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Th e results of X -r ay and neutron di˜ra ction study as well as the elastic ,
ma gnetic, and electrotrans port prop erties of La 0 : 88 Mn O x ( 2 :82 x 2: 9 6)

and LaMn 0 : 9 4 O y (2 : 91 y 3: 00 ) manganites have been presented . U n-
der oxygen doping, the transitions from antif erromagnetic to ferromagnetic
or spin- glass state are observed for La- deÙcient and La- excessive series, re-

spectively . T hese transitions have been found to correlate with the change
of the typ e of Jahn {T eller distortions from static to dynamic ones. T he
dynamic orbital correlatio ns favor a ferromagnetic state, w hile an A -typ e
antif erromagnetic state is typical of the static Jahn{T eller distortion s. I t is

argued that the canting magnetic structure in manganites is not reali zed.
T he transition to a ferromagnetic or spin- glass state occurs via the forma-
tion of inhomogen eous state w ith di˜erent typ es of orbital correlations and

magnetic structure. T he key role of intrinsic chemical inhomogene ity in the
formation of inhomogen eous magnetic states in solid solution s of manganites
is emphasized.

PAC S numb ers: 75.30.K z, 75.47.Lx, 61.50.K s

1. I n t rod uct io n

The mixed- valence hole-doped m anganites wi th the general f orm ula
Ln x A x Mn O (Ln | lantha nide, A | alkal ine-earth m etal ) are the m odel ob-
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jects of physi cs of strongly correl ated electroni c system s. Na ture of the interpl ay
between the crysta l structure, magneti c and tra nsport pro perti es in these m ateri -
als is sti l l a matter of discussion in spite of the num erous inv estigati ons. Several
m odels were proposed to expl ain a m agneti c state evoluti on under hole doping as
wel l as the m etal { insul ato r tra nsi ti on at the Curi e point. In the doubl e-exchange
m odel of Zener, the simulta neous ferrom agneti c and m etal l ic tra nsi ti ons have been
qual i ta ti vely expl ained by the fact tha t electrons tend to move between Mn 3 + and
Mn 4 + ions havi ng the sam e spin orienta ti on, theref ore electron delocal izati on fa-
vo rs the ferrom agneti c order [1]. D e Gennes has devel oped the theo ry of double
exchange and has predi cted tha t a concentra ti on tra nsiti on from an anti ferrom ag-
neti c to a ferrom agneti c state occurs vi a the form ati on of canted homogeneous
m agneti c structure [2]. Mo re recentl y Mi l l is et al . pointed out tha t doubl e ex-
change alone cannot account for m any of the experim ental results [3]. The autho rs
showed tha t a Jahn{ T eller typ e electro n-phonon coupl ing plays an importa nt ro le
in expl anati on of the colossal magneto resistance e˜ect and argued the possibi l i ty
of latti ce polaron form atio n above the tem perature of f erromagneti c orderi ng.

Ano ther m echani sm of anti ferromagnet{ ferromagnet phase tra nsiti ons in
m angani tes was pro posed by Na gaev [4]. Taking into account tha t the energy
of charge carri ers in a magneti c semiconducto r is minima l for a ferrom agneti c
state and free charge carri ers tend to establ ish a paral lel orderi ng of the m ag-
neti c m om ents, he predi cted tha t the interm ediate phase can be described as
non-hom ogeneous m agneti c state dri ven by electroni c phase segregati on. In thi s
scenari o the ferrom agneti c regions conta in an excessof holes and are m etal l ic. An-
ti ferrom agneti c m atri x remains insul ati ng. The tra nsi ti on to metal l ic conducti vi ty
ta ki ng place wi th an increase in dopi ng level occurs when ferromagneti c clusters
percolate.

Goodenough et al . argued tha t the m agneti c properti es of m anganites were
determ ined by the typ e of orbi ta l sta te [5]. Accordi ng to the rul es for 1 8 0 £ su-
perexchange, i f the electroni c conÙgurati on correl ates wi th vi bra ti onal modes,
Mn 3 +

À O 2
À Mn 3 + intera cti ons are anti ferrom agneti c in the case of the stati c Jahn{

T eller e˜ect and ferrom agneti c when Jahn À T eller e˜ect is dyna mic. Thus, anti -
ferrom agneti c{ ferrom agneti c phase tra nsiti ons can occur thro ugh a m ixed state of
phases wi th di ˜erent orbi ta l dyna m ics.

The existence of phase separati on in mangani tes is corroborated by the nu-
m erous experim ental data . The results of nucl ear magneti c resonance [6], neutro n
di ˜ra cti on [7], m uon spin relaxati on [8], X- ray absorpti on [9], scanni ng tunnel ing
spectroscopy [10], electro n m icro scopy [11] experim ents give evi dence of m agneti c
and structura l inhom ogeneiti es, but the dri vi ng force of magneti c phase separa-
ti on in m anganites is sti l l not ful ly clear. In order to contri bute to the soluti on of
thi s pro blem we have carri ed out investigati on of anti ferrom agneti c{ ferromagneti c
phase tra nsiti on in low-doped m angani tes. In the present paper we pro pose the
resul ts of study of structura l , m agneti c, and electro tra nsport properti es of the



Or bi t al C orrelat ions and Ma gnetic Phase T ransi tions . . . 29

La -deÙcient La 0 : 8 8 MnO x mangani tes and compare these resul ts wi th tho se ob-
ta ined for La-excessive LaMn 0 :9 4 O y system .

