnetic
averaged-valence) sets in at about T = 180 K as temperature rises.

Thus, the activation energy E,' = 0.14 eV, obtained from the Seebeck
coefficient for T = 180 ~ 195 K, can be attributed to the activation of the eg-electrons of
the Fe®* states to the e,-levels of the Fe*" states, as shown schematically in Fig. 16. This
process results in Fe*" states which do not involve strong spin interaction so that tend to
disordered spin states. On the other hand, such an electron activation is also consistent
with the observations that the conductivity ¢ (not shown) and the carrier concentration
(see below) begin to increase more rapidly with the temperature for T > 180 K than at
lower temperatures (but for T > 195 K, the carrier concentration becomes constant).
These facts can be readily explained by thermodynamics : an energy-increased process
necessarily involves an increase in the entropy.

Note that the above-mentioned electron activation is just the reverse process of
the charge disproportionation associated with decreasing temperature (cf V-2-2).
Therefore, T = 180 K is the lower temperature limit of the charge disproportionation
process (i.e. it is the temperature below which the charge disproportionation is almost
complete).

On the other hand, it is clear that the temperature T = 195 K is the border
between the small polaron hopping with constant carrier number (for T > 195 K) and the
conduction with activated carrier concentration (for T < 195 K). In other words, T =
195 K is the upper temperature limit of the disproportionation process, since the charge
disproportionation involves a carrier concentration which decreases with lowering
temperature (as it is revealed by the temperature dependence of the Seebeck coefficient,
see below).

In conclusion, as temperature lowers, the charge disproportionation occurs
simultaneously with the magnetic transition at about Ty = 196 K (¢f V-3 and V-5), and
it is almost complete at about 180 K. These results are in agreement with the Mdssbauer
data and magnetic measurements, as well as with the nature of the electronic phase

transition (cf. V-6).
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Table 8

Some Parameters Obtained From the Seebeck Coefficient and the Conductivity

Temperature (K) 60~100 100~180 180~195 195~300
Energies (E,') Calculated
From the Thermopower 2 10.015~0.02 | 0.03~0.04 0.14 /
(eV)
Energies Calculated From
.02~0. 1
the Conductivity el 23 / / Uil .
(eV) (Ehop) (Ew)
T
(for"V(II({)H) 3.97x10° / / /
T‘;hap (T) (A)
(for VRH) 26 ~ 30 / / 4
(taking a=5A)
N(Er) (eV'em™)
(for VRH) 4.2x10% / / /
(taking a=5A)

a. Calculated from the slopes of a vs. 10*/T plot ; b. Calculated using (14b);
¢. Calculated according to (3).
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(c) The temperature dependence of the carrier concentration
and its relation with the Seebeck coefficient.

Below the transition temperature, the temperature dependence of the Seebeck
coefficient o(7) may be assumed to be mainly due to the dependence of the ratio ¢(7), so
that equation (70) can be rewritten as :

1-¢(T)
o(T) 1+ D, (15)

k
o(T)=- :’m[

with D approximated to a constant. From (15), we deduce :

o(Ty=—L | (16)

1+ M-e*s’®

D
which relates the ratio ¢(7) to the Seebeck coefficient o(7) (here M = e‘*2/*) ),
On the other hand, the site ratio may be eicpressed as

n(T)  n;+An(T)

D= JTy = N+dn (D)’

with »; and »; being the carrier and site concentrations

at a certain temperature 7;, respectively, and An(7) the concentration increment from 7;

to T (let | An(T)| < n;). Thus, the carrier concentration takes the form of :

_ _ «(7)
n(T) - (Nz ni) 1 _ C(T) H] (170)
c(T)
= —7 1+ - n
or logl(7)] =logl =1 + 1o (N, = ) . (17b)
Comparing (15) and (17b), we see that the same temperature-dependent term,
log[%], is present in both the expressions for the reduced Seebeck coefficient ('

- (kB/SW) and the logarithm of the carrier concentration.

Thus, assuming that the term D in formula (15) is (or almost) temperature-
independent, the reduced Seebeck coefficient o' should show the same temperature
dependence as the logarithm of carrier concentration ( log[n(T)] ), except for a
difference in the constant terms. Therefore the temperature dependence of carrier
mobility can be evaluated from the difference (if any) between the dependencies of o'
and of the logarithm of conductivity (loga).

For the present case, it can be seen from Fig. 13 that the logarithm of the

conductivity increases with temperature quikerly than the reduced Seebeck coefficient o'
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(referring to 10*/T axis). It is just a reflection of the contribution of the mobility in the
conductivity in addition to the contribution of the carrier concentration.

c(T)

In Flg. 17, C(T) and T——C(?_)

(proportional to n(T) ) are plotted against

temperature according to (16) for M =1 (corresponding to D = 0, the Heikes formula).

de(T)

For T < 195K, it is apparent that T

>0 and id-’gl > (. Moreover, for reasonable D

d*c(T)
dr?

values (values of D < 100 pV/K are examined), we have found that and

d2
’;g are still > 0. These conditions characterize upward-curved ¢(T) and n(7) vs. T

curves, like the behaviors shown in Fig. 17 for D = 0. That is, the carrier concentration
n(T) increases more and more rapidly with temperature (for T < 195 K).

The deviation of the conductivity from the T behavior for T>100 K suggests
that some other effects may have set in. For example, for reasons given above, the
contribution of carrier concentration 7(7) to the temperature dependence of the
conductivity may become important at these temperatures, which makes the conductivity
to rise quickerly with the temperature.

In addition, we have noted that a slight kink occurs at about 108 K in the plot of
o' against 10%/T, and the involved slope change corresponds to an energy increase of
about 0.01eV. It may be an indication that some electrons trapped in lower-lying states
begin to be activated and participate in the conduction, being consistent with the above
discussions.

In conclusion, between 100 ~ 195 K, both the carrier concentration and the
mobility have significant contributions to the temperature dependence of the
conductivity, so that the conductivity behavior cannot be described only by the

dependence of the mobility or of the carrier concentration.

V-4-4. Why the Electrons Are Localized ?
The structure of SroLaFe;Ogos is similar to that of metallic perovskite SrFeQs,
and, at about T>200K, the presence of the charge carriers in SroLaFe;Os.os (with a

carrier concentration of n, = n_s = 6.29x10*" cm?) is determined by the chemical

composition (¢f V-4-1) and does not involve charge transfer energies [57, 58].
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However, the SroLaFe;0g9s phase does not show any metallic behavior even above the
ordering temperature.

As it has been previously discussed, the electronic conduction in Sr,LaFe;Os s
in the considered temperature range can be appropriately described by localized electron
models. The observed electron localization may originate from various mechanisms as
will be discussed in the following.

- Anderson Localization

Anderson [42] pointed out that, in a random field, the electron wave function
can become localized if V}, /B is larger than a critical value (¥ /B)., here Vj is the
variation range of the random potential and B is the band width. Several authors gave for
(Vo/B)e a value of 1.5 for a coordination number z = 6 [43].

The electron localization in SrLaFe;Osos may be mainly attributed to the
random distribution of Sr** an La®> ions (¢f V-1) as well as possible influence of the
oxygen vacancies. These effects may result in a random field with a ¥, large enough with
respect to the narrow e,-band.

- Self-Trapping Due to Small Polaron Formation

A localized charge carrier will necessarily cause a local lattice distortion
(especially in ionic lattices), and the so-formed energy well will in turn trap the carrier.
On the other hand, due to strong electron-phonon interaction, the carrier can move by
phonon-assisted hopping from one localized state to another. Such a hopping process is
observed in Sr;LaFe;0s4s for T > 195 K, indicating the self-trapping effect in addition to
the Anderson localization.

- Localization Associated with the Spin and Charge Orderings

When the temperature is lowered below 195K, occur simultaneously the
magnetic transition and the charge disproportionation, and more and more hopping
electrons become immobile as evidenced by the temperature dependence of the Seebeck
coefficient (the carrier concentration decreases with lowering temperature for T < 195K,
while it is constant for T > 195K).

It can be understood as that, below the critical temperature, such electron
localization and the involved superexchange interactions lead to a lowering in the internal
energy of the electronic system which, according to thermodynamic laws, should be large
enough for compensating for the effect associated with the decrease in the electronic

entropy (c¢f. V-5 and V-6). Above the ordering temperature, however, the paramagnetic
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The Seebeck coefficient o, the site ratio ¢ = I and the value ¢/(/-c) (proportional to

n(T) ) as a function of temperature for Sr,LaFe;0gos. The temperature dependence of the ¢
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value is obtained from o(7) = 73111[ 1 (see text).
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averaged-valence state involves higher internal energy hence larger electronic entropy

which corresponds to higher degree of freedom of the d-electrons.

V-4-5. Summary and Conclusions

Based on conductivity and Seebeck coefficient measurements, the electron
transport in perovskite Sr,LaFe;0g9s are described and discussed. In the whole measured
temperature range from about 60 to 300K, the conduction is caused by electrons in
localized states.

Both the Seebeck coefficient and the conductivity of Sr.LaFe;0s9s show sharp
changes at about 195 K, which are associated with the charge disproportionation
phenomenon and coincide with the paramagnetic-antiferromagnetic transition. That is,
the magnetic transition and the charge disproportionation take place simultaneously, but
these processes occur over a range of temperatures from about 180 to 195 K. In other
words, with rising temperature, the electrons at the lower-lying e,-levels of the Fe*'
states with oriented spins begin to be activated, at about 180 K, to the partially occupied
eg-levels of the Fe’* states, resulting in Fe'* states tending to disordered spin states; and
this process is complete at about 195 K. It is just the reverse process of the charge
disproportionation with lowering temperature.

Three temperature ranges, involving different conduction mechanisms, can be
distinguished:

(i) At 195 ~ 300 K (or higher), the electronic conduction is via small polaron
hopping with a constant carrier concentration. The activation energy associated with the
hopping mobility is determined to be 0.13 eV. A slight deviation from the Arrhenius
behavior is detected between 240 and 195 K, which may be related to short-range
parallel spin alignment.

The corresponding Seebeck coefficient, which decreases slightly with rising
temperature, can be well accounted for by combined contributions of configurational and
vibrational entropies, spin and orbital degeneracies, as well as spin polarization effect.

(i) At T = 60 ~ 100 K, the conductivity obeys Mott T law, which is
expalined by the variable-range hopping at e,-levels of the Fe™ states where the Fermi
level is pinned, while the Seebeck coefficient is proportional to 1/T.

(iii) Between 100 and 195 K, the conductivity behavior cannot be described by a

single mechanism — both the carrier concentration and carrier mobility contribute
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significantly to the temperature dependence of the conductivity.

It is shown that, if the temperature dependence of the Seebeck coefficient a(7)

is determined by the dependence of the site ratio ¢(7), the reduced Seebeck coefficient o'

L a . sis )
= (kz/e)Inl0 ) will exhibit the same temperature dependence as the logarithm of

carrier concentration ( log[n(T)] ), except for a difference in constant terms.

At low temperatures, the small hopping energies (of the order of 1072 eV)
calculated from the conductivity data indicate that the electron hopping is between
nominal iron Fe** sites with parallel spins. This process will reinforce the spin ordering by
spin polarization effect (¢f. V-6-3).

The electron localization observed in Sr;LaFe;Osos can be attributed to the
combined effects such as Anderson localization caused by a random field arising from the
disorder of Sr** and La®" ions, the self-trapping due to small polaron formation (for

T > Ty) and the spin and charge orderings (for T < Ty).
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V-5. Thermodynamic Properties
V-5-1. Some Thermodynamic Relations
For a homogeneous closed system which can do only p-V work (here p is the
pressure and V the volume of the system), its specific heat at constant pressure is given
by [44] :

_%, _ o

= = Gk

where Q, and H denote the absorbed heat and the enthalpy of the system, respectively,

Q)

and the subscripts p indicate the condition of constant pressure.

