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Abstract

The crystal structure of the perovskite compound, lanthanum magnesium niobate [La(Mg2/3Nb1/3)O3 (LMN)] has been deter-

mined at 300 K by means of neutron powder di�raction. Subsequent Rietveld re®nement indicates that the crystal structure has
monoclinic P21/n symmetry, which is relatively uncommon for oxide perovskites, ABO3. An analysis of the structural data obtained
reveals that this space group is uniquely capable of accommodating both BO6-octahedral tilting and cationic ordering. Considera-

tion is also given to the likelihood of further compositions adopting this symmetry, with some suggestions for future work on the
pseudo-binary system Pb(Mg1/3Nb2/3)O3±La(Mg2/3Nb1/3)O3 (i.e. PMN±LMN or, equivalently, PLMN). # 2000 Elsevier Science
Ltd. All rights reserved.
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1. Introduction

As reviewed in the accompanying paper,1 previous
speculations concerning the crystal structure of the per-
ovskite compound lanthanum magnesium niobate
[La(Mg2/3Nb1/3)O3 (LMN)] have considered it likely to
exhibit rhombohedral symmetry, belonging to space
group R3.2 Whereas the arguments presented were
based on the observed splitting of the (222) powder X-
ray di�raction peak (referred to simple cubic axes), our
work has revealed the presence of additional re¯ections
in the X-ray di�raction pattern, which are incompatible
with rhombohedral symmetry.1 Thus the existence is
suggested either of a perovskite phase of lower sym-
metry or of phases additional to the main perovskite
phase. In order to resolve which of these alternatives

applies, use is made here of the technique of neutron
powder di�raction, since the observed Bragg peak
intensities are much more sensitive to the positions of
the oxygen ions in the crystal structure than is the case
for X-ray scattering. It is precisely these anions which
play a crucial roÃ le in determining the symmetry of the
system.3 Furthermore, through subsequent use of the
Rietveld re®nement method, the prospect is raised of
deriving a full structural model of LMN, incorporating
unit cell parameters and atomic coordinates. Informa-
tion of this kind is essential for resolving key issues in
the structural chemistry of perovskites, such as the
relative contributions of octahedral tilting and cationic
ordering in giving rise to `superlattice re¯ections'.4

Apart from the importance of LMN as a chemical
intermediate in the synthesis of Pb1ÿxLax(Mg(1+x)/3

Nb(2ÿx)/3)O3 (PLMN) solid solution ceramics,5 it also
has a structural signi®cance, in that it corresponds to
one end of the pseudo-binary system PMN-LMN. As
recent work has shown that the compound at the other
end, i.e. Pb(Mg1/3Nb2/3)O3, exhibits rhombohedral
R3m symmetry,6 the sequence of structural phase
transitions by which the symmetry changes from polar
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rhombohedral ultimately to the symmetry reported
here, as x increases from 0 to 1, is worthy of further
investigation, with work on this issue currently in
progress.7

Although the occurrence of monoclinic symmetry in
perovskites is comparatively uncommon, it has, for
example, been reported for the system La1ÿxSrxMnO3+d

(x40.01) when synthesized at oxygen partial pressures
less than 2�10ÿ3 atm.8

2. Method

Single-phase LMN powders were prepared by an
optimised two-step calcination method involving
columbite-like MgNb2O6 intermediates.1 Neutron pow-
der di�raction (NPD) data were collected at the Swed-
ish Research Reactor R2 in Studsvik, by means of a
Huber two-circle di�ractometer with an array of 35 3He
detectors. The monochromator system used two parallel
copper crystals in (220)-mode, giving rise to a wave-
length of 1.470 AÊ . The neutron ¯ux at the sample posi-
tion was approximately 106 neutrons cmÿ2 sÿ1. Data
were collected at 300 K from powdered samples of
LMN (approximately 5 g) loaded into a vanadium con-
tainer, with detector intensities statistically analysed and
summed. Corrections for absorption e�ects were subse-
quently carried out in the Rietveld re®nements, utilising
the empirical value �R=0.0645 cmÿ1 .The step-scan
covered the 2� range 4±140� with step-size 0.05�.

