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AS~tr~¢l 

The: Mn-based l~rovskii~: oxides are of ~irong current interest because they show a colossal negative magnetoresistance 
near the ferromagnetic ordering temperature, The samples b¢conie metallic below "!~,~ for a content of approx, 30% Mn 4 '. We 
preterit in this article a structilral study of La, ,Sr, MnO~ for colnpositions lying below the optimunl inagnetoresistance. At 
high lCml~ratm¢, the: ~),stem i~ rhombohedral ( l¢]c I. On cooling, two structural transitions to orthorhombic Pbnm phases {O 
and O' ) take phicc successively. The transition from the O to the O',pham is due tO the rotting up of co-operative Jahn-Teller 
distortions that b¢conlc ~iaiic in the O'ophasc, The O'-pham is ¢l taractcrimd by the presence of all anti-fcrrodistorsive Mn ~' 
Ol~hilM Ol=tl,~fin$, Thi~ ordering i~ evidenced by 11 peculiar ,trrangenl¢llt of  distorted MnO, o¢tahedra: the ¢oi ln¢cl ion between 
ilqi~lhedl~l~ ill Ih¢ hfi~ll! phin~ (u, h i  ~llit~,~.~ htll~ MII+-:O bOlld~ adjacent In sl lot i  M I I : O  bonds. The peedl iar i iy o f  samples 
i:ffotlild lh¢ ¢Ollll~l~ilillll ,~: ~ II, I ~  i~ lha! they lindcq'~o another lean,i l ion hi an or lhorhonlb ic  O'-phiis¢ at lower l~2nlperiilures. 
°l'hi~ pilate ha~ l i l t  .,ialll¢ iivefll~c' Ml=i:lqli.lral f|:altir¢~ I1~ ll'l~ Oopha~¢ biii the Jahno~-T¢ller dislor i iol l  ~cclll~ Io be COlllplel~ly 
~ l ipp l¢~¢d <e_~ l!l~¢vief Sc'i¢!1c'¢ S,A, 

Ke:l'lvtuil~ Jitllil i~¢llc.'t ¢tli:¢l: 51tiic'lilr,iI Irlill,~iliilil,q I~¢i~ov,,kilc ¢oiiiltound,, 
. . . . . .  

1, latrothteiion 

Th~ perovsklte structure oxides containing Mn ions 
have r~cently been the object of a strong interest 
[1 ~4] due to the complicated interplay between cleon 
li'oni¢, magnetic and structural properties that gives 
rise to several interesting phenomena such ,ts colossal 
magnetoresistance (CMR)and charge ordering (CO) 
effects, The parent ¢ontpound, LaMnO~, is an antifer, 
t'omagii¢lic hlsulatof in which an otNial Ol'derillg iS 
establi.~lled du~ |o the Coooperative Jahn~'!711¢r iJT) 
~iToC~t~ |].hi.ping this ¢o,nli.~iound with Sr ~' allows hop- 
i)it'tg of thc c,: ¢l~¢iron, b¢longillg to a Mn t' ion, It) 
tteighbouring sii~s ¢ontainiug Mn ~' ions, Thi~ introo 

l~$-~.3~/~'~T/$t?,i~! ~ iq~t7 [l~cvi.~i ~'ien<e S.A. All tights l't:~¢it'¢d 
Pi t /S{tnl~-~3~l  t17 l i t l i3 G I .  X 

duce~ a new exchange mechanism (,double exchange) 
favouring the ferromagnetic interactions [5], due 1o a 

strong onosite Hund coupling, between aeighbouring 
sites, Millis [0] has proposed that the influence of the 
JT effect, as a consequellce of the presence of Mn 3 ' 
ions, plays an important role in the magnetic and 
transport properties in the lightlyMoped manganese 
system, The degree of Coooperative JT effect can be 
~tudied using diffraction techniques which allow the 
dclermination of the ociahcdral distortion. The 
diffraction results can be compared closely with the 
resuhs obtMned IYom macro~opic physical properties 
in order to gain insight into the involved physics. 

