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High oxygen pressures are a fruitful tool for the stabilization of the highest formal oxidation states
of transition metals (M"") leading to the strongest chemical bonds; the improvement of the M"™-O
bond covalency induces different electronic phenomena. Among the physical characterizations ap-
plied to investigate such phenomena, >’Fe and 119Sn Mdsshauer spectra are evaluated for study-
ing unusual electronic configurations, orbital ordering, charge disproportionation and insulator-metal
transitions in the perovskites series of °’Fe doped RENiO; nickelates (RE = rare earths, Y and TI)

and 1195n doped AEFeO; ferrates (AE = Ca, Sr).
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Introduction

The synthesis of novel materials has been an impor-
tant challenge during the second part of the XX ™ cen-
tury with two main mativations:

(i) toimprove the knowledge of the correlations be-
tween composition — structure — chemical bond-
ing and the resulting physico-chemical proper-
ties;

(if) to support the technological development by
proposing novel materials with specific proper-
ties.

In a first approach the synthesis of novel materials
is closely dependent on three main factors: the reactiv-
ity of the precursors, the involved process (reaction in
solid state, hydrothermal or solvothermal reactions in
a liquid phase, CVD deposition from the gas phase),
and the thermodynamic parameters (temperature and
pressure). All of these factors have been investigated
during the early stages of Materials Chemistry.

During the last fifty years, the influence of the pres-
sure parameter was investigated in Materials Chem-
istry and Materials Science with respect to the syn-

thesis of specific materials: diamond for tooling appli-
cations [1], chromium dioxide for magnetic recording
[2], and a-quartz for frequency devices [3]. In a first
step, the synthesis of novel oxides has mainly attracted
scientists in fundamental research (the discovery of
high T, superconductors being an example [4, 5]).

In order to open the field of novel oxides, high oxy-
gen pressures were applied with three main objectives:

— to study metal-oxygen phase diagrams [6, 7];

— to expand phase diagrams (in particular to include
thermally unstable oxides [8, 9]);

— to stabilize unusual oxidation states of transition
metals [10].

Three main routes were developed for producing oxy-
gen pressures:

— the direct [11] or indirect oxygen gas compres-
sion [12];

— the use of oxidizing liquid media [13, 14];

— the development of oxidizing conditions in the
solid phase using the thermal decomposition of dif-
ferent oxygen sources (KCIO3, KCIOy4....) [13, 15].

In addition to oxygen pressures, other oxidizing pro-
cesses have been investigated: electrochemical oxida-
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Table 1. Some high oxidation states of the first row transition
metals (Fe, Co, Ni, Cu).

Formal
Metal Oxidation Compound
State
Fe +4 CaFeO3 [20]
SrFeO3 [21]
Agsolay sLigsoFeos004 (A= Ca, Sr, Ba) [22]
SrLaMo s0Fe0.5004 (M = Mg, Zn) [23]
+5 LayLiFeOg [24]
Co +3 REC003 (RE = rare-earth) [25]
SrREC004 (RE = rare-earth) [26]
LazLig50C00.5004 [27]
+4 Sro.s0Lay 5Li0.50C00.5004 [28]
Ni +3 RENIiO3 (RE = rare-earth) [29]
SrRENiO, (RE = rare-earth) [30]
Cu +3 LaCuOs [31]

LapLig50Cug5004 [31-34]
SrLaCuOq4 [35]

tion [16], oxidation through ozonization [17], oxidiz-
ing fluxes using hydroxides [18, 19].

The Stabilization of High Oxidation States of
Transition Metals

The stabilization of a specific oxidation state de-
pends on the thermodynamic conditions used for
preparing the expected solid. In the case of oxides, the
stabilization of an oxidation state M"* is correlated to
the oxygen pressure value (pO»):

Asolid) + Misolig) +M/2 O2 — AM™ Op,
AG = AG’ — m/2RT -log(pOy2).

Consequently, the increase of oxygen pressure induces
a reduction of the AG value and allows the synthesis
of the stoichiometric oxide with the formal oxidation
state (n+).

Table 1 gives some formal high oxidation states of
the first row transition metals stabilized under oxygen
pressures in specific structures derived from the per-
ovskite type. The stabilization of such oxidation states
depends not only on the applied oxygen pressure but
also on several chemical and structural parameters.

Transition metal oxides with high oxidation states
are “acidic” and the metal-oxygen bonds are strongly
covalent. Chemists know how to stabilize these ox-
ides by interaction with a strongly basic metal oxide.
The ionic bond created in this way allows the oxy-
gen atoms to involve mainly their 2p4 orbitals in the
o bonds with the transition metal. By this method,

Demazeau et al. synthesized the first LaLigsFeps503
perovskite with Fe5* [24] and (La AE),Lig5Mos504
(where AE = Ca, Sr, Ba; M = 3d transition metal) with
a KoNiF4-type structure with M = high spin Fe** [22].
In this last Fe**oxide, the Li/Fe ordering within the the
(001) planes allows the equatorial oxygen atoms to use
only their 2ps orbitals to form four strong o(Fe-O)
bonds. This effect destabilizes the d,2_,» orbital which
then is electron deficient.

