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Magnetic Behaviour in the System La1.33NaxMnxTi22xO6
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Carlos Pico,[a] and Marı́a Luisa Veiga[a]

Keywords: Perovskite phases / Neutron diffraction / Magnetic properties

A series of perovskite-type complex oxides of general for-
mula La1.33NaxMnxTi2−xO6 (x = 0.66, 0.55 and 0.44) have
been obtained and characterised. Magnetic susceptibility
measurements on these phases follow a Curie−Weiss-like de-
pendence at high temperatures, although a more complex
variation is observed at lower temperatures. The thermal
variation of M/H from zero-field-cooled and field-cooled sus-
ceptibility measurements shows irreversible processes and
magnetisation isotherms that differ from typical ferromag-

Introduction

Perovskite-type oxides have the general formula ABO3

and it is well-known that this structure allows a great num-
ber of cation substitutions at the A and/or B sites. In this
way, both A and B sites can accommodate two different
metal ions, with different oxidation states, that are ex-
pressed by the nominal compositions AA9B2O6,[1,2]

A2BB9O6
[3,5] and AA9BB9O6.[628] These systems have been

the subject of intense research efforts due to the fact that
they exhibit a wide variety of electrical and magnetic prop-
erties (high temperature superconductors, ferromagnetic
and piezoelectric materials, magnetoresistors, etc.) that de-
pend on variations in the chemical composition, stoichi-
ometry and structure of the material.

In particular, hole-doped perovskite-type manganese ox-
ides have attracted considerable interest in recent years mo-
tivated by the apparition of colossal magnetoresistance and
the great variety of magnetic and transport properties in
this class of materials.[9] Among the La-based systems, the
ground state of the stoichiometric parent compound
LaMnO3 shows remarkable insulating A-type antiferro-
magnetic properties, which are attributed to a cooperative
effect of orbital ordering and superexchange interactions.[10]
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netic behaviour. Neutron diffraction data collected at low
temperature show no extra magnetic contribution in the nuc-
lear peaks nor extra reflections. All the measurements car-
ried out on this series, such as magnetic susceptibility (dc
and ac), magnetisation and neutron diffraction can be inter-
preted as being due to a spin-glass behaviour.

( Wiley-VCH Verlag GmbH, 69451 Weinheim, Germany,
2002)

For these reasons, we have carried out previous research
on the system La1.33NaxMnxTi22xO6 (x 5 0.66, 0.55 and
0.44) oriented towards structural characterization by neut-
ron diffraction[6] and electrical properties.[11] The aim of the
present work was to analyse additional physical properties
of these compounds by studying their magnetic behaviour.

Results and Discussion

Chemical Composition and Structural Results

Samples of the series La1.33NaxMnxTi22xO6 (x 5 0.66,
0.55 and 0.44) were synthesised as polycrystalline powders.
Table 1 gathers the MnIII and MnIV concentrations present
for the different compositions, which agree well with the
respective nominal manganese content. From these results
it is deduced that the amounts of MnIV are practically negli-
gible in the x 5 0.55 and 0.44 samples.

Table 1. Composition of manganese in the series
La1.33NaxMnxTi22xO6

x MnIII MnIV

0.66 0.55 0.11
0.55 0.50 0.05
0.44 0.39 0.05

All these compounds have characteristic diffraction pat-
terns of the perovskite structure, in which some reflections
are split indicating a noticeable distortion from the ideal
cubic symmetry. It can be seen from neutron powder dif-
fraction data[6] that an interesting structural transition be-
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tween the orthorhombic (space group Ibmm) and rhombo-
hedral (space group R3̄c) symmetries takes place between
400 and 600 K in the x 5 0.66 sample. In contrast, the
phases x 5 0.55 and 0.44 adopt a rhombohedral symmetry
(space group R3̄c) as is deduced from the X-ray diffrac-
tion results.[6]

These materials do not show any superlattice lines corres-
ponding to an ordered distribution of the cations at the A
and B sites. Taking into account the structural results, both
lanthanum and sodium cations and vacancies are located at
the A-sites, and manganese and titanium cations occupy, at
random, the B-sites of the perovskite structure.

