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INTRODUCTION

Lead magnesium niobate and other structurally
Pb(B(D)xB(II)1-+)Os3,

are relaxor ferroelectrics. These materials exhib-

related cubic perovskites,
it a high dielectric constant, a relatively low
firing temperature, and a diffuse ferroelectric—
paraelectric phase transition (Shrout ef «/., 1987,

Chen ef al., 1989). Several workers have shown
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the influence of local chemical fluctuations on
the diffuse phase transition by means of order-
disorder experiments in perovskite Pb(Sci2Tai2)Os
(PST) and Pb(Sci12Ta12)0s (PSN) (Setter et
al., 1980; Stenger ef al/., 1980). The diffuse
phase transition is largely influenced by the de-
gree in which the B-site atoms are ordered on
the B-site sublattice,

It has been
Pb(Sci2Taiz)0s (PMN) arises due to a composi-

reported that ordering in
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tional segregation, resulting in some regions
being Mg-enriched (Kobler ef al., 1980; Hiiser et
al., 1983). These ordered regions were subse-
quently hypothesized to have local Mg:Nb ratio
of 1:1 relative to the global ratio of 1:2, sug-
gesting that a charge imbalance associated with
nonstoichiometric ordering may underlie this
microstructure and the resultant relaxor behav-
ior (Chen et al., 1989; Randall ef a/., 1990). The
ordered structures of PMN and PST have previ-
ously been investigated using X-ray diffraction
(Bonneau et al., 1988; Lin ef a/., 1990) and
high-resolution transmission electron microscopy
(HRTEM) (Krause ¢t al., 1979; Husson et al.,
1988; Kang et al., 1990). However, there is no
report on quantitative information, i.e., long-
range order parameter, on t’he ordered structure
of the relaxor ferroelectrics. The purpose of
this study is to elucidate quantitatively the
ordered structure of PMN and to investigate the
influence of long-range order parameter on the
lattice images of the ordered regions by means
of high-resolution lattice imaging and computer

image simulation.
EXPERIMENTAL

The samples used in this study were undoped
and La-doped PMN solid solutions, These sam-
ples were prepared by the precalcination method
(Swartz et al., 1982). MgO and Nb.Os were pre-
reacted to form columbite, and then milled with
the appropriate proportions of PbO and LazOs.
La was added to enlarge the size of the ordered
domains, increasing the available information
concerning the atomic arrangement of the order-
ed structure,

The samples for HRTEM were prepared by
mechanical grinding, dimpling, and then ion-mil-

ling at liquid nitrogen temperature. The ion-

milling was done using 4.5keV Art ions and 1
mA current in order to minimize ion-induced
damage. Detailed microstructural information on
the ordered region was investigated by HRTEM,
which provides all the capabilities necessary for
both microstructural and chemical analyses.
Especially, the high resolving power of HRTEM
allows for quantitative information on the order-
ed structure of PMN at the atomic level, HR-
TEM examinations were performed using a Jeol
2000 FX-II transmission electron microscope
which was operated at an accelerating voltage of
200 keV. The spherical and chromatic aberra-
tion coefficients of the microscope are 2.3 and
2.2 mm, respectively, with resolutions of 0.28
nm (point) and 0.14 nm (lattice). The Scherzer
focus of the microscope is ~76 nm. The experi-
mental lattice images of the ordered region were
obtained under various defocusing conditions and
objective apertures. The experimentally obtained
lattice images were compared with the simulated
lattice images.

Computer image simulations were carried out
using the multislice program (Cowley ef al.,
1957, 1959(a), 1959(b)) for several sample thick-
nesses, long-range order parameters, S, and
defocusing values of the objective lens, 4f. The
multislice program was written by O’Keefe and
Skarnulis during the period 1970~1980 (Skar-
nulis, 1975), and were later modified for IBM
software. There are two sets of programs,
ZOLT PROG and 3DPROG. The ZOLT PROG
does not allow the crystal structure to be varied
in the electron beam direction and makes the
“projection approximation” or zero order Laue
zone (ZOLT) approximation in which the true
crystal potential is replaced by its two-dimen-
sional projection through one unit cell in the
electron beam direction, while the 3DPROG allo-

