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We have been systematically developing strategies for making new per-
ovskite manganites with novel magnetic and electronic properties. This effort
requires a two-fold approach: understanding the dependence of properties on
chemical and structural factors and development of the ability to synthesize
desired compounds. We show that, similar to other single valent 3d systems,
the magnetic superexchange interactions in AMnO3z manganites (A = rare
or alkaline earth’s) are dependent on the Mn—O-Mn bond angle which is
a function of interatomic distances A—O and Mn-O. The local structural
disorder on the A-site suppresses magnetic interactions. Recently, by com-
paring disordered (randomly mixed La/Ba) and ordered (forming Ba/La/Ba
layers along the c-axes) perovskites we have demonstrated much more con-
spicuous effects of structural and charge disorder for mixed-valent mangan-
ites. We show that by stabilizing the ordered structure; i.e., by suppressing
local structural and charge disorder on the A-site, a substantial increase
in 7¢ from 340 to 365 K can be achieved. A similar control of order on
the Mn-site was achieved for StMn;—,Ga,O3_,, /2 compounds near y = 0.5,
while StMn;_,Fe, O3 compounds are always randomly mixed. To achieve
these compounds, we have been systematically developing special synthesis
techniques for extending chemical composition ranges far beyond those pre-
viously achieved, developing rules for predicting which compositions should
be possible to produce by these special techniques, and establishing methods
for selectively ordering or disordering mixtures of metal atoms on the A- or
Mn-sites.

PACS numbers: 61.12.—q, 75.50.—y

1. Introduction

Perovskite and perovskite related compounds, ABOgs, have been recently
studied in depth because of intriguing magnetic and electronic properties result-
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ing from competing charge, exchange, and phonon interactions [1]. The properties
can be tuned over a wide range through the choice of the sizes and charges of
the large size 12-coordinated A cations. These ions control the degree of struc-
tural distortions and the formal valence of the smaller size 6-coordinated B ions.
For the vast majority of perovskite compounds the B-site ions are moderately
electronegative forming mixed covalent/ionic bonds with oxygen while the A-site
ions are strongly electropositive forming ionic bonds. Consequently, the valence
electrons are transferred from the A ions to the 3-dimensional network of B- and
oxygen-ions. The B-Os network is built from relatively rigid BOg octahedra shar-
ing corners and forming nearly straight B-O-B bond-angles. Here, the B-site 1ons
of interest are the Mn and other transition metals that exhibit partially filled
3d electronic orbitals. Thus, the electronic and magnetic properties of perovskite
compounds are almost completely determined by the properties of the B-Ogs net-
work whereas the charge state of the network and its structural distortions are
fixed by the kind of ions distributed over A-sites. We have been systematically
developing an understanding of the relationship between properties of perovskite
compounds and their chemical composition, structure, and synthesis conditions
to enable the preparation of improved materials and to discover new, exciting
compounds. In this paper we review strategies for designing, making, and measur-
ing new perovskite manganites with enhanced magneto-resistive properties and
increased magnetic transition temperatures. This effort requires a two-fold ap-
proach: understanding the dependence of properties on chemical and structural
factors and development of ability for synthesis of desired compounds.

To develop a perceptible description of magnetism and spin-transport in
manganites, we will use concepts of local sites of individual magnetic 1ons rather
than the band structure theory. This approach is justified by the inability of cur-
rent band structure calculations to capture all aspects of the strong coupling
among electrons, spins, and phonons as well as to describe strong correlations
of the 3d electrons in distorted cubic crystal fields [2]. Thus, we are interested in
a conceptually simple description based on the ionic model that grasps most of
essential physics rather than the complex calculations that require ample comput-
ing power and extensive computing and analysis time. Our description will use
internal structural parameters of the Mn—O-Mn bond angles and the A-O and
Mn-O bond lengths that are obtained from neutron diffraction measurements.
These structural measurements are combined with detailed magnetic and resistive
measurements that are performed over a wide temperature range to provide accu-
rate composition-structure-property phase diagrams that can be used to discover
better materials for research and application.