In addition to the competitive chemical bonds,
the electronic configurations of the M cation must
be adapted to the local symmetry of the (MOg)
polyhedra [36]. For example, the stabilization of
Fe>* ions, with the isotropic electronic configura-
tion d* (i.e. t3,€)), is appropriate for local Oy sym-
metry and consequently the LaLigsoFeqs0O3 per-
ovskite structure was selected. By contrast, the stabi-
lization of the transition metal Jahn-Teller (JT) high
spin Fe** ions with a single electron in a degen-
erate ground state (d* = t3;€j) leads to Day sym-
metry and the Srgsglas solipsoFeos5004 Oxide with
the KyNiF4 structure was selected as a host struc-
ture. The (Fe**Og) octahedron is strongly elongated
as illustrated by a large c/a ratio of 3.46. This high
value confirms a high spin configuration for Fe4+t
(dizd;diydzlz dgz 2 ).

Consequently, the stabilization of a specific M" ox-
idation state depends on different factors:

(i) the oxygen pressure value (while the prepara-
tion of LaLigsFeps03 required 5 GPa [24], the
synthesis of the Fe*t oxide (Sros0Las soLlio.s0
Fep.5004) needed only 200 MPa [22]);

(if) the modification of the chemical bond and the

local crystal field energy;

the local (MQOg) symmetry required by the elec-

tronic configuration.

(iii)

This paper is focussed on the resulting electronic
phenomena in oxides containing transition metals in
the highest oxidation states. The identification and the
characterization of such phenomena is of prime impor-
tance.

The Electronic Phenomena Associated with the
Increase of a Formal Oxidation State

The increase of the formal oxidation state (n) of a
transition metal (M™*) leads to an important shrinking
of the M" -0 bond length. Table 2 gives an illustra-
tion of these trends for the iron oxides (from Fe?* to
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Table 2. Evolution of the Fe""-O distances versus the formal
n+ value [r(Fe™t) defined on the basis of r (0>~) = 1.40 A]
[37].

Formal
oxidation Compound Fe™-0 (A) r(Fe") (A)
state
+3 LiFeO, 2.03 0.63
+4 SrosolasoliosoFeos00s 1.956 0.55¢
+5 LayLiFeOg 1.86 0.46

Fe®* in order to keep the octahedral iron coordination
constant). The strong decrease of the metal-oxygen
bond length induces an increase of the covalency of the
M-0 bonds. Theoretical justification of this rule comes
from calculations of b® ~ r=", which gave n=2.5-3
for the M™ -0 bond length r [38,39] (b® is a reso-
nance integral describing the energy of a virtual charge
transfer to the M : d™* orbitals from the near-neighbour
O:2p(2s) orbitals) [40]. Thus, the remarkable change
in covalency, induced by the increase of the formal ox-
idation state for a transition metal is able to modify the
electronic properties of the corresponding oxides.

These properties can be classified in two main cate-
gories:

— the intra-atomic ones — the same 3d orbitals of the
M"™ cation being involved;

— the inter-atomic ones — different M"" cations or
different atoms (M"™ and O%~) being implied.

The intra-atomic electronic properties

Regarding intra-atomic electronic properties, the
change of the electronic configuration modifies the
crystal field splitting (10Dq) and the spin pairing en-
ergy (P). Taking into account that in oxides containing
a 3d-block transition-metal M™", the energies 10Dq
and P have the same order of magnitude; d" con-
figurations may be either high-spin (P > 10Dq) or
low-spin (10Dg> P). The covalent mixing of 0%~ : 2p
with M™ : 3d orbitals lowers the spin pairing energy P
(nephelauxetic effect) and increases 10Dq. Therefore,
stronger covalent mixing stabilizes low-spin relative to
high-spin configurations. This implies that the cova-
lency of M—0O bonds plays an important role in induc-
ing the spin-state transitions.

The above phenomenon can be observed in partic-
ular for Co3*:d® ions in oxygen lattices for which
low-spin (LS) to high-spin (HS) transitions and a
semiconductor-metal transition have been reported. It
was suggested that for the Co3* ions the crystal field
energy 10Dq is only slightly larger than the spin

pairing energy P = 3Jex (were Je is the intra-atomic
(Hund) exchange integral). Thus the ground state of
the Co®* ions is LS (t5,€5, S = 0) and the excited state
HS (t3,€5, S = 2) is only 0.08 eV higher in energy
[41-43]. An increase in temperature leads to the pop-
ulation of the HS states which is reflected in results of
magnetic susceptibility measurements [44].

The electronic configuration of transition metal ions
depends not only on the crystal field splitting and the
intra-atomic spin pairing energy but also on the distor-
tion of the anionic surrounding. Buffat et al. [36] have
plotted the variation of the energy of the various elec-
tronic terms as a function of an axial distortion param-
eter () equal to the ratio of the metal-ligand distance
(dy) along the fourfold axis, to that (d ) in the perpen-
dicular plane (6 =d;/d.).

