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Abstract: The knowledge of the structure of the real
solids is required for achieving the desired architectures
in the research of new materials and/or optimizing the
relationships between structure and properties. Under-
standing complex oxides needs accurate characteriza-
tion at different length scales and the combined applica-
tion of all solid-state techniques. Deciphering the rela-
tionships between all this information provides codes
that allow the identification of the different structural
levels, their roles and the way they interact. These step-
by-step routes are illustrated through two basic mecha-
nisms of solid-state chemistry: to determine the building
units of one complex oxide in order to predict the exis-
tence of other arrangements on the one hand and to
correlate complex ordering phenomena, such as those
involving charges, orbitals and spins of manganese
atoms in perovskite-type manganites on the other hand.

Keywords: metal oxides - nanostructures « transmission
\electron microscopy + X-ray diffraction )

Introduction

Solid-state chemistry, in addition to the basic factors of mo-
lecular chemistry, is strongly concerned with the properties
that their solidness induces. In a schooling model, the first
description is an average structure, necessarily three-dimen-
sional (3D). Afterwards, different types of departure from
perfect 3D periodicity associated to the “normal” crystalline
solids are accounted to understand the structural mecha-
nisms and properties. In fact, complex materials are charac-
terized by several successive structural levels, strongly inter-
dependent. Knowledge of the detailed structure of the real
solids requires accurate characterizations at different length
scales; this is one of the keys to achieve desired architec-
tures and/or to optimize the material properties.
Discovering new materials and tuning their properties is
clearly a multistep route. No one needs to be convinced of
the value of X-ray and neutron diffraction investigations.
The situation is different for transmission electron micro-
scopy (TEM), because only one high-resolution electron
microscopy (HREM) image is selected among numerous
through focus series. In a simplifying goal, the image con-
trast is often chosen to present a direct correlation between
the dots and the atomic positions. The eyes of the reader
catch the image and quickly associate it with the projected
structure, giving one a sensation of easy interpretation. In
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fact, TEM studies must not be restricted to this academic
use. The electron microscope is a multifunctional, multiscale
tool (for the basics of TEM, see specialized books such as
those given in references [1-4]). In the present paper, we
present two examples of the possibilities provided by the
synergy of TEM, beam diffraction techniques and magneto-
transport properties to characterize different structural
levels of complex oxides and investigate their associated
properties.

These step-by-step routes are illustrated by two types of
different studies that are of interest to the solid state chem-
ist. In the first example, the average structure was known
but the real structure unsolved. The electron diffraction
(ED) and HREM studies allowed the structural mechanisms
to be deciphered and the route to the characterization of a
large family of complex ferrites to be opened. The second
example concerns a more classical family of distorted perov-
skites, exhibiting complex magneto-transport properties as-
sociated to complex orderings, which involve charges, orbi-
tals and spins of manganese atoms.

Structural Mechanisms of the Complex
Sr,Fe,0,;_s;-Related Oxides

The ability of iron to adopt different valence states and co-
ordination numbers has been known for a long time to be
the source of a highly rich chemistry and to generate com-
plex structures. In the Sr-Fe-O system, iron atoms adopt the
IV, V and VI coordination in the perovskite-related struc-
tures SrFeO;_,*7 and a similar behaviour is observed in the
layered Ruddlesden Popper (RP)-type phases Sr,FeO, !
and Sr3FeZO(H;)[9] which are built up from the intergrowth of
one rock salt (RS)-type and one perovskite-type layers.
Note that these two last compounds are labelled 0201- and
0212-type, respectively, adopting the notation of the super-
conducting cuprates and related compounds.'”) Complex co-
ordination polyhedra have been also reported for one iron-
rich oxide of the Sr-Fe-O system, Sr,Fe,O;;, the average
structure of which has been described by the alternation of
perovskite-type “Sr,Fe,Os” slabs with “Fe,0;” layers."!]
However, its accurate structural refinement cannot be per-
formed due to the high complexity of the structure. Despite
extensively studied ten years ago for their mixed-conducting
behaviour ¥ and thermoelectric power,! the origin of the
complexity of these oxides was not discovered before TEM
studies.!*7

The first level—the Sr,Fe,O,;-related structures are modu-
lated: The first step was achieved thanks to electron diffrac-
tion (ED) studies'®!7) which revealed the existence of
modulated structures, as illustrated in Figure 1. The intense
reflections of the [010] ED pattern are those of an Fmmm-
type sub-cell, with a%bmap\/i (a, is the parameter of a per-
ovskite unit cell) and c~19 A, compatible with the average
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Figure 1. Top: experimental [010] ED pattern of the modulated structure
of Sr;FecO,;_s. Bottom: schematic representation of the two sets of re-
flections (Bragg reflections of the sub-cell are black spots and satellites
the smaller grey ones).

structural model."'! However, a set of rather intense addi-
tional reflections is also visible (as indicated by the vertical
white arrows). Both sets are schematically drawn in Figure 1
(bottom); the positions of the extra reflections induce a
modulation vector ¢ =pa@*+rc*, with p=046 and r=1.
As the p component is irrational, the structure of
Sr,FeqOy;_s can be described as an incommensurate modu-
lated structure. The incommensurate (or “high-order” com-
mensurate) periods of these modulated structures imply nec-
essarily complex orders. Their origins may be a charge den-
sity wave and/or a periodic lattice distortion associated to a
variation of the oxygen content, for which HREM observa-
tions would provide precious information.