ws the crystal structure to be varied in the
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electron beam direction. The 3DPROG should,
thus, be used for structures with a large period
in the electron beam direction, for structures
non-periodic in the beam direction, e.g., for
layer structures with stacking disorder in the
beam direction, amorphous structure or surface
images, or for the investigation of higher order
Laue zone (HOLT) effects. The sample thick-
nesses ranged from 2.2 to 20.5nm with a step
of 1.1nm, the long-range order parameters
ranged from 1.0 to 0.0, and the defocusing
values ranged from —46 to —96 nm with a step
of 12nm. The input microscope parameters used
in the computation of the images are the operat-
ing voltage, V=200 kV, the radius of objective
7s=3.37 or 6.05nm™,
C=2,3 mm,

angle of illumination, div=1.0 mrad, the half-

aperture, the spherical

aberration coefficient, the semi-
width of Gaussian spread of vibration, v6=0.0
nm, and the half-width of Gaussian spread of
defocus, de!/=5nm. The simulated lattice images

were obtained with 420 beams.
RESULTS AND DISCUSSION

The (110) selected area diffraction (SAD) pat-
tern from undoped PMN is shown in Fig. 1. In
addition to (strong) allowed reflections originat-
ing from the cubic perovskite structure, extra
(weak) superlattice reflections, marked by arro-
ws, appear at positions (h+ﬂ}, E+ 4, 1+ w}—)
with respect to the fundamental reflections of
the primitive perovskite unit cell (ao 0.402 nm),
The existence of these superlattice reflections
clearly confirms that there are some regions
with ordered structure which results from a
doubling (24, X2a,X2a,) of the primitive per-
ovskite unit cell, as previously reported (Ké&bler
et al., 1980; Hiiser et al., 1983). The intensity

of the superlattice reflections increased with in-

creasing the contents of the dopant La in PMN,
indicating an increase in the size of ordered do-
mains and/or the degree of order. For the Mg:
Nb ratio of 1:1, the structure factor Fysei of
the 1/2(111) superlattice reflection .can be expre-
ssed as follows: Fiazain=4(mg—fne), where fug
and fns are the atomic scattering factors of Mg
and Nb, respectively. This structure factor is a
function of the difference of atomic scattering
factors of Mg and Nb on the B(I)- and B(II)-
sublattices, respecti\}ely, and also gives rise to
the superlattice spots in the SAD pattern shown
in Fig. 1.

Fig. 1. (110) SAD pattern from undoped PMN. Two
superlattice reflectionsare marked by arrows.

In order to investigate the microstructure of
the ordered regions for undoped and La-doped
PMN at the atomic level,

resolution lattice images in the [110] projection

experimental high—

were obtained under various defocusing values
of the objective lens and objective apertures.
Thin sample areas (<20 nm) containing ordered
domains with relatively large size (—10-20 nm

diameter) were selected for the analyses. This
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selection increased the probability of the elec-
tron beam to traverse only the ordered regions
and not a superposition of ordered and disorder-

ed regions. The experimental (110) lattice imag-

[$4

[( p.402nm ,

Fig. 2. Experimental (110) lattice images from an
ordered region for 5% La-doped PMN under
two_ different defocusing values. The insets
show the simulated images for a sample
thickness of 12,5nm, objective aperture with
radius of 3.37 nm-1, Mg:Nb ratio of 1:1,
long-range order parameter of 0.6, and de-
focusing values of (a) —64nm and (b) -76
nm.

es from an ordered region under two different
defocusing values of the objective lens and objec-
tive aperture with radius of 3.37 nm™! for 5%
La-doped PMN are shown in Figs. 2(a) and
(b). In these figures,
along the (111) directions, and the (001) and
(110) lattice fringes with a pseudo-hexagonal

a contrast modulation

pattern are clearly observed. The wavelength of
the contrast modulation is ~0.464 nm, which
obtained from optical diffractograms taken from
the negative of the laiiice images, This value
approximately equals to twice the calculated
(111) interplannar spacing, strongly indicating
that the ordered structure arises due to a doub-
ling of the perovskite unit cell,

Fig. 3(a) and (b) show the (110) lattice im-
ages from different ordered res‘gion for 5% La-
doped PMN under two different defocusing
values and objective aperture with radius of
6.05 nm™!,

the ordered structure, are observed in Fig. 3(a),

Contrast fluctuations, indicative of
while essentially no contrast fluctuations are
observed in Fig. 3(b), even though both images
were obtained from the same ordered region.
The lattice image shown in Fig. 3(b) closely
resembles that in the disordered regions. It
should be therefore noted that the lattice imag-
ing in this alloy system is strongly dependent on
the experimental conditions, such as sample
thickness and defocusing value.