2. Ex p er im ent

Polycrysta l l ine sampl es of La 0 : 8 8 MnO x and LaMn 0 :9 4 O y m angani tes were
prepa red by sol id-sta te reacti on m etho d usi ng hi gh-puri ty La 2 O3 and Mn 2 O
reagents. T o rem ove absorb ed water, a preÙri ng of lantha num oxi de C,
1 hour) was carri ed out. Af ter tha t, the compacted m ixtures of reagents ta ken in
sto ichi ometri c cati on rati os were annealed at C for 2 h, reground and pressed
into pellets. The parent com pounds La : MnO : and LaMn : O : were ob-
ta ined thro ugh a Ùnal heat trea tm ent at C for 6 h fol lowed by slow cool ing at

C/ h down to room tem perature. The oxyg en content of these sampl eshas been
determ ined using therm ogravi metri c analysis, i .e. decompositi on into sim ple ox-
ides La O and MnO in a reduci ng H / N Ûow. The reducti on of the sam ples was
carri ed out in evacuated quartz am poul es at C for 24 h using m etal l ic
ta nta lum . Al l the sam ples were quenched. The oxyg en losshas been checked by the
wei ghing of the sampl esbefore and after reducti on. The inaccuracy di d not exceed
0.2% of the to ta l oxyg en content. T o veri fy the correctness of determ inati on of the
oxyg en content in the reduced com pounds therm ogravi metri c analysis was per-
form ed for selected sam ples. In all the cases, resul ts showed good agreem ent wi th
exp ected values of the oxyg en content. Sing le-phase com pounds of La : MnO x

and LaMn : Oy m angani tes were obta ined in the oxyg en concentra ti on ranges
and , respecti vel y. These ranges correspond to

the average valence of m anganese ions from 3 to 3.28 for La-deÙcient series and
from 3 to for La-excessive one. A further reducti on wa s found to lead to
decompositi on of the sampl es into La O and MnO oxi des.

The uni t cell param eters as well as the pha se puri ty of the sampl es were
checked by X- ray analysis using a D RON- 3 di ˜ra ctom eter wi th Cr ˜ radi ati on.
The reÙnement of the uni t cell param eters has been carri ed out using the Ful l -
Pro f program . The elasti c properti es were studi ed by a resonance m etho d in the
sound frequency range ( Hz) using cyl indri cal sam ples wi th a di ameter
of 6 m m and length of 60 m m. The di ˜erenti al therm al analysis (D T A) was per-
form ed at heati ng (co ol ing) rates of C/ min. The m easurements of tem perature
and Ùeld dependences of m agneti zati on were carri ed out wi th an OI{ 3001 com m er-
ci al vi bra ti ng sampl e magneto m eter. The study of electro tra nsport pro perti es was
perform ed using the standard four- probe metho d using ul tra soni cal ly deposited in-
di um conta cts. The resisti vi ty data were col lected in the tem perature range f rom
80 to 300 K either in the absence of a magneti c Ùeld ( ) or in the Ùeld of
9 kOe ( ). The m agneto resistance has been calcul ated accordi ng to the
relati on



30 I. O. T royanchuk et al .

Neutro n di ˜ra cti on m easurements for the La 0 :8 8 MnO 2 :8 4 and La 0 :8 8 MnO 2 :8 7

sam ples were perform ed in the Berl in Neutro n Scatteri ng Center using the E9
neutro n powder di ˜ra ctom eter (FIR EPOD ) wi th a wa velength of neutro ns Ñ =

1 : 7 9 7 4 ¡A and scanni ng step Â . The data have been analyzed wi th the
R ietveld m etho d using the Ful lProf program .

Accordi ng to X- ray di ˜ra cti on data the La : MnO x ) sam -
pl es are characteri zed by the so-cal led O -ortho rhom bic typ e of uni t cell distorti on
( ), space group (Fi g. 1). The uni t cell v alues of the most

reduced La : MnO : com pound have been found to be very cl ose to tho se for
La MnO stoichi om etri c com positi on [12]. The uni t cell vo lume decreases as the
oxyg en content increases, and the tra nsiti on to the O- ortho rhom bic crysta l struc-
ture ( ) occurs starti ng from (Fi g. 1). Unl ike La x A x MnO
(A =Sr , Ba , Pb ) and La MnO £ m anganites, whi ch exhi bi t concentra ti on
and tem perature- induced tra nsiti ons to rhombohedra l uni t cell symm etry [13, 14],
the com pounds La : MnO x ) go over to monocl inic sym me-
try (space group ) (Fi g. 1). The sam e structura l form s have been found for
La Mn : O y sam ples (Fi g. 2). It is interesti ng to note tha t the uni t cell param eters
of La -deÙcient m anganites are close to tho se for La -excessive compounds wi th the
correspondi ng Mn / Mn rati o.

The temperature dependence of Young‘s m odul us for La : MnO x m angan-
i tes (square of resonance frequency is pro porti onal to Young‘s modulus) is pre-
sented in Fi g. 3. The most reduced La : MnO : sam ple shows a wel l -pronounced
structura l phase tra nsiti on around 650 K (Fi g. 3a). A large temperature hysteresi s
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Fig. 2. Ro om- temp erature unit cell parameters of LaMn 0 : 94 O y (2 : 91 ç y ç 3 :00 )

comp ounds.