No signature of the complexity is detected in the [100]
HREM images (Figure 2, left); one of the characteristic con-
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Figure 2. [100] (left) and [010] (right) HREM images (the contrast of the

experimental modulated image is schematically represented by sticks and
dots).
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trasts consists in rows of brighter dots, correlated to the
[SrO] layers, alternately spaced at 5.6 and 3.8 A along €.
They are separated by rows of less grey dots associated to
the different iron layers. Such images belong to the category
of those, which can be intuitively interpreted in terms of
projected structure, as classically observed in studies devot-
ed to the RP’s phases and derivatives."”! They confirm that
the layers stacking mode along ¢ is -[FeO,][SrO][FeO]-
[FeO][SrO]-.

By viewing the structure along [010], the image contrasts
are more complex (Figure 2, right). The intense brightness
variations are the signatures of the modulation and the
images show that they appear at the level of the [SrO]-
[FeO][FeO][SrO] layers. To make the decryption of the con-
trast easier, we used a schematic representation that repro-
duces its experimental variation. It consists of two perpen-
dicular white sticks that alternate with two horizontal
groups of two white dots, or two horizontal groups of three
white dots, in a random sequence in agreement with the ir-
rational component p. This scheme has been superposed
onto the experimental image in Figure 2. The following step
consists of correlating these “dots” and “sticks” observed in
the HREM images to the structural units, that is, iron poly-
hedra, forming the double [FeO][FeO] layer.

The oxygen content (13—9) of the phases “Sr,FesO5_s”
can be varied through the synthesis processes. The first
piece of information deals with the different ED studies
which evidenced that the component (p) of the modulation
vector along @* varies in the range 0.5-0.4 and follows the
oxygen stoichiometry according to p=(1-09)/2. More infor-
mation can be obtained from the corresponding [010]
HREM images, which show that whatever J, two white
“sticks” always separate groups of “two” or “three” white
dots; the only variation is that the number of “three” white
dots increases as p decreases, that is, as the oxygen content
decreases. At this stage of the work, it clearly appeared that
the origin of the structural complexity is directly associated
to the oxygen stoichiometry. The contrast variation con-
firmed that the event arises at the level of the double [FeO]-
[FeO] layers and therefore that it could be correlated with
the number of (1-9)/2 oxygen atoms located in between
them. The HREM images allowed the first structural
models for the incommensurate modulated phases to be
proposed.

Such images are indeed valuable for determining the
origin of the non-stoichiometry mechanism, but they cannot
provide an unambiguous answer to the exact nature of the
iron atom environments. For this it is essential to simulate
HREM images and to obtain the complete theoretical focus
series.! These calculations are essential to propose an accu-
rate interpretation of the possible variations of the contrast
and to go more deeply in the different structural levels.

The second level—determination of the building units in the
double iron layer: The nature of the iron polyhedra was re-
fined, from single-crystal data, by using a 4D formalism.!'®!
The as-determined geometry of the iron polyhedra, their re-
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spective positions and arrangement are fundamentally dif-
ferent from those previously proposed in the average struc-
ture.!'!! The first important points are the existence of three
types of iron environment, namely trigonal bipyramids
(TBP), tetragonal pyramids (TP) and monocapped tetrahe-
dra (MT). Second, it was shown that their sequences along
@ vary and are directly associated with the oxygen content.
The Sr,FesO,;_; structure is then built up from three struc-
tural units:

e The double block of trigonal bipyramids, ([TBPT]-
[TBP.]); opposite arrows symbolizing their orientation.

o The double block of tetragonal pyramids, ([TP][TP]).

e The triple mixed block of monocaped tetrahedra, sand-
wiching one tetragonal pyramid, ([MT][TP][MT]).

To drawing [010] projected models of these different
structural units in an incommensurate modulated structure
and calculating simulated images it is necessary to use ap-
proximants. Figure 3 presents the approximant “10ap\/§”,
which corresponds to a sequence of 21 polyhedra in the
double iron layer. The double block of trigonal bipyramids,
[TBPT][TBP!], is generated by the presence of one extra
oxygen atom (as indicated by the vertical arrows) and asso-
ciated to the formation of concave zones in the rock salt
slab. It clearly plays a special role, since it is formed once
every two blocks, whatever the nature of the adjacent
blocks: either double ([TP][TP]) block or triple ([MT][TP]
[MT]) block. Thanks to this accurate structure, the theoreti-
cal HREM images were calculated, using the 3D positional
parameters of the approximant. We obtained the code: the
two perpendicular white sticks are associated to the [TBPT]-
[TBPY] blocks, the two horizontal groups of two white dots
to the [TP][TP] blocks and the two horizontal groups of
three white dots to the [MT][TP][MT].

Thus being able to interpret the HREM images, we then
had the key to the third level, that is, the structural mecha-
nism of the modulated Sr,Fe;O,;_s phases.