Di�raction datasets were re®ned by the Rietveld
method using FULLPROF software,9 with neutron
scattering lengths as follows: La, 8.24; Mg, 5.38; Nb,
7.05; O, 5.81 fm. Di�raction peaks were quanti®ed by a
pseudo-Voigt function, with a peak asymmetry correc-
tion applied at angles below 35o 2y. The background
was described by a six parameter polynomial. Initial
starting models were set up by assuming a random dis-
tribution of Mg and Nb atoms over the octahedral sites,
with the occupancy factors constrained during the
re®nements to maintain electrical neutrality. Partly
ordered distributions were also investigated by ®xing
oxygen positions and allowing just the scale factor,
thermal parameters and Mg/Nb occupancy factors to
vary. Oxygen occupancies were subsequently re®ned in
order to check for deviations in stoichiometry. Each
structural model was re®ned to convergence, with the
best result selected on the basis of agreement factors
and stability of the re®nement.

3. Results

Rietveld re®nements of the neutron di�raction data
indicated a single phase with cationic and anionic stoi-
chiometry close to the idealised formula of La(Mg2/3
Nb1/3)O3 (Fig. 1). Initial attempts to re®ne a structural
model in space group R3, as suggested by earlier work2,
met with little success. The best agreement between cal-
culated and experimental di�raction patterns could be

Fig. 1. Rietveld pro®le-®tting for LMN at 300 K.
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obtained for monoclinic symmetry in s.g. P21/n. The ®nal
agreement factors obtained in the re®nement were
Rp=3.56, Rwp=4.69, Rexp=3.19, RB=4.81. Closest
agreement was obtained by assigningMg to 2a and 2b sites
and Nb to 2c sites, together with random occupancy of
the 2d sites by both Nb and Mg atoms (Table 1).
Re®ned oxygen occupancies were found to be within
1% of expected values. Thus the sample investigated
here is highly crystalline and very close to the intended
stoichiometry.
A grasp of the structural essentials may be gained

from Fig. 2, where the tilting of the MgO6 and NbO6

octahedra is readily apparent, together with the dis-
tribution of Mg and Nb ions over B sites.

4. Discussion

A rapid quantitative appraisal of the features of the
structural solution may be carried out by calculating the
volumes of the LaO12 and MgO6/NbO6 cation coordi-
nation polyhedra, as quoted in the column headed Vc in
Table 1. Since the mean ratio of the LaO12 to MgO6/
NbO6 volumes (i.e. VA/VB) is equal to 4.625, and a
polyhedral ratio of this order of magnitude is more fre-
quently associated with the widely occurring Pnma
symmetry,3 it follows that the observed P21/n symmetry
is necessarily connected with the di�erent structural
requirements of the Mg2+ and Nb5+ ions. Since the
corresponding six-fold-coordinated ionic radii for these
ions are 72 and 64 pm, respectively, there will be a nat-
ural tendency for Mg2+ ions to occupy larger octahe-
dral sites than Nb5+ ions. Under P21/n symmetry, there
is ¯exibility in the volumes of the individual BO6 octa-
hedra, thereby permitting a variety of di�erent cation
ordering patterns over B-sites.

Strong support for the proposed structure is given by
the calculated polyhedral volumes of the BO6 octahe-
dra. Since Mg2+ ions have larger radii than their Nb5+

counterparts, it is reasonable that the two sites occupied
solely by Mg have the largest volumes, i.e. Mg(1) and
Mg(2), with volumes 12.09 and 11.26 AÊ 3, respectively.
Similarly, it is appropriate that the smallest BO6-volume
corresponds to the only site which is solely occupied by
Nb5+ ions, i.e. Nb(1), for which VC=10.89 AÊ 3. The 2d
sites, which are occupied on average by (0.68 Mg, 0.32
Nb) have intermediate BO6-volumes of 11.01 AÊ 3, as
would be expected.
It is also to be noted that the two symmetry-indepen-

dent lanthanum sites, i.e. La(1) and La(2) have AO12

polyhedral volumes which di�er from each other. As is
often the case in perovskites,3 the larger LaO12 poly-
hedron is associated with a greater o�-centre displace-
ment, dA, of the La ion: dA=0.321 AÊ for the La(1) ion
compared to a value of 0.165 AÊ for the La(2) ion.
A more fundamental understanding of how mono-

clinic P21/n symmetry is able to accommodate cations
with widely di�ering size requirements may be gained
by use of the method which has been proposed for the
global parameterization of perovskites.3 According to
this, there are 28 structural degrees of freedom (dof) for
a unit cell with this symmetry. Four are associated with
variable unit cell parameters (a, b, c, �), with 24 asso-
ciated with the coordinates of the ions in the unit cell.
The breakdown of these is given in Table 1, in the
column headed Nf. Since the x, y and z coordinates of
both lanthanum ions can be ®xed independently, each
ion is associated with three dof. By comparison, all the
magnesium and niobium ions are located at special
positions, for which x, y and z are ®xed. Hence, Nf=0
for these ions. Of particular signi®cance is the presence
of six symmetry-independent oxygen ions in the unit