Fig. 3. Temp erature dependence of a square of resonance frequency for selected samples

of La 0 : 88 MnO x system. Filled and open symb ols are used for measurements on heating

and on cooling , resp ectively .

and strong dampi ng are observed in the vi cini ty of 650 K. As the oxyg en content
increases, the tem perature of the phase tra nsiti on lowers gradual ly and the tra n-
siti on becom es broader (Fi g . 3b{ d). Besides, a sharp increase in Young‘s modul us
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indi cati ng the app earance of another structura l tra nsiti on is observed for x = 2 : 8 4

and x = 2 : 8 5 compounds around 630 K and 530 K, respecti vely (Fi g. 3c, d).
The hysteresis observed between heati ng and cool ing runs over a wi de range of
tem perature is evidence of a gradual structura l tra nsform ati on. For the x = 2 : 8 6

compound, the tem perature dependence of Young‘s modul us exhi bi ts a bro ad m in-
im um slightly above room tem perature. The temperature of the second anom aly
decreases down to 500 K. In contra st to the 2 : sampl es,no minimum
of Young‘s m odul us tem perature dependence is observed for the La MnO
compound above room tem perature. However, as in the case of
sam ples, a signi Ùcant increase in Young‘s m odul us value is observed above 440 K
(Fi g. 3e). The monocl ini c compounds do not show any sharp changes in the be-
havi or of Young‘s modul us and exhi bi t a gradual increase in resonance frequency
in the who le accessible tem perature range (Fi g. 3f).

In order to reÙne the structura l features of O - and O-ortho rhom bic sampl es
and to reveal ori gin of the anomal ies observed on the tem perature dependence of
Young' s m odul us value we perform ed neutro n di ˜ra cti on study of La MnO
and La MnO compounds. Di ˜ra cti on patterns were collected at tempera-
tures of 300 and 530 K for , and at 500 K for sam ple. The

T ABLE I
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T ABLE I I

Selected interatomic distances (in ¡A ) and angles (in degrees) for the x = 2 :8 4 and
x = 2 : 87 comp ounds at di˜erent temp eratures.

C omp ound T (K ) Mn{O 1 (m) Mn{O 2 (s) Mn{O 2 (l) Mn{O 1{Mn Mn{O 2 À Mn

x = 2: 84 300 1. 974 1.924 2.099 157.94 158.59

530 (O -phase) 2. 003 1.972 2.008 157.26 161.58

530 (O 0 -phase) 1. 980 1.930 2.098 157.90 157.11

x = 2: 87 500 1. 984 1.955 2.001 160.72 162.77

structura l data as well as selected intera tom ic distances and angles obta ined in
the R ietveld reÙnement are presented in T ables I, I I. The crysta l structure reÙne-
m ent of La 0 : 8 8 MnO 2 : 8 4 sampl e at T = 3 0 0 K was successful ly carri ed out in the
space group P n m a using a one-phase structura l model (T able I). The MnO octa-
hedro ns were found to be rather strongly di storted. The bond lengths vary in the
range from 1.924 to 2.099 ¡A (T abl eI I). Such di storti ons are typi cal of the stati c or-
deri ng of z orbi ta ls. At 530 K, the reÙnement perform ed in the one-phase m odel
di d not al low to get sati sfactory agreement between the observed and calcul ated
di ˜ra cti on patterns. In the resulti ng Ùt, onl y value (wi th the uni t cell
parameters ¡A, ¡A, ¡A) was achi eved.
The agreements factors were signiÙcantl y im pro ved (T abl e I) when addi ti onal or-
tho rhom bic phase wa s intro duced (Fi g. 4). Acco rdi ng to the obta ined results the
crysta l structure of La : MnO : sam pl e at K is characteri zed by the
coexistence of two ortho rho mbi c phases whi ch di ˜er in oxygen octahedrons di s-
to rti ons. W hi le MnO octahedrons in O -phase are strongly distorted indi cati ng

Fig. 4. Observed and calcula ted powder di˜raction patterns of x = 2 : 84 and x = 2: 87

(inset) comp ounds at 530 K and 500 K , resp ectively .
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the stati c d z 2 orbi tal orderi ng, these octahedrons are alm ost regular for disordered
O-phase (T able II). The crysta l structure of La 0 :8 8 MnO 2 :8 7 sam ple at T = 5 0 0 K
wa s found to be m onoclinic. The space group I 2 =a was used for the reÙnement.
The observed and calcul ated di ˜ra cti on patterns of the La 0 :8 8 MnO : sam ple at

K are shown in the inset of Fi g . 4.
Thus, neutro n di ˜ra cti on data indi cate tha t the mini mum on the tem per-

ature dependence of Young‘s m odul us value corresp onds to the onset of coop-
erati ve orbi ta l orderi ng rem oval . The two- phase structura l sta te is real ized in
the tem perature range, where hysteresi s between heati ng and cool ing runs is ob-
served. A sharp increase in Young‘s m odul us value is associated wi th the tra nsi-
ti on from the ortho rhom bic to m onoclinic typ e of uni t cell distorti on. The resul ts
of both di ˜erenti al therm al analysis and resisti vi ty measurements correl ate wi th
the data of neutro n di ˜ra cti on and elastic pro perti es study . The D TA shows a
therm al e˜ect at tem peratures where the structura l phase tra nsiti ons have been
observed. Resisti vi ty m easurem ents carri ed out for sam ples above
room tem perature reveal a hysteresi s between the heati ng and cool ing runs in the
sam e tem perature range, where elastic and therm al anom alies occur indi cati ng the
ortho rhom bic-m onoclini c phase tra nsiti on.