[TPI[TP] [MTI[TPI[MT]
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Figure 3. the two types of slabs (A =perovskite-type and B =triple rock-salt-type) as well as the three building
units of the double iron layer are indicated on the top of the projection. The concave and convex zones of the

rock salt slab are drawn.!'"!

Chem. Eur. J. 2008, 14, 794 -805

[TBPI][TBP:]

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

CONCEPTS

The third level—the structural mechanism of the modulated
Sr,Feq0;_s phases: The peculiar composition Sr,FesO,;
(never obtained in our conditions of synthesis) corresponds
to 0=0 and is the higher limit p =0.5 value, which implies a
commensurate structure; the sequence of polyhedra would
be only built up from two types of blocks ([TP][TP])-
(ITBPT][TBP!]). Decreasing the oxygen content (Oi;_;)
amounts to spreading out the extra oxygen atoms of the
double iron layers. Keeping in mind that one extra oxygen
atom, located in between two [FeO] layers, is only located
in one block ([TBPT][TBP!]), it amounts to the replace-
ment of the other block of two polyhedra ([TP][TP]) by, at
least, one block of three polyhedra. This structural mecha-
nism induces the lower limit structure, which would corre-
spond to the maximum of triple blocks according to the se-
quence ([TBPT][TBP!])([MT][TP][MT]). Such a sequence
involves another commensurate structure leading to 6=0.2
(SryFesO,,5) and p=0.4. According to this model, an exten-
sion of the structural mechanism by increasing ¢ would in-
volve the existence of new types of block, as will be shown
later.['”)

The structure of Sr,FesO,;_s can be now described by the
stacking of two complex slices. The first one is a [SrFeO;]s
perovskite single slice built up from one [FeO,]; layer sand-
wiched between two [SrO]s layers (“A” slab in Figure 3).
The second is a triple rock-salt-type slice [StFe,O55_4,] slab
built up from a double iron [Fe,O,5 4] layer sandwiched
between the two [SrO]; layers, (“B” slab in Figure 3). Re-
taining this simple model of one perovskite- and three rock-
salt-type layers intergrown along ¢ shows that these com-
pounds belong to the “2201” family, according to the nota-
tion previously adopted for the Bi,(Sr,)MOq,, cuprates and
related compounds."” As a consequence, the developed for-
mulation Fe,(Sr,)FeOgs s; allows the 2201 character of the
Sr,FeqO;5_s structure to be outlined.

This analysis of Sr,Fes0Oy;_, in terms of 2201-type struc-
ture gave another key to head towards new ferrites, the
fourth level dealing with the stabilization of 2212-type mem-
bers.

The fourth level—the 2212-

> o ¢ 9 type “iron-rich” phases: Be-

sides the layer stacking mode,
the Fe,(Sr,)FeOqs (55 phases
deserve to be compared to the
other 2201 related oxides
Bi,(Sr,)MOq.,, (especially M=
Fel') with respect to their
modulated character and the
existence of convex/concave

i zones (Figure 3). The main dif-

s & 3 & ference between the two fami-
lies is indeed the nature of the

* cations located in their

medium rock-salt-type layers
(double iron compared to
double bismuth layers), but we
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applied the structural mechanisms learnt from the 2201 re-
lated phases, looking especially for the possible existence of
other members of a new family. A “2212” member would be
formed by adding one “A'MO;” perovskite layer for a theo-
retical composition Bi,(Sr,)A'Fe,Q,. 2 In the present
family, one “SrFe**O, perovskite layer requires extra
oxygen that can be supplied by introducing a small amount
of Bi. According to the formulation Fe,(Bi,Sr;_,)Fe,Oqgs_gss,
a new phase has been successfully synthesized;® the c
parameter of its cell is close to 26 A, consistent with the in-
sertion of one extra perovskite layer.

The “classic” [100] HREM images can be intuitively inter-
preted in terms of intergrowth of three rock-salt and two
perovskite layers (the Sr positions are indicated by black
arrows in Figure 4) and confirm the 2212-type structure. It is

Figure 4. Fe,(Bi,;S1,3)Fe,0y5.055[100] : ED pattern and HREM image.

built up from the intergrowth sequence of one block of
three rock salt layers [(Bi,Sr)Fe,0;5.5s5]. With one double
perovskite layer. For Fe,(Biy,Sr,3)Fe,0g5. 055, the ED pat-
terns evidenced a commensurate modulation with a two-
component modulation vector g=pa*+rc* p and r
values being equal to 1/3 and 1, respectively (Figure 5, top).
As p becomes <0.4, it means that at least one sequence of
four neighbouring iron polyhedra exists between two
[TBPT][TBP!] units. Consequently, the previous three
building units of the construction set become necessarily in-
sufficient for describing the new system. The contrast of the
[010] HREM images (Figure 5, bottom) reveals that one
block of two polyhedra (in the form of two sticks) alternates
with one block of four polyhedra (in the form of four dots).
The accurate structure of Fe,(Bi,Sr,3)Fe,0q5_ 55 (Figure 6)
has been determined by single-crystal X-ray diffraction. The
double block ([TBPT][TBP!]) observed in the 2201 struc-
ture is retained on both sides of the bridging oxygen atom.
The second building unit consists of one ribbon of mixed
polyhedra [MT][TP][TP][MT] (Figure 7). The calculated
images fit with the experimental ones, thanks to the deter-
mination of the nature of the iron atom environments.

