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Abstract

The Mn-bused perovskite oxides are of strong current interest because they show a colossal negative magnetoresistance
near the ferromagnetic ordering temperature. The samples become metallic below T, for a content of approx. 30% Mn*'. We
present in this article a structural siudy of Lay  Sr,MnO, for compositions lying below the optimum magnetoresistance. At
high temperature, the system is rhombohedral (R3c). On cooling, two structural transitions to orthorhombic Pbnm phases (O
and O’) take place successively. The transition from the O to the O'«phase is due to the setting up of co-operative Jahn-Teller
distortions that become statie in the O'-phase. The O’-phase is churacterised by the presence of an anti-ferrodistorsive Mn*”’
vrbital ordering. This ordering is evidenced by a peculiar arrangement of distorted MnQO,, octahedra: the connection between
vctabedrs in the basal plune (o, ) shows long Mn=0 bonds adjacent 10 short Mn=0 bonds. The pecaliarity of samples
around the composition v = 1,125 is that they undergo another transition to an orthorhombic O"-phase at lower temperatures,
This phase has the same average structurad features as the O=phase but the Jahn=Teller distortion scems to be completely
suppressed, @ Ebwevier Science A
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1. Introduction duces a new exchange mechanism (double exchange)
favouring the ferromaguetic interactions [5), due 10 a

The perovskite structure oxides containing Mn jons  Strong on-site Hund coupling, between neighbouring

have recently been the object of a strong interest
[1-4] due to the complicated interplay between elec-
tronic, magnetic and structural properties that gives
rise to several interesting phenomena such as colossal
magnetoresistance (CMR) and charge ordering (CO)
effects. The parent compound, LaMnO ., is an antifer-
romagnetic insulator in which an orbital ordering is
estublished due to the co-operative Jahn-Teller JT)
effect. Doping this compound with St°° allows hop-
ping of the ¢, electron, belonging o a Mn'* ion, to
neighbouring sites containing Mn** ions. This intro-
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sites. Millis [6] has proposed that the influence of the
JT effect, as a consequence of the presence of Ma'
ions, plays an important role in the magnetic and
transport properties in the lightly-doped manganese
system, The degree of co-operative JT effect can be
studied using diffraction techniques which allow the
determination of the octahedral  distortion.  The
diffraction results can be compared closely with the
results obtained from macroscopic physical properties
in order to gain insight into the involved physics.
Recently, x-7 and x-P,, structural phase diagrams
of La,_,Sr,MnO, have been studied by Kawano (7]
and Mitchell [8), respectively. 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 prelmi-
nary results of a structural study performed on the
solid solution La,_ Sr MnO; (0 <x<0.20) using
neutron powder diffraction. A more detailed and pre-
cise structural 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 homogencous 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 in a temperature range 150-1500 K, the
experiments being performed under argon flow at a
heating rate of 10°C min~'. The temperatures de-
fining the phase diagram have been obtained analysing
the data of the DSC and DTA curves.

Several powder diffractometers of the Orphée 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 =259 A, or A =
L9 A, Q=62 A ) and 3T2 (A= 1.22A, Q,,,, =
9.2 A"") were used for refining the crystal and mag-
netic structure as a function of temperature, using a
standard Orange cryostat. The Rictveld method im-
plemented in the program FULLPROF [10] has been
used for crystal and magnetic structure refinements.

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 [11,12] carried out on pure LaMnO,
indicate that the compound undergoes two structural
transitions at Ty and Ty, above room tempera-
ture. At room temperature, the orthorhombic Pbnm
(O') crystal structure shows the anti-ferrodistorsive
otbital ordering due to the co-operative JT effect
(Fig. 1), In this O'-phase, there is a large distortion of
the MnO, octahedra. A transition from the O’-phase
to the O-phase takes place at Tq,.. The O-phase is
pseudo-cubic with ¢/y2 = 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** 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** in the samples. This
last assumption is consistent, within the experimental
crror, with the refinement of occupation factors. These
have been fixed to the nominal values in the final
refinements. The  structural  phase  diagram  of
La, ,Sr,MnO, as a function of doping content x, is
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Fig. 2. Structural phase diagram of Li, St MnOy as a function
of Sr content.
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shown in Fig. 2 (we have labelled all samples by their
nominal Sr concentrations). For St concentrations
within the 0 <x <0.20 range, the three phases R3c,
O and O’ observed in LaMnO.. are unambiguously
obscrved. When the concentration of Sr** increases,
we note a nearly linear decrease of the transition
temperatures. This behaviour can be explained quali-
tatively: in all cases we observed that at T, upon
heating, 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
otbital ordering due to the JT effect associated with
the Mn'" ions. 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 unity. Consequently, tewperatures of the struc-
tural transitions, R3¢ = 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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Fig. 1 Observed and caloulated neutron powder diffraction pat-

