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W e have been sys temat i call y developin g strategies for making new per-
ovskite manganites with novel magnetic and electronic prop erties . This e˜ort
requires a two- fold approach : understand in g the dep endence of prop erties on
chemical and structural factors and development of the abili ty to synthesi ze

desired comp ounds. W e show that , simila r to other single valent 3 d systems,
the magnetic superexchange interactions in A Mn O 3 manganites (A = rare
or alkaline earth ' s) are dep endent on the Mn {O {Mn bond angle w hich is

a function of interatomic distances A {O and Mn{O . The lo cal structural
disorder on the A -site suppresses magnetic interactions. Recently , by com-
paring disordered (randomly mixed La / Ba) and ordered (f orming Ba/La/Ba
layers along the c -axes) pero vskites w e have demonstrated much more con-

spicuous e˜ects of structural and charge disorder for mixed- valent mangan-
ites. W e show that by stabili zi ng the ordered structure ; i.e., by suppressin g
local structural and charge disorder on the A -site, a substantial increase

in T C f rom 340 to 365 K can be achieved. A similar control of order on
the Mn- site w as achieved for SrMn 1 À y Gay O 3 À y = 2 comp ounds near y = 0 : 5,
w hile SrMn 1 À y Fey O 3 comp ounds are alw ays randomly mixed. To achieve

these comp ounds, w e have been systematical ly developing special synthesis
techniques for extending chemical comp osition ranges far beyond those pre-
viously achieved, developing rules for predicting w hich comp osition s should
b e p ossible to pro duce by these special techniques, and establishi ng metho ds

for selectively ordering or disorderin g mixtures of metal atoms on the A - or
Mn- sites.

PACS numb ers: 61.12.{q, 75.50. {y

1. I n t rod uct io n

Pero vski te and perovski te related compounds, ABO 3 , have been recentl y
studi ed in depth because of intri gui ng magneti c and electronic properti es result -
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ing from com peti ng charge, exchange, and phonon intera cti ons [1]. The pro perti es
can be tuned over a wi de range thro ugh the choice of the sizes and charges of
the large size 12-coordi nated A cati ons. These ions contro l the degree of struc-
tura l distorti ons and the form al valence of the smal ler size 6-coordi nated B ions.
For the vast m ajori t y of perovski te com pounds the B- site ions are m oderatel y
electronegati ve f orm ing m ixed covalent / ioni c bonds wi th oxyg en whi le the A- site
ions are stro ngly electropositi ve form ing ioni c bonds. Consequentl y, the valence
electrons are tra nsferred from the A ions to the 3-di mensional netwo rk of B- and
oxyg en-ions. The B{ O 3 netwo rk is bui l t from relati vel y rig id BO 6 octa hedra shar-
ing corners and form ing nearly stra ight B{ O{ B bond- angles. Here, the B-site ions
of interest are the Mn and other tra nsiti on m etals tha t exhi bi t parti al ly Ùlled
3 d electro nic orbi ta ls. Thus, the electroni c and m agneti c properti es of perovski te
compounds are alm ost com pletely determ ined by the properti es of the B{ O 3 net-
wo rk whereas the charge state of the netwo rk and i ts structura l di storti ons are
Ùxed by the ki nd of ions distri buted over A-sites. W e have been system ati cal ly
devel oping an understa ndi ng of the relati onshi p between pro perti es of perovski te
compounds and thei r chemical com positi on, structure, and synthesi s condi ti ons
to enable the prepa rati on of im prov ed materi als and to di scover new, exci ti ng
compounds. In thi s paper we revi ew stra tegies for designi ng, maki ng, and m easur-
ing new perovski te m angani tes wi th enhanced m agneto-resistive properti es and
increased m agneti c tra nsiti on tem peratures. Thi s ẽ o rt requi res a two -fold ap-
pro ach: understa ndi ng the dependence of properti es on chemical and structura l
facto rs and developm ent of abi l i ty f or synthesi s of desired com pounds.