Table 1

Unit cell parameters, symmetry and atomic coordinates of La(Mg2/3Nb1/3)O3 at 300 Ka

Atom Occupancy factor Point symmetry x y z B (pm) VC / AÊ 3 Nf

La(1) 0.94 (1) 4e 0.2353 (9) 0.258 (1) 0.2827 (7) 143 (10) 54.54 3

La(2) 0.98 (1) 4e 0.2358 (7) 0.255 (1) 0.7584 (8) 79 (8) 50.10 3

Mg(1) 0.94 (3) 2a 0 0 0 84 (11) 12.09 0

Mg(2) 1.00 (4) 2b 0 0 1=2 34 (13) 11.26 0

Nb(1) 1.01 (4) 2c 1=2 0 1=2 48 (12) 10.89 0

Mg(3) 0.68 (2) 2d 1=2 0 0 27 (11) 11.01 0

Nb(2) 0.32 (2) 2d 1=2 0 0 27 (11) 11.01 0

O(1) 1 4e 0.262 (1) ÿ0.0293 (9) ÿ0.0516 (9) 62 (8) 3

O(2) 1 4e 0.758 (1) 0.4585 (9) 0.0485 (9) 78 (8) 3

O(3) 1 4e 0.0400 (8) 0.255 (1) 0.0390 (8) 89 (9) 3

O(4) 1 4e 0.475 (1) 0.251 (1) ÿ0.058 (1) 44 (12) 3

O(5) 1 4e 0.0068 (9) ÿ0.045 (1) 0.2548 (8) 148 (13) 3

O(6) 1 4e 0.459 (1) 0.049 (1) 0.2505 (8) 24 (10) 3

a Cell parameters: a=796.55 (9) pm; b=794.83 (5) pm; c=797.35 (8) pm; �=90.534 (4)�; space group P21/n (no. 14); mean VA/VB ratio=4.625.
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cell, in general positions. Thus there are three dof
for each oxygen ion, making a total of 18 dof which
are associated with oxygen ion positions alone. This
situation is to be contrasted with the symmetry
restrictions governing oxygen ion positions in the more
common space group Pnma, where there are just ®ve
dof connected with oxygen ion coordinates.3 This dif-
ference gives direct insight into the ability of P21/n
symmetry to accommodate di�erent cation types by
adapting the dimensions and orientations of the oxygen
octahedra.
An appreciation of the relevance of these considera-

tions to the LMN system may be gained by considering,
as described earlier,3 the octahedral stalk-lengths, s, (i.e.
distances between opposite octahedral vertices) and
their corresponding angles of tilt, �, with respect to unit
cell axes a, b and c. These values are summarised in
Table 2. Since the angles of intersection of the three
stalks of a given octahedron do not deviate signi®cantly
from 90�, the octahedral volume, VB may be approxi-
mated by sxsysz/6. Thus, the ability of sx, sy and sz to
take on di�erent values for the four symmetry-indepen-
dent octahedra in space group P21/n permits the order-
ing of ions of di�ering radii over the B-sites.
Although 24 si and �i values are quoted in Table 2, a

consideration of Fig. 2, together with use of arguments
invoked earlier,3 reveals that there are nine constraints
of two general forms:

�sz sin �z�Mg�1� � �sz sin �z�Mg�2�
�plus five similar relationships� �1�

�sz cos �z�Mg�1� � �sz cos �z�Mg�2�
� �sz cos �z�Nb�1� � �sz cos �z�Mg�3�=Nb�2�
�plus two similar relationships� �2�

Eq. (1) convey the periodicity of the structure, with two
sets of oppositely tilted octahedra along each axial
direction. By comparison, Eq. (2) are concerned with
the requirement that the octahedral chains in a given
direction, x, y or z are identical in length. Thus there are
24ÿ9=15 dof associated with the si and �i parameters.
This situation is to be contrasted with the more com-
mon space group Pnma, where there are just ®ve dof.
connected with si and �i parameters. Of the remaining
thirteen dof in P21/n symmetry, six relate to A-ion
coordinates, one to the monoclinic angle b (which ®xes
the unit cell axes in absolute Cartesian space) and the
other six to the orientations of the planes formed by the
chains of octahedral stalks, as described earlier.3

Finally, it is appropriate to speculate whether mono-
clinic P21/n symmetry is likely to recur for other per-
ovskite compositions of relevance to applications. In
essence, this space group provides the ¯exibility to
accommodate both octahedral tilting and cationic
ordering. In the particular case of LMN, it may be
argued that the degree of ordering is at the maximum
extent which is consistent with the stoichiometry and
the requirement of full site occupancies. As the B-ion
composition of the asymmetric unit, i.e. 4(Mg2/3Nb1/3)
=Mg2.667Nb1.333 does not permit total ordering of Mg
and Nb ions over the four B sites, there is no means by
which disorder on one of the B sites (in this case, the 2d
sites) can be avoided.
For other perovskite compositions, it is conceivable

that P21/n symmetry would o�er the potential of com-
plete cationic ordering. One such possibility would be
the system La(Mg3/4W1/4)O3, where the signi®cant dif-
ferences in ionic radii between Mg2+ and W6+ would
lead to a strong driving force towards ordering. The

Fig. 2. The proposed structural model of LMN, indicating octahedral

tilting and the ordering of Mg2+ and Nb2+ ions over B sites [grey-

shading key, in order of increasing brightness: 1, Mg(2) (darkest);

2, Mg(3)/Nb(2); 3, Nb(1); 4, Mg(1) (brightest)].

Table 2

Volumes of BO6 octahedra, VB, together with octahedral stalk-lengths

sx, sy, sz and corresponding tilt-angles �x, �y, �z
a

B cation VB (AÊ 3) sx (AÊ ) sy (AÊ ) sz (AÊ ) �x (
�) �y (

�) yz (=)

Mg(1) 12.09 4.287 4.149 4.126 12.74 12.33 10.10

Mg(2) 11.26 4.227 4.084 3.978 13.92 14.23 10.48

Nb(1) 10.89 3.994 3.994 4.101 14.74 12.82 14.35

Mg(3)/Nb(2) 11.01 3.900 4.114 4.127 14.03 14.12 14.26

a sx represents the length of the octahedral stalk which is oriented

most closely with the x-axis direction, with �x the angle between this

stalk and the x-axis. Comparable meanings may be inferred for the

parameters sy, sz, �y and �z.
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existence of two symmetry-independent A-ion sites in
the asymmetric unit would also make P21/n symmetry a
strong candidate for hypothetical mixed A-ion systems
such as (La1/2Bi1/2)(Mg3/4W1/4)O3.
Since our initial work on the pseudo-binary system

PMN±LMN, i.e. Pb1ÿxLax(Mg(1+x)/3Nb(2ÿx)/3)O3 has
indicated signi®cant potential for developing a deeper
understanding of phase transitions between perovskite
phases with di�ering octahedral tilt geometries, and
how these in¯uence dielectric properties,5,7 it would be
interesting to probe the width of the stability ®eld of the
structure with P21/n symmetry. Since we have already
found7 that this system exhibits a disordered structure
with Pnma symmetry for x=0.75, a cross-over from
monoclinic to orthorhombic symmetry is implied in the
range 0.75 < x < 1. Since the di�erences in B-ion radii
suggest that there would still be a strong driving force
towards ordering at x=0.75, it is likely that the pro-
gressive introduction of larger Pb2+ ions on to the A-
sites destabilises the P21/n phase in favour of the Pnma
alternative.

5. Conclusion

Neutron di�raction studies have provided evidence
for monoclinic P21/n symmetry in lanthanum magne-
sium niobate at 300 K. This centrosymmetric space
group, which is relatively uncommon for perovskite
structures, is capable of accommodating both BO6

octahedral tilting and ordering of ions over A and B
sites. Work is currenly in progress concerning the sin-
tering characteristics and dielectric properties of this
compound.9
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