In Fig. 1, reproducing the results for the D4, sym-
metry of a d® configuration, we can see that the *Ayq
term (S = 0) with the holes in the d,._» orbital corre-

sponding to the LS diamagnetic state (dS,, ,d% dgz_yz
is favoured by (i) a strong crystal field Dq value; (ii) a
high covalency and a small value of the Racah param-
eter B, and (iii) a large elongation of the octahedron,
square planar being the most appropriate coordination.
This explains why Cu3t or Audt formal oxidation
states can easily be obtained in square planar coordina-
tion (6 — oo) [36]. Six-coordinated Cu3* has first been
obtained under high oxygen pressure: in elongated oc-
tahedral oxygen coordination in the La,Lig5Cug 504
oxide with K,NiF4-type structure with a Cu®* low-
spin d® configuration (dfzﬂﬁxydgzdgz_yz), or in roughly
non-distorted octahedra leading to d electron delo-

1.4

e

1.3+ Ay ;
$=0 -
Ht

1.2

*Big +
1.1 +

S=1 4

4
1.0 T :
1 2 3 4

Dq/B
Fig. 1. Diagram showing the stabilized ground state re-

gions for a d® configuration as a function of the octahedron
elongation (@) and of the crystal field (Dqg) and Racah (B)
parameters.
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calization like in metallic LaCuO3 [31] where Cu®*
adopts the t§,** configuration.

The inter-atomic electronic properties

Regarding the inter-atomic electronic properties,
three main phenomena can be encountered:

(i) a charge transfer (d" — d"*1L, where L repre-
sents a hole in the 2p orbital of a ligand) [45],

(ii) the charge disproportionation (2M"" <

M (n+€)+ + M(n—£)+) [46],

the insulator —metal transition (tj,ef' —

togo™™) [47].

(iii)

Several different parameters play a role in such elec-
tronic phenomena:

e The energy A, corresponding to the electronic
transfer (d" — d™1L), can — through the cre-
ation of holes at the anion sites — modify the
general electronic properties of the correspond-
ing oxides [48]. If the top of the 0%~ :2p® bands
lies in the gap U’ between successive redox en-
ergies M(MD+/m and MM/ ("-D+ | the lower re-
dox couple becomes pinned to the top of the O:2p
bands and the effective gap between the pinned
redox couple (02~ :2p®) and the upper couple
(M(+/(0=1)+) is referred to as a charge-transfer
gap (A < U’) [49].

e The on-site Coulomb energy U’ separating suc-
cessive redox couples M™ /M("-1+ is responsi-
ble for localizing electrons in single-valent com-
pounds; the decrease of the metal-oxygen length
suppresses U’ and converts the localized electrons
into itinerant electrons occupying an energy band
width W. At the crossover from a localized to an
itinerant electronic state (U’ =~ W) disproportiona-
tion can take place [40].

e The band-width W in the itinerant-electron limit:
The tight-binding band theory for itinerant elec-
trons ignores U’ to give a band-width W ~ 2zb%€,
were zis the number of the nearest neighbours. The
improvement of the transfer integral b®° versusthe
strength of the M™"-O bond and the structural dis-
tortion (the M™—O-M"" angle associated with the
overlap of orbitals) can strongly influence the insu-
lator to metal transition.

Usually, the electronic structure of 3d-transition-
metal oxides is described by the Zaanen-Sawatzky-
Allen (ZSA) scheme [49] in two regimes according to

U <A
Mott-Hubbard
U~A Insulator
A<’
Charge-Transfer
Insulator

Fig. 2. Zaanen-Sawatzky-Allen scheme for different values
of parameters A,W,U’.

the relative magnitude of the charge-transfer energy A
and the on-site Coulomb energy U’ (Fig. 2).

In the Mott-Hubbard regime, the magnitude of the
band gap is given by U’, while in the charge-transfer
regime, it is given by A(A < U’). With an increasing
formal oxidation state of the 3d-metal, the A value sys-
tematically decreases. It is then expected that A may
become very small. For compounds with unusually
high valence states such as Fe**, Co**, Ni®+, Cu®t,
A can be negative. These compounds have ground
states which are dominated by the ligand hole charac-
ter (d"1L; d"2L2. ) due to small or even negative A
values [50]. The resulting properties of such systems
are complex and not yet understood.

The characterization of the electronic properties
(spin transition, disproportionation, insulator — metal
transition ...) is a challenge.

Physical Techniquesfor InvestigatingtheElectronic
Phenomena

Several physical techniques have been developed for
investigating the electronic phenomena induced by the
variation of the strength of the chemical bond through
the increase of the formal oxidation state.

Unusual electronic configurationsand spin
transitions

It is known that p-d hybridization can change the or-
der of the states in spin multiplets [51]. The perovskite
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Fig. 3. A sheme of the formation of an intermediate spin state
due to the relative stability of the d®L states.

SrCo0O3 containing cobalt in the unusually high va-
lence state of Co** provides a good example for such
a behavior [52]. In a purely ionic picture, the ground
state of the Co**:d® cation in the cubic field should
be either high-spin (S = 5/2) or low-spin (S = 1/2).
However, the situation may drastically change when
a negative charge-transfer A value is allowed. In this
case the extra hole is predominantly located on oxy-
gen and the charge-transfer configuration d L becomes
lower in energy than a d® one. Thus the ground state of
SrCo0s is expanded in terms of the d-p hybridization
of d° (22%), d°L (67%) and d’L? (11%) configurations
[53,54].

