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Abstract

A perovskite-like phase of lanthanum magnesium niobate, La(Mg2/3Nb1/3)O3 (LMN) has been synthesised by a mixed oxide

synthetic route. Both magnesium oxide and magnesium carbonate hydroxide pentahydrate have been investigated as magnesium
precursors, with the formation of the LMN phase investigated as a function of calcination temperature and dwell time by DTA and
XRD. Morever, particle size distribution, morphology, phase composition and crystal structure have been determined via laser
di�raction, SEM and TEM/EDX, respectively. A combination of X-ray and electron di�raction studies has demonstrated that

heterogeneous powders are produced, with the presence of an MgO-rich phase and varying Mg/Nb ratios within the parent phase
of LMN. Minor phases have also been identi®ed as LaNbO4, La3NbO7, MgO, Mg4Nb2O9 and La2O3, with their concentrations
decreasing with rising calcination temperature. X-ray and electron di�raction data are supportive of monoclinic symmetry in the

parent LMN phase. # 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

A(B0B00)O3-perovskite-type compounds have been
investigated extensively, both from academic and com-
mercial viewpoints. For example, compositions such
as A(B01/3B002/3)O3 [e.g. Pb(Mg1/3Nb2/3)O3 (PMN);
Ba(Mg1/3Nb2/3)O3 (BMN)], A(B01/2B001/2)O3 [e.g. Pb(Fe1/2
Nb1/2)O3 (PFN); La(Mg1/2Ti1/2)O3 (LMT)), and A(B02/3
B001/3)O3 (e.g. Pb(Fe2/3W1/3)O3 (PFW); La(Zn2/3Nb1/3)
O3 (LZN)] have been synthesised and examined.1ÿ6

Most of these compounds are probably best known for
their dielectric, ferroelectric, ferromagnetic and piezo-
electric properties.1ÿ3 Since these physical properties are
strongly dependent on cation ordering phenomena, a
recurrent theme has been the dependence of ordering on
cationic radii and charges.7ÿ17

In recent years, correlations between the dielectric/
piezoelectric properties and the ordering behaviour of

some complex perovskite systems have been found, e.g.
in La-modi®ed PMN (PLMN), La-modi®ed PMN-
PbTiO3 (PLMNT) and La-modi®ed Pb(ZrxTi1-x)O3

(PLZT), along with other well established systems.7ÿ13

Since the most versatile mixed oxide synthetic route to
PLMN involves the intermediates PMN and LMN, it is
appropriate to focus on the latter compound, i.e. lan-
thanum magnesium niobate (LMN), of composition
La(Mg2/3Nb1/3)O3.

18ÿ20

Very little is known about LMN, since no work has
been dedicated to the synthesis of this compound.
Moreover, in the current JCPDS database, there is no
record of LMN, although some PLMN compounds are
included. Furthermore, it has recently been shown that
dielectric properties and crystal structure of the PLMN
system are very sensitive to the La concentration.7,18,19

Recent work on La-modi®ed PMN,9,18,19 La-modi®ed
PMN-PT,10,13 and the BMN-LMN system20 has provided
some valuable information about LMN. The fabrica-
tion of LMN powder using a conventional mixed oxide
route with MgO as a magnesium source has also been
reported by Lin and Wu9 in their study of La-modi®ed
PMN. In their work, a complex perovskite-type struc-
ture with a rhombohedral unit cell (a=7.928 AÊ ;
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a=89.7� space group R3�), was proposed for LMN at
room temperature.
The purpose of the present article is to study the

phase formation characteristics and processing-structure-
property relationships in the compound LMN, with a
view to enhancing overall understanding. The study also
forms a possible basis for a systematic survey of LMN.