The correlations between structural parameters and physical properties are
frequently described in terms of the average structure using a concept of toler-
ance factor ¢t = [A—0]/(v/2[Mn—0]) [3]. Here [A—O] and [Mn—O] are the average

cation-oxygen interatomic distances of the A- and B-sites, respectively, the ap-
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proximate values of which can be obtained from the ionic sizes that are tabulated
for various coordination numbers and oxidation states at room temperature [4].
We have recently shown that the tolerance factor can be also used to describe
the structural stability of the perovskite phase when the effects of varying synthe-
sis temperature and oxygen content are correctly included [5]. Knowledge of the
dependence of tolerance factor on composition, temperature, and oxygen content
allows us to predict which compositions should form for the A- and B-site sub-
stituted manganites. To achieve these compounds, we have been systematically
developing special synthesis techniques for extending chemical composition ranges
far beyond those previously achieved and establishing methods for selectively or-
dering or disordering mixtures of metal atoms on the A- or B-sites. Our design
rules for the synthesis of perovskite compounds enable the chemical compositions
and crystal structures of these materials to be controlled in order to achieve the
desired magnetic and electronic properties.

2. Basics of the electronic configurations
and exchange interaction for perovskite manganites

The range of the Mn oxidation states displaying remarkable magneto-resistive
properties for the perovskite compounds ABOs_s spans from Mn?* through Mn3+
to Mn?t. In the cubic crystal field, which is characteristic of perovskites, these
oxidation states of Mn display well-defined ionic ground states of 3¢?, ¢3¢l and
t3¢Y for Mn?*, Mn3*, and Mn?t, respectively. These single-valent states can be
achieved by using rare earth’s (R = La, Pr, Nd, ...) and alkaline earth’s (Ca, Sr,
and Ba) on the A-sites as well as by introducing oxygen vacancies, §. The filling
of atomic electronic d-orbitals, t2g and ez, with electrons that is consistent with
Hund’s and crystal-field splitting rules has been described in several textbooks [6].
For future reference we only need to recall here that the ionic size of Mn rapidly
decreases with its increasing oxidation state because of the decreased filling of
the eg orbitals. And, in addition, that the Mn** ion with three electrons in three
different orbitals ts is nearly spherically symmetric while the Mn3* ion with a
single electron in two different orbitals ¢y is highly asymmetric because of the
Jahn—Teller distortion associated with removal of the two-fold degeneracy of the
eg orbitals.

Now, because in the perovskite structure each Mn pair is separated by an
oxygen ion, there are no significant direct magnetic interactions between local J =
5/2,4/2, and 3/2 moments of Mn?*, Mn3+, and Mn*t| respectively. In addition,
because the spin—orbit coupling is quenched in the perovskite structure [2], the
antiferromagnetic (AF) and ferromagnetic (FM) indirect superexchange describes
very well the coupling between magnetic moments for the single-valent states. The
Goodenough—Kanamori rules of superexchange interactions are used to predict the
sign of the interaction for straight Mn—O—Mn bond angles [7]. When the Mn—O-Mn
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bonds are not straight, the interactions can be described as a superposition of 180
and 90 deg bonds [8]. The correlation of antiferromagnetic transition temperatures
to the Mn—O—-Mn bond-angle 6, T'n & TNmax — T1(1 — {(cos? ), has been clearly
established for single valent RBO3 systems with B = Fe3t (¢3¢?) and Cr3t (¢3)
when there is only one kind of rare earth on the A-site [8, 9].

3. Magnetic transitions and structural features for single-valent
systems

We have recently shown that a similar relationship between the Mn—O-Mn
bond-angle and T holds for the RMnQOj3 perovskites with a single valent Mn3+
(t3e!) while for the solid solution system Sri_,Ca,MnOs with Mn** (¢3), the
structural disorder on the A-site introduces a measurable deviation from this rela-
tionship [5, 10]. Figure la shows a schematic phase diagram of the magnetic, resis-
tive, and structural properties versus (cos? 8) for RMnOj perovskites. The complex
AF A-type magnetic structure of these compounds is a result of the Jahn—Teller
distortion and the orbital order present below temperatures, T3 [11]. The phase
diagram of RMnQOgs perovskites is notably similar to the phase diagram of RNiO3
(see Fig. 1b) [12]. Both these phase diagrams show that the T\ & {(cos? #) depen-
dence is observed even for complex interactions of the Jahn—Teller B-site ions like
Mn3+t with orbital order and mixed AF and FM interactions and for Ni3* (t%e!)
with charge separation, orbital order, and mixed AF and FM interactions.
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Fig. 1. Phase diagram of the magnetic Ty, resistive Tyr, and structural properties

versus (cos2 8} for RMnOs (a) and RNiOs (b) perovskites.