If the d®L configuration is dominant, then the
ground state of the d® configuration would have the
lowest energy. The intermediate “T1q (t7,€}) spin state

hybridizes with a dSL state which has the high-spin
configuration tj,ef. This means that the S = 3/2
state may serve as an alternative ground state of the
Co%(0g) 1 cluster rather than Co*+(0g)~12, ensur-
ing a high-spin local moment (S = 2) for Co%+:d°,
in accordance with Hund’s rule. An illustration of
the formation of an intermediate-spin ground state is
given in Fig. 3 where the relative stability of the lig-
and hole states determines the symmetry of the ground
state. The intermediate-spin configuration can be vi-
sualized as high-spin Co*:d® (S = 1) with a hole
antiferromagnetically coupled in a linear combination
of oxygen 2ps orbitals which hybridize with the d
electrons of e; symmetry resulting in a total spin
S=3/2. A'S=3/2 ground state has been suggested
from the interpretation of the Co2p XAS spectrum for
SrCoOs3 [54].

1.4

1.3 1

1.24

1.1+

1.0

1

Dq/B
Fig. 4. Diagram showing the stabilized ground state re-

gions for a d® configuration as a function of the octahedron
elongation (@) and of the crystal field (Dg) and Racah (B)
parameters.

Among the possible changes of the electronic con-
figurations, the most investigated have been the tran-
sitions between the different electronic configurations
of trivalent cobalt. In an oxygen host structure con-
taining Co®* : d®, the crystal field energy (Dq) which
stabilizes the LS configuration (S = 0) is close to
the exchange energy (Jex) Which favours the HS state
(S = 2). Many studies have been carried out on the
LS — HS electronic transition [55—57]. This transition
is actually observed for the perovskites RECoO3 and
RE; _xAE4Co03 (RE = rare earth; AE = Ca, Sr, Ba),
where the local symmetry at the Co®* ions is practi-
cally cubic [58, 59].

According to the diagram in Fig. 4, for Dg/B ~ 2 an
important axial distortion can stabilize the 3Bog(3T2g)
state with an intermediate electronic configuration:
d)z,zd%diydizdngyz- In order to obtain 3B,y as the
ground state, it would be necessary to have simul-
taneously a strong Dqg/B and a high 6 value. This
has been proved by introducting Co%* ions in the
strongly elongated sites of K,NiF4-type oxides, (such
as La Li0,50Cu(0,5o,X)C0XO4) which allow for the first
time the observation of a majority of intermediate spin
Co®* ions at high temperature [60].

The spin-transition can be initiated by different pa-
rameters: temperature (reducing the local crystal field
energy due to thermal vibrations), and pressure (im-
proving the local crystal field energy value).

Different physical techniques have been used for
following such spin transitions: Photoelectron spec-
troscopy [61], magnetic measurements [62], resonant
X-ray scattering and X-ray absorption spectroscopy
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[63], infrared spectroscopy [64], high resolution photo
emission spectroscopy [65] and electron spin reso-
nance [66].

Charge ordering and disproportionation

According to the ZSA scheme (Fig. 2), in most of
the 3d transition metal oxides with small or negative
A values (A < U’; A <W; ), the highest part of the
oxygen 2p bands can overlap with the lowest part of
the 3d upper Hubbard band, and some holes are trans-
ferred from 3d orbitals to the 2p orbitals in the ground
state. Thus these compounds should be metallic, but
actually many compounds with unusually high metal
valences exist as insulators. The first claim for the na-
ture of a gapped (insulating) state in the 3d transition
metal oxides with A < 0 was made by Mizokawa et
al. [67]. Their conclusion was based on the configu-
ration interaction approach [68] and on Hartree-Fock
(HF) calculations on d-p-type structure models [69].

It was found that the gap can correspond to two
types of charge ordered states: (i) a state with charge
ordering at the oxygen sites (OCO) that is induced by
charge disproportionation in the oxygen substructure:
d"L+d"L — d"+d"L?; (ii) a state with charge order-
ing at the transition metal (MCO), which is a conse-
quence of the charge disproportionation in the metal
substructure: d" +d" — d"1 4+ d"*1 (while the oxy-
gen sites are occupied by the same number of holes
L). HF calculations have shown that the OCO state has
lower energy than the MCO state for small A values,
while the MCO state becomes lower in energyat A <0
due to the structural distortion [67].

This phenomenon can be observed for CaFeQOgj,
which belongs to the negative-A regime (A ~ 0, Agst &
—3 eV [70], were A is defined with respect to the
centre of gravity of each d" and d"! configuration,
whereas Ags is defined with respect to the lowest mul-
tiplet level of each configuration. Mdssbauer spec-
troscopy studies of CaFeO3 at 4.2 K reveal the pres-
ence of two chemically distinct iron sites with different
hyperfine fields present in equal proportions [71,72].
This observation has led to the widely held view that
charge disproportionation of the type 2 Fe**+(d*) —
Fe3+(d®) + Fe®*(d®) occurs in CaFeOs. Taking into
account that the Ae¢ value is highly negative, the MCO
state occurs even without the strong breathing-type dis-
tortion. The crystal structure of CaFeO3 has been de-
termined using synchrotron X-ray techniques [73]. It
was shown that at low temperatures the structure be-
longs to the monoclinic space group P24 /n, and con-

tains two distinct Fe sites, which provides an evidence
for charge disproportionation in the iron substructure.