tems of the compound La, Sty MnO (a) and La,,,,St, ,, MO,
(h) (Phase ) at room temperature, ‘

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 powds r diffraction patterns
(see Fig. 3). The same main feature for the O-phase
and the O’-phase, previously described for LaMnO;,
is observed, namely a clear reduction upon heating of
the JT distortion through the transition O' —» O at
T - This transition is accompanied by an inversion
of the lattice parameters: a, b for La, Sr, (MnO;
and b, ¢/y2 for La, g Sr,,,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 7g.-. This phase has the same
average structural features as the O-phase: the JT
distortion scems to be suppressed (see Fig. 5). In
Table 1, we have summarized the structural parame-
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Fig. 4. Lattice parameters a. b and ¢/y2 as a function of tempera-
ture for (a) Lu. Sty (MnO, and () La,, St 1, MO,
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Fig. §, Mn-0 distances as a function of temperatwme for (a)
Lavy, xSty MOy and (B) Lag 4,86 MOy Ma-0, apical dis-
tance: Mn=0;, cquatorial distance. The full symbaols in (a) corre-
spond 1o the results obtained trom data collected on the G2
diffractometer: they are more precise than the other,

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 (actu-
ally, these authors called O* the O-phase). However,
recent investigations carried out with single crystals
[14] ailow us to disregard this denomination for the
O"-phase. Yamada ¢t al. {14] have found a set of
superstructure reflections for samples x e 0.10 and
x = (.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** ordering
based on the observed supersiructure peaks, but no
quantitative analysis of the diffracted 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 localisation

occurs in the O"-phase. The transport properties of
the compound clearly indicate a metal-to-insulator
transition on cooling at Ty.o-. The transition temper-
ature coincides with the appearance of a very small
canting of the ferromagnetic order (7, = 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 Ty,.q.
indicates the presence of a canting. This study shows
the existence of a strong coupling between JT distor-
tion, ferromagnetic ordering and transport propertics
in this compound. The disappearance or the reduc-
tion of the static JT etfect upon the setting up of
ferromagnetic 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 cuncentration of Mn** ions
disappears (or is strongly reduced) in the sol’d when
charge carriers, that should be some kind of JT-
polarons, become mobile. The puzzling question raiscd
by this study is the origin of the charge localisation
observed below Tjy.q.. This charge localisation seems
to be not accompanicd 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 obvious that the x = 1/8 concentration plays a

Table |
Refined parameters of the Pbum phase for Lag 8¢, MRO; for
three selected temperatuves

00K

T (K) phase 100K 00K
0" o’ o
a(A) §.5351(4) 5.5489(4) §.5448(2)
b (A) 5.5187(3) 5.5598(4) §.5258(2)
¢ (A) 2.7903(4) 7.7375(4) 7.792%3)
La (d¢) X 0.0008(9 = 0002 =0.0031(6)
¥ 00217(6) 0.024%6) 0.0191(5)
O1 4¢) £ 0.065%10) 0.0678(8) 0.0664(7)
v 0.49008) 0.491(69) 0.4923(8)
02 (8d) X 0.72519) 0.7358(15) 0,.7308(9)
¥ 0.277%R) 0.2865(7) 0.2788(7)
: 0.0360(4) 0.0358(4) 0.0353)
Mn gy 3.363) - -
R"m, 4.14 5.68 308
R 184 -
H 1.98 2.60 1.07

Data collection has been performed on the diffractometer G4.2,

using a wavelength of 2.59 A
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crucial role in the present system. The commensura-
bility 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
necded to properly understand the fascinating be-
haviour of these manganites.
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