Moreover, according to the first and the second law of thermodynamics, we
have : dH=TdS + Vdp and dU=TdS - pdV,
with S being the entropy, U the internal energy and T the temperature of the system.
Thus, the following relations

oH oS ou oS ov
Grr = TGP, ad (GGph = TGP, — PG
can be deduced, by which the specific heat defined by (Z) can also be expressed as
- 128
CP - T( aT)p (2)
- & Cid 3
= Gt PG

Therefore, an anomaly in the specific heat in a constant-pressure process can be
related to corresponding anomalies in the rates of change with the temperature of the
system's entropy S, or of the internal energy U and the volume V.

For the phase studied in this work, the unit cell volume contracts normally with

lowering temperature as shown in Fig. 3a~3c in V-1. The corresponding partial
derivatives of mole volume with respect to temperature is (%)pz 107 (cm’/mol’K) for
temperatures of interest, as shown in Fig. 18. Thus, the term in (3) involving volume
effect, p(g—¥)p , is of the order of 10™ (J/mol'K) for p = latm, so that its contribution to

C, is quite negligible and the expression (3) can be well approximated by

ou
Com (Gr)e 4
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The partial derivatives of mole volumes with respect to temperature for the
thombohedral structure of SrpLaFe;Oggo at P =1 atm. The values are quite small, being of

the order of (ﬂ) ~ 10 (cm’/mol'K) for temperatures of interest.
oT’?
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V-5-2. Experimental Results: the Specific Heat C; and the Thermodynamic
Quantities Associated with the Transition ( changes in entropy (AS),
enthalpy (AH) and internal energy (AU) )

Shown in Fig. 19 are the specific heat C; at constant pressure of Sr;L.aFe;Ogos
and the entropy change AS., calculated from the C, data (¢f the calculation below). One
can see an anomalous region in the C, data, which coincides with the region of the
electronic phase transition (c¢f precedent sections) as expected and shows two peaks at
189 K (the small one) and 196 K (the large one).

The dashed curve in the figure is obtained by fitting to the specific heat data

showing no anomaly, and is assumed to be the contribution of lattice vibration, Ci,"l . The

specific heat contributed by the electronic phase transition, denoted by C'],mIl , can be
obtained by subtracting this part of contribution from the total value C,, that is,
5™ =6~ 07"

The entropy change AS.,, associated with the transition is then given, according
Cpy™ (T) p

T T

to (2), by the integral : AS(T) = .E
L

where T, is a temperature below the transition region and T > Ty

In the calculation, the above integral was approximated by a summation with
small temperature steps of AT = 0.1 K and T, was chosen to be 140 K. The results of the
calculation are shown as a function of temperature in Fig. 19 ; and the entropy change
due to the transition is obtained to be AS.y, = 22.5 J/mol'K.

The enthalpy H relative to that at 150 K is given in Fig. 20 for temperatures
from 150 to 240 K. A corresponding anomaly is also observed in the temperature range
of 180 to 200 K, while at the temperatures above 200 K and below 180 K the enthalpy
varies with the temperature in a similar way.

According to formula (1) and the approximation (4), we have
AU = AH = J.deT .

Therefore, from the specific heat Cg‘m , the internal energy and enthalpy change due to

the electronic phase transition are obtained to be AU = AH = 4.33 KJ/mol.
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The specific heat C,, which shows anomaly at the transition region of about 180K to

200K, and the entropy change AS due to the transition obtained from the C, data (cf. text)
for perovskite SroLaFe;Ogos.
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The enthalpy H, relative to that at 150 K, of Sr;LaFe;Os95 for T = 150 to 240 K.
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V-5-3. Discussions

For T > 300 K, the specific heat reaches an average value of about 24 J/mol'K
for each atom in Sr;LaFe;Osos phase, which is close to the high temperature limit of
25 J/mol'K (law of Dulong and Petit) for the specific heat Cv at constant volume (for
solid samples C, is close to Cv). With this observation as well as the estimation from the
conductivity data that the Debye temperature ®p <400K (cft V-4), we can safely
estimate that the Debye temperature of Sr;LaFe;Ogos phase is around 300 K.

In addition, the behavior of the specific heat above and below the transition
region is consistent with the fact that no cell dimension anomaly or structural transition
accompanies the electronic phase transition.

Given in the following are some other discussions.

- The Two-Peak Anomaly in the Specific Heat
and the Transition Character

(a) The large peak (at 196 K) in the specific heat data

Tt has been mentioned that the anomaly observed in the specific heat occurs in
the same temperature range (from 180 to 200 K) as the anomalies in the magnetic
susceptibility, the Mossbauer data and the electron transport properties. Since there exist
no structural transition nor discontinuity in the unit cell dimension (¢f. V-1), this anomaly
can only be attributed to the electronic phase transition involving iron spin and charge
order-disorder phenomena according to (2).

As the spin and charge orderings (described in V-2 and V-3) occur
simultaneously at decreasing temperature, the large peak in the C, curve can be assigned
to the combined effects of the magnetic transition and the charge disproportionation.
That is, their critical temperatures (denoted by Ty and Tp, respectively) coincide at
Tn=Tp=196 K

(b) About the small peak (at 189K) in the specific heat data

Due to incomplete electrochemical oxidation, the concentration ratio

[Fe**]:[Fe™] in Sr,LaFe;Ogos is a little higher than 2:1 (the ratio 2:1 is only true for

stoichiometric Sr,LaFe;0s), which also leads to some oxygen nonstoichiometry. As a

consequence, the ideal magnetic structure reported in V-3 is locally mismatched around
"impurity sites” involving these extra nominal iron Fe’" and the oxygen vacancies.
Moreover, the non-oxidized microdomains (showing superparamagnetism) deep in grains
(¢f. V-2-2) may also distort the lattice and perturb the spin interactions in nearby regions

to some extent.
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The e, states of Fe’* associated with those defective regions are expected to
have relatively high energies. That is, they may give rise to a small peak in the upper
region of the density of states of the Fe’" e,-band previously shown in Fig. 16. It is thus
reasonable that the phase transition may first take place in these states. In other words,
the transition temperature for the regions with and without the defects could be
somewhat different, so that the two electronic phases may coexist to some extent during
the transition. In fact, it was observed in the Mdssbauer experiments (¢f. V-2) that, when
the temperature increases to about 190 K, a minor phase of paramagnetic averaged-
valence state is already present and coexists with the major phase of antiferromagnetic
mixed-valence state.

Therefore, the above mechanism could account for the small peak in the specific
heat at 189 K, as well as the origin of the coexistence of the two phases over a range of
temperatures during the transition. When the temperature continues to rise, the spin and
the charge orderings of the major phase are broken down simultaneously as mentioned
above, giving rise to the large peak at 196 K.

Moreover, the specific heat data recently reported by Wang et al. [10] for
Sr,LaFe;0, was explained by one-peak anomaly (the small peak being obscured). Their
observation could be attributed to the higher oxygen stoichiometry of their sample and
would be consistent with the above discussion.

(c) Some points conceming transition characters

Strictly speaking, in a second-order transition (or continuous order-disorder
transition), the critical temperature represents the condition under which the low-
temperature to high-temperature phase transition is complete, and at no stage do two
phases coexist in equilibrium. Such a transition is also characteristic of a finite A-shape
Cp curve.

On the other hand, according to the phase rule, a first-order transition in one-
component system occurs at a fixed temperature when the pressure is constant. At this
critical temperature, two phases coexist in equilibrium, and the Cp curve has an infinite
discontinuity [14].

It is thus evident that the transition behavior observed in Sr;LaFe;Ogos agrees
with neither the first-order nor the second-order type completely, but seems to be of
mixed characters of the two ideal limits. For the time being, we adopt the term, "locally
first-order transition"(cf. V-2), for its description.
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- The Theoretical Entropy Change of the Transition
and its Comparison with the Experimental One

In the following, we will calculate the theoretical entropy change ASiheo
associated with the transition for one mole of Sr,LaFe}{ Fe{’5,0s ¢5. According to
Boltzmann formula, the electronic entropy in the paramagnetic averaged-valence state,
relative to that with completely ordered spin and charge states, can be obtained as
follows:

(a) The entropy change due to the spin order-disorder is given by [56]

ASTE = kpln(Qgy) = 41.8 JmolK,
where Qein=(28 g3 +1)11V4 (28 goar +1)12¥4 is the number of possible spin states
of the system in paramagnetic region, with Sps =5/2 and Sp =4/2 being the spins of
nominal Fe** and Fe*" ions, respectively, and N, the Avogadro constant.

(b) The change in the configurational entropy (associated with the charge
disproportionation) can be calculated according to the electron hopping mechanism for
T > Ty previously described in V-4. The result is

AS = kpIn(Qoqe) = 16.4 J/mol'K.

Here the number of configurations for one mole sample is Q ¢ = (N——]!n;‘—tﬂ’ with
N = 3-N, being the number of available hopping sites and 7= 1.1-N4 the number of Fe*
jons (with the hopping electron). The Stirling formula (InZ! = ZWZ - Z, for Z >> 1) was
used in the calculation.
(c) The total theoretical entropy change is the summation of the two
contributions:
ASE = kpIn(Q Qo) = ASFas + ASGes = 58.2 J/mol'K.

The entropy change obtained from the specific heat C‘pm, i.e. ASias =

22.5 J/mol’K, is much smaller than that theoretically predicted, ASge. = 58 J/mol'K, for
the change between ideally ordered and disordered states. This fact provides another
evidence for that the spin and charge states still have some degree of disorder in the
measured temperature range below the transition. It is in agreement with the relatively
low spin densities and nonintegral charge states of the irons (¢f V-3 and V-2,

respectively) as well as the electron motion at low temperatures (cf- V-4). In this sense,
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the estimation of the specific heat contributed by lattice vibration is not be so

straightforward as in the above.

V-5-4. Conclusions

The anomaly in the specific heat of Sr;LaFe;0gys is due to the transition of iron
spin and charge states. Since the changes of the two states occur simultaneously, the
Néel temperature and the disproportionation temperature deduced from the specific heat
data are Tv = Tp = 196 K. It is consistent with the magnetic and Mossbauer
measurements and the electron transport properties presented previously.

It is suggested that, when temperature rises, the phase transition first occurs in
defective regions where the magnetic and/or the crystal structure are mismatched and
perturbed, before the whole system is transformed. This mechanism accounts for the
small peak at 189K in the specific heat and the coexistence of the two phases over a
range of temperatures during the transition.

The entropy change during the transition obtained from the specific heat data is
ASep = 22.5 J/mol-K, which is much smaller than that calculated using Boltzmann
formula for the ideal cases. It confirms that, at least in the measured temperature range
below the ordering temperature, the valence states of Fe’* and Fe’* and the spin densities

of § Pt =5/2 and SFJ“ =3/2 are more nominal than real.

From the specific heat data, the internal energy and enthalpy changes due to the
electronic phase transition are obtained to be AU = AH = 4.33 KJ/mol.

The Debye temperature ®p of SrpLaFe;0s s is estimated to be around 300 K.

s 1745



V-6. The Electronic Phase Transition and Others
V-6-1. The Energy Terms Involved in the Transition
Tt has been well established in the precedent sections that, when the temperature
is lowered below about 200 K, takes place in SroLaFe;Osos the electronic phase
transition from disordered iron spin and charge states mto ordered ones. The energy
changes associated with the changes in the electronic states will be analyzed in the
following and the results will be used later to examine the transition behavior.

- Energy Change Due to the Spin Ordering ( AUT")

The iron d-electrons in Sr;LaFe;QOgos are in localized state, and the low-
temperature magnetic structure can be reasonably assumed to be the same as described in
V-3. Thus, the energy decrease due to the superexchange interactions within each
hexagonal unit cell is given by

JQ!T

a

Uex = '—[na' 'S2 P nf‘J}ﬁ'S o ’SFE&*] . (I)

Fe F

Here JT=kyT, and J}ﬁ= ksT; are the effective exchange integrals for the
antiferromagnetic and ferromagnetic superexchange interactions, respectively, with
n.= 6 and ny = 12 being the corresponding numbers of the interaction pairs in the unit
cell; S5+ and S, s are the spin densities of nominal Fe** and Fe’" irons, respectively.
Calculation in the mean field approximation led to 7, =58.1K and 7y =13.5K for the
ideally ordered case with S 3+=5/2 and Sp s+ =3/2 (c¢f Appendix I and [45]). In this

case, the energy decrease for one mole Sr;LaFe3;0s9s is
: 1
AU = 5 Ua N, =-11.6 KJ/mol.