Photoemission spectroscopy has been used to study
oxygen-hole ordering and charge disproportionation in
Fe**+ oxides with the perovskite structure [70, 74, 75].
It was found that the Fe*™ and Fe* formal oxida-
tion states can be approximated as Fe3* ions accompa-
nied by single or double oxygen holes d®L and d®L?,
respectively. In this view, the charge disproportion-
ation may thus be presented as 2d°L — d° + d°L2.
The magnitude of the band gaps of the Fe** com-
pounds is so small that a very minor structural distor-
tion shifts the energy of the {d®+ d°L?} state below
that of the {d°L + d°L} state, as the common back-
ground for the itinerant electron character of the cubic-
perovskite (which has 180° Fe-O-Fe bonds) and the
charge disproportionation in the distorted perovskite
CaFeO3 with Fe-O-Fe bond angles reduced to 150-
160° [73]. Where the Fe(eq)-O(2ps)-Fe(gy) interac-
tions are stronger, as appears to be the case for SrFeQ3,
the quarter-filled ey orbitals become transformed into a
narrow o* band of itinerant electrons, whithout dispro-
portionation.

The above argument can also be applied to the elec-
tronic structure of Ni®* compounds, namely, RENiO3
perovskites. The Aefr value of Ni+ oxides is expected
to be in the range 0—1 eV. In this case, the d” and d®L
states are nearly degenerate and strongly hybridized,
leading to the formation of a split-off state as the
ground state. Neutron diffraction has underlined the
existence of two different nickel sites, Ni®~® and
Ni®+®) resulting from the Ni3* disproportionation for
the smallest rare earths (Ho — Lu) in the perovskite se-
ries RENiO3 [76,77].

Insulator-metal transition

Insulator — metal transitions have been investigated
by different physical techniques: electrical measure-
ments [78], X-ray absorption spectroscopy (in the case
of the nickelates RENiO3 [79]), differential scanning
calorimetry measurements (in particular for RENiO3
single crystals) [15], high resolution synchrotron X-ray
diffraction (as for BaVS3 [80]).

The Potential of M dssbauer Spectroscopy for
Studying Electronic Phenomena

The purpose of this paper is to evaluate the potential
of Mdssbauer spectroscopy, as a local physical tech-
nique, for characterizing electronic phenomenasuch as
disproportionation and insulator-metal transition.
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The physical characterizations can be classified in
two main categories:

— those involving long range ordering;
— those identifying the local environment.

In Mdssbauer spectroscopy three alternative situations
are to be considered.

— The M™ cation is a Mdsshauer isotope as for ex-
ample ’Fe. In such a case the disproportionation
of high spin Fe** was observed in the perovskite
CaFeOj3 [71,72].

— The M™ cation is not a Mossbauer nucleus and
consequently it is necessary to dope the oxide ma-
trix by a Mosshauer isotope such as 3"Fe [81] or
1193 182].

— The M™ cation is a Mdsshauer nucleus but a dop-
ing with another diamagnetic Mdssbauer isotope
can allow, in addition, to evaluate the transferred
magnetic fields in the magnetically ordered tem-
perature regime. As an example the 119Sn** doping
of the CaFeOj3 and SrFeO3 perovskites has under-
lined the role of the steric effects of Sn** on the
Fed* and Fe®* distribution in the vicinity of the
diamagnetic probe 119Sn [83, 84].

Electronic states of the Fe(1V) ionsin ferrates

5"Fe Mosshauer spectroscopy is one of the ma-
jor method for studying the electronic microstruc-
ture of ferrates. Using this method, it was shown
that CaFeO3; and SrFeO3 with perovskite-type struc-
ture have different electronic and magnetic properties
[71,72,85-89].

The Mdssbauer spectrum of SrFeO3 consists of a
single line above T, = 130 K and a single magnetic
hyperfine sextet below Ty,. This behaviour is explained
by the strong covalency of the Fe—O bonds leading to
the formation of a ¢* band and to electron delocal-
ization [90]. By contrast, the Mossbauer spectrum of
CaFeO3 below T, = 115 K reveals two magnetic hy-
perfine sextets suggesting a charge disproportionation
expressed formally as:

2Fe™ (13,6g) — Fet e (5,65 %) + Fet e (15,657F),

where ¢ =0 for T > Ty (290 K) and ¢ increases with
decreasing temperature (Tyq = temperature of dispropor-
tionation). It was shown later that in the Sr;_xCaxFeO3
and La;_xAExFeO3 (AE = Ca, Sr) [71] solid solutions

calcium substitution at any level (x) results in a dispro-
portionation similar to that seen for CaFeO3. A Moss-
bauer spectroscopic study of these systems revealed a
delicate balance between the strength of the Fe—-O-Fe
interaction, the intra-atomic electron-electron corre-
lation energy (U) and the electron-phonon interac-
tion for the disproportionation reaction to occur [72].
For example, the disproportionation parameter (&) was
found experimentally to depend monotonically on the
calcium content in each solid solution. However, the
role of electron lattice interactions for the stability of
the charge disproportionation still needs to be clarified.

To obtain a deeper insight into the electronic, mag-
netic and crystallographic structure of these com-
pounds, diamagnetic probe Mdssbauer spectroscopy of
1193n nuclei was applied [83,90,91]. This technique
allows to obtain spectra of the Mdssbauer diamagnetic
cations, which are introduced in the structure of the
compounds studied in very small quantities of 0.5-
1 at. % (in order to prevent all possible perturbations of
the structure). The use of diamagnetic atoms as Moss-
bauer probes appears to be most effective when study-
ing magnetically ordered compounds. In this case, the
inherent advantage of 11°Sn probes arises from the pos-
sibility to reveal the spin polarization of its electronic
shell induced by the neighboring magnetic cations,
which results in a Zeeman splitting in the 1:°Sn Mss-
bauer spectra. Therefore, these magnetic spectra give
to get direct information on the electronic configura-
tion and the chemical bonding of the cationic surround-
ing of the diamagnetic Mossbhauer probe, which gener-
ally cannot be obtained in the case of dia- or paramag-
netic matrices.