The following steps are the characterization of the higher
m members of this new structural family obeying the gener-
al formulation Fe,(Bi,Sr,_,)Sr,,_;Fe,,Oq¢ss,. However, other
routes were opened for the tailoring of new architectures,
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Figure 5. Fe,(Bi,;S1,3)Fe,095. 59, viewed along [010] : ED pattern (top)
and experimental HREM image (bottom), the calculated image is super-
posed and the projected structure enlarged.
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Figure 6. Fe,(Biy;S1,3)Fe,0q55.055: projection along [010].
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Figure 7. The four building units forming the double iron layers of the
2201- and 2212-type structures.

based on different structural mechanisms, such as the possi-
ble formation of shear planes.
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The fifth level—formation of shear structures: The structur-
al phenomenon called crystallographic shear, reported in
the rutile-type oxides®® M, 0,,_;, can be described by a peri-
odic motif resulting from the translation of two parts of one
parent crystal structure with respect to each other, the plane
separating the two parts being called the crystallographic
shear plane (CSP). The formation of CSPs has been also re-
ported in the complex cuprates and ferrites systems,?!! form-
ing shear structures (also called terrace-like structures); for
example, BigBa,Cu,O;5, which is related to the 2201-type
structure and the Bi-Sr-Cu oxycarbonates Bi;sSr,0Cu,,-
(CO;),05..*! Similar mechanisms were also observed in the
Bi-rich ferrites with terrace structures related to the 2201-°
and 2212-type structure Bi,Sr sFe ;05,2 Considering the
general rules of the formation of shear structures, the diva-
lent Pb?* was a good candidate to generate shear structures
in the iron-rich 2201- and 2212-type structures described
above, due to its size, divalent character and possible role of
the 6s lone pair. The research was fruitful, several original
phases being observed, as exemplified for the composition
Pb,Sr;Fe,Os;.

In a first approach, the [010] ED patterns (inserted in
Figure 8 top) exhibit similarities with those of the 2201- and
2212-type structures, with the presence of intense reflections
associated to the sub-cell and satellites. The modulation
vector ¢ *=pa*+rc*lies along the [203]* direction of the
sub-cell, with an amplitude 1/17(27@* 43¢ *). The associated
super-cell is monoclinic and its parameters refined from the
powder X-ray diffraction data have been refined to ar=
35.0392) A, by=5.5897(2) A, ¢;=25.662(2) A and f=
98°102(2), space group Cc or C2/c (the T index refers to a
“terrace” structure).

Based on the image contrasts of the 2201- and 2212-type
structures, the HREM images gave the solution for the
structural-type of this novel phase. In Figure 8, the rows of
bright dots are associated to the [(Sr,Pb)O] layers and the
grey ones to the iron layers: along the [100] direction, a con-
trast similar to the one observed for the 2201- and 2212-type
members is observed, but only over a few octahedra. In con-
trast to the parent structures, the double bright and grey
dots are not regularly stacked along ¢, but suffer transla-
tions, according to the mechanisms observed in the terrace-
like structures. In that way, they form two types of ribbons
parallel to the [302],,, direction. A model has been deduced
from HREM images: one observes two types of ribbons par-
allel to the 302, direction (the @ and ¢ axes of the sub-
cell are given Figure 8, bottom). One ribbon is made of
2212-type bricks (3/2@ 4, wide), and the second is made of
2201-type bricks (2@, wide). The new structure” is there-
fore described as the intergrowth of 2201-type slices, m octa-
hedra large, and 2212-type slices, n octahedra large, that is,
belonging to a complex family of terrace structures
[Fey(Sty)FeOq, 2! [Fey(Sts_ Pb,**)Fe,0,, 7' in the pres-
ent case, m=4 and n=3.

The discovery of this phase opens the route for the re-
search of other [m,n] members of a large family, exhibiting
shear structures in the Sr-Pb-Fe-O system.

Chem. Eur. J. 2008, 14, 794 -805
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Figure 8. Fe,(Pb,;Sr,3)Fe;,095.5s, viewed along [010]. ED pattern and
HREM image (top) and idealized drawing of the terrace structure
(bottom), member m=4/n=3 of the family [Fe,(Sry)FeOqs. 55> [Fe,-
(srsfobx“)Fezot).s111.56],21212-

Codes of the Magnetoresistant Manganites
(Al—x ’x) (Mnl—yMy)OS

The overwhelming majority of the recently discovered colos-
sal magnetoresistant' (CMR) manganites have a perovskite
structure given by the general formula (A;_A’,)MnO;_;.
Numerous physical and chemical parameters could influence
their magneto-transport properties; as an example, they are
strongly dependent on the cationic composition through
(A,A’x) and the exact oxygen content. These changing
properties are intimately associated to structural and micro-
structural changes, since the perovskite structure has many
degrees of freedom. Most of them adopt the cubic structure
with a Pm3m symmetry at high enough temperature. At
lower temperatures, structural modifications or distortions
from the ideal perovskite generate structures with a lower
symmetry,”!) derived from the cubic structure by tilting and/
or deformation of the MnOg octahedra. As commonly ob-