Recently. x-T and x.i~: structural phase diagrams 
of Let .~,Sr, MnO 3 have been studied by Kawano [7] 
and Mitchell [8], resixctively. But apart from these 
recent articles providing a rough characterisation. 
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there has been little work done on this system since 
Wollan and Koehler [9]. In the present article, we 
present new details of the phase diagram and prelimi- 
nary results of a structural study performed on the 
solid solution Laj_,Sr,  MnO 3 ( 0 < x < 0 . 2 0 )  using 
neutron powder diffraction. A more detailed and pre- 
cise str~;'turai determination on single crystals is 
presently being undertaken. 

2. Experimental 

Powder samples were obtained by crushing crys- 
talline ingots grown by the floating zone method. 
Such a procedure makes possible the preparation of 
materials of homogeneous composition. Transport and 
thermal properties are measured on the same ingots 
so that a clear correlation with the thermal behaviour 
of the structure can be established. 

Differential thermal analysis (DTA and DSC) ex- 
periments were carried out in a SETARAM TGDTA 
92-16 device [n a temperature range 150-1500 K, the 
experiments being performed under argon flow at a 
heating rate of 10°C rain -~. The temperatures de- 
fining the phase diagram have been obtained analysing 
the data of the DSC and DTA curves. 

Several powder diffractometers of the Orph~e Re- 
actor at LLB were used in this study. The banana type 
diffractometer G4.1 (A ~ 2.43 A) and the high resolu- 
tion powder diffractometers G4.2 (A =~ 2.59 A, or A = 
1.99X, Q,, , , ,~{, . .A )and3T..~3 I.....A,Q,,,,,, 
9.2 .~ ~i) were used for refining the crystal and mag- 
nclic structure as a function of temperature, using It 
standard Orange cryostat. The Riclv¢Id method im- 
plemented in the program FULLPROF til l] has been 
used for crystal and magnetic strllcttlre relinemcnts. 

In this article we present the results obtained with 
the medium resolution diffractometer G4.1 because, 
even if the errors in position parameters are larger, 
with this equipment we obtain a good picture of the 
structural behaviour of the studied samples as a func- 
tion of temperature. 

3. Results and discussion 

Recent studies [I 1.12] carried out on pure LaMnO~ 
indicate that the compound undergoes two structural 
transitions at Too, and "FRo, above room tempera- 
lure. At room temperature, tile orthorhombic Pbnm 
(O °) crystal structure shows the anti-ferrodistorsive 
orbital ordering due to the co-operative JT effect 
(Fig. I). In this O'°phase, there ix a large distortion of 
the MnO,, octahedra. A transition from the O'-phase 
to the O-phase takes place at Too.. TIle O-phase ix 
pseudo-cubic with c/x/2 = b = a and the Mn-O bond 
lengths are almost equal, indicating that no orbital 

Fig. 1. Scheme of the crystal structure and the in-plane antifer- 
rodistorsive orbital ordering observed in LaMnO~, 

ordering occurs: the JT effect becomes dynamic. This 
transition does not change the average crystallo, 
graphic symmetry; the space group remains Pbnm. At 
higher temperature, a transition to a rhombohedral 
phase (R3c) occurs. Within the rhombohedral 
symmetry the JT distortion is not allowed, so the high 
temperature phase continues to display a dynamic JT 
effect. Through these transitions the average tilt an- 
gle of the MnO,, octahedra evolves continuously to- 
wards a smaller value with increasing temperature 
[12], 

These transitions continue to exist when pure 
LaMnO~ is doped with divalent Sr 2" ions. We have 
studied the evolution of these structural transitions as 
a function of the Sr content that we assume to corre- 
spond to the amount of Mn 4+ in the samples, This 
last assumption is consistent, within the experimental 
error, with the refinement of occupation factors. These 
have been fixed to the nominal values in the final 
refinements, Tile structural phase diagram of 
Ioa~ ,Sr, MnO~ its a function of doping content x, is 