2. Method

2.1. Sample preparation

La(Mg2/3Nb1/3)O3 was synthesised by the solid state
reaction of appropriate amounts of reagent grade lan-
thanum oxide, La2O3 (Aldrich, >99% purity), niobium
oxide, Nb2O5 [Alfa (Johnson Matthey), 99.9+% purity]
and magnesium oxide; MgO (Aldrich, 99% purity). In
order to improve the reactivity of the MgO starting
precursor, an alternative route employing magnesium
carbonate hydroxide pentahydrate, (MgCO3)4.M-
g(OH)2.5H2O (Aldrich, 99% purity) was also investi-
gated. The following reaction sequences are proposed
for the formation of LMN:

1. The conventional mixed oxide route

3La2O3 � 4MgO�Nb2O5 ) 6La�Mg2=3Nb1=3�O3

�1�
2. The alternative mixed oxide route

15La2O3 � 4��MgCo3�4:Mg�OH�2:5H2O� � 5Nb2O5

) 30La�Mg2=3Nb1=3�O3 � 16CO2

� 24H2O

�2�
Powder-processing was carried out as shown schemati-
cally in Fig. 1. The methods of mixing, drying, grinding,
®ring and sieving of the products were similar to those
employed in the preparation of the MgNb2O6 and
FeNbO4 powders in our previous work.21,22 A McCrone
vibro-milling technique was employed in order to com-
bine mixing capability with a signi®cant time-saving
(only 30 min instead of 12 h, as required in conventional
ball-milling11). Various calcination conditions, i.e. tem-
peratures ranging from 1000 to 1400�C and times ranging
from 4 to 24 h with constant heating and cooling rates
of 10�C minÿ1, were selected, in order to investigate the
formation of lanthanum magnesium niobate.

2.2. Sample characterisation

The reactions taking place during heat treatment were
investigated by di�erential thermal analysis (DTA)

(NETZSCH-GeraÈ tebau GmbH Thermal Analysis),
using a heating rate of 10�C minÿ1 in the temperature
range from 100 to 1400�C. Calcined powders were ®rst
examined by X-ray di�raction (XRD; Philips PW1700
di�ractometer) using CuKa radiation, in order to identify
the phases formed and therefore derive optimum calci-
nation conditions for the manufacture of LMN powder.
The particle size distributions of the samples were
determined by laser di�raction techniques (MasterSizer,
Malvern, UK). Powder morphologies and grain sizes were
directly imaged using scanning electron microscopy (both
Camscan and Hitachi-700 FEG SEM). The chemical
compositions and structures of the phases formed were
elucidated by analytical transmission electron microscopy
(Philips CM20 TEM/STEM) operated at 200 keV and
®tted with an energy-dispersive X-ray (EDX) analyser
with an ultra-thin window. EDX spectra were quanti®ed
with the virtual standards peaks supplied with the
Oxford Instruments eXL software. Powder samples
were dispersed in solvent and deposited by pipette on to
3 mm holey carbon grids for observation by TEM. In
addition, attempts were made to evaluate the crystal
structures of the observed compositions/phases by cor-
relating the XRD and TEM di�raction data.

Fig. 1. Preparation route for the La(Mg2/3Nb1/3)O3 powder.
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Fig. 2. A DTA curve for the La(Mg2/3Nb1/3)O3 powder.

Fig. 3. Powder XRD patterns of the calcined La(Mg2/3Nb1/3)O3 (route I) at calcination temperatures (a) 1000�C, (b) 1050�C, (c) 1100�C, (d)
1200�C, (e) 1300�C and (f) 1400�C with constant dwell time for 4 h.
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3. Results and discussion

3.1. Identi®cation of the optimum calcination
temperature for LMN

A DTA curve obtained for a powder mixed in the
stoichiometric proportions of La(Mg2/3Nb1/3)O3 is shown
in Fig. 2, where an exothermic process is observed in the
approximate range from 1353 to 1356�C, these tem-
peratures having been obtained from the calibration of
the sample thermocouple. These data, together with
those in literature,9,13,18,19, were used to de®ne the ranges
of temperatures (1000±1400�C) and dwell-time (4±24 h)
for the XRD investigation. Calcined LMN powders,
employing both MgO (Figs. 3 and 4) and (MgCO3)4.
Mg(OH)2.5H2O (Fig. 5) as magnesium sources during
powder preparation, were examined by XRD. The
optimum calcination temperature for the formation of a
high purity LMN phase was found to be about 1375�C,
i.e. slightly higher than the upper temperature in Fig. 2.
In general, the strongest re¯ections apparent in the
majority of the XRD patterns could be matched with