Two main types of behavior have been observed in
iron oxides AEFeO3 (AE = Ca, Sr) doped with 11°Sn
[84,91,92]: (i) the electron delocalization observed
in stoichiometric SrFeO3 can be locally impeded by
Sn** doping, leading to Fe** disproportionation in the
vicinity of Sn; (ii) the distribution of different iron
cations Fe3*/Fe5t in the vicinity of Sn** is random for
SrFeO3 and essentially ordered for CaFeO3 (with pre-
dominant presence of Fe** in the first cationic shell)
underlining the importance of steric effects due to the
size difference between Ca?* and Sr?*.

Mosshauer study of the nickelates RENi g.ggF€p.0203

The nickelates RENiO3 (RE = Nd — Lu and Y) pre-
pared first in 1971 by Demazeau et al. [29] have at-
tracted considerable attention since this family exhibits
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an insulator-metal (IM) transition at a temperature T
[7,8] and a transition to an unusual long-range anti-
ferromagnetic order below T,, = Tym (RE = Pr, Nd) or
at Ty < Tym (RE = Sm — Lu, Y). These above physi-
cal phenomena are related to different factors: (i) the
low-spin electronic configurations adopted by Ni3* in
an octahedral (NiOs) site (t3,e5) due to the local Dg/B
value; (i) the strength of the Ni3*—O bonds; (iii) the
continuous increase of the structural distortion with the
shrinking of the RE3* ionic radius from La3* to Lu3*
inducing a smaller Ni-O-Ni bond angle and, conse-
quently, a decrease of the width W4 ~ (cos8) of the
o™ band. The overlap of all these factors gives the op-
portunity to study electronic properties at the bound-
ary between itinerant and localized rz-bonding elec-
trons [90].

Three main phenomena have been studied during
the last twenty years:

o the orbital ordering characterizing the magnetic do-
mains of NdNiO3 and SmNiOg3 [93, 94];

e the disproportionation 2Ni3* — N+t 4
Ni®=8+  recently observed through neu-
tron diffraction studies for the smallest RE3*
(Ho — Lu) where the structural distortion im-
proves the localization of the eé electron [76, 77].

e the insulator — metal transition (Ty) is observed
upon rising the temperatures for a constant compo-
sition RENiO3, the Ty value increasing versusthe
structural distortion of the RENiO3 structure [78];

Massbauer spectroscopy was recently employed for
studying these phenomena into the RENiO 3 nickelates.

Orbital ordering in magnetically ordered RENi 3+ 05
(RE = Nd, Sm) nickelates

A neutron diffraction study in the antiferromagnetic
domain has underlined an unusual magnetic structure
for the RENiO3 nickelates (RE = Pr, Nd, Sm, Eu)
[93,94]. In this structure each Ni3* ion is coupled fer-
romagnetically to three nearest neighbours through the
oxygen ions of the NiOg octahedron. In order to ex-
plain the antiferromagnetic properties an orbital order-
ing between diz_y and dJ, is proposed for the whole
structure with two different sets of orbital surroundings
for Ni(1) and Ni(2) for RENiO3 (RE = Pr, Nd, Sm).

Recently, we reported the hyperfine interaction pa-
rameters of %’Fe atoms introduced as Mdssbauer
probes in NdNiO3z and SmNiO3z and discussed the

Fel Fe2

Absorption, %

Velocity, mm/s

Fig. 5. 5"Fe Mdssbauer spectrum of NdNigggFeg o203 at
60 K.

magnetic structures in the light of the orbital order-
ing proposed by previous neutron diffraction studies
[95, 96].

As an example, the >Fe Mossbauer spectrum at 4 K
for NdNig.0g°"Feg 0203 (Th = 150 K) is presented in
Fig. 5. This spectrum can be analyzed with two mag-
netic Zeeman sextets with approximately equal val-
ues for the chemical shifts (6 =~ 0.31 mm/s) and simi-
lar quadrupole splittings. The magnetic hyperfine field
values, H; and Ha, for the subspectra are considerably
different (Hy > Hy). These features confirm that a sta-
tistically equal amount of probe atoms occupies two
kinds of sites, Fe(1) and Fe(2), whose environments
are chemically equivalent but magnetically different.

To explain this result the orbital ordering model pro-
posed from neutron diffraction studies was used, with
two cationic substructures Ni(1) and Ni(2) with respec-
tively (diz_yz’ d%) and (d327y2: d) electronic pop-
ulations for the e orbitals. Such an orbital ordering
leads to two different magnetic interactions: AF (anti-
ferromagnetic interactions between two half-filled or-
bitals) and frustrated F (ferromagnetic interactions be-
tween a half filled orbital and an empty one) (Fig. 6).
From this schematic description of the orbital order-
ing at the >Fe3* cations and a consideration of the
Kanamori-Goodenoughrules (KG), two different mag-
netic ey-Po-€ Superexchanges between Fe3+ and Nis+
can be observed: interactions obeying the KG rules,
and “frustrated” interactions for which the sign is in
contradiction with the KG rules. Consequently Fe(1)
substituting Ni(1) is characterized by two-dimension-
al magnetic interactions, and in contrast Fe(2) substi-
tuting Ni(2) is characterized by one-dimensional mag-
netic interactions. If the magnetic hyperfine field H at
the Fe(1) nuclei corresponds to bidimensional interac-
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F Fig. 6. A schematic representa-
. F tion of the orbital arrangement of
Ni(l) —m—Fe() Ni(2) Fe(2) the Fe(1) and Fe(2) probe atoms
F AF in the RENIiO3 structure and the

NI} Ni(2) expected magnetic interactions.

tions, the smallest H, value at the Fe(2) nuclei is in
agreement with one-dimensional interactions.