T o devel op a percepti ble descripti on of m agneti sm and spin- tra nsport in
m angani tes, we wi l l use concepts of local sites of indi vi dua l magneti c ions rather
tha n the band structure theory . Thi s appro ach is justi Ùed by the inabi l it y of cur-
rent band structure calcul ati ons to capture al l aspects of the strong coupl ing
am ong electrons, spins, and pho nons as well as to describe stro ng correlati ons
of the 3 d electro ns in distorted cubi c crysta l Ùelds [2]. Thus, we are interested in
a conceptua l ly simpl e descripti on based on the ionic m odel tha t grasps m ost of
essential physi cs rather tha n the com plex calcula ti ons tha t requi re ampl e com put-
ing power and extensi ve computi ng and analysis ti me. Our descripti on wi l l use
interna l structura l param eters of the Mn{ O{ Mn bond angles and the A{ O and
Mn{ O bond lengths tha t are obta ined from neutro n di ˜ra cti on measurements.
These structura l m easurem ents are com bined wi th deta i led magneti c and resistive
m easurements tha t are perform ed over a wi de tem perature range to pro vi de accu-
rate com positi on-structure- pro perty phase diagram s tha t can be used to di scover
better m ateri als for research and appl icati on.

The correl ati ons between structura l param eters and physi cal pro perti es are
frequentl y described in term s of the avera ge structure using a concept of toler-
ance factor t = [A À O] = (

p

2[Mn À O] ) [3]. Here [A{ O] and [Mn{ O] are the average
cati on-oxyg en intera to m ic distances of the A- and B-sites, respect ively, the ap-
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pro xi mate values of whi ch can be obta ined from the ionic sizes tha t are ta bul ated
for vari ous coordi nati on num bers and oxi datio n states at room tem perature [4].
W e have recentl y shown tha t the to lerance factor can be also used to describe
the structura l stabi l i ty of the perovski te phase when the e˜ects of varyi ng synthe-
sis tem perature and oxyg en content are correctl y included [5]. Kno wl edge of the
dependence of tolerance facto r on com positi on, temperature, and oxyg en content
al lows us to predi ct whi ch com positi ons should form for the A- and B-site sub-
sti tuted m anganites. T o achieve these compounds, we have been system ati cal ly
devel oping special synthesi s techni ques f or extendi ng chemical com positi on ranges
far beyond tho se previ ously achieved and establ ishing m etho ds f or selectivel y or-
deri ng or di sorderi ng m ixtures of m etal ato ms on the A- or B-sites. Our design
rul es for the synthesi s of perovski te com pounds enable the chemical compositi ons
and crysta l structures of these materi als to be contro l led in order to achi eve the
desired m agneti c and electronic pro perti es.

2. B asics of t h e elect r on ic co nÙgu r at io ns
an d exch an ge in ter act io n for p er o vski t e m an gan i t es

The range of the Mn oxi dati on states displayi ng rem arkable m agneto-resistive
pro perti es f or the perovski te com pounds ABO 3 À £ spans from Mn 2 + thro ugh Mn 3 +

to Mn 4 + . In the cubi c crysta l Ùeld, whi ch is characteri sti c of perovski tes, these
oxi dati on states of Mn display well -defined ionic ground states of t 3 e 2 ; t 3 e 1 , and
t 3 e 0 f or Mn 2 + , Mn 3 + , and Mn 4 + , respectivel y. These single-valent states can be
achi eved by using rare earth ' s (R = La, Pr, Nd, . . .) and alkal ine earth' s (Ca , Sr,
and Ba) on the A- sites as wel l as by intro duci ng oxyg en vacanci es, £ . The Ùll ing
of ato m ic electronic d -orbi ta ls, t and , wi th electrons tha t is consistent wi th
Hund' s and crysta l -Ùeld spl i tti ng rul es has been described in several textb ooks [6].
For future ref erence we onl y need to recal l here tha t the ionic size of Mn rapidl y
decreases wi th i ts increasing oxi dati on state because of the decreased Ùll ing of
the orbi ta ls. And, in addi ti on, tha t the Mn 4 + ion wi th three electrons in three
di ˜erent orbi ta ls is nearl y spheri cal ly symm etri c whi le the Mn 3 + ion wi th a
sing le electron in tw o di ˜erent orbi ta ls is highly asymm etri c because of the
Jahn{ T eller distorti on associated wi th rem oval of the two- fold degeneracy of the

orbi ta ls.
No w, because in the perovski te structure each Mn pai r is separated by an

oxyg en ion, there are no signi Ùcant di rect m agneti c intera cti ons between local =