The linear dependence of Tiy on {cos? 6) observed for RMnOQj is less regular
for the solid solution system Sri_;Ca,MnOs3. The size difference between inter-
atomic distances of the Sr—-O and Ca-O (for the isovalent Sr and Ca cations)
introduces local variance of the bond angles that suppresses Tn by ~ 20 K at
z = 0.5, where the variance of sizes is the largest [13]. The properties phase di-
agrams have been most frequently described in terms of the average structure
using the tolerance factor, t(x). It was reported recently that the ferromagnetic
transition temperatures of the mixed-valent manganites can be better modeled
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by using the variance of sizes of the A-site ions in addition to the tolerance fac-
tor or interatomic distances, s(z) = \/X;{z;[A;—0]2 — [A—0]?}, where [A-O] =
¥, 2;[Ai—0], and z; is the fractional occupancy of atoms occupying the A-site [14].

We have used our own measured interatomic distances [Ca-O] = 2.640 and [Sr—0]
= 2.691 A to approximate the variation of the local Mn—-O-Mn bond angles from
its average by the variance of sizes of the A-site ions, s(x = 0.5) = 0.026 A [5, 15].
The observed suppression of Ty and T¢ by the variance of sizes shows that the
magnetic transition temperatures are very sensitive to the local variation of the

A—-O bond lengths and Mn—O-Mn bond angles.

4. Synthesis of kinetically stable perovskites

The tolerance factor ¢(z) = [A—0]/(v/2[Mn—0]), rather than the Mn—O-Mn
bond angles, is usually used to describe physical properties of compounds
A1_; A, MnOs with varying compositions z at room temperature [16]. To im-
prove the calculation of the tolerance factor we have used neutron powder diffrac-
tion to precisely measure individual A-O and Mn—-O bond lengths at 300 K for
Sri1—;Ca; Mn*t O3 and Laj_,Sry; Mn3t%03 [5, 17]. Individual bond lengths were
used to derive average equilibrium interatomic distances specific for perovskite
manganites [A—0], [Mn®t-0] = 1.98 and [Mn**-0] = 1.896 A instead of relying
on tabulated values of ionic radii obtained for different compounds [4]. Knowl-
edge of accurate interatomic distances is of great value for crystallographers and
physicists since the average sizes of [A-O] and [B-O] can be reliably calculated for
any combination of ions to predict ¢(z), s(x), and describe magnetic and resistive
behavior [5].

The tolerance factor is also frequently used to estimate the solubility lim-
its and predict stability of novel compounds. However, because the synthesis is
done at high temperatures, 800—1400°C, it is important to know dependence of
the tolerance factor on temperature 7' and oxygen content §. This dependence
of t(x,1,6) on 1" and ¢ arises because the interatomic bond lengths expand with
increasing temperature. In addition, the oxygen content is not always constant
at these temperatures, such that the formal valence of Mn is changing, and so
is its bond length to oxygen. By using neutron diffraction and thermogravimet-
ric measurements (TGA) over a wide range of temperatures we have estimated
the temperature dependence of the tolerance factor for both stoichiometric and
oxygen deficient compositions. We have observed that the tolerance factor shows
a simple parabolic dependence on T' for stoichiometric compounds over a wide
range of temperatures 0-600 K, ¢(z,T,6 = 0) = to(x) + t2(x)T?. In addition, we
have observed that over this temperature range t(x,7,6 = 0) can be used to re-
liably predict structural phase transitions from cubic to tetragonal at ¢ = 1 and
from tetragonal to orthorhombic at ¢ = 0.996 as a function of composition and
temperature [5].
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The effect of oxygen nonstoichiometry was included by defining the average
Mn-oxygen interatomic distance [Mn?~=2/—Q] = (1—26)[Mn?*+ —0]+(28)[Mn3+-0].
TGA measurements have shown that during heating above ~ 400°C (~ 675 K),
the oxygen content of the perovskite material Srq_,Ca,MnO3 with compositions
0 <z < 0.5 begins to decrease. Rapid variation of oxygen content at 800—1400°C
was observed, and shown by X-ray diffraction to result from a reversible transfor-
mation to a hexagonal 4-layered phase that exhibits a different oxygen environment
around Mn. The perovskite phase was observed to be stable at high temperatures
only when the oxygen content was in the specific range of 2.50—(3 — §). The oxy-
gen vacancy content 8 necessary to make stable the perovskite phase was found to
decrease with the substitution amount, x, such that compositions with x > 0.5 did
not transform to the hexagonal phase in air at any temperature. The structural
changes between the perovskite and non-perovskite hexagonal phases have been
explained using tolerance factor that is a function of composition, temperature,
and oxygen content. The dependence of the observed phases on the magnitude of
the tolerance factor confirmed that the stability of the perovskite phase is limited
by the condition t(x,T,8) < 1.0 at synthesis temperatures T' >~ 800°C [5].