! A. Fert and P Griinberg were awarded the 2007 Nobel Prize in Physics
for the discovery of giant magneto resistance (GMR)
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served in numerous systems, the strain energy associated
with the spontaneous deformation at the unit cell level is
minimised by transforming one crystal into a patchwork of
oriented domains, nanometer or micrometer sized. The
number of different orientation variants depends on the
ratio of the order of the point groups of parent and prod-
ucts.””! These domains are clearly a factor limiting the re-
finement accuracy of the single crystal diffraction data in
numerous cases. TEM studies are then a really efficient tool
in determining the microstructural state of these perovskites.

The limit manganites La>*Mn**O; and Pr**Mn’**0, are
A-type antiferromagnets (AFMs), due to AFM super-ex-
change interactions. The presence of Mn** ions can be in-
duced in the matrix by introducing alkaline earth (A**) cat-
ions; it therefore involves ferromagnetic and metallic states
below the Curie temperature 7, through double-exchange
mechanisms. The existence of highly complex phenomena
was evidenced, which clearly show that double-exchange
cannot be the sole explanation for the observed transforma-
tions. This is especially the case for Ln,_,Ca,MnO; mangan-
ites, which exhibit “charge ordering” (CO between Mn’*/
Mn**) and “orbital ordering” (OO) below the Tcp00 tem-
perature, both being competing interactions, and “spin or-
dering” below Ty.** The mixed valence of manganese, the
average size of the A cations, the mismatch between the Ln
and Ca cations and, in a more general way, any mechanism
generating disorder are considered the major parameters in-
fluencing the CMR properties. They are all directly linked
to the crystal structure and the chemical bonds, and are
strongly interdependent. All these effects control the hole-
carrier density and the density of defects.

For understanding the codes that we aim to describe, it is
important to recall that in these materials the generic terms
“defects” cover different crystallographic levels from strain
effects generated by the coexistence of the oriented variants
(nanometer to micrometer scale) to doping effects (atomic
scale).

Acquiring the codes of the parent structures Ln, ,CaMnO;:
In the first section devoted to the ferrites, our “code” chal-
lenge was to use the combination of TEM and diffraction
techniques in order to understand the mechanisms and to
associate the different structural units to their TEM signa-
tures. In the case of the Ln,_,Ca,MnO; oxides, the complexi-
ty results from charge-, orbital- and spin-ordering mecha-
nisms, which generate the varying physical properties, struc-
tures and micro- or nanostructures. The combination (X-ray
and neutron diffraction techniques/magnetotransport meas-
urements) is the only one liable to provide accurate codes
for TEM studies and, in return, the last ones are likely the
only ones for understanding the mechanisms at the nanome-
ter scale.

Charge and orbital ordering (0.3 <x<0.8): In the composi-
tion range 0.3<x<0.8, all the manganites exhibit a Pnma-
type perovskite structure at RT (a=a,\/2, b~2a, cxa,/2).
At low temperature (7< To), the structure is ordered, char-
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© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

acterized by a doubling of the periodicity along @
(~2a,\/2) and a CE-type AFM (e.g.***!l). The information
recorded by a TEM study is illustrated in Figure 9. At

300K

92 K<Tco

Figure 9. typical TEM information : Left: [010] ED pattern recorded at
T> Tcojoo, corresponding to a Pnma subcell. Middle: same crystal at
T<Tcooo Right: lattice image showing regularly spaced fringes at
T<Tco00

T>Tco, the [010] electron diffraction (ED) patterns are
characterized by the system of intense reflections character-
istic of the Pnma structure (Figure 9, left), whereas at 7'<
Tco a set of extra reflections is observed (as indicated by
small white arrows in Figure 9, middle). The satellites inten-
sities are rather strong, in contrast to those of the corre-
sponding peaks in the X-ray and neutron diffraction pat-
terns. This effect, partly owed to the larger scattering factors
of the atoms for electrons relative to those for X-rays,
allows a rather easy observation of the components of the
modulation vector. The contrast of the lattice images record-
ed at 92 K consists of fringes systems. One example charac-
terized by white fringes regularly spaced by 10.9 A:2\/2ap
is given in Figure 9 (right: Sm,;Ca,sMnO; sample). Contra-
ry to the contrast of the HREM images, these fringes cannot
be directly correlated to the atomic planes, but they give the
unique opportunity to locally determine the periodicities
along the modulation vector, to detect any deviation to
them and also the possible existence of non-modulated
zones in the crystallites. They provide, at the nanometric
scale, a simple but invaluable view of the material.