5 2 , 4/ 2, and 3/ 2 m oments of Mn 2 + , Mn 3 + , and Mn 4 + respectivel y. In addi ti on,
because the spin{ orbi t coupl ing is quenched in the perovski te structure [2], the
anti ferromagneti c (AF) and ferrom agneti c (FM) indi rect sup erexchange describes
very well the coupl ing between m agneti c m oments for the sing le-valent states. The
Goodenough{ Ka namori rul es of superexchange intera cti ons are used to predi ct the
sign of the intera cti on for stra ight Mn{ O{ Mn bond angles [7]. W hen the Mn{ O{ Mn
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bonds are not stra ight, the intera cti ons can be described as a sup erpositi on of 180
and 90 deg bonds [8]. The correl ati on of anti ferromagneti c tra nsi ti on tem peratures
to the Mn{ O{ Mn bond- angle ˚ ; T N ¤ TN m ax À T 1 ( 1 À h cos2 ˚ i ) , has been clearl y
establ ished for sing le valent R BO 3 systems wi th B = Fe3 + ( t 3 e2 ) and Cr 3 + ( 3 )
when there is only one ki nd of rare earth on the A- site [8, 9].

W e have recentl y shown tha t a sim i lar relati onshi p between the Mn{ O{ Mn
bond- angle and holds for the R MnO 3 perovski tes wi th a sing le valent Mn 3 +

( 3 1 ) whi le for the sol id soluti on system Sr 1 Ca MnO 3 wi th Mn 4 + ( 3 ), the
structura l disorder on the A- site intro duces a measurable devi ati on from thi s rela-
ti onshi p [5, 10]. Fi gure 1a shows a schemati c pha se diagram of the magneti c, resis-
ti ve, and structura l properti es versus cos2 f or RMnO 3 perovski tes. The com plex
AF A- typ e m agneti c structure of these com pounds is a result of the Jahn{ T eller
di storti on and the orbi ta l order present below tem peratures, [11]. The phase
di agram of R MnO 3 perovski tes is nota bl y simi lar to the phase di agram of RNi O3

(see Fi g. 1b) [12]. Both these phase di agrams show tha t the cos depen-
dence is observed even for compl ex intera cti ons of the Jahn{ T eller B-site ions l ike
Mn 3 + wi th orbi ta l order and m ixed AF and FM intera cti ons and for Ni 3 + ( 6 1 )
wi th charge separati on, orbi ta l order, and mixed AF and FM intera cti ons.

The l inear dependence of on cos2 observed f or RMnO 3 i s lessregular
for the sol id soluti on system Sr 1 Ca MnO . The size di ˜erence between inter-
ato m ic di stances of the Sr{ O and Ca { O (f or the isovalent Sr and Ca cati ons)
intro duces local v ariance of the bond angles tha t suppresses by 2 0 K at

= 0 5 , where the vari ance of sizes is the largest [13]. The pro perti es phase di -
agram s have been most frequentl y described in term s of the avera ge structure
usi ng the to lerance f actor, ( ) . It was reported recentl y tha t the ferrom agneti c
tra nsiti on tem peratures of the mixed- valent mangani tes can be better modeled
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by using the vari ance of sizes of the A- site ions in addi ti on to the to lerance fac-
to r or intera to mic distances, s ( x ) =

p
Ï i f x i [A i À O] 2

À [A À O ]2 , where [A{ O] =
Ï [A O] , and is the fracti onal occupancy of ato m s occupyi ng the A- site [14].
W e have used our own m easured intera tom ic di stances [Ca{ O] = 2.640 and [Sr{ O]
= 2.691 ¡A to appro xi m ate the vari atio n of the local Mn{ O{ Mn bond angles f rom
i ts average by the v ariance of sizes of the A-site ions, ( = 0 5 ) = 0 0 2 6 ¡A [5, 15].
The observed suppression of and by the vari ance of sizes shows tha t the
m agneti c tra nsi ti on tem peratures are very sensiti ve to the local vari ati on of the
A{ O bond lengths and Mn{ O{ Mn bond angles.