The m agneti c properti es reveal a correl ati on between the m agneti c and or-
bi ta l states. The La : MnO : sampl e (the lowest oxyg en content) has a very
smal l sponta neous magneti c m om ent (about per manganese ion) and a
very large coerci ve Ùeld | 15 kOe. The tem perature dependence of m agneti zati on
for thi s sampl e is shown in Fi g. 5a. A sharp tra nsiti on to the param agneti c state is
observed at a tem perature of 140 K. An externa l m agneti c Ùeld does not shift the
tem perature of pha se tra nsi ti on. An increase in oxygen content in concentra ti on
range of O -ortho rhom bic compositi ons results in a decrease in NÇeel point and an
increase in sponta neous m agneti zati on. For instance, the sponta neous m agneti za-
ti on of the compound is / Mn, the coercive Ùeld is 4.2 kOe and the
tem perature of m agneti c orderi ng is 125 K. The tra nsiti on into paramagneti c state
rem ains wel l pro nounced. An externa l m agneti c Ùeld weakl y a˜ects the tem per-
ature of tra nsiti on into param agneti c state sim i lar to the com positi on.
Thi s tendency of the magneti c orderi ng tem perature to decrease rem ains up to the
La : MnO : com pound (Fi g. 5b). The m agneti c state changes wi th a further
increase in oxyg en concentra ti on in the range of the ortho rhom bical ly distorted
sam ples. Starti ng from the com pound, the tem perature of magneti c or-
deri ng increasesfrom 150 K ( ) to 202 K ( ) (Fi g. 5c, d). Mo reover,
a considerable ri se of sponta neous m agneti zati on up to 3.25 / Mn for
is observed. Besides, m agneti c anisotro py and coercive Ùeld decrease signiÙcantl y.
Ma xi mal sponta neous m agneti zati on values (up to / Mn) cl ose to tha t ex-
pected for a col linear ferromagnet have been obta ined for m onoclinical ly distorted
compounds. FC and ZFC curves indi cate tha t the monoclinic sampl es underg o a
paramagnet{ ferrom agnet tra nsi ti on at tem peratures from 212 K for La : MnO :
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Fig. 5. FC and ZFC magnetization of selected La 0 : 88 MnO x comp ounds, measured at

100 O e.

to 255 K for La 0 :8 8 MnO 2 :9 6 (Fi g. 5e, f ). In contra st to the O 0 -ortho rho mbic sampl es
an externa l Ùeld shif ts the tra nsiti on rather far to higher tem peratures.

The tem perature dependence of resisti vi ty both under zero Ùeld or in a Ùeld
of 9 kOe as well as the m agneto resistance data for selected sam plesof La 0 :8 8 MnO x

system are shown in Fi g. 6. In the concentra ti on range 2 , the
sam ples are characteri zed by m etal l ic conducti vi ty below (Fi g. 6a). A pro-
nounced m agneto resistance peak is observed slightl y below the temperature of the
m etal { insul ato r tra nsiti on. The largest va lue of the m agneto resistance, up to 96%
at K, was found for the compound. Starti ng from the mono-
cl ini c com pound, the semi-conducti ng typ e of conducti vi ty is observed
(Fi g. 6b, c). The m agneto resistance peak at the Curi e point gradual ly decreases
wi th a decrease in oxyg en content.

Fig. 6. Temp erature dep endence of resistivi ty and magnetoresistance for selected

La 0 : 88 MnO x samples. Filled and open circles are used for the measurements in zero

Ùeld and an appli ed Ùeld of 9 kO e, resp ectively .

The m agneti c pro perti es of the most reduced La Mn : O : sampl e have
been found to be sim i lar to tho se for the La : MnO : one. The tem perature
and Ùeld dependences of magneti zati on for La -excessive compounds are shown
in Fi gs. 7, 8. Under oxygen dopi ng, the NÇeel temperature decreases from 140 K
for to 110 K for (Fi g. 7a{ c). No change of magneti c orderi ng
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Fig. 7. Temp erature dependence of ZFC and FC magnetization s for LaMn 0 : 94 O y

(2 : 91 ç y ç 3: 00 ) samples.

Fig. 8. Field dep endence of magnetizatio n for the LaMn 0 : 94 O y series at T = 4 :2 K .

tem perature for the y = 2 : 9 5 com pound in compari son wi th the y sam -
pl e is observed, but a signiÙcant increase in sponta neous magneti c mom ent f rom
1 to Mn occurs (Fi gs. 7d, 8). For the O-ortho rhom bic LaMn O com -
pound, the tem perature of tra nsiti on to the paramagneti c state increasesto 128 K.
At the sam e ti me, a slight decrease in sponta neous magneti zati on value is observed
(Fi g. 8). Low- temperature behavi or of FC and ZFC m agneti zati ons indi cates the
app earance of a spin-glass component (Fi g. 7e). In contra st to La-deÙcient se-
ri es, a considerabl e decrease in sponta neous magneti c m oment ta kes pl ace for the
m onoclinic sam ple (Fi g. 8). The tem perature dependence of m agneti za-
ti on of thi s compound is typi cal of spin-glasses. Super-paramagneti c behavi or is
observed below 136 K. The temperature of m agneti c m oments freezing is about
36 K (Fi g. 7f ). Al l the studi ed LaMn O com pounds are semi-conducto rs.
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4. D iscu ssio n

The sto ichi ometri c LaMnO 3 i s kno wn to be an orbi ta lly- ordered anti ferro-
m agnet wi th the NÇeel tem perature of 140 K [15]. Cooperati ve orderi ng of d z 2

orbi tals observed for thi s com pound is removed around 700 K as the Ùrst- order
phase tra nsiti on [16]. The properti es of the m ost strongly reduced La 0 :8 8 MnO 2 :8 2