Magnetic Properties

Magnetic measurements were carried out on all the above
compounds. Figure 1 shows the temperature dependence of
magnetic susceptibility (a) and its reciprocal (b). Reciprocal
susceptibility data can be fitted to a Curie2Weiss law [M/
H 5 C/(T 2 θ)] over a relatively narrow temperature range
that decreases as the x value increases, from which the ex-
perimental and theoretical magnetic moments and para-
meters C and θ were obtained (Table 2). The experimental
magnetic moment should diminish in the same way as the
Mn31 concentration in the sample. However, a noticeable
difference between the calculated (3.85 µB) and observed
(3.43 µB) values is encountered for the x 5 0.66 phase,

Figure 1. Susceptibility (a) and reciprocal susceptibility variations
(b) for the system La1.33NaxMnxTi22xO6 (x 5 0.66, 0.55 and 0.44)
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Table 2. Magnetic data for La1.33NaxMnxTi22xO6

T range (K) µcalc (µB) µexp (µB) θ (K)x

0.66 3402390 3.85 3.43 228
0.55 3152390 3.63 3.55 128
0.44 3002390 3.25 3.24 107

whereas both values are practically the same for the x 5
0.44 composition. Thus, some magnetic interactions be-
tween the paramagnetic Mn31 ions are to be expected in
the first case and, possibly, in the intermediate composition
x 5 0.55. These assumptions seem to be supported by the
fact that the respective Weiss constants are positive and de-
crease in good agreement with the Mn content in the
sample. Figure 1b shows the increase in the value of the
critical temperature, Tc, at which a magnetic phase-trans-
ition takes place; these increase as the manganese content
increases (i.e., from 260 K for x 5 0.44 to 310 K for x 5
0.66). It is likely that this variation in Tc is due to magnetic
dilution within the B sublattice.

In order to analyse the nature of the proposed
cooperative interactions, field-cooled (FC) and zero-field-
cooled (ZFC) susceptibility measurements are compared in
Figure 2 for the x 5 0.66 sample; they were obtained at an
applied field (He) of 500 Oe. As the temperature is lowered
from around 300 K, both FC and ZFC magnetisation
curves increase and are basically identical in a wide region,
Tr # T # Tc, implying a reversibility of the magnetisation.
Below the temperature, Tr, at which the FC and ZFC graphs
diverge, the ZFC magnetisation shows a broad maximum
at 12.4 K that is taken as the spin freezing temperature,
namely as Tsg, while the FC variation shows a bend and
increases slightly. Thus the irreversibility appears far below
Tc, a behaviour that is typical of reentrant spin-glass sys-
tems,[12] as in cluster-glass systems the irreversibility starts
just below Tc and the difference between FC and ZFC mag-
netisation is usually much higher, reflecting the presence of
ferromagnetic order within the clusters.[13]

Figure 2. Temperature dependence of the magnetic susceptibility
for La1.33Na0.66Mn0.66Ti1.34O6 measured after zero-field cooling
(ZFC) and field cooling (FC)
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Figure 3. FC and ZFC M/H for La1.33Na0.55Mn0.55Ti1.45O6
measured with an applied field (He) of 500 and 1000 Oe

With respect to the remaining compositions, Figure 3
shows the shape of the MFC and MZFC curves for x 5 0.55
at two different fields of 500 and 1000 Oe. Only a clear
Tsg is detected for the lower field measurements; a similar
behaviour was obtained for the sample x 5 0.44 (not
shown). However, when the manganese doping decreases in
the sample, Tsg drops slightly and the respective cusp is less
pronounced, suggesting that the magnetic interaction di-
minishes (12.4 K for x 5 0.66 and 10.2 K for x 5 0.55); the
maximum is not observed for x 5 0.44 at the same external
field of 500 Oe. These changes suggest that the magnetic
transitions below Tc in this system are very sensitive to the
applied field and that they are completely suppressed by
increasing He. Such a behaviour has also been reported for
some other perovskite-type oxides[4,13,14] and was assumed
to originate from the formation of a spin-glass.

Magnetisation measurements provide useful information
about the magnetic behaviour of these systems and the iso-
therms obtained at different temperatures are depicted in
Figure 4. Characteristic S-shaped curves were obtained in
all cases and they do not saturate even in fields as high as
50 kOe. Curves below Tc show a clear ferromagnetic com-
ponent with increasing importance when the temperature is
lowered. Such a behaviour is evidence for a disordered spin-
state (spin-glass-like state) induced by disorder and frustra-
tion due to competing ferro- and antiferromagnetic ex-
change interactions. The very narrow hysteresis loops indic-
ate that these materials behave as weakly ferromagnetic. Fi-
nally, the low values of magnetisation could be explained
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Figure 4. Magnetisation isotherms obtained at different temper-
atures for the system La1.33NaxMnxTi22xO6 (x 5 0.66, 0.55 and
0.44)

by recalling that both paramagnetic Mn31 and diamagnetic
Ti41 ions are randomly distributed over the B sites, thus
preventing the establishment of a long-range ordering in
these materials.[9]