The to lerance factor ( ) = [A O] ( 2[Mn O ] ) , ra ther tha n the Mn{ O{ Mn
bond angles, is usual ly used to describe physi cal properti es of com pounds
A A MnO wi th varyi ng com positi ons at room tem perature [16]. T o im -
pro ve the calculati on of the to lerance f actor we have used neutro n powder di ˜ra c-
ti on to preci sely m easure indi vi dual A{ O and Mn{ O bond lengths at 300 K for
Sr Ca Mn O and La Sr Mn O [5, 17]. Indi vi dual bond lengths were
used to derive average equi l ibri um intera to mic distances speciÙc for perovski te
m angani tes [A{ O] , [Mn { O] = 1.98 and [Mn { O] = 1.896 ¡A instead of relyi ng
on ta bul ated values of ioni c radi i obta ined for di ˜erent compounds [4]. Kno wl -
edge of accurate intera to mic di stances is of great value for crysta l lographers and
physi ci sts since the avera ge sizes of [A{ O] and [B{ O] can be rel iably calcul ated for
any com binatio n of ions to predi ct ( ) ( ) , and describe m agneti c and resistive
behavi or [5].

The to lerance factor is also frequentl y used to estim ate the solubi l i t y lim -
i ts and predi ct stabi l i t y of novel compounds. Ho wever, because the synthesi s is
done at hi gh tem peratures, 800 1 4 0 0 C, i t is im porta nt to kno w dependence of
the to lerance f actor on tem perature and oxyg en content . Thi s dependence
of ( ) on and ari ses because the intera to mic bond lengths expand wi th
increasing tem perature. In addi ti on, the oxygen content is not always constant
at these tem peratures, such tha t the form al va lence of Mn is changing, and so
is i ts bond length to oxyg en. By usi ng neutro n di ˜ra cti on and therm ogravi m et-
ri c m easurem ents (TG A) over a wi de range of tem peratures we have estim ated
the tem perature dependence of the to lerance factor for both sto ichiom etri c and
oxyg en deÙcient com positi ons. W e have observed tha t the to lerance factor shows
a sim ple parabol ic dependence on for stoichi ometri c com pounds over a wi de
range of tem peratures 0{ 600 K, ( = 0 ) = ( ) + ( ) . In addi ti on, we
have observed tha t over thi s tem perature range ( = 0 ) can be used to re-
l iabl y predi ct structura l phase tra nsiti ons from cubi c to tetra gonal at = 1 and
from tetra gonal to ortho rhombi c at = 0 9 9 6 as a functi on of com positi on and
tem perature [5].
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The e˜ect of oxyg en nonsto ichi ometry wa s incl uded by deÙning the average
Mn- oxyg en intera to m ic distance [Mn 4 À 2£

À O ] = ( 1À 2£ )[ Mn 4 +
À O] +( 2£ )[ Mn 3+

À O ] .
TG A m easurem ents have shown tha t duri ng heati ng above 4 0 0 C ( 6 7 5 K),
the oxygen content of the perovski te m ateri al Sr1 Ca MnO 3 wi th compositi ons
0 0 5 begins to decrease. Rapi d vari ati on of oxyg en content at 800 1 4 0 0 C
wa s observed, and shown by X- ray di ˜ra cti on to result from a reversibl e tra nsfor-
m ati on to a hexagonal 4-layered phasetha t exhi bi ts a di ˜erent oxyg en envi ronm ent
around Mn. The perovski te phase wa s observed to be stable at hi gh tem peratures
onl y when the oxyg en content was in the speciÙc range of 2.50 (3 ) . The oxy-
gen vacancy content necessary to m ake stable the perovski te phase was found to
decrease wi th the substi tuti on amount, , such tha t compositi ons wi th 0 5 did
not tra nsform to the hexa gonal phase in ai r at any tem perature. The structura l
changes between the perovski te and non-perovski te hexagonal phases have been
expl ained using tolerance factor tha t is a functi on of compositi on, tem perature,
and oxygen content. The dependence of the observed phaseson the m agni tude of
the to lerance factor conÙrmed tha t the stabi l i ty of the perovski te phase is l imi ted
by the condi ti on ( ) 1 0 at synthesi s tem peratures 8 0 0 C [5].

