
J O U R N A L  O F  M A T E R I A L S  S C I E N C E  29 (1994) 1284 1289 

Ordering in lead magnesium niobate solid 
solutions 

K. PARK, L. S A L A M A N C A - R I B A ,  M. WUTTIG 
Department of Materials and Nuclear Engineering, University of Maryland, College Park, 
MD 20742, USA 

D. VIEHLAND 
Materials Research Laboratory, and Department of Materials Science and Engineering, 
University of Illinois, Urbana, IL 61801, USA 

Nonstoichiometric ordering of magnesium and niobium cations in undoped and lanthanum- 
doped lead magnesium niobate solid solutions has been investigated by means of high- 
resolution transmission electron microscopy and computer image simulation. High-resolution 
lattice images were obtained using different objective apertures for various microscope 
imaging conditions. Computer image simulations were performed for a wide range of sample 
thicknesses, defocusing conditions, local Mg/Nb ratios, and long-range order parameters. The 
simulated images demonstrated that the lattice images of the ordered region are predominantly 
dependent on the long-range order parameter. By a comparison of the experimental and 
simulated images, a range of values of the long-range order parameter 0.2 ~< S < 0.8 was 
obtained for the ordered regions. It was also shown that the ordered structure has a 
(NH4)3FeF6 structure, which consists of alternating magnesium- and niobium-preferred 
sublattices along the (111 ) directions. 

1. Introduction 
Lead magnesium niobate and other structurally re- 
lated cubic perovskites, ~ I| Pb(BxBl_x)Oa, are relaxor 
ferroelectrics. These materials are characterized by a 
relaxation of the dielectric permittivity, and an in- 
ability to sustain a macroscopic polarization for tem- 
peratures significantly below that of the permittivity 
maximum, Tma x. Burns and Dacol [1, 2] have shown 
that a local polarization exists for temperatures far 
above Tmax, indicating that the local symmetry is 
lower than the global. Viehland et  al. have recently 
shown that this broken translational invariance of the 
polarization results in the development of glass-like 
characteristics in the dielectric [3], polarization [4], 
and elastic [5] responses, where there is the develop- 
ment of a frozen state below a characteristic temper- 
ature. In general, spin-glass-like behaviour occurs in 
systems which cannot establish conventional long- 
range order due to some form of chemical [6-8] or 
structural [9-11] inhomogeneity. This underlying dis- 
order has yet to be fully elucidated for the relaxor 
ferroelectric, although it has been believed to be re- 
lated to the existence of ordered domains [12, 13]. 

Ordering in Pb(Mgl/aNb2/3)O 3 (PMN) has been 
suggested to arise due to a compositional segregation, 
resulting in some regions being magnesium-enriched 
[7, 8]. The scale of the ordered regions was ~ 2-5 nm, 
which did not coarsen with annealing time. These 
ordered regions were subsequently hypothesized to 
have local Mg : Nb ratio of 1 : 1 relative to the global 
ratio of 1:2, suggesting that a charge imbalance asso- 

ciated with nonstoichiometric ordering may underlie 
this microstructure and the resultant relaxor behavi- 
our [12, 13]. Although this type of nonstoichiometry 
may exist, the Mg : Nb occupancy on the B-sublattices 
in the ordered structure has yet to be determined. The 
ordered structures of PMN and Pb(Scx/zTaa/2)O3 
(PST) have previously been investigated using high- 
resolution transmission electron microscopy 
(HRTEM) [14-16]. However, quantitative informa- 
tion on the ordered structure of the relaxor ferroelec- 
trics to date was not reported. The purpose of this 
study is to elucidate quantitatively the microstructure 
of PMN by means of high-resolution lattice imaging 
and computer image simulation. The influence of 
long-range order parameter on the lattice images of 
the ordered regions is also described in this work. 

2. Experimental procedure 
The samples used in this study were undoped and 
lanthanum-doped PMN solid solutions. These sam- 
ples were prepared by the precalcination method [17]; 
MgO and Nb/O 5 were prereacted to form columbite, 
and then milled with the appropriate proportions of 
PbO and La20  3. Lanthanum additions were used to 
enlarge the size of the ordered domains, increasing the 
available information concerning the atomic arrange- 
ment of the ordered structure. 