Here the division by 2 is due to that the number of formula unit per unit cell is Z=2. Note
that this energy value is the energy difference between ideally ordered and disordered
spin states.

- Energy Change Due to the Charge Ordering (AU *)

The influence of the charge ordering on the internal energy is due to two
factors, as described in the following.
(a) The decrease in the Madelung energy (AEm < 0)
The charge disproportionation in Sr,LaFe;Osos may be approximated by that in
stoichiometric perovskite Sr;LaFe;Os (¢f. V-2), with the general expression of
3F*™ (HT) = Fe®" +2Fe®™ (LT) (0<A<0.67).
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Based on the structural model (¢f V-1 and V-3) and the methods presented in
IV-3, we have calculated the changes in the Madelung energy due to the charge
disproportionation associated with different A values, i.e.

AEM(A) = Em()) - Em(A = 0.67, with Fe**™") |
The results are shown in Fig. 21.

It can be seen that AEM(A) < 0 for A < 0.67, that is, the charge
disproportionation lowers the Madelung energy. The largest energy decrease, AEm(A=0)
~ - 780 KJ/mol, is associated with the integral charge states of 2Fe’" + Fe’* (the
Madelung energy of Sr,LaFe;0o is -5.105x10* (KJ/mol) for A = 0.67 and is -5.183x10*
(KJ/mol) for A = 0).

(b) The energy increase due to Hubbard-like iron-to-iron charge transfer
(AEcr > 0)

For the ideal case of A=0, the Hubbard-like energy Us is associated with the

following charge transfer between one pair of centers:
Fe* + Fe' = Fe’ +Fe’.

For simplicity, we consider one mole Sr,LaFe;Os phase (it will be a good
approximation for the case in Sr;LaFe;Ogos). The energy change due to the charge
transfer is

AEct = NyU,. 2)
For gas phase, Uy can be estimated as [46]
Uy = Is(Fe) - L(Fe) =20.2 eV,
where Ly(Fe)=54.8 eV and Is(Fe)=75 eV are the 4th and 5th ionization potentials of iron
[47].

In ionic solids, however, the energy U, may be much reduced from the gas-
phase value by electronic and lattice polarizations [46, 57]. Unfortunately, it is difficult
to estimate the exact influence of these effects on Uy. Anyway, the energy U results in a
positive contribution to the internal energy, 7.e. AEcr > 0.

(c¢) Therefore, the sum of the two contributions, with opposite signs, gives the
energy change involved in the charge disproportionation:

AUCh = AEM + AECT ’ (3)
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Figure 21
The changes in the Madelung energy, AEm(A) = Em(R) - Em(A = 0.67), for various

0.0

charge distributions (related with different A values) of perovskite SroLaFe;Oo.

It can be seen that the charge disproportionation (with 0.67 > A > 0) lowers the

Madelung energy. The two ideal limits at A =0.67 and A =0 correspond to the high-
temperature averaged valence state of 3Fe**™ and the low-temperature mixed valence state

of 2Fe** + Fe’*, respectively.
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- Conclusion
In perovskite Sr;LaFe;Osos, the internal energy change during its electronic
phase transition can be attributed to the superexchange interactions between iron spins,
the interionic coulombic interactions and the Hubbard-like iron-to-iron charge transfer.
The first two effects lower the energy, the last one increases the energy. The net internal
energy change is the sum of the three contributions:
AU = AUP"+ AU™" = AUP" + AEy + AEcr .

V-6-2. The Investigation of the Electronic Phase Transition
from a Thermodynamic Point of View

- Introduction

We have argued, based on our experimental results, that in perovskite
Sr;LaFe;0g9s the spin and charge orderings occur simultaneously (Ty = Tp = 196 K). In
other words, the ordered iron charge state (the mixed-valence state) is not present when
the spin states are disordered (the paramagnetic state); nor is observed some kind of
ordered spin state coexisting with a not ordered charge state. The latter is related to the
nature of the low-temperature superexchange interactions and the associated magnetic
structure (¢f. V-3). That is, when the spin ordering occurs, the charge ordering is
necessarily involved. However, one can still raise such a question: why the charge
ordering in Sr,l.aFe;0g9s does not occur independently, 7.e. in the paramagnetic region ?

In fact, different electronic transition phenomena were observed in some other
perovskites. For example, in CaFeOs, a charge disproportionation (from iron averaged-
valence state into its mixed-valence one) occurs in paramagnetic region before the iron
spins are antiferromagnetically coupled. In SrFeOs;, however, only exists a magnetic
transition, the iron averaged-valence state remains down to 4.2 K.

In what follows, we will examine the transition behavior observed in
Sr,LaFe;0g9s from a thermodynamic point of view, based on the thermodynamic
quantities obtained experimentally and theoretically. Discussions for more general cases
will also be given.

- The Thermodynamic Quantities in the Phase Equilibrium

At the equilibrium temperature T, of a phase transition under a constant
pressure p, the Gibbs free energy of the two involved phases are equal, i.e.

AG=AH- TyAS =0, (4a)
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where AH = AU + p-AV. For the case where the volume change AV =0 (corresponding
to no structural transition), (4a) becomes the expression for the Helmholtz free energy:
AF = AU - T’AS =0 (4b)
In the system of Sr,LaFe3Osos, the total internal energy change during the

transition is the sum of two contributions due to the spin and charge orderings:

AU™ = AUP™+ AU™; (5
and the corresponding entropy change is
AS® = AST™ + AS™™. (6)

Substituting AU in (4b) with (5), it follows that the transition temperature below which

occur simultaneously the spin and charge orderings is :

sc _ AU™ + AU R S AUT®
e AS™ AS® AS™

(7a)

Let us assume now the charge ordering and the spin ordering are independent of

each other ; their transition temperatures would be, respectively,

Tm = Ao -AU® (7b)
AU
s _
and Tom = gom - (7¢)

In relations (7a), (7b) and (7c), the total entropy change has been

experimentally determined, i.e. AS{y, =—225J/mol-K, and theoretically calculated

one is ASi, =- 58.2 Jmol-K (¢f. V-5-3).
For the other quantities, only theoretical values (¢f. V-5-3, V-6-1) are available:
ie. AU®® =_11600]/mol, ASge =—418J/mol-K,
and ASZ™ =-164J/mol-K.

However we do not have an estimate of the energy AU (¢f. V-6-1).

Those theoretical values were calculated for a transition towards an ideal
ordered state, which is not the real situation. Experimental values are reduced with
respect to the theoretical ones as already observed for AS. One can expect that the

reduction factors relating these experimental and theoretical values are similar.
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Therefore, for the terms in ratios in (7a), (75) and (7c), the value of a ratio with
two theoretical data would be close to the corresponding one with two experimental
data.

Thus, the values used in the three formulas are the followings :

- theoretical values for the second term in (7a) and the term in (7c)

AUZn  -11600 (J/mol
That is, heo = (J/mol) _ 199.3 K for the former
ASg., —3582 (J/mol-K)

AUP® 11600 (J/mol)
d o =277.5K for the latter.
an ASP= ~ —418 (J/mol-K) or fhe fatter

- experimental values for the first term in (7a) and the term in (75)

We use the observed value ASg, = - 22.5 J/molK (¢f. V-5-3) for the entropy

change in the first term of (7a) (as the transition region is quite narrow), so
that the emergy AU in this term also corresponds to the one in the real
process. Note that one of our purpose is to examine the influence of energy
AU on the transition (see below).

ASie  —164
ASE,  -582

For the term in (75), since the theoretical ratio = 0.28, it leads

to an estimate of the configurational entropy change in the real process :
ASZE = ASi x0.28 ~ - 6.3 J/mol'K.

* Note that all those negative quantities correspond to a high-temperature to low-temperature
phase transition.

- The "Phase Diagram" of the Electronic States as a Function of AU*
Based on the above data for Sr,LaFe;0g5s, we have plotted in Fig. 22(a) the

possible transition temperatures Tf:uc , Tom as linear functions of AU™" according to (7a)
and (7) and TS, according to (7c).

First, we note that the three straight lines intersect at a common point, i.e. have

A conf .

.. ch __ n
a equal temperature, at a critical energy AU, = AGTE AU®" Tt can be seen that for
Al AUﬁt : than > T&. ; when AU®® >AU;'?,-t , thm < Tlfm. The TS;,C line is always

intermediate between the Tey, and Ti, lines.

- 180 -



(a) General features of the "phase diagram”
Generally, three different situations of transition can be distinguished as follows:
(). f AU* > AUZ, then Tgy > Tiw. Since a spin ordering may be
associated with either an ordered or a constant charge density, there are two possibilities:
- when the spin ordering involves an ordered charge density, the T, and
thm lines are not present independently, but converge to the intermediate

TSC line. The corresponding "phase diagram" has two regions with

paramagnetic averaged-valence state (PMtAV) and antiferromagnetic
mixed-valence state (AFM+MV), as shown in Fig. 22(b). What is more, in
this case the charge ordering may coexist with the spin ordering even for
some values of AU > 0, which, otherwise, will not occur on its own.

- when the spin ordering is associated with a constant charge density, it will
occur at Ty, . In this case, any possible charge ordering at Tom < Tom will
disturb the already established spin ordering involving a constant charge
density. If such a charge ordering leads to a net increase in the internal
energy of the system involved, it will not really occur. This case is shown in
Fig. 22(c), with the presence of two regions of (PM+AV) and (AFM+AV)
(antiferromagnetic averaged-valence state).

(ii). If AU™ < AU, , then TS, > Ton. Theoretically, a charge ordering does
not necessarily involve a spin ordering, that is, it may occur when the spins are

disordered. Therefore, there may exist two different temperatures of Tfm > Tfaﬂ, and
the Ton line is absent in this case. Correspondingly, as presented in Fig. 22(d), there are

three regions in the "phase diagram" which are separated by To, and Tffm lines: the
regions of (PM+AV), (PM+MYV) (paramagnetic mixed-valence) and (AFM+MV) states.

(b) Explanation and discussions for the transition in SroL.aFe;Ogos

Since the phase transition in Sr,LaFe;Ogos occurs at about 200 K, it can only be
represented by Fig. 22(b) with AU™>AU® . That is, the transition is between (PM +

AV) and (AFM + MV) phases, as is exactly observed in experiments. In other words,

thermodynamically, in Sr;LaFe3Ogos system the charge ordering cannot occur in the

paramagnetic region because it does not bring about large enough energy decrease AU,
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The charge ordering energy AU™ is the sum of two competing energy terms, the
Madelung energy and the charge transfer energy (cf. formula (3)). We have shown that
the charge disproportionation gives rise to a considerable decrease in the Madelung
energy. On the other hand, the Hubbard-like energy U, in Sr.LaFe;Os.s is also expected
to be high due to the strong electron correlations between localized d-electrons. The
small magnitude of | AU |~ 0 according to Fig. 22(b) (the possibility of AU®"> 0 is not
ruled out) indicates that the two effects are almost compensated for each other.
However, it is not expected to obtain exact value of AU™ from this phase diagram
because of the approximations we have made.

For the ideal case where the charge states are completely ordered, the decrease
in the Madelung energy was previously given to be AEu{(A=0) =~ - 780 KJ/mol. It leads to
a Hubbard-like energy U, ~ 8 eV for AU™ ~ 0 according to (2) and (3). In the real
situation, the value of Madelung energy can be smaller due to nonintegral charge states
(0 <A <0.67). Correspondingly, the real Hubbard-like energy U, may also be lower than
8 eV to some extent. Anyway, such an energy Up is not unreasonable [46, 57]. However,
an appropriate estimation of energy U, depends on the exact knowledge of the Madelung
energy AEwm.