Figure 2 shows the calculated tolerance factor at 1325°C as a function of
the [A-O] bond length (or the composition of Sri_,_,CarBayMnOj3) for various
amounts of oxygen vacancies. The constant 0.055 in front of the oxygen vacancy
content (20) in the formulae for ¢(z, 7', ) depends sensitively on the average equi-
librium interatomic distances [Mn3+—0] and [Mn*t—0], and as such may contain
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a considerable error bar of £0.015 depending on the localized or itinerant state
of the Mn3+ and Mn?t ions. The predicted compositions, at given 7' and é for
which the perovskite phase is stable are limited by the condition ¢ < 1. Despite
this condition, it is still possible to obtain kinetically stable perovskite phases with
t > 1 at lower temperatures by a two-step procedure. That procedure produces an
oxygen deficient perovskite phase with ¢t < 1 at elevated temperature followed by
cooling in argon or quenching in air without increasing oxygen content and by a
low-temperature (7' <~ 600°C) oxygen anneal that makes ¢ > 1 without decom-
position of the perovskite phase. Knowledge of the functional dependence of the
tolerance factor on composition, temperature, and oxygen vacancy concentration
guides the preparation of a wide range of new perovskite manganites and other
mixed-valent compounds by such a two-step procedure. In the following sections,
we will describe several substituted manganite systems for which special synthesis
techniques were used to extend chemical composition ranges and selectively order
or disorder mixtures of metal atoms on the A- or Mn-sites.

5. Magnetic transitions and structural features for mixed-valent
systems

Using a modified two-step synthesis method at reduced oxygen pressure fol-
lowed by low-temperature oxygen anneal, we recently have been able to extend
the solubility limits from = 0.6 and 0.3 to £ = 1 and 0.7 for the A-site substi-
tuted compounds Laj_;Sr;MnO3s_s and La;_;Ba;MnOs_s, respectively [13, 17].
Recently, we have found that for the large oxygen vacancy content é ~ 0.5 dur-
ing the first step of synthesis it is possible to introduce layer ordering of the La
and Ba cations for 0.38 < z < 0.52 [18]. Using the two-step synthesis method we
have obtained several new Mn-substituted SrMn;_,B,Os compounds with ran-
domly mixed Mn/B ions. Two such systems will be described here for B = Fe
(0 <y <1)[19] and Ga (0 < y < 0.5) [20]. In addition, by controlling the oxygen
vacancy content near & ~ 0.5, it is possible to introduce layer ordering of the Mn
and Ga ions for y = 0.5.

Figure 3 shows the complete structure-properties phase diagram for
the Laj_;Sr;MnOgs system [17]. The shadowed area denotes the newly synthe-
sized compositions. A detailed knowledge of the phase diagrams like that of the
Laj_;Sr;MnOgs system is helpful for a comprehensive understanding of the prop-
erties of the Mn-O3 network as a function of the hole doping (band filling) and
bond angles (band width). It is also useful for discovering new applicable and
improving known properties.

Dramatic changes of the structural and resistive properties in response to
the magnetic field were found near the metal-insulator transitions [21]. For ex-
ample, Fig. 4 shows resistivity of the = 0.17 sample in 0 and 3 Tesla. In zero
magnetic field, the structural rhombohedral to orthorhombic phase transition at
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structural transition temperatures, respectively, in 0 T (arrow down) and 3 T (arrow up)
for = 0 and y = 0.17.

Ts = 290 K is slightly above the ferromagnetic transition at T = 260 K. Upon
cooling, this order of transitions first produces a rapid increase in resistivity at
Ty due to enhanced electron scattering by large cooperative JT-distortions, fol-
lowed by a rapid decrease in resistivity, due to the ferromagnetic transition to
metallic phase. By applying a magnetic field, T rises rapidly causing the resistive
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increase at Ty to diminish. Above a certain value of the applied field (about 2 T for
z = 0.17), Tc is shifted above T;. As a result, a rapid increase in resistivity with
decreasing temperature is removed and replaced by a rapid decrease in resistivity
at the ferromagnetic transition leading to a significant enhancement of the mag-
netoresistance. Figure 4 shows an example [22] of several La;_,_,Ca,;Sr, MnOs3
compositions for which an enhanced CMR effect was achieved by tuning struc-
tural and magnetic transitions over a wide temperature interval 260-330 K.