1200 

IOOO 

800 

A 

600 
I,,, 

400  

200 

t~ 

0 
0 

O 

O CF • Q 

O 

O , o . ,  

t)" 

'~',,Sr 

Fig. 2. Sltucltu'al phase diagranl of Lal .... Sr, MnO~ as a Itli~clion 
of  SI" ¢Ol l l~nl .  
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~ l ~ n  m l~qg. 2 (we have labelled all ~tmples by their 
~ i n a l  Sr concentrations). For Sr concentrations 
within the 0 ~x ~ 0.20 range, the three phases R3c, 
O and O' observed in LaMnO:, are unambiguously 
o~e~ed .  When the con,.entration of Sr '+ increases, 
we nole a nearly linear decrease of the transition 
tem~ratures. This behaviour can be explained quali- 
tatively: in all ca~s we observed that at Too,, upon 
~ating, the distortion of the octahedra when going 
from the O'-phase to the O-phase diminishes drasti- 
cally, indicating the disappearance of the co-operative 
o~ital ordering due to the JT effect associated with 
the Mn ~" ion.  The introduction, through the doping 
with Sr ~*. of Mn +* ions which have empty e~ orbitals 
on the octahedral sites, reduces the number of ions 
participating in the distortion of the octahedra. At the 
same time, the effective tolerance ratio increases to- 
wards unib'. Consequently, tem~ratures of the struc- 
tural transitions, R3c ~ O, driven mainly by steric 
effects and O ~ O', driven by the JT electron-phonon 
coupling, decrease upon increasing the concentration 
of Mn + +. 
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We have investigated by neutron powder diffraction 
two selected compositions x = 1/8 and x = 0.16. We 
have refined the average crystal and magnetic struc- 
tures of both compounds in the whole investigated 
temperature range with the space group Pbnm that 
perfectly fits the observed powdt r diffraction patterns 
(see Fig. 3). The same main feature for the O-phase 
and the O'-phase, previously described for LaMnO3, 
is observed, namely a clear reduction upon heating of 
the JT distortion through the transition O'-- ,  O at 
Too.. This transition is accompanied by an inversion 
of the lattice parameters: a, b for La7/sSrt/sMnO 3 
and b, c/¢2 for La0s4Shx~,MnO.~ (see Fig. 4). The 
evolution of the Mn-O bond lengths as a function of 
temperature is shown in Fig. 5. It is clear that for 
x = 0.16 only the transition O' ~ O occurs at low 
temperature. The compound remains within the O' 
phase at low temperature. 

For doping near x = 1/8 [ 13], the system undergoes 
another transition to an orthorhombic O"-phase at 
lower temperature To.o,,. This phase has the same 
average structural features as the O-phase: the JT 
distortion ~ems to be suppressed (see Fig. 5). In 
Table !, we have summarized the structural parame- 

~.46 

~A2 

~ R ~ " ~ ' - ; ' , I I , , . ~ V ; ; ,  1 . . . .  i , ' ~ " 1 , 1 4 , , ,  

(a) T ° 
(h) T 

LaI° $r M.O J (x~I/8) 

(h) 