We have assumed for the phase diagram in Fig. 22 that the volume change
during the transition is zero (AV = 0), that is, no structural transition is involved. Thus,
the above results suggest that this electronic phase transition can be triggered only by the
electronic interactions themselves and needs not to be accompanied by a structural
distortion with a volume change AV < 0 (at decreasing temperature; the effect of that is
p-AV

Stot

to increase Tom by ). This is consistent with the experimental observations.

In addition, according to the result of AU™ % 0, the observed interal energy
change (AU*" = 4.33 KJ/mol, ¢f V-5-3) during the transition is (mainly) due to the spin
ordering, i.e. AU*" = AUP™,

(c) Discussions about more general cases with two other examples
(CaFeO; and SrFe0;)

In CaFe* 0, it was observed that a charge disproportionation [7],

Fe* + Fe*' = Fe** +Fe**,

occurs at 290 K in the paramagnetic region of iron spin state, then follows a

paramagnetic-antiferromagnetic transition at a lower temperature Ty = 116K [6, 48, 49].
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(a). An overall view of possible transition temperatures Ty, , TS,, and T5iC of
Sr,LaFe;Ogos plotted as functions of the charge ordering energy AU®™. They
inercross at a critical energy AU, ;

(b). The "phase diagram" for AU® > AU, involving two regions of (PM+AV)
and (AFM+MV);

(c). The case for AU™> AU ¢t involving two regions of (PM+AV) and
(AFM+AV);

(d). The case for AU® < AU, involving three regions of (PM+AV), (PM+MV)
and (AFM+MV).
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Due to the lack of both experimental and theoretical data, we cannot draw a

"phase diagram" for CaFeOs;. However, the above observations suggest that the

perovskite CaFeO; belongs to the case with AU AUE, (TS, >To). That is, above

290K ( TS, , in our notations) the irons are in (PM + AV) state; below 116K ( T‘Ean) they
are in (AFM + MV) state; and between 290K and 116K they exist in (PM + MV) state.

The conductivity of CaFeO; was reported to change from metallic behavior to
semiconducting one in the vicinity of the magnetic transition temperature (at about
130 K~140 K) [49]. Since the charge disproportionation in CaFeOs; occurs in the
metallic region, it is somewhat different from that in Sr,L.aFe;Og9s. But we believe that a
considerable energy decrease arising from the Madelung energy, as in Sr,LaFe3;Ogqs, can
be present in its AU®. Unfortunately, due to the lack of detailed low-temperature
(magnetic) structure data, we cannot verify this by calculation.

Quite differently, in cubic perovskite StFeQs, its metallic conductivity keeps
down to its antiferromagnetic region [9, 50, 51], and the iron valence state remains to be
Fe*' at 4.2 K as was evidenced by Mossbauer data [52]. The electronic transition is
therefore between (PM + AV) and (AFM + AV) states which occurs at Ty = 134 K.

These phenomena reflect that the SrFeQs system is in AU™ > AUZ  regime.
Such a difference between SrFeO; and CaFeO; (where AU™" < AUZm) may result, at
least partly, from relatively large mterionic distances in SrFeQ; Note that the cell
dimension of SrFeQs is ac = 3.845 ~ 3.869A [5, 51, 53], which is significantly larger
than that of CaFeOs, ac = 3.770A [49, 54], and closer to that for Sr;LaFe;0sg9s, ac =
3.877 A. Therefore, a possible decrease in the Madelung energy in SrFeO; would be
smaller than that in CaFeOs3, since the Madelung energy is proportional to 1/ac.

It was reported [50, 55] that below Ty SrFeO; has a helical spin arrangement
which is associated with the valence state of Fe*'. Hence, a charge disproportionation is
not compatible with such a spin coupling. Among the related oxides, SrFeQ; was
referred to as the unique exception showing a single valence state of Fe*" at 4.2 K [6]. It

could not be ruled out that a possible charge ordering (i.e. when AUZ < AU®" <0) in

SrFeO; may be suppressed by the spin ordering.

Finally, we add that an altemative phase diagram may be drawn for a given

charge ordering energy AU, In such a diagram, according to (7a), (7b) and (7c), Tyu

~ 1845



S+C

and TSIC are plotted as linear functions of the spin ordering energy AUP" and Tem

appears as a constant (it corresponds to that the To, line in present phase diagram can

move upward and downward for a given AU™). Correspondingly, similar discussions
may be made about the influence of the variations in AUT™ on the transition behavior.
- Conclusions

In a system where both spin coupling and charge disproportionation are

possible, its transition behavior, involving the order-disorder of the spin and charge
states, depends on the competition and correlation between these two effects:

I AU2_>AU*?

AS® AST™

temperature, then follows a spin ordering at a lower temperature. The system

, a charge disproportionation will occur at a higher

CaFeO; is an example of this case.

AU® _ AUP® ; _— ;
-If Ao < oG a spin ordering will definitely occur. The occurrence or

non-occurrence of a charge ordering depends on the particular correlation

between the spin and charge orderings. The perovskites SroLaFe;Ogos and
SrFeQ; are two different examples.

In the system of Sr;LaFe;Ogos, due to the compensation between the effects of

Hubbard-like energy and Madelung energy, the energy change AU® associated with the

Ascmf
AS®®

zero, so that the charge ordering cannot occur independently in the paramagnetic region.

charge ordering is greater than the critical value AUS = AU™® and close to
cnt

On the other hand, when the spin ordering occurs, the charge ordering is necessarily
involved. As a consequence, the changes in the spin and charge states occur
simultaneously at about 200K, which is a temperature intermediate between the
hypothetical temperatures for independent spin and charge orderings.

In addition, the electronic phase transition in SrLaFe3;0g9s is an intrinsic
behavior of the electronic states, and needs not to be intervened by a structural distortion
with a volume change AV < 0 (at decreasing temperature). And the observed internal
energy change (AU* = 4.33 KJ/mol) during the transition is mainly contributed by the
spin ordering, i.e. AU ~ AU™", since AU %0,
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V-6-3. Additonal Discussions
- Cause for the Abrupt Behavior of the Magnetic Transition

Below the transition, the magnetic susceptibility of Sr.LaFe;Ogos varies only
weakly with the temperature, but it shows an abrupt increase in the transition region
(from about 180 K to 200 K) (Fig. 9, V-3).

On the other hand, in a theoretical calculation in the mean field approximation
(¢f Appendix I), we have fitted the magnetic susceptibility using a Hamiltonian
containing a biquadratic term in addition to the Heisenberg one, and the abrupt change of
the susceptibility during the transition is reproduced. Due to the presence of this non-
Heisenberg biquadratic Hamiltonian, the effective exchange integrals, J T and J;ﬁ (cf.
relations (1) in V-6-1 and (3) in appendix I) are then temperature-dependent and
diminish with the decrease of the sublattice magnetizations. The resulting spin densities
show discontinuities at Ty, which is consistent with the Mdssbauer data (¢f. V-2).

Experimentally, it was also observed that, when temperature rises, the Seebeck
coefficient changes its behavior sharply at the onset and finishing temperatures of the
transition and it increases more rapidly during the transition; so does the conductivity.
These changes in the transport properties are related to the charge transfer (¢f. V-4-3),

e2(Fe™) + el (Fe’") = 2el(Fe*),

which is just the reverse process of the charge disproportionation and leads to rapid
increase in the carrier concentration.

Note that strong superexchange interactions involved in Sr;LaFes;Ogos (cf. V-3-
3) are expected among iron ions of Fe’* and Fe*, so that the above charge transfer will

weaken the spin interactions. Hence, when the magnetic transition sets in, not only the
iron spins, but also the effective exchange integrals (J,fﬁ and J}f) can no longer be

approximated as constants but will decrease significantly in magnitude due to the
simultaneous charge transfer; and such a decrease will in turn reduce the spin couplings
and facilitate the charge transfer. This effect of “positive feedback” can be responsible
for the abrupt behavior of the magnetic transition [13].

The good agreement between the theoretical result and the experimental
observation of the magnetic transition behavior suggests that the introduction of the
biquadratic Hamiltonians well describes the influence of the charge disproportionation on

the exchange integrals.

- 186 -



- The Almost Temperature-Independent Magnetic Susceptibility
at Low Temperatures

As shown in Fig. 9 (V-3), at low temperatures the magnetic susceptibility (,,)
of Sr,LaFe;0s,s exhibits an unusual almost temperature-independent behavior in a large
temperature range until the occurrence of the magnetic transition.

It was argued in V-4 that at low temperatures the electron conduction is via
electron hopping between iron Fe’* sites with parallel spins, so that the magnetic
couplings can be reinforced due to spin polarization. This can be seen from the fact that,
when the conductivity increases with the temperature (Fig. 13), the susceptibility does
not increase as usual but remains comstant or even decreases slightly for
T< 130K ~ 140 K, indicating that the spin polarization effect predominates over the
thermal agitation of the spin ordering. It can thus be suggested according to Fig. 9 that,
at about T = 130K ~ 140 K, the two competing effects (the spin polarization and the
thermal agitation) become comparable and then change over into the reverse order. As a
consequence, the magnetic susceptibility begins to increase slightly with the temperature
for T > 130K ~ 140 K until the magnetic transition sets in.

In addition, as was previously mentioned, there is a slight break around 134 K in
the reduced Seebeck coefficient (o) against 1/T plot (Fig. 13) involving a small increase
in the activation energy, which may be a reflection of an increase of the Fermi level due
to the thermal agitation of the spin orientation.

- The Absence of a Structural Distortion Which is Expected for the
Charge Ordering: the Influence of Magnetic and Pauli Interaction
on the Chemical Bonds.

Tt was previously reported [1] (¢f. Table 4 in V- 1) that the ordered charge states
of Fe* and Fe* at low temperatures does not lead to a significant structural distortion in
Sr,LaFe;0s.04 and the oxygen ions only shift slightly at 50 K (with Fe—O-Fe bond angle
decreasing from ~174° at 300K to 171° at 50K) so that all Fe — O distances remains the
same. Our XRD results also confirm that no structural transition and discontinuity in cell
dimensions occur in SroLaFe;Os.s at low temperatures.

This phenomenon is surprising at the first glance, in that a shorter Fe’*-0”
distance than that of Fe**~0" is favored by the Coulomb interaction. But note that in this
perovskite the interaction between iron spins is also important. We are going to show

why it is possible.
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Below the ordering temperature, both the o-type and m-type superexchange
interactions involved in Fe**—O”—Fe’* pairs are antiferromagnetic in nature [15].
Although a longer Fe**~0” bond relative to Fe>*"*~0> bond (for T > Ty) is expected
due to a weaker Coulomb attraction, it is not favored by the magnetic interactions. This
is because an increase in Fe’*—O distance will decrease the effective overlap between

oxygen p- and iron d-orbitals and hence decrease the strength of the superexchange

interactions.
As for Fe*'~O*—Fe’" pairs, the o-type interaction is that between half-filled and
empty iron d,-orbitals by the medium of full oxygen p_ -orbital, i.e.

dXe?) - p, - d(e),
which is ferromagnetic with a moderate strength. The t-type one is that between half-
filled iron d,-orbitals,

dity’) — p, — ditsg),
which is antiferromagnetic with a weaker strength for a usual Fe — O distance (due to a

weak overlapping between the 7m-type orbitals). Therefore a net ferromagnetic spin

coupling results according to Goodenough [15].

The d.-orbitals are lower-lying ones hence are more localized, so that the
electron correlation (the antiferromagnetic spin interaction) may be enhanced

considerably at shorter interionic distances.

Moreover, a reduction in Fe — O distance will increase the probability to find
electrons with parallel spins at the nominally empty d?-orbitals on a Fe™* site due to
stronger orbital overlappings between the iron and oxygen atoms. The situation involving

the d..,: orbitals is schematically shown in Fig. 23 (note that each Fe’* with e d?-
Y mpty <]

. . 0
orbitals, i.e. dxz_y

. and d orbitals, is surrounded by six Fe* irons with half-filled d?-
orbitals and parallel spins; ¢f. Fig. 12 in V-3).
If the densities of these electrons with parallel spins at the d”-orbitals are

significant, according to the Pauli exclusion principle, the interactions between them will

give rise to a repulsive force (the Pauli repulsion), and the ferromagnetic o-type spin
coupling will be disturbed.