the XRD pattern of LMN powder reported by other
workers,9 who assumed rhombohedral symmetry.
However, attempts to index all the re¯ections by means
of a rhombohedral cell failed, even with doubled axes.
Moreover, some of the additional peaks could not be
matched with the known peaks of likely minor phases.
Thus the decision was taken to investigate the structure of
the LMN phase by neutron powder di�raction followed
by Rietveld re®nement. This work, which is reported
separately,23 indicated that LMN has a monoclinic per-
ovskite structure, in space group P21/n with cell para-
meters a=796.55(9) pm, b=794.83(5) pm, c=797.35(8)
pm, �=90.534(4)� (Fig. 6). By employing this mono-
clinic symmetry, the presence of the major phase of
LMN as well as the minor phases could be determined
from the XRD patterns given in Figs. 3±5. Depending
on the calcination conditions, at least ®ve minor phases
were identi®ed, i.e. LaNbO4 (!), La3NbO7 (&), La2O3

(!), MgO (*), and Mg4Nb2O9 (*). The additional
re¯ections of these minor phases can be correlated with
JCPDS ®le nos. 22-1125, 26-822, 5-602, 30-794 and 33-
875, respectively. The LaNbO4 phase has a fergusonite-
type structure with a primitive monoclinic unit cell

Fig. 4. Powder XRD patterns of the calcined La(Mg2/3Nb1/3)O3

(route I) at calcination conditions (a) 1325�C for 4 h, (b) 1350�C for 4

h, (c) 1375�C for 4 h, (d) 1375�C for 8 h and (e) 1000�C for 24 h.

Fig. 5. Powder XRD patterns of the calcined La(Mg2/3Nb1/3)O3

(route II) at calcination conditions (a) 1325�C for 4 h, (b) 1350�C for 4

h, (c) 1375�C for 4 h, (d) 1375�C for 8 h and (e) 1000�C for 24 h.
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(a=5.57 AÊ , b=11.52 AÊ , c=5.21 AÊ and �=94.05�),
space group I2/c. La3NbO7, by comparison, has an
orthorhombic unit cell (a=7.62 AÊ , b=7.76 AÊ and
c=11.15 AÊ ). Precursor La2O3 has a hexagonal unit cell
(a=3.9373 AÊ and c=6.1299 AÊ ) in space group P3�m1
(No. 164), whereas cubic symmetry (a=8.12 AÊ ) is asso-
ciated with the MgO precursor. The Mg4Nb2O9 phase

has a corundum-type (a-Al2O3) structure with a hex-
agonal unit cell (a=5.16 AÊ and c=14.02 AÊ ), space
group P3�c1 (No. 165). No unreacted Nb2O5 was
observed, nor was there any indication of the columbite-
like phase of MgNb2O6 being present.
The relative amounts of the two majority phases, i.e.

perovskite-like LMN and La2O3, which are present in
each calcined powder, may, in principle, be calculated
from the intensities of the most intense X-ray re¯ections:

Table 1

Phase analysis for calcined LMN powdersa,b

Route Calcination

conditions

Qualitative concentrations

of phases

Temperature

(�C)
Time

(h)

LMN

(wt.%)

La2O3

(wt.%)

I 1325 4 68.1 31.9

I 1350 4 72.7 27.3

I 1375 4 90.7 9.3

I 1375 8 95.8 4.2

I 1000 24 74.0 26.0

II 1325 4 91.9 8.1

II 1350 4 96.8 3.2

II 1375 4 100.0 0.0

II 1375 8 100.0 0.0

II 1000 24 100.0 0.0

a The estimated precision of the concentrations for the two phases

is �0.1%.
b The concentration of La2O3 phase was calculated as an indicator

of the purity of the LMN phase for varying calcination conditions.

Concentrations of LaNBO4 and MgO phase were found to be small

and relatively constant for all calcination conditions.

Fig. 6. Predicted XRD pattern of the monoclinic P21/n phase of La(Mg2/3Nb1/3)O3,
25 generated from atomic coordinated in the accompanying

NPD re®nement,23 employing Voigt instrumental peak shapes.