The study of the charge ordering, carried out in the sys-
tems Ln, ,Ca,MnO;,P**"! showed that the behaviours of the
hole- (x<0.5, i.e., rich in Mn**) and electron-doped man-
ganites (x>0.5, i.e., rich in Mn**) are clearly different. Con-
sidering only the electron-doped domain, the ED studies
versus temperature showed that, over a large composition
range up to 0.78, a complex system of satellites also appear
along @*. Compared with other diffraction technique data
and magnetic measurements, one of advantages of this tech-
nique is the ability to follow, step-by-step and visually, the
evolution of the modulation versus temperature. The com-
plex orderings take place in three steps as illustrated in
Figure 10.

Evolution versus temperature:

e At RT, in the paramagnetic state, the structure is Pnma-
type and the ED patterns remain unaltered down to

TCO/OO'
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100 150 200 250 300
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Figure 10. Variation of the amplitude of the modulation vector in the
Sm,;_,Ca,MnO; system (0.5 <x <0.75).

o At Teo00, the weak satellites appear. In this second step,
associated to the so-called pinning of the modulation, the
wave vector pa* is temperature dependent, p and the in-
tensity of the satellites increases as 7" decreases.

e At alower temperature, the amplitude of the modulation
vector pa* and the intensity of the satellites remain con-
stant, leading to a plateau in the q vs. T curves
(Figure 10). In the modulated systems, the low tempera-
ture phase (the “lock-in phase”) is stabilized at this tem-
perature. In most of the Ca based compounds, this tem-
perature coincides with the Néel temperature (7y) deter-
mined from magnetic measurements and neutron diffrac-
tion.

Evolution versus x:For the Sm,_.Ca,MnO; system in the
range 0.5<x<0.75, the amplitude of the modulation vector
pa* varies with the composition, below Ty. It follows the
[Mn**/Mn** +Mn**] ratio and remains close to 1—x, be-
coming commensurate or incommensurate (Figure 10). As
an example, the supercell of Pr,;;Ca;.;MnO; (Figure 11,
left) is commensurate, with a tripling of the a parameter at
92 K and the lattice images show the high regularity of the
periodicity with a system of fringes spaced by 16.5 A (a=
3a,\/2) in Figure 11 (right). These modulations are associat-
ed to complex orderings of the Mn®** and Mn** ions, of the
d,. orbitals of Mn** (orbital ordering OO associated to the
Jahn-Teller effect) and the appearance of the plateau to the
spins ordering, fitting with the Néel temperature. Different

Figure 11. [010] ED pattern (left) and lattice image (right) of
Pry33Cag.;MnO;.
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models have been proposed for the commensurate
Lny3;Cag.5;Mn0;.%"! Combining TEM and neutron diffrac-
tion refinement of the nuclear and magnetic structures
allows completely describing the ordering phenomena in
terms of “parquet-like” (also called “multi-axes” structure
by referring to the spin orientation).®” For Pr,sCag.;sMnOs,
another commensurate superstructure is obtained, with a=
4a,\/2. For intermediate values of x, the compounds exhibit
different incommensurate modulated structures, p varying as
1—x, that is, as the Mn** content from 0.5 to 0.75.

CMR in the Sm;_.CaMnO; system 0.8<x<0.85: For this
composition range, a different behaviour is observed. There
is a strong coupling between charge carriers and spins, so
that the CMR properties are strongly influenced by the
strength of the CO/OO. One of the consequences is that
they are highly sensitive to any event able to destabilize it.
In the Sm;_,Ca,MnQOj; system, CMR properties are observed
at one of the boundaries between two structural and mag-
netic domains. The magnetization of the Sm based com-
pounds in the range 0.025 <x<0.25 is given in Figure 12 to

12¢
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Figure 12. Ca-rich Sm;_,Ca,MnO; system : magnetization curves in the
range 0.025 <x<0.25.

illustrate the nature of the magnetotransport information in
the electron-doped manganites. The temperatures of the
maxima M(T) decrease with x, from 210 K for x=0.75 down
to 110 K for x=0.85," whereas their M values increase
simultaneously. The behaviour of Sm,;5Cay3sMnO; suggests
that the CMR effect results from the strong competition be-
tween FM and AFM interaction systems.

Despite the fact that these magnetization curves exhibit
an apparent continuous evolution in the range 0.75<x<
0.975, the ED investigation evidenced a different low-tem-
perature structure. As mentioned above, the x=0.75 man-
ganite is a charge ordered phase, with a 4a,./2 superstruc-
ture. On the opposite, no signature of CO can be detected
in the x=0.85 manganite, but a strong monoclinic distortion
(P2/m space group) of the Pnma subcell is observed
(Figure 13, left). In the [010] ED patterns, this distortion
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Figure 13. Sm,;5Ca,4sMnO;: Left: [010] bright field image and ED pat-
tern which are the signature of a monoclinic distortion at 7'< Tc¢o00-
Right: highly regular HREM image at RT (7> Tco00)-

generates a typical splitting of the reflections (see the two
white lines in Figure 13, right). Another signature is the for-
mation of twinning domains, which are easily identified by
TEM studies: in the bright field images, the twinning do-
mains can be imaged by alternating dark and less dark
stripes, a few ten nanometers wide (Figure 13, left). Such a
distortion, from the orthorhombic cell (PM state) to the
monoclinic cell (AFM state), induces strong strain effects,
which are released by the formation of twinning domains. In
this part of the system, before drawing a correlation be-
tween the magnetic and structural states, it was important to
systematically carry out a study in the paramagnetic state to
detect the existence of any ordering or any other effect at
the atomic level that could be associated to the lowering of
the lanthanide and oxygen content. All the HREM images
recorded for the different samples exhibit a regular contrast
typical of the Pnma-type perovskite (Figure 13, right), which
allows the hypothesis of short range ordering effects to be
discarded.

