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A series of novel double perovskites La; , (A;— . InMnOg_s (A =Sr, Ba) has been prepared and the room
temperature crystal structures have been refined using X-ray and neutron powder diffraction. In all cases the
B-site is occupied by a disordered arrangement of In** and Mn**"** cations. However, whereas

La;, Ba;_ InMnQOg_; exhibits two octahedral tilts and exists in a body-centred cell, space group Imma,

La;, . Sr;_ InMnOg_; adopts the three-tilt GdFeOj; structure and has a primitive orthorhombic structure,
space group Pnma. Magnetic susceptibility data show that all the compositions synthesised exhibit a spin glass
freezing transition at ~8 K. A negative magnetoresistance Ap/po=10.5% was measured at 164 K in a field of 14 T.

Introduction

Complex, mixed-valence oxides of manganese with a perovs-
kite-type structure, for example La;_,Sr,MnOj;, have been
shown to exhibit a wide variety of interesting structural and
physical properties, including charge ordering, magnetic
ordering and colossal magnetoresistance (CMR). This has
led to a great deal of interest in their behaviour and, in the
search for enhanced CMR properties, some recent attention
has centred upon the consequences of doping the manganese
site."? It has been shown that in charge-ordered Mn>*/Mn*™*
regimes, doping with as little as 3% of a tri- or tetravalent
cation can destroy the charge-ordering and induce CMR
properties,® and a recent investigation of CaMn;_,M,O;
(M =NDb, Ta, W, Mo) has shown that CMR properties can also
be induced by doping the B site with higher valency cations.
This strategy introduces mixed-valence manganese and conse-
quently the possibility of double exchange.* Our own work>”’
has shown that doping Mn perovskites and K,NiF, phases
with diamagnetic Rh** can induce ferromagnetic behaviour in
insulating Mn>*"* oxides, with a magnetoresistance max-
imum being observed at the Curie temperature in the case of
La1<5Sr0.5MnRh06.

In the study described below, a series of double perovskites
with a 1:1 ratio of indium to manganese on the B-cation site
was synthesised. This stoichiometry can be accommodated
with a disordered arrangement of cations on the B sub-lattice
or with one of two ordered cation arrangements, these being
layered or rocksalt-like in nature (Fig. 1). Previous studies have
suggested that many factors, including the size, charge and co-
ordination preference of the cations, all have a role to play in
determining which arrangement is adopted.® In particular, the
layered structure is associated with the presence of a d'° cation,
and we were keen to determine whether the introduction of
In** would enable us to prepare perovskites containing layers
of MnOg octahedra separated from each other by layers of
InO¢ octahedra. In addition to modifying the structural
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chemistry, diluting the manganese sub-lattice with a fixed
valence, diamagnetic post-transition metal will modify the
magnetic behaviour of the material in a manner which depends
upon the extent and nature of any cation ordering. Despite the
absence of any such long-range ordering, doping 50% Ga>~*
onto the B-site of LaMnO; and NdMnO; has been shown to
alter strongly the magnetic behaviour whilst preserving the
manganese oxidation state at +3.” The extent of the static
coherent Jahn—Teller distortion associated with Mn** controls
the magnetism in these phases. This paper complements that
study by describing an investigation of LaBalnMnOQOg_ s in which
the d'° cation In** is used to dilute an array of Mn cations with a
mean oxidation state close to +4. Other compositions
La; A, InMnO¢_s (A=Ba, Sr), prepared in an attempt to
lower the mean oxidation state, are discussed briefly.