- 188 -



Figure 23
The electronic orbitals associated with a nominally empty df:_yz orbital on a
Fe*" site. The arrows indicate the relative spin orientations of the electrons
occupying the orbitals. Electrons with parallel spins may be transferred, with
certain probability, to the d’._ ,» orbital from its neighbors; they are represented by
the dashed arrows. With decreases in Fe’” — O separations, the probability of such
a electron transfer will increase, which may significantly reduce the o-type

ferromagnetic spin interactions and bring about a repulsive energy according to the
Pauli principle.
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Therefore it is possible that at a shorter Fe**~0O% separation the effective
ferromagnetic (o-type) spin interaction may be reduced and the Pauli repulsion may
become important.

In_conclusion: Generally, periodic atomic displacements accompanying a
charge ordering may lead to a decrease in the Coulomb energy. However, in the present
magnetic system where both the iron spins and charges are ordered, such atomic
displacements will reduce the superexchange interactions (which are very sensitive to
interatomic distances) and will bring about a repulsive energy according to the Pauli
principle. We then suggest that the Coulomb interaction is almost compensated for by
these effects. As a consequence, the crystal structure is left undistorted, or distorted by
too small an extent to be detected in the diffraction experiments. It is an manifestation of
the influence of magnetism and Pauli repulsion on chemical bonds.

In addition, the ordered charge densities are not integral like Fe** and Fe’* (at
least for the considered temperatures) (¢f V-2 and V-5), therefore their effect on the
bond lengths is less important than it would be due to a less important Coulomb

interaction.

- Conclusions

Among the magnetic interactions in Sr;LaFe;Ogqs below the ordering
temperature, contributions of non-Heisenberg type are present. They result in the almost
temperature-independent susceptibility at low temperatures (due to the spin-polarization
of hopping electrons) and the abrupt magnetic transition (due to the temperature-
dependent effective exchange integrals associated with the charge disproportionation).

We show that the absence of a structural distortion (periodic atomic
displacements) in this perovskite below the ordering temperature, which is otherwise
expected to accompany the charge ordering, may originate mainly from the involved

superexchange and Pauli interactions which compete with the Coulomb nteractions.
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Conclusion Générale

Ce travail avait pour but d'étudier le comportement électrochimique sous
potentiel anodique de quelques ferrites de structures dérivées de la perovskite,
déficitaires en oxygeéne. Les précurseurs sont les ferrites SrFeO,s et CaFeO.s de
structure brownmillerite et Sr,LaFe;Os et CaLaFe;Os de type G appartenant a la série
AMO;.n (n = 2, 3,+, ou ). Leur aptitude a l'intercalation de l'oxygéne a été
systématiquement étudiée. Les phases contenant du strontium peuvent étre oxydées,
SrFeO; et Srol.aFe;Ogos ont pu étre ainsi préparées. En revanche, celles contenant du
calcium ne présentaient aucune aptitude a I'oxydation électrochimique.

L'intercalation de l'oxygéne est possible grice a la présence de chemins de
diffusion dans les plans de tétracdres. Nous avons montré que trois types de fenétres
existaient : des fenétres triangulaires, trapézoidales et rectangulaires. Les études des
interactions a courte et longue distance sur la base d'un modéle ionique ont montré que
I'énergie totale nécessaire a la diffusion au sein des canaux dans CaFeO, s était de fagon
significative la plus élevée. Une étude comparative a permis de corroborer ces études
théoriques aux résultats expérimentaux, notamment a la difficulté d'oxyder les phases du
calcium. Nous avons aussi émis I'hypothése que les espéces O formées par transfert
électroniques de l'oxygéne vers le métal étaient les especes diffusantes, car susceptibles
d'abaisser les barrieres de potentiels.

Utilisant la méthode électrochimique, nous avons préparé notamment
Sr;LaFe;0s0s qui a été ensuite caractérisé en détail. D'un point de vue structural, le
désordre Sr-La a été confirmé et la symétrie R3 ¢ adoptée.

L'évolution thermique de la susceptibilité magnétique de ce composé montre
une transition brutale autour de 200 K qui a fait I'objet de toute notre attention. Elle est
due a une coincidence de la température d'ordre magnétique et de la dismutation du fer
tétravalent selon la schéma suivant :

3Fe* o Fe™ + 2Fe™ (avec 0 <A <0.67).
valence moyenne valence mixte
paramagnétique antiferromagnétique

Cette dismutation de Fe** a été clairement mise en évidence par une étude de

spectroscopie Mossbauer a basse température.

Dans I'état paramagnétique, les électrons d sont dans un état localisé, spin fort :

Mre = 5.46 up , valeur trés proche de la valeur calculée ( u;im =5.30 ug).
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Les propriétés de transport caractérisent une semi-conduction de type hopping
(petits polarons) dont I'énergie d'activation ( 0.13 eV ) est due a lactivation de la
mobilité des porteurs. Ce hopping électronique conduit a une valence moyenne du fer au
deld de 200 K comme cela est confirmé par résonance Mossbauer.

Dans l'état antiferromagnétique, la susceptibilité magnétique varie peu : ceci a
pu étre modélisé sur la base de la structure magnétique particuliére de ce matériau et les
interactions d'échange ont été calculées.

La conductivité électrique suit une loi de Mott en T

(variable-range hopping)
en dega de 100 K. Entre 100 et 195 K, le mécanisme de conduction est plus complexe, il
implique  Ia fois une activation du nombre de porteurs et de leur mobilité.

La transition de phase électronique 4 200 K a été étudiée en détail. Nous
suggérons que la dismutation de charge se produit en méme temps que la transition
magnétique.

Les mesures de chaleur spécifique montrent que le changement d'entropie est
ASexp = 22.5 J/mol'K, valeur sensiblement inférieure a celle calculée en supposant des
valeurs entiéres Fe* et Fe* : ceci laisse supposer, comme le confirme la spectroscopie
Mbssbauer, que les charges ne sont pas entiéres ( Fe®™" et Fe®™).

Enfin nous avons montré que la variation d'énergie interne lors de la transition
(AU = AH = 4.33 kJ/mol) était essenticllement due a l'ordre des spins. Les calculs
thermodynamiques montrent aussi que la transition de phase est un phénoméne
intrinséque qui ne nécessite pas ume transition structurale qui par ailleurs n'est pas

observeée.
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General Conclusions

The orthorhombic brownmillerite phases SrFeO;s, CaFeO,s and G-type phases
Sr,LaFe3;0g, Ca;LaFe;0g are, respectively, the n =2 and n = 3 members in the series of
AMOs.1, (n = 2, 3,, or o). The main structural features of these phases are the
arrangement of (n-1) sheets of MOg octahedra (O) alternating with one sheet of MO,
tetrahedra (T), as well as the ordered oxygen vacancy rows in their tetrahedral layers
which are along the [101]c direction of related cubic perovskite cells (i.e. the a-direction
of their proper lattices for the setting used in this thesis). That results in OTOT' and
OOT polyhedral stacking sequences for the brownmillerite structure and the G-type
structure, respectively, and the characteristic cell dimensions which are related to the
cubic one (a.) as a, = N2+a,, by~ (6-n)a., and c, = \2-a,. The experimental observation
of ¢,> a, can be attributed to the presence of the oxygen vacancy rows.

In this thesis work, (I) the electrochemical behaviors (under oxidation
conditions) of these oxygen-deficient ferrites (the precursors) are systematically studied,
(I0) their different capabilities of oxygen intercalation are analyzed and explained, and
(III) some physical properties of perovskite phase Sr;LaFe;Ogos (obtained by
electrochemical oxidation) are investigated. The main conclusions are given in the
following.

(I). Using electrochemical method (of both potentiostatic and galvanostatic
modes under ambient conditions), the perovskite phase Sr,LaFe;Os45 (0 up to ~0.90, the
averaged value according to chemical analysis) is prepared by intercalating oxygen into
its precursor Sr,LaFe;Og (G-type phase). Increasing temperature (T < 90°C) makes the
intercalation more rapid at lower oxygen concentrations but not at higher ones, and it
does not increase the oxidation degree.

At a given temperature, the highest intercalation rate (indicated by the highest
oxidation current) is observed at intermediate oxygen concentrations. It seems that, at
lower oxygen concentrations, the intercalation rate is limited by the high electrical
resistivity of the precursor which decreases with oxygen intercalation, so that the
intercalation rate increases with the concentration; while at higher oxygen concentrations
it is diffusion-determined, so that the intercalation rate decreases with increasing oxygen
concentration.

Similarly, the cubic perovskite phase SrFeO;s:s (6 = 0.34 ~ 0.40) can also be
obtained from the orthorhombic precursor SrFeO,s (brownmillerite phase) by
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electrochemical oxygen intercalation.

Results show that the electrochemical method is also efficient for intercalating
oxygen into some precursors having high resistivity (~ 10° Q-cm), provided that their
resistivity would decrease considerably with oxygen intercalation.

However, our attempts were not successful to oxidize, using this
electrochemical method, the Ca-containing brownmillerite phase CaFeO.s and G-type
phase Ca,LaFe;0s, although their structures are similar to those of the Sr-containing
ferrites.

(I0). For the ionic crystal structures of the brownmillerite and G-type phases,
the oxygen intercalation is via their oxygen vacancy rows (the diffusing channels). We
show that the widths of these diffusing channels can be described by the radii of three
periodic polygonal "windows" along the channels, they are so-called trapezoid window,
triangular window and rectangular window. Among them, the triangular window is the
narrowest for each phase.

In the initial stage of the oxygen intercalation, effects such as interactions
between diffusing oxygen atoms and variations in the host lattices are not important.
From a viewpoint of ionic structure, the interaction energy mmvolved in the oxygen
diffusion in this stage depends mainly on two kinds of interactions between diffusing
oxygen anion and ions in the host lattices of the precursors :

- One is the short-range Pauli interaction which involves mainly the lattice ions
forming the channel "windows" and becomes important when the diffusing
oxygen squeezes between them. The narrower the windows (the channels), the
stronger the interaction (the Pauli repulsion).

- Another is the long-range Coulomb interaction between the electric charges of
the diffusing oxygen anion and of the lattice ions. It is related to the ionic
arrangement in the structures of the precursors.

Based on available crystallographic data and ionic model, the interaction
energies of the above origin are estimated and calculated for brownmillerite Ca,Fe;0s,
Sr,Fe,0s and G-type SroLaFe;Os phases. The results show that the oxygen intercalation
capabilities of the three phases are determined by these two interactions at the triangular
or the trapezoid window centers, and that the total interaction energy experienced by
an oxygen anion diffusing along the channels in Ca;Fe;Os structure is significantly

higher than the corresponding energies in the other two structures.
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The difference in the interaction energies involved in the three ferrites explains
why they exhibit different oxygen intercalation capabilities under electrochemical
conditions as well as, to a certain extent, under high oxygen pressures. The situation of
Ca,LaFe;0g may be assumed to be similar to that of Ca;Fe;Os.

It is suggested that the oxygen species involved in the diffusion process may be
O but not 0%, in the sense that a lower energy barrier (of both the Coulomb and the
Pauli interaction origin) is expected for O", so that its diffusion may be facilitated.

(IIX). Some physical properties of perovskite phase Sr,LaFe3;0s.0s

We have confirmed by powder XRD analysis that the A-site Sr** and La*" ions
in this phase are disorderly distributed and that no structural transition and discontinuity
in the cell dimensions occur from 300 K down to 80 K. According to previous report,
the R3 ¢ symmetry is adopted for the structure, which is viewed as distorted from the
cubic perovskite structure (having Pm3m symmetry) by coordinate shifts of oxygen
atoms, although the XRD data are not sufficient to decide between the Pm3m and R3¢
symmetries in this case (the reason is analyzed).