and La Mn 0 : 9 4 O 2 :9 1 sam pl es are sim i lar to the properti es of the sto ichiom etri c
La MnO . Both and com pounds have the same 140 K
(Fi gs. 5a, 7a), and exhi bi t the features of cooperati ve orbi ta l orderi ng (Fi gs. 1,
2, 3a and Ref. [17]). On the other hand, reduced La : Ca : MnO : , whi ch also
does not conta in Mn ions, is a spin-glass wi th the temperature of m agneti c
m oments freezing around 40 K, i t does not show features of cooperati ve orbi ta l
orderi ng [18]. Thi s resul ts from an oxygen vacancy app earance changing the char-
acter of exchange intera cti ons between m anganese ions and rem ovi ng the orbi ta l
orderi ng [18]. R eal ly, z orbi ta ls of Mn ions in penta hedron coordi nati on are
di rected as a rul e to oxyg en vacanci es, whi ch does not agree wi th cooperati ve
orbi tal orderi ng taki ng into account stati sti cal distri buti on of oxygen vacanci es.
Theref ore one can believe tha t oxyg en v acanci es do not appear in La : MnO x

and LaMn : O y m angani tes.
It is well kno wn tha t the oxyg en nonsto ichiom etry in La MnO £ i s accom -

m odated thro ugh the cati on vacanci es because the perovski te structure cannot
accept excess oxyg en in an intersti ti al site [19]. Accordi ng ly, the compositi on
of LaMnO £ is expressed as La " Mn " O , where . Structura l
defects in La-deÙcient and La-excessive mangani tes were studi ed by neutro n
di ˜ra cti on coupl ed wi th sam pl e density m easurem ents [20, 21]. It was shown
tha t the defect structure of the sam ple of nom inal com positi on La : MnO :

i s rea lized as [La : Mn : MnO . The resul ti ng di stri buti on model,
[La x Mn x V = x V MnO , where is the nom inal La -deÙciency, and

is the average oxi dati on state of Mn- ions, is characteri zed by the conservati on of
oxyg en skeleton. The excessof Mn- ions is located on the La-sites. In such a model,
the nom inal sam ple La : MnO : does not conta in any vacancies in A- sublatti ce
of ABO perovski te and has the cati onic com positi on very closeto tha t for the sto i-
chi om etri c LaMnO . Co nsequentl y, one coul d expect tha t the properti es of these
two com pounds wi l l be sim i lar. Indeed, the both compositi ons have very close uni t
cell param eters (Fi g. 1), the same sponta neous m agneti zati on value and very close
tem peratures of magneti c orderi ng (Fi g. 5a) and orbi ta l one (Fi g. 3a). Mo reover,
the proposed model of structura l defects is capable to expl ain the increase in
for the com pounds La : MnO x in com pari son wi th LaMnO £ sam ples as a re-
sul t of the conservati on of MnO octahedro ns and the absence of Mn vacancies in
B- sublatti ce.

In the case of La-excessive m angani tes, the m ost appro pri ate structura l
m odel seems to be La[La y V Mn y = y V O , is the nom inal
La -excess, and is the avera ge oxi dati on state of Mn- ions, where the conser-
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vati on of oxygen skeleton and B-site accom modati on of excessive La- ions are pre-
di cted [20]. Fi rstl y, thi s model gives an expl anati on of orbi ta l orderi ng ta ki ng
pl ace for the stro ngly reduced La -excessive compounds (Fi g. 2 and R ef. [17]). Sec-
ondl y, i t expl ains the spin-glass behavi or of oxi di zed sampl es as a consequence
of Mn- vacancies increase observed wi th increasing oxygen content. On the other
hand, accordi ng to both Ref. [21] and our neutro n di ˜ra cti on data , the best Ùt-
ti ng is observed in the m odel of the nom inal chemical compositi on. A further
research is necessary to reveal the mechani sm of nonsto ichi ometry real izati on in
the La 0 :8 8 MnO x and LaMn 0 : 9 4 Oy systems. Below we refer to the nominal com po-
siti ons.

Hyp otheti cal m agneti c phase di agrams of the La 0 : 8 8 MnO x (2 : 8 2 ç x ç 2 )
m angani tes are shown in Fi g. 9. The m ost strongly reduced sampl eLa : MnO :

i s an anti ferrom agnet wi th the NÇeel temperature of 140 K. W i th an increase in
oxyg en content up to the sam ple, the m agneti c and orbi ta l orderi ng tem -
peratures decrease whi le the sponta neous m agneti zati on increasesslightl y (Fi gs. 3,
5a, b). A further increase in oxyg en concentra ti on leads to the appearance of a
signiÙcant ferromagneti c component. The tra nsiti on tem perature to the param -
agneti c state begins to increase and the tra nsiti on becom es broader (Fi g. 5c, d).
The ground state of ortho rho mbi c com pounds rem ains insul ati ng
(Fi g. 6c). Starti ng from the sam ple, the m onoclinic crysta l structure is
stabi l ized (Fi g. 1). The appearance of meta ll ic conducti vi ty does not coinci de wi th
the tra nsiti on to the monoclini c phase (Fi g. 6b). A meta l { insul ato r tra nsiti on at

(Fi g. 6a) is observed for com pounds.
T radi ti onal ly, the evoluti on of the m agneti c properti es of m angani tes under