Experimental

Polycrystalline samples, which will be referred to initially by
their nominal composition La; , ,A;_,InMnOg; A=Ba or Sr,
were synthesised using standard ceramic techniques. Stoichio-
metric quantities of high purity (Alfa Puratronic® or Aldrich;
minimum purity 99.994%) BaCO;, SrCO;, La,O; (dried),
In,0; and MnO, were intimately mixed in an agate mortar and
pestle and heated in air at 800 °C for 1 day as a loose powder,
and then as pellets at 1000 °C and 1200 °C. Finally the mixture
was heated for one day at each of 1250, 1300, 1350, 1400 and
1450 °C. Regrinding was undertaken daily to ensure sample
homogeneity. The progress of the reaction was monitored by
X-ray powder diffraction (XRD) and data were collected on
the final products using a Siemens DS5000 diffractometer
operating in Bragg-Brentano geometry with Cu K,; radiation.
Data were collected over the angular range 15 <26/° <120 with
a step size of A20=0.02°. Neutron diffraction data were
collected on a 2.7g sample of LaBalnMnOg at room
temperature and 5 K on the D2b instrument at the ILL in
Grenoble, France. The sample was mounted in a cylindrical,
5 mm diameter vanadium can and the diffraction pattern was
collected over the d-spacing range 0.835<d/A <6.133 using
radiation with 1=1.594 A. An ILL ‘orange’ cryostat was used
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Fig. 1 Ordered arrangements of cations in A,BB'Og4 perovskites: a) layered; b) rocksalt-type.

for the measurement taken at 5 K. Analysis of the X-ray and
neutron data was carried out by the Rietveld method'® using
the GSAS suite of programs,“ the neutron diffraction data
having been previously corrected for absorption. The tem-
perature factors of the oxygen atoms were fixed at constant
values in the refinements where only X-ray data were
considered; this prevented them from refining to physically
meaningless values. Electron diffraction patterns were obtained
for LaBaInMnOyg using a JEOL 2000FX electron microscope
equipped with a double-tilt specimen holder. Finely ground
samples were dispersed in hexane and mounted on to lacey
carbon-coated copper grids (300 mesh). Magnetic susceptibility
measurements were made using a Quantum Design MPMS-5
SQUID magnetometer. Data were collected after cooling the
sample to 5 K both in the absence (ZFC) and presence (FC) of
the measuring field of 100 Oe. Magnetoresistance measure-
ments were carried out on a sintered bar of the composition
La; ,BapgInMnOyg using the standard four-terminal method
with a direct current of less than 10 pA. The magnetic field was
applied perpendicular to the current direction.

Results
a) Structural chemistry

Monophasic polycrystalline samples of La;, A;_,InMnOg
were successfully synthesised for x=0, 0.2 for A=Ba and
x=0.2 for A=Sr. Attempts to prepare other compositions
(x=04, 0.6, 0.8 A=Ba and x=0, 0.4, 0.6, 0.8 A=Sr) by the
method described above were unsuccessful. However, it is
worth noting that the multiphasic nature of some of these
compositions was only recognised during screening by neutron
diffraction, the sample having appeared monophasic when
examined by XRD. The X-ray diffraction patterns collected for
each of the monophasic samples were indexed using a unit cell
of dimensions ~ \/2a, x ~2a, x ~ \/2a,,, where aj, is the lattice
constant of the simple ABO; cubic perovskite. Sample
insolubility prevented the determination of oxygen content
by volumetric analysis.

For La,, ,Ba;_,InMnOg x=0, 0.2 a body-centred cell was
used to index all the observed reflections in the XRD data. The
absence of any visible reflections below 20=20° in the X-ray
diffraction pattern suggested that the B-site cations are
disordered. Only four tilt systems,'?> corresponding to the
space groups l4/mcem (tetragonal), Imma (orthorhombic), 12/b
(monoclinic) and I2/m (monoclinic), are compatible with such a
cell. The electron diffraction data collected for the x=0 (Fig. 2)
sample rule out the tetragonal space group [4/mcm, the
condition for /h0/ reflections (h, [=2n) being violated.
Unfortunately these data cannot be used further to distinguish
between the orthorhombic and monoclinic space groups.

However, analysis of the room temperature X-ray and neutron
diffraction data (Fig. 3) clearly showed the space group of
LaBaInMnOQOg to be Imma; refinement of this model proceeded
smoothly, whereas the refinements attempted using the

Fig. 2 Electron diffraction data for a) [100] and b) [010] zone axes of
LaBaInMnOg.
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Fig. 3 Observed (dots), calculated (line) and difference profiles from
Rietveld refinement of LaBalnMnOg at 300 K: a) neutron and b) X-ray
data. Reflection positions are indicated.
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Table 1 Structural parameters for LaBaInMnQOg_;s at room tempera-
ture