This perovskite exhibits an abrupt magnetic transition
(paramagnetic < antiferromagnetic) over a narrow temperature range of about 180 K to
200 K, which is associated with a simultaneous disproportionation of iron charge
(averaged-valence <> mixed-valence), ie., referring to Sr,LaFe;O, for simplicity,
3F o Fe®™ + 2 Fe®™ (with 0 < A < 0.67). The two critical temperatures
(the Néel and disproportionation temperatures) coincide at Ty = Tp = 196 K based on
various measurements.

(a) in the paramagnetic region , iron d-electrons are in localized high-spin

states. The magnetic moment per iron obtained according to the Curie-Weiss law is
Ure = 5.46 up , which, being close to the estimated spin-only value ( u;pem =5.30 up),
reflects the quenching of the orbital moment of °E, (Fe'") state by the chemical
environment as theoretically predicted. In the vicinity of the Néel temperature, however,
the Curie-Weiss law is somewhat deviated due to short-range spin ordering.

The electron transport (with a constant carrier concentration 1, = Rg,s =

6.29x10*" cm™ ) is by hopping of e,-electrons localized on Fe*" sites (small polarons) to

(Fe**+e~ )+ Fe* <> Fe* +(Fe**+e~)

Fe3t Fe3* 3 fhe

nearest-neighboring Fe*' sites, i.e.
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activation energy associated with the hopping mobility is 0.13 eV according to
conductivity data. This electron hopping results in the averaged valence state
intermediate between Fe** and Fe*', as is observed in Mossbauer experiments.

The corresponding Seebeck coefficient, which decreases slightly with rising
temperature, can be well accounted for by combined contributions of configurational and
vibrational entropies, electronic spin and orbital degeneracies, as well as spin polarization
effect.

(b) in the antiferromagnetic region , the conductivity obeys Mott T law for

T = 60 K ~ 100 K, which is related to the variable-range hopping at partially occupied
e -levels of the nominal Fe** states where the Fermi level is pinned; while the Seebeck
coefficient is proportional to 1/T (but not to T'”, the reason is given). Between 100K
and 195 K, the conductivity behavior cannot be described by a single mechanism — both
the carrier concentration and carrier mobility contribute significantly to the temperature
dependence of the conductivity.

We show that, if the temperature dependence of the Seebeck coefficient a(7) is

determined by the dependence of the site ratio ¢(7), the reduced Seebeck coefficient o

- a . v
(= (k5 /e)lnlo) will generally exhibit the same temperature dependence as the

logarithm of carrier concentration ( log[x(7)] ).

At temperatures below the transition region, eg-electrons are considered to hop
via nominal iron Fe* sites with parallel spins, giving rise to a spin polarization effect. As
a consequence, the magnetic susceptibility displays an unusual almost temperature-
independent behavior. Upon entering the transition region, however, the susceptibility
increases abruptly with temperature. This abrupt behavior of the magnetic transition can
be attributed to temperature-dependent effective exchange integrals which are associated
with the charge disproportionation. Theoretically, this phenomenon can be well described
by using a non-Heisenberg biquadratic Hamiltonian in addition to the Heisenberg one, as
it is shown by our calculations in the mean field approximation (a cooperative work).

Magnetic measurements also reveal that the susceptibility increases with the
field for H>~7000 Oe. It could be explained by the effect of anisotropy, being consistent

with the previously reported magnetic structure model.
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(c) about the electronic phase transition. We suggest that, when temperature

rises, the electronic phase transition first occurs in defective regions (where the magnetic
and/or the crystal structure are mismatched and disturbed) just before the whole system
is transformed. This mechanism accounts for the two-peak anomaly (at 189K and 196K)
in the specific heat data and the coexistence of the two electronic phases over the
transition temperature range.

The entropy change of the transition obtained from the specific heat data is
ASep ~ 22.5 J/mol'K, which is much smaller than that calculated using Boltzmann
formula for the ideal cases. It confirms that, at least in the measured temperature range
below the ordering temperature, the valence states of Fe’* and Fe’* and the spin densities
of Sg,s =5/2 and S, 5. =3/2 are more nominal than real (i.e. the charges and the spins
are not ideally ordered), which is in agreement with the Mdssbauer data.

From the specific heat data, the internal energy and enthalpy changes associated
with the electronic phase transition are obtained to be AU =~ AH = 4.33 KJ/mol . The
nternal energy change is the sum of three contributions: the superexchange interaction
energy (AU™™), the change in the Madelung energy (AEy) and the energy arising from
Hubbard-like iron-to-iron charge transfer (AEct). The first two effects lower the energy,
the last one increases the energy. The energy change only involved in the charge
disproportionation is given by AU = AEy + AEcr .

We show that, from a general thermodynamic point of view, in a system where
both spin coupling and charge disproportionation are possible, its transition behavior,
involving order-disorder of the spin and charge states, depends on the competition and

correlation between these two effects:

Asccnf
AST™
critical value), the disproportionation will occur at a higher temperature, then

- If the charge disproportionation energy AU < AUZ, (= AU

follows a spin ordering at a lower temperature. The system CaFeOs is an

example for this case.
- IFAU™ > AUZ, , a spin ordering will definitely occur. The occurrence or non-

occurrence of a charge ordering depends on the particular correlation between
the spin and charge orderings. The perovskites Sr,LaFe;Og95 and SrFeO; are
two different examples.

- 200 -



In the system of Sr,LaFe;0sgos, due to the compensation between the effects of
Hubbard-like energy and Madelung energy, the energy change AU® associated with the
charge ordering is greater than the critical value AUit and close to zero, so that the
charge ordering cannot occur independently in the paramagnetic region. On the other
hand, when the spin ordering occurs, the charge ordering is necessarily involved. As a
consequence, the changes in the spin and charge states occur simultaneously at about
200K, which is a temperature intermediate between the hypothetical temperatures for
independent spin and charge orderings.

Since the charge disproportionation energy AU®= 0, the observed internal
energy change (AU = 4.33 KJ/mol) during the transition in Sr,LaFe;Ogos is mainly
contributed by the spin ordering, i.e. AU = AU,

The thermodynamic calculation also suggests that the electronic phase transition
in Sr,LaFe;Ogos is an intrinsic behavior of the electronic states, and needs not to be
intervened by a structural distortion with a volume change AV < 0 (at decreasing
temperature).

However, it is all the same surprising that no periodic atomic displacements
accompany the charge ordering in this perovskite. We show that this phenomenon may
originate mainly from the involved superexchange and Pauli interactions which compete

with the Coulomb interactions.

In addition, the electron localization observed in Sr,LaFe;Ogos can be explained
by combined effects such as the Anderson localization caused by a random field arising
from the disorder of Sr** and La®" ions, the self-trapping due to small polaron formation
(for T > Ty) and the spin and charge orderings (for T < Tx).

From the specific heat data, the Debye temperature ®p of Sr,LaFe;0g9s 1S
estimated to be around 300 K.
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Appendix 1|

Magnetic and Thermodynamic
Properties of Sr,LaFe;0q
( theoretical calculations )
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I. INTRODUCTION

Since the discovery of high-T. copper-oxide superconductors (1], investigations of super-
conductivity and magnetism of d-electron based oxides with perovskite structure have gained
new interest. Iron based oxides are not superconducting, but exhibit interesting electronic
properties such as disproportionation as in CaFeOj; or metalic properties as in SrFeO3;. In
addition, these ferrites often shown very peculiar magnetic properties.

Almost stoichiometric SraLaFe3Og_s, (6 ~ 0) can be prepared under air by long annealing
at 200°C or using electrochemical oxidation in alkaline solution [2], [3], [4]. All reported data
of structural and physical properties show very similar features.

The low-temperature Mossbauer data for the perovskite SroLaFe3Og o4 studied in [2] are
consistent with a 2 : 1 ratio of the two types of Fe cation with electronic characteristics
fairly close to Fe®t and Fe®*, respectively. The Neutron-Powder-Diffraction data at 50K,
show clear evidence that the low temperature phase exhibits an antiferromagnetic ordering
[2]. More precisely, there is antiferromagnetic ordering among subcells of ferromagnetically-
ordered spins. At room temperature only is observed an average value of the charge, which
demonstrates the existence of a fast electron transfer.

So, upon heating the compound passes from a mixed-valence phase through a first-
order transition to the paramagnetic average-valence phase. Experimental data [3] for the
specific heat show two peaks, the highest of which seems to be related to a first-order phase
transition. The smaller peak, on the other hand, disappears as one fills in more oxygen
vacancies in the sample, as was shown by the data of ref. [4] for the sample SryLaFe;O,
where the specific heat only shows one (large) peak at about the same temperature as in [3].

The inverse magnetic susceptibility for SroLaFe3Oggs shows [2] an abrupt change at
about 200K with a minimum indicative of a transition to antiferromagnetic ordering; and
above this temperature the susceptibility is almost field-independent; while below there is
a pronounced dependence on the magnetic field which appears to be an intrinsic property

of the phase, and suggests the possibility of a (weak) ferromagnetism, probably due to spin
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mis-alignment. The same sharp jump in the magnetic susceptibility is reported in refs. [3]
and [4].

According to previous structural studies [2], this compound exhibits an almost cubic
perovskite structure, the rhombohedral distortion being very small and not detectable by
X-Ray Diffraction analysis. The magnetic structure was determined from the Neutron-
Diffraction data [2] and is shown in figure 1.

The coupling between iron cations is of a superexchange-type via oxygen anions. How-
ever, the usual approximation consists in treating the system as that of iron cations inter-
acting via an effective exchange integral. More precisely, in our case the coupling between
two Fee’* ions is antiferromagnetic with the exchange constant denoted henceforth by! J,,
while that between Fe3* and Fe®* is ferromagnetic with the constant J 7, while there is no
coupling between two cations Fe>*, as this would occur along the diagonal of the (slightly
deformed) elementary cube, and thus would be negligible in comparison with the other two
couplings (see figure 1). In our particular case, these exchange integrals are obtained by fit-
ting the experimental data with a model of localized spins with two kinds of nearest-neighbor
interactions.

Accordingly, we consider a model that describes a system of 6 localized spins, four of %
and two of %, based on a Dirac-Heisenberg Hamiltonian with antiferromagnetic and ferromag-
netic couplings J,, Jy, respectively and taking into account the corresponding biquadratic
interactions, denoted by ja,js. The latter are known [5] to induce a first-order transition
because of the strong change of the exchange interactions as a function of the interatomic
distances, and also the associated change in the elastic energy of the material. The charac-
teristic and very significant feature of such magnetic-transformation mechanism is the sharp
change of the elastic constants of the crystal in the absence of any volume changes in the

region of the antiferromagnetic transformation [5]. In our case, the exchange-induced dis-

1The subscripts a and f refer to antiferromagnetic and ferromagntic orderings, respectively.
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tortion of the crystal is of an order of magnitude too small [2], [3] to be responsible for the
change of the order of the magnetic transition. In fact, it was pointed out in [6] and then
shown in [7] that the usual superexchange mechanism is fully capable of explaining the ori-
gin and magnitude of the biquadratic exchange interaction. Also Nagaev ( [8], section 2.7)
studied the interplay between Dirac-Heisenberg and different kinds of non-Dirac-Heisenberg
interactions and the role of the latter in changing the order of the magnetic transition viz
in MgO, MnO and NiO. Moreover, since the spins in our case are much larger than 25 more‘
excited spin states start to participate in increasing the entropy of the system, and the two-
level-system approximation no longer holds as the temperature increases. Therefore, in order
to account for this effect, we must add higher-order terms to the Dirac-Heisenberg Hamil-
tonian. Accordingly, we shall add nearest-neighbor biquadratic interactions which, from the
physical point of view could account for the effect of charge disproportionation occurring in
our compound. Next, we show that indeed the biquadratic contributions to the exchange
energy account for the first-order magnetic transition occurring in SrpLaFe;Og, and which is
reflected by a sharp jump in the magnetic susceptibility and large peak in the specific heat.
Consistently, we also predict an anomalous behavior for the sublattice magnetizations, i.e.
the jump down to zero in the vicinity of the Néel temperature. Indeed, we obtain a good
fit of the experimental data on the specific heat and the magnetic susceptibility in both the
ordered and disordered phases for the exchange interactions fg ~ 26K, i—% ~ 6.5K ; and
the corresponding biquadratic exchange integrals j, ~ 0.11 x J, and j; ~ 0.08 x J;.