hole-doping, nam ely, the concentra ti on tra nsiti on from anti ferrom agneti c to ferro-
m agneti c state is expl ained by either the form atio n of a canted anti ferromagneti c
structure (doubl e exchange model) [2] or the appearance of ferrom agneti c clusters
(m agneti c phase separati on) [4]. The doubl e exchange alone is capable to expl ain
the properti es of La : MnO x mangani tes only in the l im i ted range of doping
concentra ti on where the anti f erromagneti c order associates wi th insul ati ng behav-
ior ( ) and ferromagneti sm wi th m etal l ic conducti vi ty ( ). The
doubl e exchange mechanism in i tsel f canno t account for the presence of ferrom ag-
neti c insul ati ng phase . R ecently, theo reti cal works have focused
on investi gatio ns of the possibi l i ty of m agneti c pha se separati on in manganites.
Ma gneti c phase separati on can be dri ven by electro nic [4] or structura l phase sep-
arati on [22]. In the Ùrst case, the size of ferromagneti c m etal lic clusters m ust be
l im ited by Coulomb intera cti on [23]. In the case of structura l pha se separati on,
even m icrometer- size clusters can app ear. The experim enta l data conÙrm the ex-
istence of ferromagneti c clusters wi th a size up to 100{ 1000 ¡A [11, 24, 25]. It is
necessary to note tha t a change from 2D ferrom agneti c intera cti ons characteri stic
of LnMnO to 3D ones m ay be induced not only by Mn but also by diam ag-
neti c Nb [26], Al , Sc [27] doping of parent LnMnO (Ln- lantha ni de). The
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Fig. 9. Magnetic phase diagram of the La 0 : 88 MnO x (2 :82 ç x ç 2 : 96 ) system. Orth

| orthorhombic crystal structure, M | mono cli ni c crystal structure ; PI , A FI , FI , and

FM | paramagnetic insulatin g, antif erromagnetic insula ting , ferromagnetic insulati ng,

and ferromagnetic metallic states, respectively . Filled circles present the temp eratures

corresp ondi ng to the onset of magnetic ordering. C ross symb ols indicate the temp era-

tures of the most pronounced changes of FC magnetization measured in 100 Oe (w ere

determined as inÛection points on FC curve).

app earance of ferrom agneti c order in spite of the absence of Mn 4 + ions contra -
di cts both doubl e exchange and electroni c phase separati on scenari os. Accordi ng
to Goodenough' s consi derati on, rem oval of stati c Jahn{ Tel ler' s di storti ons should
lead to the appearance of isotro pic ferrom agneti c intera cti on [5, 28]. In the cases,
when one dopes LnMnO 3 wi th non Jahn{ T eller ions such as Mn 4 + (Nb 5 + , Sc3 +

etc. ) the orbi ta ls of al l the Mn sites surro undi ng the Mn (Nb , Sc
etc. ) ion tend to be di rected to ward the centra l ion form ing an orbi ta l polaron
as it wa s shown in [29]. Accordi ng to Goodenough{ Ka namori rul es, an importa nt
consequence of such a typ e of orbi ta l orderi ng is ferromagneti c exchange inter-
acti ons between Mn and Mn ions in thi s cl uster. The di amagneti c doping
(Nb , Sc etc.) also f avors ferrom agneti sm converti ng 2D -typ e orbi ta l order-
ing intri nsic to LnMnO into the 3D cluster- l ike one wi th m uch more fast orbi ta l
dyna mics. An intera cti on of ferromagneti c clusters m ay lead to a long-range fer-
rom agneti c order if Mn{ O{ Mn angle is enough large. A m ost l ikel y m ixed phase
state in La MnO m angani tes results from the orbi ta l phase separati on m ech-
ani sm. In thi s scenari o the 2D orbi ta l ly ordered clusters are anti ferromagneti c
(wea k ferrom agneti c) whereas the 3D quasista ti cal ly orbi ta lly ordered ones are
ferrom agneti c [5]. Appa rentl y, both pha ses have a slightl y di ˜erent com positi on.
The recent X-ray absorpti on Ùne structure measurement of the Sr and La edges
of the l ightl y doped sol id soluti ons La Sr MnO has revealed the intri nsic chem-
ical and structura l inhom ogeneity [30].
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Fig. 10. H yp othetical crystal structure phase diagram of La 0 : 88 MnO x system. O 0 , O ,

and M | orbitall y ordered orthorhombic, orbitall y disordered orthorhombic, and mon-

oclini c phases, resp ectively .

Our study has revealed a stro ng correlati on between the structura l and m ag-
neti c pro perti es of La 0 :8 8 MnO x (2 :8 2 ç x ç ) m anganites. The hyp otheti cal
structura l phase diagram of La : MnO x constructed using
X- ray, neutro n di ˜ra cti on, Young‘s modul us, D TA, and resisti vi ty m easurem ents
is shown in Fi g. 10. For La : MnO : , the sharp drop of Young ‘s m odul us value
is to be associ ated wi th the rem oval of cooperati ve orbi ta l orderi ng and observed
at appro xi m atel y 650 K (Fi g. 3a). The D T A m easurements revealed the release
of latent heat in the range of 650{ 730 K, indi cati ng the coexistence of orbi ta l ly
ordered and orbi ta l ly disordered phases up to a tem perature of 730 K. Ano ther
therm al anom aly connected wi th the tra nsi ti on to the monoclini c phase is observed
in a much narro wer tem perature range of K. W i th an increase in
oxyg en content to , the temperatures of both orbi ta l order{ disorder and
ortho rhom bic-m onoclini c phase tra nsiti ons signiÙcantl y decrease. The range of co-
exi stence of O and O phasesbecomes broader, whi le the wi dth of anom aly associ-
ated wi th tem perature- induced ortho rhom bic- monoclini c tra nsiti on remains pra c-
ti cal ly constant. Starti ng from the sam ple, the di ˜erenti al therm al anal -
ysis does not show any signiÙcant heat e˜ect whi ch coul d be interpreted as tra n-
siti on to a pure orbi ta l ly di sordered state. Neutro n di ˜ra cti on data coupl ed wi th
Young‘s modul us measurements indi cate the exi stence of orbi ta l orderi ng at room
tem perature and two- phase character of the crysta l structure above K
(Fi g. 3c, Tabl e I I). A further increase in oxyg en concentra ti on leads to the bro ad-
ening and gradual di sapp earance of the anomaly whi ch relates to the tra nsi-
ti on to the orbi ta lly ordered state (Fi g. 3d, e). Ho wever, the weak hysteresis ob-
served for the sam pl ebelow the tem perature of m onoclinic-ortho rhombic
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phase tra nsiti on indi cates the conservati on of orbi ta l ly ordered phase (Fi g. 3e).
It shoul d be noted tha t the local latti ce distorti ons in La 1 À x Srx MnO 3 m angan-
i tes are observed even f or the m etal l ic com pound x = 0 : 3 5 [31]. The tem perature
of ortho rho mbic- m onocl ini c phase tra nsiti on gradual ly decreases as the oxygen
content increases (Fi g. 3c-e), and starti ng from the x = 2 : 9 1 com positi on, the
m onoclinic phase is stabi l ized (Fi g. 1). The coexi stence of phases wi th di ˜erent
crysta l structure s taki ng pl ace in a wi de concentra ti on and tem perature ranges is
conÙrmed by X- ray and neutro n di ˜ra cti on data [14, 32, 33].