Space group: Imma

Ryp R, 7
X-ray 0.1144 0.0907 —
histogram
Neutron 0.0688 0.0517 —
histogram
Powder total 0.0869 0.0774 1.437

a=5.6944(3), b=8.0548(4), c=5.6826(3) A, V'=260.65(3) A*

Site X y z Uiso/ A2
La/Ba 4e 0 0.25 —0.002(2) 0.0141(4)
In/Mn 4b 0 0 0.5 0.0001(8)
(@) 4e 0 0.25 0.482(2) 0.039(3)
02 8g 0.25 0.012(1) 0.75 0.053(2)

monoclinic space groups were unstable. The electron diffrac-
tion data, indexed in space group Imma, are shown in Fig. 2.
These data demonstrate the absence of structural complexity
(for example, cation ordering) over distances shorter than those
sampled by neutron or X-ray diffraction.

The neutron diffraction data confirmed the absence of
ordering among the B-site cations. Ordering would have been
immediately apparent in these data given the substantial
difference in scattering length between In and Mn (0.406 fm
and —0.373 fm respectively).'? It was in fact necessary to refine
the room temperature neutron and X-ray diffraction data
simultaneously because of the negligible overall neutron
scattering from the B-site. The refined structural parameters
of LaBaInMnQyg are shown in Table 1. The occupation factors
of the O1 and O2 sites did not decrease in trial refinements and
they were consequently held fixed at a value of unity in the final
refinements. Selected bond distances and angles are shown in
Table 2 and it can be seen that the mean In/Mn-O bond
distance is in good agreement with that predicted from
published tables of ionic radii (2.015A)."* The XRD data
for the x=0.2 sample were also analysed successfully in this
space group (Table 3).

In contrast to those data collected on the Ba-containing
samples, the XRD data collected for La; »Sry sInMnOg showed
evidence for the adoption of a primitive unit cell. They were

Table 2 Selected interatomic distances (A) and bond angles (°) for
LaBalnMnOg_s at room temperature

Mn/In-O1 x 2 2.0160(5)
Mn/In-02 x 4 2.0135(4)
Mn/In-O1-Mn/In 174.5(6)
Mn/In-O2-Mn/In 174.5(5)

Table 3 Structural parameters for La;,BaggInMnOg¢_;s at room
temperature

Space group: Imma

Ryp R, P

X-ray histogram 0.1146 0.0895 1.319
a=5.6686(2), b=8.0397(4), c=5.6860(3) A, V'=259.13(2) A3

Site X y z U,/ A2
La/Ba 4e 0 0.25 0.001(1) 0.0096(6)
In/Mn 4b 0 0 0.5 0.0075(8)
(0)} 4e 0 0.25 0.56(1) 0.005
02 8g 0.25 0.042(4) 0.75 0.005
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Fig. 4 Observed (dots) calculated (line) and difference profiles from
Rietveld refinement of La; ,Srg sInMnQOg at 300 K—space group Pnma.
Reflection positions are marked.

Table 4 Structural parameters for La;,SrogInMnOg¢_s at room
temperature

Space group: Pnma

Ryp R, 7

X-ray histogram 0.1110 0.0867 1.179
a=5.6387(2), b=7.9664(3), c=5.6460(2) A, V=253.62(1) A3

Site X y z Uiso/Az
La/Sr 4 —0.02035) 025  —0.0022)  0.0084(9)
In/Mn 4b 0 0 0.5 0.004(1)
Ol 4c 0.502(4) 0.25 0.062(6) 0.005

02 8d 0.225(6) 0.044(3)  0.787(5)  0.005

analysed in the space group Pnma, corresponding to the
GdFeO;j; structure (Fig. 4, Table 4).

b) Magnetic behaviour

Analysis of the neutron diffraction data collected on
LaBaInMnOg at 5 K proceeded smoothly within a model
which considered only nuclear scattering and converged to
reliability factors of Ry,=6.97, ¥*=1.389. No significant
changes in either the bond lengths or the bond angles were
observed on cooling from room temperature. This analysis
confirmed the absence of long range magnetic ordering. For
each of the samples, a single magnetic transition takes place at
a low temperature (typically T, ~8 K) with a marked difference
between zero field cooled (ZFC) and field cooled (FC)
susceptibilities below this temperature; a smaller difference
persists to higher temperatures. The data for LaBalInMnOg and
La; ;Bag gInMnOg are shown in Fig. 5, and very similar data
were obtained for Laj,SrggInMnQOg. The magnetisation of
LaBalnMnOg as a function of applied field at 5 K and 25 K is
shown in Fig. 6. A hysteresis loop of finite width, symmetrical
about the origin, was observed in each case, although at 300 K,
the magnetisation was a linear function of the applied field.
This behaviour is consistent with that of a paramagnet which
freezes as a spin glass at 8§ K. The hysteresis above the freezing
temperature can be attributed to the presence of blocked spin
clusters.