In conclusion, the Mdssbauer spectroscopic study
of NdNiO3 and SmNiO3 doped with %’Fe probes con-
firms that orbital-ordering (diz,yz ,d,) leads to the ob-

served two °7Fe sites with different magnetic hyperfine
field values.

Investigation of the disproportionation by M dssbauer
spectroscopy

The structural distortion of the RENiO3 perovskites
has a strong influence on their physical properties.
This family undergoes two types of thermally in-
duced transitions: an antiferromagnetic-paramagnetic
transition (Tp), and an insulator-metal transition (Tym).
For the larger rare earths (Pr, Nd), Tn = Tjm, but
when the structural distortion increases, Tp # Tym in-
duces an intermediate insulator-paramagnetic domain

Tn < T < Tym. The increase of the structural distortion
through the reduction of the Ni-O-Ni orbitals overlap
leads to a decrease of the T, values and an increase of
the Ty values from Sm to Lu.

After the detection — through neutron diffraction —
of two different nickel sites in the RENiO3 lattice for
RE:Ho — Lu [76, 77] — such nickelates were investi-
gated using °”Fe as a Mssbauer probe [97, 98].

In order to prevent strong modifications of the
RENIOj3 structure, a small doping rate (2 at. %) was
used. Three different Ni* perovskites were first in-
vestigated: LuNig og°’ Feg 0203, YNig 0>’ Feg.0203 and
TINio.08%"Feg 0203 (T1 being different from a rare earth
element, the structural distortion of the TINiO3 struc-
ture is significantly different [99]). Fig. 7 gives the 3"Fe
Madssbauer spectra at 300 K for these three perovskites.

These spectra can be described as a superpaosition of
two quadrupole doublets. Such a deconvolution is in
agreement with two different >’ Fe sites. The chemical
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Table 3. >Fe Mossbauer parameters of RENig ggFeg 0203
(RE=Y, Lu, Tl at T = 300 K.

Compound Site 6,mm/s A,mm/s T',mm/s S, %
YNiogsFeo020s Fe(l) 0.32(1) 0.34(1) 0.30(1) 67(2)
Fe(2) 0.18(1) 0.23(1) 0.31(1) 33(2)
LuNipggFep 0203 Fe(l) 0.31(1) 0.38(1) 0.31(1) 66(2)
Fe(2) 0.15(1) 0.21(1) 0.30(1) 34(2)
TINigggFeg.0203 Fe(l) 0.36(1) 0.40(1) 0.30(1) 67(2)
Fe(2) 0.23(1) 0.18(1) 0.31(1) 33(2)

0.8

TINio.0sFe0.0203
1.6
Fe(1)

3
T
N
T

1.0

2.0 LuNiosFeo.0203

Absorption, %

2.0

4.0 YNio.osFeo.0203

6.0

-2 -1 0 1 2
Velocity, mm/s

Fig. 7. 57 Fe Mbssbauer spectrum of RENig ggFeg 0203 (RE =
T, Lu, Y) at 300 K.

shift values (61, &) for both quadrupole doublets are
close to the & values of Fe3* (Table 3). The difference
observed between the §; and &, values results from a
difference of the corresponding Fe-O bond covalency
in the (Fe(1)O¢) and (Fe(2Og) polyhedra. The exis-
tence of two different 3’Fe3* sites with two Fe3t-O
bond strengths suggests two different nickel positions,
each nickel atom being characterized by a different for-

mal charge: Ni®~€)* and Ni®+&)+, On the basis of
the 6 value correlated with the Fe—O bond strength,
Fe(1) would be substituted for Ni®~¢)* and Fe, for
Ni(+e)+ [97,98].

In addition the quadrupole splitting values (Table 3),
A1 > Ay inall cases are also in agreement with the neu-
tron diffraction data underlining that the [Ni (3~€)*0g]
polyhedra are more distorted than the [Ni(3+€)+(Qg]
ones. The larger difference (A; — A,) observed for the
thallium perovskite confirms the strong distortion of
such a structure due to the TI3* polarisation. Thus
Madssbauer results confirm the results of a neutron
diffraction study carried out by Alonso et al. [76,77]
and show that Mdssbauer spectroscopy is useful for the
investigation of disproportionation phenomena.

Characterization of the insulator-metal transition

In the pioneering works dedicated to study this class
of oxides, the occurrence of thermally driven insula-
tor — metal transitions has been related to the open-
ing of a charge-transfer gap (A) between 0% :2ps
and upper Hubbard Ni®* : 3d, bands [9, 10] (Fig. 8).
The width of the occupied 02~ : 2p, band is related to
the Uni—o—ni angle, which governs the Ni: eg—0:2ps
overlap integral and, therefore, the covalent mixing pa-
rameter A, entering the bandwidth Wy [89]. As in-
creasing the temperature enlarges the bandwidth, the
A gap decreases, eventually going to zero, giving rise
to a metallic state.