Fi gure 2 shows the calcul ated to lerance factor at 1 3 2 5 C as a functi on of
the [A{ O] bond length (or the com positi on of Sr1 Ca Ba MnO 3 ) f or vari ous
am ounts of oxygen v acanci es. The consta nt 0.055 in front of the oxygen v acancy
content (2 ) in the form ulae for ( ) depends sensiti vel y on the average equi -
l ibri um intera to m ic di stances [Mn 3 + O] and [Mn 4 + O] , and as such may conta in
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a considerable error bar of Ï 0 : 0 1 5 dependi ng on the local ized or i ti nerant state
of the Mn 3 + and Mn 4 + ions. The predi cted compositi ons, at given T and £ for
whi ch the perovski te phase is stable are l im i ted by the condi ti on t < 1 . D espite
thi s condi ti on, i t is sti l l possible to obta in ki neti cal ly stable perovski te phaseswi th
t > 1 at lower tem peratures by a tw o-step procedure. Tha t pro cedure produces an
oxyg en deÙcient perovski te phase wi th t < 1 at elevated tem perature fol lowed by
cool ing in argon or quenchi ng in ai r wi tho ut increasing oxyg en content and by a
low- temperature (T < ¿ 6 0 0 £ C) oxygen anneal tha t m akes t > 1 wi tho ut decom -
positi on of the perovski te phase. Kno wl edge of the functi onal dependence of the
to lerance facto r on com positi on, tem perature, and oxyg en vacancy concentra ti on
gui des the prepa rati on of a wi de range of new perovski te mangani tes and other
m ixed-valent compounds by such a two -step pro cedure. In the fol lowi ng sections,
we wi l l describe several substi tuted mangani te system s for whi ch special synthesi s
techni ques were used to extend chemical com positi on ranges and selectivel y order
or disorder m ixtures of metal ato m s on the A- or Mn- sites.

5. Mag net i c t r an si t io ns an d st r u ct u ral f eat u r es f or m i xed -v al ent
syst em s

Using a m odi Ùed tw o-step synthesi s m etho d at reduced oxygen pressure fol -
lowed by low-tem perature oxyg en anneal , we recentl y have been able to extend
the solubi li ty lim i ts from = 0 6 and 0.3 to = 1 and 0.7 for the A- site substi -
tuted com pounds La 1 Sr MnO 3 and La 1 Ba MnO 3 , respectivel y [13, 17].
R ecently, we have found tha t for the large oxyg en vacancy content 0 5 dur-
ing the Ùrst step of synthesi s it is possible to intro duce layer orderi ng of the La
and Ba cati ons f or 0 3 8 0 5 2 [18]. Using the two -step synthesi s m etho d we
have obta ined several new Mn- substi tuted SrMn 1 B O3 compounds wi th ran-
dom ly mixed Mn/ B ions. Two such system s wi l l be described here for B = Fe
(0 1 ) [19] and Ga (0 0 5 ) [20]. In addi ti on, by contro l l ing the oxygen
vacancy content near 0 5 , i t is possible to intro duce layer orderi ng of the Mn
and Ga ions f or = 0 5 .

Fi gure 3 shows the com plete structure- pro per ti es phase diagram for
the La 1 Sr MnO 3 system [17]. The shadowed area denotes the newl y synthe-
sized compositi ons. A detai led kno wl edge of the phase diagram s l ike tha t of the
La 1 Sr MnO 3 system is helpf ul f or a com prehensi ve understa ndi ng of the prop-
erti es of the Mn{ O 3 netwo rk as a functi on of the hole dopi ng (ba nd Ùll ing) and
bond angles (ba nd wi dth). It is also useful for di scoveri ng new appl icabl e and
im pro vi ng kno wn properti es.