Analysis of the high temperature magnetic behaviour proved
illuminating. Attempts to model the inverse susceptibility of
LaBalnMnOg (Fig. 5a, inset) using the Curie-Weiss Law lead
to a small, positive value of 6 (Table 5). This is unrealistic,
given that this composition contains only Mn** : 3d* cations
which will interact antiferromagnetically. Furthermore, the
maximum molar susceptibility expected for this compound
at 300 K can be estimated (6.25% 10~ cm® mol™!) from the
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100 Oe. The inset shows the inverse susceptibility data.

spin-only moment of a d* cation (any orbital contribution to
the moment will reduce the overall value) and it is less than the
measured value. In order to rationalize these observations we
assume that the composition of the sample is oxygen deficient,
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Fig. 6 Field dependence of the magnetisation of LaBaInMnOg at a)

5K and b) 25 K.

Table 5 Magnetic data for La; , ,A;_,InMnOg¢_;

Ueftl i PET
0/K Cl/em® K mol ™! formula unit
Lal_oBal,()InMnO(,,,; 149(9) 270(1) 4647(1)
La; »BagsInMnOg¢_5 56.6(9) 3.24(2) 5.091(2)
La; »SrosInMnQOg_ 5 82(1) 2.62(3) 4.578(3)

LaBaInMnOg_;, and contains a small fraction of Mn>*
cations. If we take the value of the molar susceptibility of
Mn®*t at 300K from our study6 of La,GaMnOg, we can
deduce 6=0.12. We must emphasise that this value of ¢ is no
more than an estimate, but our attempts to determine a better
value by oxidising the sample under flowing oxygen gas were
unsuccessful. Although our neutron study showed that there
was no significant oxygen deficiency, test refinements demon-
strated that our data analysis would be insensitive to such a low
level (~2%) of anion vacancies. The presence of Mn** : d* not
only accounts for the enhanced value of the susceptibility, but it
also introduces the possibility of ferromagnetic ¢ super-
exchange between Mn®** and Mn** cations, and therefore
accounts for the positive value of 0. The values of y300 and 0
increase further when the concentration of Mn>* is deliberately
increased by doping with Ba, although the value of the Curie
constant for La; ,SrysInMnOg suggests that the concentration
of oxide vacancies is lower in the Sr-containing material.

The resistivity of La;,BaggInMnOg was activated
(E,=0.264(5)eV) throughout the measured temperature
range (164 < 7/K <300); the resistance became immeasurably
large at lower temperatures. A negative magnetoresistance
Aplpo=10.5% was measured at 164 K in a field of 14 T. On the
basis of this result we chose not to pursue the study of
magnetotransport in this system.

Discussion

The X-ray diffraction data indicate that all the compounds
synthesised have perovskite-related structures but that the
nature of the tilting of the BOg octahedra is determined by the
alkaline-earth cation present. The three-tilt system exhibited by
La;, Sr,InMnOg (x=0.2) corresponds in Glazer’s notation'?
toan a~bta” tilting of the octahedra. This GdFeOs structure
is frequently adopted by manganite perovskites. The two tilt
system a~b’a” (Fig. 7) adopted by La;, . Ba, InMnOg is less
common though a number of other examples have been
reported, including Ndo 5Sro sMnOs,' Prg ¢sBag 3sMnO; ¢ and
Lag ,BagsMnO5 7 amongst others.!®2°