Recently, >’Fe probe Mdsshauer spectroscopy was
used for following the insulator-metal transition ver-
sus temperature in the perovskites NdNig ¢g®'Feg 0203
and LuNig ¢g®’Feg 0203 [100,101]. The main differ-
ence between the 5”Fe spectra of these nickelates was
shown to be associated with the specificities of their
local crystal structure.

The 5Fe  Mossbauer spectrum of a
NdNig 0g°’Feg 0203 sample measured at T > Ty
can be described by one quadrupole doublet. Near
the point T ~ Tym (= Tn), the monotonic change in
6(T) is violated by a decrease in the isomer shift
(A6 = 0.12 mm/s) and a slight increase in the tem-
perature coefficient (98 /0T) = —9.2 x 10~% mm/s - K
(T <Tim) (Fig. 9). An explanation for the sharp jump
of the temperature dependence 6(T) at T = Tyv can
be derived from specific features of the band structure
of 57Fe-doped RENiO3 nickelates [101]. The energy
diagram of Fig. 8 shows that for the metallic phase
(T > Tim) the 3d levels of the Fe3* dopant cations
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Fig. 9. >"Fe chemical shift (8) vs. temperature diagram for
NdNio ggF€0.0203.

penetrate into the valence band formed by an overlap
of the 2p, bonding band of the 0%~ anions and the
vacant Hubbard ey band of the Ni®* cations. This
leads to a broadening of the iron energy levels, which
form a narrow band characterized by a high density
of states and wave functions distributed outside the
dopant cations.

Zunger et al. [102] showed that a similar delo-
calization of 3d-metal wave functions is responsible
for a considerable decrease in the intra-atomic elec-
tron repulsion energy (U) compared to the correspond-
ing values for free atoms. In turn, the decrease in
U can result in a considerable redistribution of elec-

Ni: 4s'

Fig. 8. Schematic
diagram for the nickelate
NdNig ggFep.0203 on both
sides of the point of the
insulator-metal phase trans-
ition. The impurity levels
of the Fe3t cations are also
shown.

energy

Absorption, %

Absorption, %

-2 -1 -' 1 2
Velocity, mm/s

Fig. 10. 57Fe Mdssbauer spectra of LuNig ggFep.g2O3z at T <

T|M (a) and T > T|M (b)

trons between the valence 3d and 4s orbitals. In par-
ticular, it was shown for the Si: M system (M = Cu,
Ni, Co, Fe, Mn, V, Ti) that, as a result of a decrease
in U by several orders of magnitude, the transition-
metal atoms M located in the silicon structure ac-
quire the effective electronic configurations 3d™*+14s!
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or 3d™+24<°, which differ considerably from their
electronic configurations in the free state (3d™4s?).
Based on these results, we may assume that, for the
NdNig ggFeg.0203 system, the transition to the metal-
lic state (T > Tym) will also be accompanied by a de-
crease in the intra-atomic energy U(Fe), which is fa-
vorable for a more efficient filling of the 3d orbitals of
the Fe3* impurity cations as compared to their state
at T < Tym. Since the 3d electrons are responsible
for the shielding of ns electron density at the Fe3+
nuclei, the transition to temperatures T > Ty should
be accompanied by a decrease in the isomeric shift
(Fig. 8).

The 57Fe spectra of LuNigggFeg 0203 recorded in
the insulator paramagnetic region, Tn < T < Tju, CON-
sist of two quadrupole doublets (Fig. 10a) indicating
that the 57Fe dopant is located in two non-equivalent
Fe(1) and Fe(2) crystallographic sites. This result is
consistent with the observed monoclinic symmetry
for the small rare-earth nickelates below Ty [7,16],
which implies the existence of two types of alternat-
ing Ni(1)Og and Ni(2)Og octahedra. However, upon
heating the LuNig ogFeg 0203 sample well above Ty,
the 5"Fe spectrum shows the abrupt convergence of the
two Fe(1) and Fe(2) subspectra for the monoclinic-
insulating phase, to one quadrupole doublet for the
orthorhombic-metallic phase (Fig. 10b). This result
suggests the formation of a unique state for iron probe
atoms and therefore implies that the charge dispropor-
tionation in the NiOg subarray vanishes completely at
the insulator — metal transition.

Thus, our findings show that the charge state and lo-
cal environment of the probe 7Fe atoms are very sen-
sitive to a change in the electronic structure of the nick-
elates.

Conclusion

The stabilization under high oxygen pressures of the
highest formal oxidation states of transition metals —
in particular the 3d row — through the improvement of
the strength of the M™" -0 bonds seems particularly
important for inducing specific electronic phenomena.

Using ®“Fe as a probe, Mdssbauer spectroscopy as
a local physical characterization has been applied for
studying electronic phenomena in AEFeO3 (AE = Ca,
Sr) and RENiOg3 perovskites (electronic configuration
and oxidation state, orbital ordering, disproportiona-
tion, insulator to metal transition).

These recent results underline the potential of Mdss-
bauer spectroscopy for investigating the electronic
phenomena induced by the strengthening of chemical
bonds in oxides.
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