Thus, the correl ati on between the crysta l structure and m agneti c proper-
ti es of La 0 : MnO x m angani tes is pro minent (Fi gs. 9, 10). The compounds wi th

conta ining signiÙcant anti ferromagneti c components reveal the features of
cooperati ve orbi ta l orderi ng, whi le purel y ferrom agneti c sam ples are or-
bi ta lly disordered. Com positi ons in a wi de range of oxyg en content
exhi bi t both anti ferrom agneti c and ferro magneti c com ponents. The broadening of
the tra nsiti on into the paramagneti c state observed for the sampl es in the inter-
m ediate range of doping (Fi g. 5b{ d) indi cates the inhom ogeneous m agneti c state.
Simul taneousl y, the elasti c properti es (Fi g. 3d, e) suggest the conservati on of both
orbi tal ly ordered and orbi ta l ly di sordered phases.

Accordi ngly, the evoluti on of magneti c and orbi tal states in La : MnO x sys-
tem is presented as f ollows. The increase in oxygen concentra ti on above
value leads to the app earance of holes in the states of Mn ions (i .e. Mn ions
app earance). Orbi ta l orderi ng is rem oved nearby Mn ions and the exchange
intera cti ons between Mn ions becom e ferrom agneti c. The num ber of orbi ta l ly di s-
ordered ferromagneti c cl usters increaseswi th an increase in oxyg en content. Thi s
leads to a lowering of the NÇeel point (Fi g. 5a, b) and an increa se in sponta neous
m agneti zati on. Sim ulta neously, the tem perature of orbi ta l di sorderi ng decreases
(Fi g. 3a{ d). A signiÙcant decrease in coercive Ùeld and an increase in sponta -
neous m agneti zati on are observed starti ng from the com pound. Thi s
denotes a change of the predom inant m agneti c intera cti on. X-ray di ˜ra cti on data
(Fi g. 1) indi cate the rem oval of cooperati ve orbi ta l orderi ng wi th oxyg en content
increasing. On the other hand, accordi ng to elasti c modul us measurements, the
local orbi ta l orderi ng rem ains at least up to the com pound (Fi g. 3e).
W i th a further increase in oxygen concentra ti on a size of anti ferromagneti c phase
gradual ly decreases. The ani sotro pi c contri buti on concl uded from the tem perature
dependence of the ZFC and FC m agneti zati on for sampl es (Fi g. 5a{ e)
suggests the conservati on of anti f erromagneti c clusters up to the concentra ti on
range of the m onoclini cal ly distorted com pounds. The value of the sponta neous
m agneti zati on of the monocl ini c sampl es is consistent wi th a col l inear
ferrom agneti c state. One could inf er tha t the enhancement of the covalent com po-
nent of the Mn{ O{ Mn bond whi ch wo uld occur for orbi ta l { disordered state leads
to the crossing of the wi de valence and the narrow bands and, starti ng f rom
the com pound, the meta ll ic conducti vi ty appears (Fi g. 6a). The stro ng
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Fig. 11. Magnetic phase diagram of the LaMn 0 : 94 O y (2 : 91 ç y ç 3: 00 ) system. Orth

| orthorhombic crystal structure, M | mono clin ic crystal structure; PI , A FI , FI , SGI ,

and SPI | paramagnetic, antif erromagnetic, ferromagnetic, super-paramagneti c, and

spin- glass insulati ng states, resp ectively .

dependence of the ferrom agneti c order on the externa l magneti c Ùeld results in
the colossal magneto resistance e˜ect near the Curi e tem perature.

The sim i lar scenario seems to be realized f or La -excessive series, but an
increase in Mn- ions vacanci es observed wi th increasing oxyg en content suppresses
the long-range magneti c orderi ng, and the spin-glass phase for the most oxi di zed
compounds is stabi l ized (Fi g. 11).

5 . Co n clusion s

The study of crysta l structure, magneti c and electro tra nsport properti es of
La 0 :8 8 MnO x (2 : ) and La Mn : O y ) m angani tes
wa s carri ed out. The most reduced and sampl es whi ch con-
ta in only Mn ions were shown to be orbi ta lly ordered anti ferrom agnets wi th

140 K. Thei r properti es are very simi lar to tho se of the LaMnO sto ichi o-
m etri c com pound. The crysta l structure of La -deÙcient and La -excessive sampl es
wa s found to undergo a num ber of concentra ti on tra nsiti ons from orbi ta l ly ordered
ortho rhom bic to orbi ta l ly disordered ortho rhom bic and then to monoclini c typ e
of uni t cell di storti ons. As oxygen content increases, the tra nsiti ons from anti -
ferrom agneti c to f erromagneti c or spin-glass state were observed for La-deÙcient
and La -excessive series, respectivel y. It wa s shown tha t the magneti c pro perti es
of inv estigated sam ples stro ngly correl ate wi th the typ e of thei r orbi ta l state. The
compounds wi th an anti f erromagneti c component exhi bi t the features of coop-
erati ve orbi ta l orderi ng, whi le ferrom agneti c or spin-glass sampl es are orbi ta l ly
di sordered. The anti ferromagnet{ ferromagnet phase tra nsiti on was described in
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the fram ework of a structura l ly dri ven magneti c phase separati on m odel ta ki ng
into account the key ro le of intri nsic structura l inhom ogeneiti es.