For a compound with x=0.85, the structural transition or-
thorhombic (Pnma)-monoclinic (P2/m) is abrupt and its
temperature coincides with the resistive and magnetic transi-
tions. Neutron diffraction evidenced a C-type AFM struc-
ture.”! Another point is of interest for collecting the codes.
For x=0.8, at the boundary between two different phases,
namely the modulated charge-ordered (x=0.75) and the
AFM C-type structure (x=0.85), an abrupt transition is also
observed at 155 K. However, close to this transition temper-
ature, the reflections are cross-shaped, with arms along
[101],*; in the bright field images, a so-called “tweed struc-
ture” is observed. This tweed structure is generally associat-
ed with a pre-configuration of the monoclinic structure in
different variants. It smoothly vanishes with increasing tem-
perature.

CMR in the Sm;_.Ca,MnOj; system 0.9 <x<1: In the domain
0.9<x<0.975, the Pnma-type structure is observed from
room temperature down to 92 K, without any deviation of
the orthorhombic structure; for
this composition domain, the
neutron diffraction study evi-

AFM matrix. The limit CaMnO, exhibits a G-type AFM
structure.

The correlation between the magnetotransport measure-
ments, the magnetic and nuclear structures refined from
neutron diffraction patterns and the TEM studies are sum-
marized in Figure 14.

monoclinic
P2,/m

modulated
structures

tweed

structure Pnma

Figure 14. Sm,_,Ca,MnO; system: representation of the different nuclear
and magnetic structures, as well as the nanostructures on a pseudo-dia-
gram as a function of the Mn’* content.

The code efficiency—the Mn-doped compounds: Doping
the manganese sites of Pr;sCaysMnO; with a magnetic
cation in the absence of magnetic field was shown to induce
CMR properties of PrysCajsMn,_,Cr,0Os, as a result of the
competition between the FM metallic and AFM insulating
domains.*? Three important parameters govern these
mechanisms, identified through several structural and micro-
structural studies of the LnysCaysMn,_,M,0; compounds:

1) An impurity effect, which could induce a pinning of the
discommensurations.

2) A charge effect, which results from the possible modifi-
cations of the Mn**/Mn** ratio depending on the oxida-
tion state of M.

3) A magnetic effect induced by the possible FM or AFM
alignment of the spins of the magnetic M cations with
regard to those of the Mn.

For example, doping Sm,,Ca;sMnO; by Ru induces an
original metal-to-metal transition, a spectacular increase of
T, up to 240 K and CMR effect.’ From the charge-balance
mechanism, introducing Ru’* would induce an increase of
the Mn** content: y=0.08 Ru’* increases the Mn** content
from 0.2 to 0.28 (Table 1).

As previously mentioned, one of the research axes was to
weaken CO/OO in the hope to generate CMR, FM and
also, metallic properties by using different processes. The
studies carried out in the LnysCaysMn;_,M’,0; systems cur-
rently lead us to conclude that replacing manganese by a

Table 1. Developed formulations of Ln;_,Ca,Mn;_,M,0; manganites.

denced a cluster glass state as- =~ —08

x=1

sociated to the formation of  SMoxCags(Mn’*)y,(Mn**)oO0;

weak FM zones diluted in a

SmO,anO,S(Mn3+)0.28(Mn4+)0,64(Ru5+ )00sO3

Ca(Mn’*),(Mn**),0,
Ca(Mn** ) 5(Mn**), 55(Mo®*), 1,05
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foreign cation, whatever the
charge and the magnetic state,
induces disorder on the Mn
sites and consequently hinders
CO/OO0O to develop, up to its
destruction.

Keeping in mind this charge-
balance mechanism, the action
of high valence cations, such as
Mo®* and W®*, was expected
to be more efficient. Applied
to the limit compound CaMn**
O; (AFM G-type), it should

CONCEPTS

quickly increase the Mn** con-
tent (Table1) and quickly
modify its properties.

0.02

temperature forms versus y.

Study of CaMn; M.0; (M=

Mo, W):5 The solid solu-

tion CaMn, ,\M’,0; (M=Mo°* and W°*) is stabilized up to
y=0.15. All the ED patterns of the paramagnetic forms ex-
hibit the orthorhombic Pnma-type perovskite and the
HREM images confirm that Mo and W species are random-
ly distributed over the Mn sites of the matrix.