Fig. 7. The particle size distribution curve of the calcined La(Mg2/3
Nb1/3)O3 powder.
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wt:% perovskite phase � 100� I LMN� �
I LMN� � � I La2O3� �
� �

�3�

This equation is analogous to the well known equation24

widely employed in connection with the fabrication of
complex perovskite materials. It should be seen as a ®rst
approximation, since its applicability requires compar-
able maximum intensities of the peaks of perovskite and
minor phases. Here I(LMN) and I(La2O3) refer to the
intensities of the {022} LMN and {101} La2O3 peaks,
these being the most intense re¯ections in the XRD
patterns of these two phases. For the purpose of esti-
mating the concentrations of the phases present, Eq. (3)
has been applied to the powder XRD patterns obtained,
as given in Table 1.

This study shows that a solid state, mixed oxide syn-
thetic route for the preparation of LMN leads to inhomo-
geneous powders. Poor reactivity of the magnesium and
lanthanum precursors seems to be a major factor, since
relatively high amounts of both unreacted MgO (*)
and La2O3 (!) phases were found, together with some
minor phases of LaNbO4 (!), La3NbO7 (&), and
Mg4Nb2O9 (*), particularly at low calcination tempera-
tures. This rationalisation correlates with the ®ndings at
high temperatures and long heat treatments, where the
amounts of both unreacted precursors and minor phases
gradually decrease. Moreover, it is interesting to note
that the use of magnesium carbonate hydroxide penta-
hydrate as a magnesium source (route II) together with
the vibro-milling technique can e�ectively enhance the

Fig. 8. SEM micrographs of the calcined La(Mg2/3Nb1/3)O3 powder.

Fig. 9. TEM micrograph of the La(Mg2/3Nb1/3)O3 particles; arrows

indicate MgO-rich areas in LMN parent phase.

Fig. 10. EDX analysis of the MgO-rich regions.
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Fig. 11. SAED patterns of the major phase of (a) rhombohedral La(Mg2/3Nb1/3)O3 ([113] zone axes) and minor phases of (b) monoclinic LaNbO4

phase ([117] zone axis), (c) hexagonal Mg4Nb2O9 phase ([011�0] zone axis) and (d) hexagonal La2O3 phase.
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yield of the LMN phase (Fig. 5). As the ®ring tempera-
ture is raised, more of the LMN phase is formed in the
products, with corresponding decreases in the con-
centrations of all minor phases (Figs. 3±5). At a calci-
nation temperature of about 1375 oC and longer heat
treatment conditions [Fig. 5(c±e)], no minor phases of
La3NbO7, La2O3 and Mg4Nb2O9 could be found within
the detection limits of XRD. However, the formation of
LaNbO4 (!) and unreacted MgO (*) could not be
completely eliminated. In earlier work9 long heat treat-
ments at 1000�C for 24 h were proposed for the forma-
tion of LMN by a conventional mixed oxide synthetic

route, although no details on phase formation were
provided. In the present study, an attempt was also
made to calcine LMN powders under the conditions
advocated by Lin and Wu9 [Figs. 4(e) and 5(e)]. In this
connection, it was found that some XRD re¯ections of
two minor phases LaNbO4 (!) and MgO (*) could
still be detected alongside the majority LMN phase. The
sequence of reactions during calcination may be inferred
from the XRD investigation as follows:

. for calcination conditions between 1000 and
1350�C for 4 h (both routes I and II)

Fig. 12. EDX analysis of the major phase La(Mg2/3Nb1/3)O3 indicating the variation of Mg/Nb ratio.
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La2O3+[MgOor (MgCO3)4.Mg(OH)2.5H2O]+Nb2-
O5)La(Mg2/3Nb1/3)O3, LaNbO4, La3NbO7, La2O3,
MgO and Mg4Nb2O9;

. for calcination conditions 1375�C (and 1400�C for
route I) for 4, 8 h and 1000�C for 24 h
� Route I: La2O3+MgO+Nb2O5 ) La(Mg2/3

Nb1/3)O3, LaNbO4, La2O3, MgO and Mg4
Nb2O9;

� Route II: La2O3+(MgCO3)4.Mg(OH)2.5H2O+
Nb2O5) La(Mg2/3Nb1/3)O3, LaNbO4 andMgO

It may be concluded that, over a wide range of calcina-
tion conditions, single phase perovskite-like LMN cannot
be straightforwardly formed via a solid state mixed oxide
synthetic route. The mechanisms behind the formation of
LMN perovskite are therefore somewhat complex and
unclear. For the purposes of the present study, LMN
powders synthesised by route II and calcined at 1375�C
for 4 h were selected for further investigation.