The samples for HRTEM were prepared by mech- 
anical grinding, dimple grinding, and subsequent ion- 
milling at liquid nitrogen temperature. The ion- 
milling was done using 4.5 keV Ar + ions and 1 mA 
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Figure 1 (110) electron diffraction pattern from undoped PMN.  
Two superlattice reflections (F-spots) are marked by arrowheads. 

current in order to minimize ion-induced damage. 
The structural studies were performed using a Jeol 
2000FX-II transmission electron microscope (TEM) 
which was operated at an accelerating voltage of 
200 keV. The microscope has spherical and chromatic 
aberration coefficierfts of 2.3 and 2.2 mm, respectively, 
with resolutions of 0.28 nm (point) and 0.14 nm (lat- 
tice). The Scherzer focus of the TEM i s -  76 nm. 
Experimental lattice images of the ordered structure 
were obtained using different objective apertures for 
various defocusing conditions. Simulated lattice im- 
ages using the multislice method [18-20] with allow- 
ance for factors such as specific composition and 
occupancy of the cations on the B-site sublattice, 
sample thickness, and microscope imaging conditions 
were obtained, and the results were compared with the 
experimentally obtained lattice images. 

3. Electron di f fract ion patterns 
Fig. 1 shows a (1 1 0) electron diffraction pattern from 
undoped PMN. In addition to (strong) allowed reflec- 
tions originating from the cubic perovskite structure, 
extra (weak) superlattice reflections (F-spots), marked 
by arrowheads, appear at positions (h + �89 k + �89 
l + �89 with respect to the fundamental reflections of 
the primitive perovskite unit cell (a  o ~ 0.402 rim). The 
existence of these superlattice reflections clearly con- 
firms that some regions of the sample correspond to 
an ordered structure which gives rise to doubling (2a o 
x 2ao • 2ao) of the primitive perovskite unit cell, as 
previously reported [7, 8]. The intensity of the super- 
lattice reflections increases as the Contents of the 
dopant La 3 + in PMN increase, thereby indicating an 
increase in the size of ordered domains and/or the 
degree of order. These results are consistent with those 
presented for lanthanum-doped PMN by Chen e t  al.  

1-12] and Lin and Wu [21]. Dark-field images ob- 
tained using the �89 T 1) spot shown in Fig. 1 revealed 

Figure 2 Experimental (110) lattice images of an ordered region for 
5% lanthanum-doped P M N  for two different defocusing values. 
The insets show simulated images for a sample thickness of 12.5 nm, 
Mg : Nb = 1 : 2, long-range order parameter of 0.6, and defocusing 
values of (a) - 64 nm and (b) - 76 nm. An objective aperture with 
radius of 3.37 nm -1 was used to obtain these images. 

Figure 3 Experimental (110) lattice image showing a disordered 
region for 5% lanthanum-doped PMN.  The inset shows a simulated 
image for a sample thickness of 12.5 nm, defocus of - 76 nm, and 
long-range order parameter 0.0. An objective aperture with radius 
of 3.37 nm -1 was used to obtain these images. 
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that the size of the ordered regions was in the range 
4-20 nm. 

4. High-resolution lattice images 
In order to investigate the microstructure of the or- 
dered and disordered regions for undoped and lan- 
thanum-doped PMN at the atomic level, several 
high-resolution lattice images in the [1 1 0] projection 
were obtained experimentally using different objective 
apertures for various microscope imaging conditions. 
Some examples are shown in Figs 2-4. Ordered 
regions with relatively large diameters ~ 10-20 nm 
and from thin areas ( ~ 20 nm) of the samples were 
selected for the analyses. This selection increased the 
probability of the electron beam to traverse only that 

region and not a superposition of ordered and dis- 
ordered regions. Experimental (1 1 0) lattice images 
from the same area of an ordered region but for two 
different defocusing values for 5% lanthanum-doped 
PMN are shown in Fig. 2a and b. These lattice images 
were obtained using an aperture of radius of 
3.37 nm- 1, which allowed for contributions from the 
_(001), • •189 and __+�89 reflec- 

tions. In these figures, a contrast modulation along the 
(1 1 1) directions, and the (001) and (1 i0) lattice 
fringes with a pseudo-hexagonal pattern are clearly 
observed. The wavelength of the contrast modulation 
is ,,~ 0.407 nm, as obtained from optical diffracto- 
grams taken from the negatives of the lattice images. 
This value approximately corresponds to twice the 
calculated (i 1 1) interplanar spacing, strongly imply- 
ing that the ordered structure corresponds to a 
doubling of the perovskite unit cell which arises from 
the formation of two distinct B-site cation sublattices 
[7, 8]. 