In order to evaluate the importance of the above
cooperative interactions, neutron diffraction experiments
were carried out on these systems and Figure 5 shows ther-
mal patterns for the sample x 5 0.66 in the temperature
range 1.62262 K. Only a very weak ferromagnetic contri-
bution could be observed near 2θ 5 70°, whose intensity is
practically negligible (see inset in Figure 5), so it was not
possible to obtain a ferromagnetic component. Therefore it
is more realistic to assume that no extra magnetic contribu-
tions (in the intensity of nuclear peaks nor extra peaks) are
observed at low temperatures and, consequently, that there
is no long range magnetic ordering in these materials.
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Figure 5. Neutron thermodiffractograms of La1.33Na0.66-
Mn0.66Ti1.34O6 between 1.6 and 262 K and angular range 302110°;
the inset shows the difference diagram between 1.6 and 261.6 K
(inset)

Finally, to gain a deeper insight into the spin-glass beha-
viour of this series, thermal variations of the ac susceptibil-
ity, χac, at different frequencies were performed and they
are depicted in Figure 6 for the sample x 5 0.66. This dem-
onstrates that the real part of χac exhibits a broad maximum
at about 67 K which decreases in intensity as the frequency
increases (from 1 to 1000 Hz), as is expected for spin-glass
systems,[15] thus confirming the above assumptions.

Figure 6. Thermal dependence of the ac susceptibility at different
values of the excitation frequency

In summary, different magnetic and neutron diffrac-
tion measurements carried out on the series
La1.33NaxMnxTi22xO6 (x 5 0.66, 0.55, and 0.44) confirm a
spin-glass behaviour that is attributed to cation disorder in
the perovskite B sites. Such a disorder should contribute to
the frustrated magnetic ground state and has also been
found in related AB12xB9xO3 perovskite-type systems, in
which the dilution of paramagnetic B cations seems to be
crucial to the occurrence of spin-glass transitions at low
temperatures. In the compounds under research the Ti41/
Mn31 ratio increases progressively from about 2 (for x 5
0.66) to about 3.5 (for x 5 0.44) and it becomes obvious
that the effect of manganese dilution is crucial to the re-
spective magnetic ordering. Similar features were previously
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observed in other related systems LnMn12xB9xO3, where
lanthanum has been substituted by praseodymium or neo-
dymium.[16,17]

Experimental Section

Polycrystalline samples of general composition La1.33-
NaxMnxTi22xO6 (x 5 0.66, 0.55 and 0.44) were prepared by a clas-
sical ceramic method. Stoichiometric amounts of La(NO3)3·6H2O,
NaNO3, C15H21MnO6 [manganese(III) acetylacetonate] and
C10H14O5Ti [titanium(IV) acetylacetonate] were used as starting
materials, and heated at 973 K for several days.

The Mn31/Mn41 ratio was determined by redox titration with an
excess of FeSO4 solution and back titration with KMnO4, with the
samples being dissolved in H2SO4/H2O (50:50). A known amount
of FeSO4 was introduced into the sample solution and the excess
was determined with a standard KMnO4 solution to give the total
manganese ; the possible Mn41 content was determined by the pro-
cedure described in ref.[10]

X-ray diffraction patterns were recorded with a Philips X9Pert-
MPD diffractometer and a PW 3050/00 goniometer, using Ni-fil-
tered Cu-Kα radiation and a 2θ step size of 0.05°, with a counting
time of 12.5 s for each step. The goniometer was connected to a
PC controlled by the commercial program PC-APD (Analytical
Powder Diffraction Software, 4.0).

The neutron powder-diffraction data were recorded on the D1A
high-resolution powder diffractometer (λ 5 1.9110 Å) at the Insti-
tut Laue2Langevin (Grenoble, France). The neutron and X-ray
diffraction patterns were analysed by the Rietveld method and the
Fullprof program.[18] The multidetector D1B powder diffracto-
meter with a wavelength of 2.52 Å was used for thermal patterns
in the 1.62300 K temperature range.

Magnetic measurements were obtained in a SQUID (Quantum
Design, MPMS-XL model) with a sensitivity of 10210 emu in the
temperature range 22400 K, applying a field of 500, 1000 Oe.
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