1 + 

7f • qc i.d~ 

0 SO I ql~l 150 2l~ 2 SO I00 
T (K) 
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occurs in the O%phase. The transport properties of 
the compound clearly indicate a metalqo+insulator 
transition on cooling at To.o+. The transition temper- 
ature coincides with the appearance of a very small 
canting of the ferromagnetic order (TeA --. 150 K). We 
have detected the canting by monitoring, as a func- 
tion of temperature, the intensity of the reflection 
(003) using a single crystal. This reflection is forbid- 
den for the crystal structure and for pure ferromag- 
netism. The appearance of a net intensity below T o.o. 
indicates the presence of a canting. This study shows 
the existence of a strong coupling between JT distor- 
tion, ferromagnetic ordering and transport properties 
in this compound. The disappearance or the reduc- 
tion of the static JT effect upon the ~tting up of 
fcrromagnetic ordering is a common characteristic of 
all Mn-perovskites showing CMR (namely for x ~. 0.3) 
and can be qualitatively understood. When the ferro- 
magnetic ordering sets up, it favours the charge 
mobility, due to the double exchange mechanism; so 
that the co-operative static JT effect which is caused 
by the presence of a high concentration of Mn 3 + ions 
disappears (or is strongly reduced) in the soFd when 
charge carriers, that should be some kind of JT- 
polarons, become mobile. The puzzling question rai~d 
by this study is the origin of the charge Iocalisation 
observed below To,o,,. This charge localisation ~ems 
to be not accompanied by a restoration of the JT 
effect, so a new type of electronic ordering should 
take place. On the other hand, it is quite surprising 
that a small canting of the ferromagnetic structure 
could be at the origin of this localisation, 

It is olwious that the x ~ 1/8 concentration plays a 

ters obtained by the Rietveld method. The O"=phase 
has been called a re-entrant phase [7,13] because it 
bears a strong similarity with the O=phase. Kawano et 
al. consider that the system exhibits a re=entrant 
structural transition of the type O -o O' ~ O (actu- 
ally, these authors called O* the O-phase). However, 
recent investigations carried out with single crystals 
[14] allow us to disregard this denomination for the 
O"-phase. Yamada et al. [14] have found a set of 
superstructure reflections for samples x ~ 0.10 and 
x ~ 0.15 that occur in the low temperature phase of 
these compounds. These authors mention a 'polaron- 
ordered phase' that orders with a propagation vector 
q ++ (0, 0, 1/2) with respect to the Pbnm setting. They 
have proposed a scheme of the Mn'~+=Mn 4 + ordering 
based on the observed superstructure peaks, but no 
quantitative analysis of the diffrac)ed intensities were 
performed, so they do not give any indication of the 
octahedral distortions accompanying the two Mn 
species. It is clear to us that a charge Iocalisation 

Relined parameters of lhc Plmm phttsc h)r La+/~Sr)/ ,MnO+ for 
three s¢lecled tt~lttpt~l't|lttb=em 

T (K) plJasc 100 K 200 K 31~) K 
O" O' 0 

,(A) 
b(A) 
,. (A) 

La (4c) 

01 (4t') 

0 2  (gd) 

5,5351(4) 5.548~14) 5.=~44~2) 

5,5187(3) 5.5598(4) 5°525,8(2) 

7.7q03(4) 7.7375(4) 7.7927(3) 

x O.(XX)5(q) = 0,(X,'23(7) = O.(X)3 I(01 
y 000217(e0 0,024~01 0,0191(51 
,~' 0,()~159(10) 0 067~S) O.Ot)t)4(7) 

0.4~XXS) OAql(Xg) 0.4t)2~S) )' 
x 0,725 ltq) 0.735~ 15) 0.7308(9) 
y 0 , 2 7 7 ~ )  0.2~t)517) 0.2785(7) 
Z 0.036(X4) 0,0358(4) 0,035~3) 

3.3(+,(3) .=+ 

4.14 5.{,~ 3.0F~ 
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Data collection has bccn ~crfornicd 
using a wavclcngtll of ZS(; A, 



cl:ucial role in the pre~nt system. The commensura- 
bili~ of the hole concentration may be determinant 
for the existence of the low temperature phase transi- 
tions. Nevertheless, a deeper investigation using sin- 
gle crystal neutron diffraction, of the structural and 
magnetic features of the samples around x = 1/8 is 
needed to properly understand the fascinating be- 
haviour of these manganites. 
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