D ramati c changes of the structura l and resisti ve properti es in response to
the magneti c Ùeld were found near the m etal { insul ator tra nsiti ons [21]. For ex-
am ple, Fi g. 4 shows resisti vi ty of the = 0 1 7 sampl e in 0 and 3 T esla. In zero
m agneti c Ùeld, the structura l rhombohedra l to ortho rhom bic phase tra nsiti on at
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Fig. 3. C omp osition- pro perti es phase diagram for the La 1 À x Srx MnO 3 system. FM and

A F A -, C -, and G- typ e denote magnetic structures and transition temp eratures. Or-

thorhombic (O ' , O Ê , and O + ), rhomb ohedral (R), tetragonal (T ), and cubic (C ) struc-

tural phases and transition temp eratures as w ell as ranges of various conducting prop-

erties are also show n.

Fig. 4. Resistivi ty of several La 1 À x À y C ax Sr y MnO 3 samples near structural (rhomb ohe-

dral to orthorhombic) transitions in 0 and 3 T esla. T C and T s denote ferromagnetic and

structural transition temp eratures, respectively , in 0 T (arrow dow n) and 3 T (arrow up)

for x = 0 and y = 0: 17 .

T s = 290 K is slightl y above the ferromagneti c tra nsiti on at T C = 260 K. Up on
cool ing, thi s order of tra nsiti ons Ùrst pro duces a rapid increase in resisti vi ty at

due to enhanced electron scatteri ng by large cooperati ve JT- di storti ons, fol -
lowed by a rapid decrease in resisti vi ty , due to the ferrom agneti c tra nsiti on to
m etal l ic phase. By appl yi ng a m agneti c Ùeld, ri sesrapidl y causi ng the resistive
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increase at T s to dim inish. Ab ove a certa in value of the appl ied Ùeld (about 2 T for
x = 0 :1 7 ); T C i s shi fted above T s . As a result, a rapid increase in resisti vi ty wi th
decreasing temperature is rem oved and replaced by a rapi d decrease in resisti vi ty
at the ferromagneti c tra nsi ti on leading to a signi Ùcant enhancement of the m ag-
neto resistance. Fi gure 4 shows an exampl e [22] of several La 1 À x À y Ca Sr MnO 3

compositi ons for whi ch an enhanced CMR e˜ect wa s achi eved by tuni ng struc-
tura l and m agneti c tra nsi ti ons over a wi de tem perature interv al 260{ 330 K.

The synthesi s of the random ly substi tuted La 1 Ba MnO 3 system requi red a
m ore com pl icated pro cedure. Thi s wa s done at hi gh tem peratures (1300 1 4 0 0 C)
usi ng Ar Ûow to achieve the oxyg en-deÙcient com positi ons O2 6 2 8 fol lowed by
the compl ete oxyg enati on (a ir or O 2 Ûow) at a tem perature low enough (b elow
5 0 0 C) tha t the cati ons do not di ˜use. The form ati on of a well -layered-ordered
La BaMn 2 O6 phase at high tem peratures requi red accurate contro l of the oxy-
gen content at O5 using in situ TG A apparatus in H 2 / Ar Ûow [18]. A compari son
of layered-ordered and randomly substi tuted compounds wi th the sam e chemical
compositi ons (i .e., the same charge dopi ng and to lerance facto r) revealed much
greater e˜ects of the charge disorder on the ferrom agneti c tra nsiti on tem perature
for m ixed valent perovski te manganites tha n was apparent for the single-valent
Sr 1 Ca MnO 3 system [13, 15]. Because our m easured intera to mic di stances of
[La{ O] = 2.765 and [Ba{ O] = 2.783 ¡A are qui te sim i lar, the vari ance of size is
smal l ( = 0 5 ) = 0 0 0 9 ¡A, i .e., the e˜ects of structura l disorder are anti cipated
to be smal l . Nonethel ess, we observe a large, 8 0 K, di ˜erence of ferrom agneti c

between the two structura l f orm s. We attri bute the di ˜erent properti es of the
random ly substi tuted and layered-ordered phases to the local A- site charge di sor-
deri ng tha t profoundl y disturbs the coherent electroni c states of the Mn{ O bonds.
The di ˜erence between ' s of the two structura l form s decreases for compositi ons
0 3 8 0 5 0 because of the intro ducti on of structura l and charge di sorder for
the layer-ordered phase wi th a parti al substi tuti on of La in the layers of Ba{ O.
No nethel ess, the newl y synthesi zed layer-ordered pha se wi th com positi on = 0 4 2

shows the second highest FM tra nsiti on tem perature of 365 K ever observed f or the
perovski te mangani tes. Sim i lar e˜ects of local structura l / charge order no doubt
have prof ound e˜ects on the properti es of other com plex oxi des; for exampl e, lay-
ered copp er oxi de hi gh temperature sup erconducto rs.