Ac kn owl ed gm ent s

The work wa s partl y supported by Belarus Fund for Basic Research (Pro jects
F0 1-022 and F0 3-102), NA TO grant PST. EV. 979354, the State Co mm ittee for Sci-
enti ÙcR esearch (pro ject 5P03B01620), Nanotechno logy pro gram (Na notechno logy
3.3), and Germ an Scienti Ùc Fund (D FG ).

R ef er en ces

[1] C. Zener, Phys. R ev . 8 2, 403 (1951).

[2] P.G. De Gennes, Ph ys. R ev. 118, 141 (1960).

[3] A .J . Milli s, B. I . Shraiman, R. Mueller, Ph ys. R ev . L ett . 77, 175 (1996).

[4] E. L. N agaev, Ph ys. Rep. 346, 387 (2001).

[5] J.B. Go odenough, A . W old, R.J . A rnott, N . Menyuk, Ph ys. R ev. 124, 373 (1961).

[6] G. A llodi, R. De Renzi, G. Guidi, Ph ys. R ev. B 1024 (1998).

[7] M. H ennion, F. Moussa, G. Biotteau, J . Ro drigue z-C arvaj al, L. Pinsard, A . Rev-

colevschi, 1957 (1998).

[8] R.H . H e˜ner, L. P. Le, M. F. H undley , J .J . N eumeier, G. M. Luke, K . K oj ima,
B. N achumi, Y .J. U emura, D. E. MacLaughlin , S.- W. C heong,

1869 (1996).

[9] C.H . Bo oth, F. Bridges, G.H . K w ei, J .M. Law rence, A .L. C ornelius, J .J. N eumeier,
853 (1998).

[10] M. Fath, S. F reisem, A .A . Meno vsky , Y . Tomiok a, J . A arts, J.A . Mydosh,
1540 (1999).

[11] M. U ehara, S. Mori, C .H . Chen, S.-W. C heong, 560 (1999).

[12] J. Rodriguez- C arvaj al, M. H ennion, F. Moussa, A .H . Moudden, L. Pinsard,
A . Revcolevschi, R3189 (1998).

[13] A . U rushibara, Y . Moritomo, T . A rima, A . A samitsu, G. K ido, Y . T okura,
14103 (1995).

[14] C. Ritter, M. R. Ibarra, J .M. De T eresa, P.A . A lgarab el, C. Marquina , J. Blasco,
J. Garcia, S. Osero˜, S.-W. C heong, 8902 (1997).

[15] E. O. W ollan, W. C . K oehler, 545 (1955).

[16] N .V . K asper, I .O. T royanchuk, 1601 (1996).

[17] J. Topf er, J .B. Go odenough, 1467 (1997).

[18] I .O. T roy anchuk, S.V . T rukhano v, H . Szymczak, J . Przew oznik, K . B �arner,
161 (2001).

[19] J.A .M. V an Roosmalen, E.H .P. Cordf unke, R. B. H elmholdt, W. H . Zandb ergen,

100 (1994).

[20] R. H oryn, A . Sikora, E. Bukow ska, 153 (2003).



44 I. O. T royanchuk et al .

[21] M. W olcyrz, R. Horyn, F. Bouree, E. Bukow ska, J. A l l oys Comp. 353, 170 (2003).

[22] E. Dagotto, T . H otta, A . Moreo, Ph ys. Rep. 344, 1 (2001).

[23] L. P. Gor ' ko v, A .V . Sokol, JETP Let t . 46, 333 (1987).

[24] A .M. Balaguro v, V .Y u. Pomj akushin, D. V . Sheptyako v, V .L. A ksenov,
N .A . Babushki na, L. M. Belo va, O.Yu. Gorb enko, A .R. K aul, E ur. Ph ys. J. B
19, 215 (2001).

[25] S. Mori, C .H . C hen, S.-W. C heong, N atur e 392, 473 (1998).

[26] I .O. T royanch uk, M. V . Bushinsk y, H . Szymczak, K . B�arner, A . Maignan, Eu r.
Ph ys. J. B 28, 75 (2002).

[27] J.B. Go odenoug h, R. I . Dass, J . Zhou, Soli d State Sci en ces 297 (2002).

[28] J.-S. Zhou, H .Q. Y in, J .B. Go odenough , 184423 (2001).

[29] T . Mizok awa, D. I . K homskii, G. A . Saw atzky , 024403 (2000).

[30] T . Shibata, B. Bunker, J .F. Mitchel, P. Schi˜er, 207205
(2002).

[31] D. Louca, T . Egami, E. L. Brosha, H . Ro der, A .R. Bishop, R8475
(1997).

[32] B. B. V an A ken, O.D. Jurchescu, A . Meetsma, Y. Tomiok a, Y . Tokura, T .T. M. Pal-
stra, 066403 (2003).

[33] B. Dabrow ski, R. Dybzinski , Z. Bukow ski, O. C hmaissem, J .D. Jorgensen,

448 (1999).