3.2. Particle size analysis

Fig. 7 shows the particle size distribution of
La(Mg2/3Nb1/3)O3 powder after calcination at 1375�C
for 4 h, indicating a uniform frequency distribution
curve with an appreciable size fraction at about 1.2 mm
within the range 0.5 to 5.0 mm.

3.3. Electron microscopy analysis

SEM micrographs of the calcined La(Mg2/3Nb1/3)O3

powder (1375�C for 4 h) are given in Figs. 8(a) and (b).
The particles are agglomerated and basically irregular in
shape, with a substantial variation in particle size.

However, some spherical particles could be found at
high magni®cation, ranging in diameter from 0.5±5.5
mm, in good agreement with the particle size distribu-
tion determined previously (Fig. 7).
A bright ®eld TEM image of discrete particles of the

calcined La(Mg2/3Nb1/3)O3 powder is shown in Fig. 9,
indicating the particle sizes and shapes at higher mag-
ni®cation. The observed morphology reveals the con-
siderable variation in sizes and shapes of the particles.
The particle diameter was found to be about 0.5±1.5 mm
in these TEM micrographs. A combination of TEM and
EDX techniques has demonstrated that an MgO-rich
phase (arrowed) exists neighbouring the LMN parent
phase (thicker area; blocky crystals), as shown in Figs. 9
and 10. By employing a combination of both selected
area electron di�raction (SAED) and crystallographic
analysis, the major phase of monoclinic LMN and
minor phases of monoclinic LaNbO4 and hexagonal
Mg4Nb2O9 were identi®ed [Fig. 11(a)±(c)], in good
agreement with the XRD results. In general, EDX ana-
lysis using a 20 nm probe from a large number of par-
ticles of the calcined powder con®rmed the parent
composition to be La(Mg2/3Nb1/3)O3 [Figs. 12(a)±(c)].
However, a variation in the Mg/Nb ratio was clearly
apparent. Minor phases of LaNbO4 and Mg4Nb2O9

were also con®rmed by this technique, as illustrated in
Figs. 13-14 and Table 2. Moreover, limited evidence for
the presence of the unreacted starting precursors La2O3

[Fig. 11(d) Ð the ring patterns indicating the poly-
crystalline nature and hence ®ne scale of this phase] and
MgO (Fig. 10) was also found in the TEM-EDX inves-
tigation, even though these could not be detected by
XRD.

Fig. 13. EDX analysis of the minor phase LaNbO4. Fig. 14. EDX analysis of the minor phase Mg4Nb2O9.
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4. Conclusion

The complex perovskite-type compound La(Mg2/3
Nb1/3)O3 has been prepared by a solid state mixed oxide
synthetic route. The preparative method involved the
use of laboratory-grade precursors, low milling and
drying times of powders, together with moderately low
calcination times. A combination of X-ray and electron
di�raction studies has demonstrated inhomogeneity in
LMN powders with a MgO-rich phase distributed over
the majority phase and ¯uctuations in the Mg/Nb con-
centration ratio within the LMN phase. Minor phases
were identi®ed as La2O3, LaNbO4, La3NbO7, MgO and
Mg4Nb2O9, with their concentrations decreasing at
higher calcination temperatures.
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route II) from TEM-EDX analysis

Composition (at.%) Possible phases

La (L) Mg (L) Nb (K)

39.9 43.6 16.4 La(Mg2/3Nb1/3)O3

56.3 25.5 18.2 La(Mg2/3Nb1/3)O3

40.3 32.9 26.8 La(Mg2/3Nb1/3)O3

48.3 50.9 ± LaNbO4

± 71.2 28.6 Mg4Nb2O9

100.0 ± ± La2O3

± 100.0 ± MgO
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