Note that the antiferromagnetic exchange integral J, between two iron ions Fe*' in
perovskite compounds such as LaFeO; was also estimated by Anderson [10] who found
J, ~ 26K, and a close value, 24K, was also found by Grenier et al. [11] in Ca;Fe;O5 with
similar perovskite structure.

Next, we compute the magnon spectrum within the approach of linear spin-wave theory.
The spectrum contains a gapless antiferromagnetic mode and two gapped ferromagnetic
branches. Unfortunately, to the best of our knowledge, there are so far no experimental data

on the Inelastic-Neutron Scattering for the present powder sample. However, to account for
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the anomalous behavior of the sublattice magnetizations near the transition point, it turns

out that non-linear spin-wave corrections are necessary.

II. THEORY

a. Hamiltonian The unit cell of our system is sketched in figure 1, and the Dirac-
Heisenberg Hamiltonian for such system can be written as
Hpy==J; Y > sia-Sip+ Jazzsm - Sjs (1)
(i.3) a.B (1,5) e
where henceforth S,s denote the spins 3 of Fe¥*, and 3 of Fe®*, respectively. Z denotes
the sum over all pairs of nearest-neighbor sites ¢, j; each Fe®* ion having six F$;§)+ ions as

nearest-neighbors, while the nearest-neighbors of each Fe3* ion are three Fe®t and three

Febt. The sum Z runs over the six different atoms in the unit cell, see figure 1.

a,
Then to the Hamiltonian (1) we add the following non-Dirac-Heisenberg Hamiltonian of

nearest-neighbor biquadratic interactions
Hnow = =55 Y (SiaSip)* = Ga D D (Sia- Sjp)’ (2)
(i.j) B (i.g) @B
Note that we have adopted the convention that all exchange couplings J,, Jy, ja, j; are
positive.
Within the mean-field (MF) approximation it turns out that in fact the effect of
adding these biquadratic interactions is to redefine the exchange integrals .J, and Jg, into

temperature-dependent effective ones as follows

Jo — JH = J, + 25, (S)? (3)
Jp — I = J; 4251 (S) (s)
where (S) and (s) are the spontaneous sublattice magnetizations on the sites Fe3* and

Fe®", respectively. The same is also true within spin-wave theory, see sect.4. However

within the linear-spin-wave approximation the effective couplings J&/7, J;f I are independent
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of temperature since in this case the spins S and s are respectively substituted for the
sublattice magnetizations (S) and (s).

As was demonstrated by Nagaev [8], all non-Dirac-Heisenberg interactions, biquadratic
in our case, change the order of the magnetic transition from second to first. It is readily
seen in (3) that the effective exchange integrals decrease in magnitude with decreasing
magnetizations because of a decrease in the order parameters (S) and (s). Inversely, a
decrease in the effective exchange integrals in turn leads to a decrease in the magnetizations,
j.e. there is a positive feedback effect. This brings about the change in the order of the
transition as the ratio, % in the present case, between the non-Dirac-Heisenberg and the
Dirac-Heisenberg interaction reaches a certain critical value.

Henceforth, to avoid writing cumbersome formulae, we shall only give the expressions
for physical quantities derived from the Hamiltonian (1), but keeping in mind that all cal-
culations are done using the effective exchange integrals J&/7, J;if ! defined in (3).

b. Spontaneous magnetizations Within the MF approximation the order parameters

(S), (s) are found to satisfy the following coupled self-consistent equations

(S) = Bs (28[Ja (S) + J1 (s)])

(s) = B (228J; (S))

where 3 = 1=, and B;(z) is the usual Brillouin function

saeil el 1 T
Bilz)=(j + -é)COth(] + ~2—)z = = coth-i

and z = 3, i.e. half the number of nearest neighbors of an atom.

Upon making the substitutions (3) the self-consistent equations (4) become more com-
plicated and then they can be solved only numerically. The corresponding solution is shown
in solid lines in figure 2, for the values of the exchange integrals obtained by fitting the
experimental data on the specific heat and magnetic susceptibility, see sect.3 below.

c. Susceptibility We have computed the magnetic susceptibility both in the ordered

and paramagnetic phases following the generalized mean-field approach of Smart [9]. For
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this purpose, we use the fact that the spontaneous magnetizations given by eqs.(4) exhibit

the following antiferromagnetic-ferromagnetic arrangement at T' < T (see figure 1)

{S2) = — (S3) = — (S5) = (Sg), (s1) = — (54) (5)

Thereby we obtain the following expressions for the transverse magnetic susceptibility,

Jr (2(8) +(5))° + 2Ja (S) (s)

= X 6
SEw 22J;J, (S)? °
and parallel susceptibility?
. 2T - (2Bs(y5) + B.(48)) + 2z - (Jo + 4J;) B,(48) Bs(y§) )
I T2 + 2J,T - Bs(ys) — 222J% - B,(y§) Bs(v5)

where

U= (221 (SNB, w5 =2(Js(s)+ La(S)B

and have introduced the conversion coefficient @ = pg(ng)ZNc/kB. With g = 2, and
N.= %A, N4 being the Avogadro number, as there are two molecules of the sample in the
unit cell.

It is worthwhile to note that the transverse susceptibility (6) is a decreasing function of
temperature.

Now, as we are dealing with powder sample, the total magnetic susceptibility below the

Néel temperature is given by

1 2
x(T) = 3Xt+3xL

Next, in the paramagnetic phase the total magnetic susceptibility is found to be

2 y+2$+Ja_4Jf
YRIdek s zy + Joz — 2J% ®)

where

Here the prime stands for the derivative of the Brillouin function B(z)with respect to .
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%] e R s Bkl el
z s(s+1) A S(S+1)

Ir =

Omne can check that as T — Th, B;-(m) — -’1’;54’—1—1, so that eq.(7) reduces to eq.(8), and at
T =Ty, we get XL = X|| = XPM-

d. Entropy Within the foregoing approach the entropy (per atom) of the system reads

S](VT) = 2 [log (C,(BA)) — BA (s)] + 4 [log (Cs(BB)) — BB (S)] 9)
where A = 2zJ5(S), B = z{J.(S) + J; (0)], and Cj(z) = sinh[(2j+1)5]

Sinh(2)

When plotted as a function of temperature, for the exchange couplings obtained below,
the entropy (9) increases with increasing temperature up to the Néel point where it exhibits
an abrupt jump characteristic of a first-order transition, and then it saturates to a constant
given by the configurational entropy in the paramagnetic phase.

e. Specific heat The specific heat within the same approximation is given by?

% = —22- (Ja - {S) B (S) + Jg - [(s) Br (S) + (S) Br (s)]) (10)

C
for T S TN.
Above Ty the mean-field approximation yields a zero specific heat since in this temper-

ature range the order parameters and thereby the free energy vanish, see figure 4.

III. RESULTS AND DISCUSSION

The Dirac-Heisenberg model including the biquadratic interactions studied here has been
written for the ideal compound Sr;LaFe;Og with no oxygen vacancies. On the other hand,
the compound with the closest composition to the latter was studied experimentally by
Wang et al. in [4]. Therefore, we believe that our theory is more suitable for fitting the

experimental data of ref. [4] than those of [2] or [3], especially from the quantitative point

381 stands for the derivative with respect to temperature.
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of view. However, we also obtain good qualitative agreement with the authors of refs. [2]

3]-

A reasonable (numerical) fit to the experimental data [4] on the magnetic susceptibility

b

and specific heat given in figures 3 and 4, led to the following values of the exchange integrals

and biquadratic interactions

o ore L et (11)
ks kg

¥ AL XET S QORI

As was mentioned in the introduction, the value of the antiferromagnetic exchange inte-
gral J, found here is in agreement with the ones obtained by Anderson [10], i.e. J, ~ 26K
in LaFeOs, or by Grenier et al. [11], that is 24K in Ca,Fe;Os. |

For these couplings we find that the sublattice magnetizations exhibit a sharp drop at the
Néel temperature indicating that the transition is of first order, see figure 2. This behavior is
also reflected in the magnetic susceptibility, which exhibits a sharp jump at the transition, in
agreement with the susceptibility measured by Wang et al. [4] and also with the one reported
by Zhou et al. [3], see figure 3. We see that the susceptibility curve obtained within the
mean-field theory fits both qualitatively and quantitatively to the one measured by Wang
et al. [4], however the authors of ref. (3] obtain a larger jump at the critical temperature.

In addition, the jump in the entropy (9) is indicative of a first-order transition, and
yields the latent heat released by the system at the transition. Accordingly, for the exchange
integrals found above, we find that the contribution of magnetic excitations to the latent heat
is given by the product of the jump in the corresponding entropy at the critical temperature
and the latter, i.e. Q(Tny) = Tn x AS ~ 2.9 KJ/mole. The experimental enthalpy found
by Zhou et al. [3] is AH ~ 3.7 K.J/mole, which is the total enthalpy of the system.

Consequently, the specific heat obtained within the mean-field approximation (10) di-
verges at the Néel temperature. In the magnetically ordered phase and around the transition
we obtain a good fit of this to the experimental curve obtained by Wang et al. [4], see figure

4. As is well known the mean-field theory cannot be correct above the Néel temperature,
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for it predicts the absence of short-range order. In particular, in our case the specific heat
computed within mean-field approximation drops to zero for T' > T}, since then the order
parameters vanish, i.e. (S) = (s) = 0. Alternatively we have computed the contribution to
the specific heat (10) in the paramagnetic phase using the appraoch of high-temperature ex-
pansion, but this does not yield a significant contribution. We have also taken into account
that we are only dealing with the contribution of magnetic excitations to the transition while
leaving out the lattice component. :
To derive the Curie-Weiss law for the magnetic susceptibility in the paramagnetic phase,
we note that the denominator in (8) is quadratic in temperature, and thus leads to a hyper-
bolic function of temperature, as in the case of a ferrimagnet. However the high temperature

asymptote to the hyperbola does have the Curie-Weiss law form, that is

Ca

(12)

with

in fair agreement with the experimental result (2], (3]
C =114, 0 = —250K

In the paramagnetic phase, we can also estimate the average magnetic moment corre-
sponding to the average valence of iron. Indeed, the relationship between the magnetic

moment per atom and susceptibility

p=/8xx(T—0,) =283 x %
yields for iron

C.(Fe

p(Fe) = 2.83 x )

which agrees with the value found by Battle et al. [2], that is 5.55u5.

-213 -



IV. SPIN WAVE THEORY

f. Spectrum Within the linear spin-wave theory based on the Holstein-Primakoff rep-
resentation [12] of spin operators (3 expansion), we find three doubly-degenerate magnon
branches, as shown in figure 5. The explicit expressions of the corresponding magnon en-
ergies are rather messy and we omit writing them here. Nonetheless, around the point

I,k = (0,0,0), located at the center of the Brillouin zone we can write,

oy (k) = \ [k, - (K2 + k2) + pb - k2 (13)
Pun(k) = /A1 + g2y - (2 4+ K2) + g2 - K2

Pusg(k) = /B + p3, - (k2 + k2) — p3 - k2

where the gaps A, and A, are given by

({=)

Jy

A]_ = T [2Ja sS + Jf(zs S 8)2]
A= 24'-—]& (2.],135 9 stz)

and the spin stiffness coefficients pj,, p}, etc., are (cumbersome) functions of the exchange
integrals. Recall that the exchange integrals J, and J; must be redefined using eq.(3)
and taking into account the fact that in the linear-spin-wave approximation the sublattice

magnetizations (S) and (s) are replaced by their nominative values S = 2 and s =

{1192

bl

respectively.

It is seen in figure 5 that the first of the spectrum branches, the lowest curve, is gapless
and of antiferromagnetic type. Whereas, the second and third branches, the upper ones,
represent gapped ferromagnetic modes. We have assumed here that the anisotropy is too
small to produce a gap in the magnon spetrum at temperatures the latter is obtained.