Typical ED patterns and images of the low-temperature
forms are given versus the doping content in Figure 15 ac-
cording to the sequence: y=0.02, 0.10, 0.12 and 0.14. Note
that the scales of the four selected images are very different:
they are of a few A for y=0.02 and 0.14, to a few tens A for
y=0.12 and lastly up to a few tens nanometers for y=0.10.
This emphasizes the necessity to have a multiscale view of
the materials.

e In the range y=0-0.05: the ED pattern is that of a Pnma
structure. The contrast at low temperature is more regu-
lar than that at RT, in agreement with the unchanged
Pnma-type distortion of the perovskite cell.

e In the range 0.06-0.12: the splitting of the reflections and
the formation of twinning domains are characteristic of a
distorted monoclinic cell (P2,/m).

e For y~0.12: the ED patterns exhibit elongated spots.
The corresponding image shows a tweed structure, char-
acteristic of a phase transition, suggesting that this com-

position is at the borderline between two different low-
temperature structures and, consequently, two different
magnetic behaviours.

e For y>0.12: the intense reflections belong to the Pnma
sub-cell and a second
system of satellites is ob-

0.10 0.12 0.14 ¥

Figure 15. [010] ED patterns (top) and typical images (bottom) of the CaMn;_,M’',O; compounds, in their low

HREM images of the modulated structure with a local
periodicity of 21.6 A ~4a,\/2 (i.e. p=1/4). The presence
of these satellites for CaMnjgMo,,0; calls indeed a
comparison with the ones observed for the Sm and Nd-
based Ln,_,Ca,MnO; compounds for values of x close to
0.75. The developed formulation could be calculated
from the charge balance, Ca(Mn®**)g,s(Mn**),s5s
(M0%*)y,40; (Table 1).

In the above section, we showed that the meticulous cor-
relations, established between the TEM, diffraction and
magnetotransport properties, provide us with efficient codes.
Thanks to the fact that the different states have characteris-
tic signatures in TEM data, the codes were extended to dif-
ferent Ln,_ A ,MnO; systems, and can be used regardless of
what Ln, A and x are. It is more remarkable to note that
the code can be also applied even when the Mn sites are
doped, as illustrated in Figure 14 and Table 2. The structure/
nanostructure sequences at low temperature correspond ex-
tremely well. Table 2 compares the CaMn,_,Mo,0O; system
to the Pr;_,Ca,MnOj one, in five columns: 1) the doping ele-
ment content (y); 2) the Mn’* content induced by the
doping y; 3) the structure-type of the low temperature form;
4) the magnetic behaviour (obtained from magnetic meas-
urements and neutron diffraction) and 5) the composition (x
value, that is, the Mn** content) of the manganite
Pr,_,Ca,MnO; in which are observed similar structural and
magnetic characteristics. This is also perfectly illustrated by
considering, in Figure 14, the sequence of structures and mi-

Table 2. Comparison of the Mn®*-poor manganites in the CaMn;_,Mo,0; and Pr,_,Ca,MnOj systems.

served (signatures of a

L. y range Mn**-induced Low T form Magnetic behaviour Equiv. x
modulated structure) in in-

. 0005 0-0.10 Pnma G-type AFM 0.025-0.10
commensurate positions;

. small weak FM areas

the average modulation (6010 0.12-0.20 P2,/m C-type AFM 0.10-0.20
vector is g=0.24a*. The 0.10-0.12 0.20-0.24 tweed and SRO 0.20-0.24
TEM study of 0.12-0.15 0.24-0.30 modulated structure CO/0O0 AFM 0.24—
CaMngMo, 405 provides  [a] For the Pr,_,CaMnO; system.
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crostructures versus 1—y: we find the same structural and
microstructural characteristics, which allow a first efficient
diagnosis on the sample state by a simple TEM experiment
to be made.

Having the code through the TEM data allow understand-
ing the complex mechanisms of these fascinating materials.
Phase segregation, phase transition under electron irradia-
tion, nanostructural differences between field-cooled and
zero-field-cooled samples, or the role of pinning centres of
the foreign cations are, for example, among the problems
that we have investigated and solved in the domains of the
manganites. It has also allowed us to understand charge-or-
bital ordering phenomena in Ruddlesden—Popper phases
and the role of strain effects in thin films.

Conclusion

The diversity of today’s advanced materials is based on the
knowledge of how to attain novel structures or to improve
existing materials. There are a number of possible strategies
to realize material design, from an empirical to a logical ap-
proach. A basic set of models able to describe the essential
features of reactivity, structures and properties is in any case
the first needed key. Iono—covalent architectures have been
often compared to construction sets, based on given building
units, the nature of which defining the structural family and
their number, the member of the family. The huge number
of papers presently devoted to “classics” such as perovskites
and layered oxides shows that, even in these basic com-
pounds, the details of these structures and their relationships
with physical properties remain complex. One of the strat-
egies, presented herein is the research of “signatures”, using
transmission electron microscopy, of the different structural
levels existing in the complex materials, at different length
scales. The challenge is therefore to achieve an accurate in-
terpretation of these signals, thanks to the combination of
any of the required solid-state techniques. All the results
contribute to the elucidation of the complex character of the
materials. The interest of the two examples described in this
paper shows that mechanisms, as various as charge- and or-
bital-ordering or complex blocks of iron polyhedra, can be
interpreted. Following this route, we are able to decrypt
TEM images and having this code, the solid-state chemist
can obtain the basis for discovering novel materials and
tuning their specific properties.
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