In contrast, the lattice images of disordered regions 
for 5 % lanthanum-doped PMN taken with approxim- 
ately the same conditions showed tetragonal patterns, 
as shown in Fig. 3. This lattice image was obtained 
using an aperture of radius of 3.37 nm- 1 and a de- 
focusing value close to the Scherzer value. The same 
tetragonal pattern was observed from disordered re- 
gions, regardless of the objective aperture size, sample 
thickness, and defocusing value. It is important to 
note that the boundaries between ordered and dis- 
ordered regions were coherent, suggesting that there is 
no appreciable change in the lattice constant between 
these regions other than a doubling of the perovskite 
unit cell. 

Other regions of the samples showed lattice images 
with patterns between those shown in Figs 2 and 3. 
One example of these is shown in Fig. 4 in which (1 1 0) 
lattice images from the same area of an ordered region 
of a 5% lanthanum-doped PMN for two different 
defocusing values of the objective lens, using a large 
aperture of radius of 6.05 nm -1 can be seen. This 

Figure 4 Experimental (110) lattice images of an ordered region for 
5% lanthanum-doped P M N  for two different defocusing values. 
The insets show simulated images for a sample thickness of 12.5 rim, 
Mg: Nb = 1 : 2, long-range order parameter of 0.2, and defocusing 
values of(a) - 88 nm and (b) - 100 nm. An objective aperture with 
radius of 6.05 n m - l w a s  used to obtain these images. 
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Figure 5 Proposed model for the atomic configuration of ordered 
P M N  [22], illustrating the formation of two distinct B-site cation 
sublattices, fll and fin, for magnesium and niobium, respectively. 



aperture allows for contributions from additional re- 
flections including: _+ �89 1 3), + �89 1 3), _+ (3 3 1), 
_+ (3 3 1), • (0 0 2), _+ (1 1 1) and +_ (1 i 1) reflections. 

Contrast fluctuations, indicative of the ordered struc- 
ture are observed in Fig. 4a, while essentially no 
contrast fluctuations are observed in Fig. 4b, even 
though both images correspond to the same sample 
area. The lattice image shown in Fig. 4b more closely 
resembles those of the disordered regions (see Fig. 3). 
It should therefore, be noted that lattice imaging in 
this system is strongly dependent on the experimental 
conditions, including sample thicknesses and defocus- 

ing values. Also, from Figs 2 and 4 it is clear that these 
images correspond to ordered regions with different 
long-range order parameter, i.e, different occupancy of 
magnesium and niobium cations on the B-site sub- 
lattices. It is also possible that the difference in long- 
range order parameter is associated with a difference 
in the local composition of magnesium and niobium 
cations within the ordered regions. In order to obtain 
more insight into the local composition and long- 
range order parameter of the order region, matching 
of the experimental and simulated images was carried 
out by visual comparison of a series of simulated 

Figure 6 Simulated (110) lattice images from a local Mg:Nb ratio of t:1 and sample thickness of 12.5 nm for long-range order parameter 
S = (a) 1.0, (b) 0.8, (c) 0.6, (d) 0.4, (e) 0.2 and (f) 0.0. The defocusing values for each column are, from left to right, Af = - 52, -- 64, - 76, - 88 
and - 100 nm. 
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images, obtained for thicknesses ranging from 
2.2-20.5 nm in steps of 1.1 nm. For each thickness five 
different defocusing values were used to calculate the 
simulated images. Also, the long-range order para- 
meter was varied from 0 to S . . . .  the maximum value. 
These results are presented in more detail below. 

5. Computer-simulated lattice images 
Computer image simulations were performed using 
the mulfislice method to obtain more detailed in- 
formation on the ordered structure, and assuming the 
ordered (NH4)3FeF 6 structure shown in Fig. 5. In this 
figure, two crystallographic B-site sublattices are mar- 
ked, 131 (magnesium preferred-sites) and 131~ (niobium 
preferred-sites), corresponding to a 1:l  ordering of 
alternating magnesium and niobium layers along the 
(1 1 1) directions. Simulations were carried out for 
several sample thicknesses, long-range order para- 
meters, S, defocusing values of the objective lens, Af 
and local Mg:Nb ratios (1:1 and 1:2). The sample 
thicknesses ranged from 2.2-20.5 nm in steps of 

1.1 nm, the long-range order parameters ranged from 
maximum order parameter Sm,x to 0.0, and the defocu- 
sing values ranged from - 46 to - 96 nm in steps of 
12 nm. The input operating parameters used in these 
calculations were the voltage (200 kV), the objective 
aperture radius (3.37 or 6.05 nm-1), the spherical 
aberration coefficient (2.3 mm), the semi-angle of illu- 
mination (1.0mrad), the half-width of Gaussian 
spread of vibration (0.0 nm), and the half-width of 
Gaussian spread of defocus (5 nm). 