Therefore, the spectrum above shows that we have antiferromagnetic ordering at low
temperature, together with a ”weak ferromagnetic ordering” that starts propagating upon
heating. As discussed in the introduction, it should be interesting to compare our results

for the magnon spectrum with the experimental data, were Inelastic-Neutron Scattering
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measurements possible on the compound SryLaFe3Og. This would also allow us to compare
the spin stiffiness coefficients we have found here with the experimental ones, and then
determine the effective magnetic moments of Fe3* and Fe’t at zero temperature, and
thereby estimate their reduction by quantum fluctuations.

g. Brillouin zone The Brillouin zone is a 3D—hexagon (see figure 5) whose edges are

defined by

—27 2m dr |k, A7 |kl
e —, = |=- Y i
— -_— ﬁ

] e
Sl e
Ve e R e 3 V3 Sy

h. Thermodynamic quantities The ground-state energy per site is given by

—_ oL =

3

E, 1 V18
Ho+ —~—
N, N. 2

a3k
1 ./ (2m)3 gl )

H=iBiZ.

where
Hy=-2J,-8(8+1)—2J;-[S(s+1)+5(5+1)] = —0.16 eV

and §¢ ~ —0.12 eV.

Next, within linear spin-wave theory we have studied the temperature dependence of the
internal energy, specific heat, and sublattice magnetizations. We have found that at low
temperatures, the internal energy behaves as T4, and that the specific heat behaves as 773,
which is consistent with an antiferromagnetic ordering at low temperatures.

On the other hand, as discussed in the introduction, the linear spin-wave theory turns out
to be a poor approximation in the vicinity of the transition, as long as sublattice magnetiza-
tions are concerned. Indeed we find that (S) and (s) decrease linearly with temperature as
this approaches the Néel point, and vanish at different temperatures, see figure 2. There we
also see that the linear-spin-wave theory yields, at zero temperature, quantum corrections to
the magnetic moments of Fe** ions but no corrections to those of Fe* ions. Therefore, we
think that further non-linear corrections should be taken into account so as to obtain the cor-
rect temperature dependence of the sublattice magnetizations especially as the temperature

approaches the Néel point.
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V. CONCLUSION

We have modelled the first-order magnetic transition occurring in the perovskite
SraLaFe30g using a Dirac-Heisenberg Hamiltonian including (nearest-neighbor) biquadratic
interactions, whose origin could be related with the disproportionation of iron. We have been
able, by fitting the experimental magnetic susceptibility and specific heat, to estimate the
superexchange integrals for the antiferromagnetic and ferromagnetic interactions, as well as
the biquadratic ones. The first of these integrals is consistent with the results of previous
work on kindred compounds.

Elastic-Neutron Scattering will be performed on this compound for checking the anom-
alous behavior of the sublattice magnetizations predicted here. Unfortunately, it is difficult
to check up on the magnon spectrum we have computed. Nevertheless, the latter does con-
firm the magnetic structure determined from Neutron-Diffraction data by Battle et al. [2]
in the compound SrsLaFe;0g94.

Non-linear spin-wave calculations and Monte Carlo simulations are still under investiga-
tion. Finally, it should be very instructive to understand more in detail the effect of iron

disproportionation, or more generally the charge redistribution, on the magnetic ordering.
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Figure captions

e Figure 1: The crystal and magnetic structure of SryLaFe3Og [2]. The large circles
represent Fe>* and the medium ones represent Fe®", with the arrows indicating the
size and orientation of their spins; the smallest circles stand for intermediate oxygen
atoms. The 2Sr?* : La®* cations which are disorderly located in the cubic centers
have been omitted for clarity. The hexagonal unit cells of the two structures are
commensurate, but the unit cell of the crystal structure is a triple one, while that of
the magnetic structure is a primitive one, for the rhombohedral translations are absent
in the magnetic structure. Each unit cell contains two formulae of SryLaFe30q, hence

six iron ions, which form six magnetic sublattices below the ordering temperature.

e Figure 2: The solid curves represent the temperature dependence of the sublattice
magnetizations predicted by mean-field theory including biquadratic interactions. The
upper (solid) curve represents the magnetization (S) of the Fe®* ions of spin 3, and
the lower curve is the magnetization (s) of Fe®* of spin 2, obtained for the exchange

integrals given in eq.(11) in the text.

The dashed curves represent the corresponding sublattice magnetizations predicted by

the linear-spin-wave theory, up to a temperature of 120K.

e Figure 3: The curve in balls represents the experimental magnetic susceptibility of
ref. [4], and the one in triangles is the suscpetibility measured by Zhou et al. [3]. The
solid line is the magnetic susceptibility obtained from MF theory including biquadratic

interactions.
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o Figure 4: The curve in balls is the experimental specific heat of ref. [4], and the solid

line is our theoretical result of MF theory including biquadratic interactions.

e Figure 5: Plot of the magnon spectrum along the path ZI'XMTY indicated in the

Brillouin zone shown as inset.
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Fig. 1 The crystal and magnetic structure of Sr;LaFe;0y
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Appendix 1l

The Calculation Formula
for the Trapezoid Window Radii
of the Oxygen Diffusing Channels
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The geometry of a

"trapezoid window" in the
brownmillerite and  G-type
structures (¢f IV-1 and IV-2)

may be generally represented as

n the figure.
Atomic radii of R, r and

interatomic distances of d,, da,

d; in the problem are given (here
d;, d; , d; are defined as the

same as in Fig. 8 of section IV-

A general trapezoid window

2-1). The formula given in IV-

2-1 for calculating the "window radius" rw can be derived as follows.
According to the figure, we have
d, 2

G5)T Pk S (1)
2 dS 2 2
and (H-L) + -—2—) = (rw +R) (2)
= (rw+1)° + (R-1)° + 2(R~1 )1y +1).
Subtracting (1) and (2) leads to
d
218 = H’ = di 2 e 3)2—(R-r) —2(R-1 )1y +1). 3)
Now set
d d 2d2-d} +d,d
M=H"-(5) +(D) -R-1)" = ———2-(R-1)’, @)
d _dl 2
where H’= dz - e (5)
Then from (1) and (3), (4) we obtain
AL H? = 4H? (1 +1)° —H d? (6)
and 4L7H? =M? —4M(R-1 )1y +1)+4(R-1)’ (ry +1)°, (7
respectively, which give the following quadratic equation :
[4H -4(R-1)’ J(ry +1)° +4M(R-1 X1y +1)- (M + H d}) = 0. (8)
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The solution to (8) is :

where

_4M(R-1) + VA
2[4H’ -4(R-1)"]

rw+l' =

[4M(R-1)]> +4[4H’ -4(R-1)" (M +H?d})

>
1

168 {42 -(R-1)" 1[4} +d,d5~(R-)" 1} .

Therefore, the value of the trapezoid window radius w is given by

<

l

“MR-1)+Hy[d2-®R-1)" ][d} +d,d;~R-1)"]

2[H — (R-1)" ]
d;—d
with H' = dj - (55—,
2d2-a}+d,d
and M = : é 13—(B.—-r)z.
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Appendix 11l

Experimental Techniques
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AIlI-1. X-ray Powder Diffraction Analysis

The instrumental conditions and data collection are described below:

Instrument:
Radiation:

Generator power:
Monochromator:
Detector:

Soller slit:

Divergence angle:

Receiving slit width:

20 range:

Step size:
Counting time/step:
Temperature:

26 error correction:

Intensity measurement:

Cell refinement method:

Mossbauer resonance spectra were recorded in the temperature range from
4.2 K to 293 K on a spectrometer at constant acceleration using a 7 Co (Rh) source held
at room temperature. Fittings of spectra were done by least-squares refinement using the

sum of Lorentzians. Isomer shifts were determined relative to metallic iron (a-Fe) at

293 K

For room-temperature experiments: Philips PW 1050
For low-temperature experiments: Philips PW 1965

Cu K,; wavelengths used: 1.54187A (K,) for 20 < 50°
and 1.54060A (K., ) for 20 > 50°

40KV, 30mA

Curved graphite

Proportional counter (Xe)

2 sets (in incoming and diffracted beam)

1°

0.2 mm

5° ~ 80°

0.02°

4s or 5s for experiments at RT; 2s for those at LT
80K ~ 300K

Interpolation from fitted quadratic error function
of internal standard (Si, 99.999%)

Approximated by areas of FWHMxh
Least-squares refinement program PIRUM [1]

Alll-2. Méssbauer Spectroscopy
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AIII-3. Magnetic Measurements

The magnetization and magnetic susceptibility were measured from 5K to 350K
in applied magnetic fields up to 2T using a SQUID magnetometer (MPMS-5S, Quantum
Design) and a susceptometer (DSM8, Manics).

Alll-4. Conductivity and Seebeck Coefficient

The DC conductivity data were obtained using the four-probe method. Detailed
descriptions for the conductivity and Seebeck coefficient measurements were given
elsewhere [2, 3].

AINI-5. Specific Heat and Enthalpy

The specific heat and enthalpy data were determined from 115 K to 330 K using
a differential scanning calorimeter (DSC7, PERKIN-ELMER) in helium atmosphere at a
scanning speed of 10 K/min. The sample mass used for the measurement was about 10 ~
15 mg. The instrument was calibrated for enthalpy measurement against an indium (In)
standard and for temperature measurement against standards of both indium and mercury
(Hg) at the above scanning speed. The error in the temperature measurement is smaller

than +0.2 K. The specific heat measurement was verified with a sapphire standard.

AITI-6. Chemical Analysis of Fe'* Content

Concentrations of Fe** ions, 1, in the ferrites (such as St,LaFe}’ Fe!" Oy, or

Sr,Fel’ Fel*Og,; etc.) were determined by redox process using solutions of Mohr salt
( (NH);Fe**(S04),'6H,0 ) and potassium dichromate (K;Cr,0;) in the presence of
barium diphenylamine sulfonate as indicator. The contents of oxygen species O of the

phases were then obtained according to the relation 6 = /2.
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Redox Reactions Involved:
In acid solution, the Fe** ions (in excess) from the Mohr salt react with Fe** ions
from the sample according to
Fe® + Fe* = 2 Fe* .
The remaining Fe®* in the solution is titrated by 0.1N K,Cr,0; following the reaction
6Fe” + (Cr,07)* + 14H" = 6Fe* + 2Cr’" + TH;0 .

Operation Procedures:

1. Accurately weigh two or three aliquots of finely powdered sample (~100 mg
for each) in beaker flasks;

2. Accurately add into one of the beaker flasks 10ml of 0.1IN Mohr salt (the
Mohr salt is dissolved in 0. 1N H,SO, solution);

3. Add 20ml HCI solution (its concentration is about HCI (37%).H,O = 1:1 or
1:2, in volume portion);

4. Heat (if necessary) the solution over a sand-bath to well dissolve the sample
powder (it's better to control the temperature and the time at their lowest
possible values);

5. Add 50ml H,O, then cool the solution in flowing water to room temperature;

6. Add 10ml of 9N H,SO; (to stabilize the Mohr salt),

7. Add 5ml of 85% H3PO, (to eliminate the yellow color due to the presence of
Fe’*, which will otherwise interfere with the observation of the final point);

8 Add 5 ~ 6 drops of the indicator (0.2% or 2g1' solution of barium
diphenylamine sulfonate);

9. Titrate the solution with 0.1N K,Cr,0; until to the final point as indicated by
the just occurrence of light violet color;

10. Do a blank test (without the sample powder) under the same conditions

(same quantities of the solutions, same heating temperature and time, etc.);

11. Repeat the procedures 2 ~ 10 for the rest aliquots of the sample.
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Calculation Formula:

M-N-AV

U

with:
M: the molar mass (in g) of non-oxidized phase (Sr, LaFe3' O, or Sr, Fel O, etc.);
m: the mass of the sample (in mg);
N: the normality of K,Cr,0, solution (it is 0.IN here);
AV: AV = V, - V, with V being the volume of the K,Cr,0; solution consumed during
the titration and ¥, the corresponding volume for the blank test (they are all in

ml).
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