Fi gure 5 shows m agneti c phase di agram for the SrMn 1 Fe O 3 com pounds
constructed by com binatio n of structura l, magneti c, and tra nsport m easurem ents
wi th M �ossbauer spectroscopy [19]. The com plete solid soluti on was achi eved for
thi s system wi th unusua l sim ple cubi c structure, i .e., wi th stra ight average bonds
angles. W e have observed onl y random m ixi ng of Mn and Fe and could not in-
duce any ki nd of Mn/ Fe orderi ng for SrMn Fe O over the enti re range of

= 0 0.5. W e have found the AF orderi ng for l ightly and heavi ly Fe-substi tuted
m ateri al , whi le interm ediate substi tuti on leads to spin-glass behavi or. Near the
compositi on SrMn Fe O , these two typ es of orderi ng are found to coexi st and



54 B. Dabrow ski, O. Chmai ssem, J. Mai s, S. Kol esnik

Fig. 5. C omp osition- magn etic prop erties phase diagram for the SrMn 1 À y Fey O 3 com-

p ounds. Solid markers are data points for oxygen deÙcient samples from Ref. [23].

a˜ect one another. The spi n-glass behavi or m ay be caused by the com peti ng FM
and AF intera cti ons among rando mly substi tuted Mn 4 + and observed Fe3 + and
Fe5 + ions. The same competi ti on and di sorder m ay cause gradual suppression of
T N wi th Fe substi tuti on.

A sim i lar suppression of T N and the spin-glass behavi or at y = 0 : 5 wa s ob-
served for the random ly substi tuted SrMn 1 À

Ga O 3 2 com pounds. These com -
pounds in the compositi on range 0 0 3 can be prepared by heati ng in Ar
at 1300 C fol lowed by oxygen annealing tha t bri ngs Mn oxi datio n state to 4+,
i .e., the m aximum oxygen content is 3 2 However, to make 0 3 0 5

requi res the TG A synthesi s in 1% O 2 Ar such tha t the oxygen content is 2 5 5

at the synthesi s tem perature. At higher oxygen content, the perovski te phase is
not stable, whi le at lower oxyg en content, = 0 4 sampl e is mul ti -phase, and
for = 0 5 the sing le-phase layer-ordered (Mn/ Ga) is form ed. Thus, simi lar to
the LaBaMn 2 O 6 pha ses, i t is possible to order or disorder cati ons and oxygen
vacancies in the perovski te structure. These orderi ng phenom ena have profound
e˜ects on properti es; for exam ple, the randomly substi tuted SrMn Ga O
shows spin-glassbehavi or at 20 K, the layer-ordered Sr MnG aO is G-typ e AF at
80 K, and the layer-ordered Sr MnG aO is m ixed C- and G-typ e AF at 130 and
90 K, respect ively.

Bond angles Mn{ O{ Mn and bond lengths [A{ O] have been used to describe
of the single-valent m angani tes. The m axi mum was found f or stra ight bonds

( cos2 ( ) 1 ) and m inimal variance of sizes ( 0 ). The to lerance factor ( )

have been used to describe the stabi li ty of the perovski te phase at the synthesi s
tem perature, identi fy structura l properti es at room tem perature, and develop the
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design rul es for contro l l ing properti es of novel compounds. We have shown tha t
the therm ogravi m etri c synthesi s can be used to greatl y extend solubi l i ty l im its
and obta in new A- and Mn- site ordered perovski tes. The study of the correlati ons
between chemical , structura l , and physi cal properti es f or m ixed-valent m angani tes
show tha t T C and T N depend strongly on the to lerance factor ( t ), charge dopi ng (h ),
structura l di sorder (s), and charge disorder.
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