Figs 6 and 7 show the dependence of simulated 
images on the long-range order parameter and defocu- 
sing value at a sample thickness of 12.5 nm for local 
Mg:Nb ratios of 1:1 and 1:2, respectively, which 
were obtained using an aperture of radius of 
3.37 nm- 1. Complete long-range order (S = 1.0) cor- 
responds to all I~ and 13~1 sites being occupied by 
magnesium and niobium, respectively, and can only 
be achieved for a local Mg: Nb ratio of 1 : 1. Sm,x for a 
local Mg: Nb ratio of 1 : 2 equals 0.67. The simulated 
images presented in Figs 6 and 7 show how the long- 
range order parameter affects the image detail. It is 

Figure 7 Simula ted  (110) lat t ice images  from a local  M g  : N b  ra t io  of  1 : 2 and  sample  thickness  of 12.5 n m  for long- range  order  pa ramete r  
S = (a) 0.67, (b) 0.6, (c) 0.4, (d) 0.2 and  (e) 0.0. The  defocusing values for each co lumn  are, f rom left to right, Af  = - 52, - 64, - 76, -- 88 and  

- 100 nm. 
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evident in these figures that the simulated images 
slowly change from pseudo-hexagonal to rectangular 
pattern with decreasing S, thus showing the difference 
between the ordered and disordered structures at the 
atomic level. It was also observed that for the same 
value of S the simulated images obtained for a certain 
thickness and defocusing value were similar for both 
Mg:Nb ratios. For example, the lattice images with 
Mg:Nb = 1:1 and S = 0.6 (see 7ig. 6c) are nearly 
identical to those with Mg: Nb = 1 : 2 and S = 0.6 (see 
Fig. 7b). Thus, these results clearly demonstrate that 
the lattice images of ordered regions are strongly 
sensitive to the value of long-range order parameter, 
but insensitive to the relative Mg:Nb ratio. 

The long-range order parameter of the ordered 
structure can be estimated by comparing the simu- 
lated images with the experimental images. It is ex- 
tremely difficult to identify the exact value of the long- 
range order parameter of the ordered structure, be- 
cause the experimental images are noisy and are not 
uniform from one area to another. A careful com- 
parison between the experimental and simulated im- 
ages shown in Figs 2 and 4 indicated that the best 
match corresponds to S ~ 0.6 and S ~ 0.2, respect- 
ively. The corresponding simulated images are shown 
as insets to these figures. The comparison was carried 
out by obtaining a through-focal series of lattice 
images from the same area and comparing them to 
similar series of simulated images obtained for differ- 
ent values of the long-range order parameters. The 
criteria for matching was that all experimental and 
simulated images in the through-focal series needed to 
match. The same comparison was carried out from 
several samples and for two different objective aper- 
tures. The result of this investigation indicates that the 
value of the long-range order parameter varies be- 
tween 0.6 and 0.2 from one region to another. Further- 
more, from this investigation it can be concluded that 
nonstoichiometric ordering of magnesium and 
niobium cations along the (1 1 1) directions takes 
place, i.e. it is not necessary that the local Mg:Nb 
ratio varies from 1 : 1 to 1 : 2 between the ordered and 
disordered regions. In addition, the results of this 
comparison also show that the proposed model with a 
(NH4)aFeF 6 structure for PMN is valid for the or- 
dered structure. 

6. Conclusion 
We have observed nonstoichi0metric ordering of mag- 
nesium and niobium cations in undoped and lanthan- 
ium-doped lead magnesium niobate solid solutions 
along the ( t  1 1 ) directions~ giving rise to the doubling 
of the primitive perovskite unit cell. Simulated images 
revealed that the lattice images of the ordered regions 
are dominated by the long-range order parameter. By 

extensive visual comparison of experimental and 
simulated images, it was also determined that the 
value of the order parameter in the ordered regions 
with a (NH4)3FeF6 structure is 0.2 ~< S < 0.8. 
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