The synthesis of the randomly substituted La;_;Ba; MnO3 system required a
more complicated procedure. This was done at high temperatures (1300—1400°C)
using Ar flow to achieve the oxygen-deficient compositions O 6_2.s followed by
the complete oxygenation (air or Os flow) at a temperature low enough (below
500°C) that the cations do not diffuse. The formation of a well-layered-ordered
LaBaMn;Og_s phase at high temperatures required accurate control of the oxy-
gen content at Os using in situ TGA apparatus in Ha/Ar flow [18]. A comparison
of layered-ordered and randomly substituted compounds with the same chemical
compositions (i.e., the same charge doping and tolerance factor) revealed much
greater effects of the charge disorder on the ferromagnetic transition temperature
for mixed valent perovskite manganites than was apparent for the single-valent
Sr1_CazMnO3s system [13, 15]. Because our measured interatomic distances of
[La—0] = 2.765 and [Ba—0] = 2.783 A are quite similar, the variance of size is
small s(z = 0.5) = 0.009 A, ie., the effects of structural disorder are anticipated
to be small. Nonetheless, we observe a large, ~ 80 K, difference of ferromagnetic
Tc between the two structural forms. We attribute the different properties of the
randomly substituted and layered-ordered phases to the local A-site charge disor-
dering that profoundly disturbs the coherent electronic states of the Mn—O bonds.
The difference between T¢’s of the two structural forms decreases for compositions
0.38 < x < 0.50 because of the introduction of structural and charge disorder for
the layer-ordered phase with a partial substitution of La in the layers of Ba—O.
Nonetheless, the newly synthesized layer-ordered phase with composition x = 0.42
shows the second highest FM transition temperature of 365 K ever observed for the
perovskite manganites. Similar effects of local structural/charge order no doubt
have profound effects on the properties of other complex oxides; for example, lay-
ered copper oxide high temperature superconductors.

Figure 5 shows magnetic phase diagram for the SrtMn;_,Fe, O3 compounds
constructed by combination of structural, magnetic, and transport measurements
with Mossbauer spectroscopy [19]. The complete solid solution was achieved for
this system with unusual simple cubic structure, 1.e., with straight average bonds
angles. We have observed only random mixing of Mn and Fe and could not in-
duce any kind of Mn/Fe ordering for SrMng 5Feg 503_5 over the entire range of
0 = 0—0.5. We have found the AF ordering for lightly and heavily Fe-substituted
material, while intermediate substitution leads to spin-glass behavior. Near the
composition StMng s Feq 503, these two types of ordering are found to coexist and
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pounds. Solid markers are data points for oxygen deficient samples from Ref. [23].

affect one another. The spin-glass behavior may be caused by the competing FM
and AF interactions among randomly substituted Mn?t and observed Fe3t and
Fet ions. The same competition and disorder may cause gradual suppression of
Tn with Fe substitution.

A similar suppression of T and the spin-glass behavior at y = 0.5 was ob-
served for the randomly substituted StMn;_,GayO3_,/2 compounds. These com-
pounds in the composition range 0 < y < 0.3 can be prepared by heating in Ar
at 1300°C followed by oxygen annealing that brings Mn oxidation state to 4+,
i.e., the maximum oxygen content is 3 — y/2. However, to make 0.3 < y < 0.5
requires the TGA synthesis in 1% Os/Ar such that the oxygen content is ~ 2.55
at the synthesis temperature. At higher oxygen content, the perovskite phase is
not stable, while at lower oxygen content, y = 0.4 sample is multi-phase, and
for y = 0.5 the single-phase layer-ordered (Mn/Ga) is formed. Thus, similar to
the LaBaMnsOg_s phases, it is possible to order or disorder cations and oxygen
vacancies in the perovskite structure. These ordering phenomena have profound
effects on properties; for example, the randomly substituted SrMng 5Gag 50275
shows spin-glass behavior at 20 K, the layer-ordered SraMnGaOs is G-type AF at
80 K, and the layer-ordered SroMnGaOs 5 1s mixed C- and G-type AF at 130 and
90 K, respectively.

6. Conclusions

Bond angles Mn-O-Mn and bond lengths [A-O] have been used to describe
TN of the single-valent manganites. The maximum T was found for straight bonds
(cos?(#) ~ 1) and minimal variance of sizes (s ~ 0). The tolerance factor t(z, T, 6)
have been used to describe the stability of the perovskite phase at the synthesis
temperature, identify structural properties at room temperature, and develop the
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design rules for controlling properties of novel compounds. We have shown that
the thermogravimetric synthesis can be used to greatly extend solubility limits
and obtain new A- and Mn-site ordered perovskites. The study of the correlations
between chemical, structural, and physical properties for mixed-valent manganites
show that T and T depend strongly on the tolerance factor (¢), charge doping (h),
structural disorder (s), and charge disorder.
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