Both the X-ray and neutron diffraction data show that the
B-site cations are disordered in all the samples synthesised.
Previous studies® have shown that B-cations with significant
differences in charge (greater than 2) and ionic radii (greater
than 0.1 A) have a tendency to order in the rocksalt
arrangement, whilst it has been suggested that a layered
structure, observed for La,SnCuOg,”! can arise from a conflict
between the preferred co-ordination geometry of the two B-site
cations. Such layered arrangements of B cations are rare in
perovskite related materials. As well as La,SnCuOg, alternative
lanthanide cations have been incorporated into the Ln,SnCuQOg
system (Ln=Pr, Nd, Sm) through the use of high pressure
techniques®> and La,ZrCuOg has been synthesised using a
similar protocol.?? These systems both contain a spherical
cation (Zr** or Sn*™) and a Jahn-Teller active cation (Cu>*).
In the case of the manganese perovskites, it is shown here that
substituting the B site with the spherical d'° cation, In**,
results in a disordered arrangement on the B site. It should be
noted that in LaBalnMnQOyg there would be no conflict in the
preferred co-ordination geometry of the cations since Mn*™
has a d* electron configuration. In fact, it might be expected
that the Mn®*-rich compositions which we were unable to
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Fig. 7 View down [010] showing perovskites with a) a 2 tilt (a " b% ) system (Imma) and b) a 3 tilt (a bTa") system (Pnma).

synthesize, for example La,InMnQOg, would have been more
likely to adopt a layered ordering pattern. However, it should
be remembered that although La,GaMnOg and Nd,GaMnOg
contain both a Jahn-Teller active cation (Mn>*) and a d'° jon
on the B site, and are thus analogous to La,SnCuQOg, both
species adopt a disordered arrangement of B cations.’
Spin-glass behaviour, attributed to the presence of compet-
ing magnetic interactions,® has previously been observed in
perovskites with a 1 : 1 random distribution of d* cations (Ru")
and another paramagnetic species on the B sites. Comparable
examples involving Mn** are rare, although a recent study of
ALaMnFeO4s (A=Ba, Sr, Ca) showed that a disordered
arrangement of Mn' and Fe'™ results in the absence of
magnetic ordering down to temperatures as low as 15 K (the
limit of the experiment).?* In a case where a non-magnetic ion
(Zn**) was randomly substituted (50%) on to a B site
containing Ru®*, long range magnetic order was reported.>>
Fifty per cent dilution of the B site with diamagnetic cations
would not be expected to destroy the magnetic backbone and
create the degree of disorder usually required for spin glass
formation, and the observation of long range order in
LaBaZnRuOg was to be expected. (However, dilution of
Fe** in a perovskite by the d” cations Ta’* and Nb> T has been
shown to produce spin glass behaviour,?® although dilution
with d'® Sb>* resulted in the retention of long-range magnetic
ordering.?’) In the light of these results, doping d'°: In** on to
a sublattice containing only Mn** would not usually be
expected to eliminate long-range magnetic ordering. The
observation of spin glass behaviour in LaBaInMnOg_;s is
therefore best explained in terms of the competing interactions
introduced by the presence (~25%) of Mn>" on the nominal
Mn** sublattice. The © superexchange interactions between
these cations will be antiferromagnetic, whereas the o
interactions will be ferromagnetic. The interactions between
pairs of neighbouring Mn** cations could be of either sign,
depending on the nature of any local distortion of the
coordination geometry which might be brought about by the
degenerate electron configuration of the Jahn-Teller active
cations. Spin glass behaviour has been observed previously in
mixed valence n=2 Ruddlesden—Popper manganites, for
example Sr,YMn,0-,%® although in that case the octahedral
sites were not diluted by a diamagnetic cation. In contrast, the
diluted compound La; sSrg sMnRhOg, with Mn in a mean
oxidation state of 3.5, is ferromagnetic below 105 K.*7 The
results described above are consistent with the idea that the
contrasting properties of the Rh- and In-containing com-
pounds stem from the availability of empty e,* orbitals on the
diamagnetic dopant in the former, but not in the latter.

Conclusion

A number of new perovskites with a disordered 1:1
distribution of In** and Mn**** on the B-sites have been
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synthesised and characterised. Diffraction data show that the
two tilt system a bl is adopted by La; , ,Ba, InMnO¢_s and
the three tilt system a b*a~ by La;,,Sr,JnMnOgy_s. The
temperature dependence of the molar magnetisation shows
these compounds to be spin glasses and low temperature
neutron diffraction data have confirmed the lack of long range
magnetic order in LaBaInMnO.
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