In order to-determine the degree of order of
the order region, the experimental lattice images
were compar'ed with the simulated lattice im-
ages. Simulated images were obtained under five
different defocusing values at given sample
thicknesses. Computer image simulations were
performed using the multislice method, and
assuming the ordered (NH4)sFeFs structure
(G;alassb,' 19_69) shown in Fig. 4. The Mg and

Nb preferred sites on B-site planés can be
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Fig. 3. Experimental (110) lattice images from dif-
ferent ordered region for 5% La-doped PMN
under two different defocusing values. The
insets show the simulated images for a
sample thickness of 12.5nm, objective aper-
ture with radius of 6.05nm-!, Mg:Nb ratio
of 1:1, long-range order 'paramgter of 0.2,
and defocusing values of (a) -88 nm and (b)
-100nm. '

seen, clearly indicating the 1:1 ordering of

alfernating Mg and Nb layers along the (111)

Fig. 4. Proposed model for the atomic configuration
of ordered PMN (Galasso, 1969), illustrating
the formation of two distinct B-site cation
sublattices for Mg and Nb.

directions. For various occupancies of the Mg
and Nb cations on the distinct B-site sublat-
tices, structure factors were calculated and then
computef image simulations were performed.

For comparison, crystal structure of the order-
ed perovskite unit cell projected onto the (110)
plane is shown in Fig. 5. Open circles, solid
circles, hatched circles, open squares denote
Mg, Nb, O, and Pb atoms, respectively. This
figure shows a preference for Mg or Nb cations
on two distinct B-site cation sublattices and
alternating Mg and Nb planes along the (111)
directions, in which each cation of one B-site
sublattice is four-fold coordinated by neighbor-
ing cations of the other B-site sublattice.

Fig. 6 shows the pendell sung plots for the
intensities of the (001), (110), (111), and +
(111) beams as a function of sample thickness.
These plots indicate that a strong contrast in
the 4 (111) reflection would be achieved for a
sample thickness of 16 nm. The total intensity
of all beams at this thickness is ~90% of the
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Fig.5. Crystal structure of the ordered perovskite
unit cell projected onto the (110) plane.

Pb

incident intensity, implying that only ~10% of

the total intensity is lost due to absorption.

Fig. 7 shows the _dependence of simulated
images on the long-range order parameter and
defocusing value at a sample thickness of 16 nm
and objective aperture of radius of 3.37 nm™! for
local Mg:Nb ratio of 1:1. Complete long-range
order (§=1.0) corresponds to all B(I)- and
B(Il)-sites being occupied by Mg and Nb,
respectively, which can only be achieved for a
local Mg:Nb ratio of 1:1, The composition of
the B-site cations is represented by the atomic
fractions Cume and Cnp of Mg and Nb, respec
tively, where Cu+Cns=1. If N is the number
of cations on the B-site sublattice, the numbers
of Mg and Nb cations are given by Npy=Cum,N
and Nwny=CnxsN, respectively. The number of
each kind of sites is given by Npgu)y=vN and
Npun=vN, where v is the fraction of Mg or
Nb sites, which for the ordered structure con-
sidered in this work is 0.5. The departure from
complete order can be described by means of

the long-range order parameter S (Smirnov,
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Fig. 7. Simulated (110) lattice images from the local Mg:Nb ratio of 1:1 and sample thickness of 16 nm for

The

and (f) 0.0.

(e) 0.2,
defocusing values for each column are, from left to right, 4f=-52, —-64, -76, —88, and —100nm,

(a) 1.0, (b) 0.8, (c) 0.6, (d) 0.4,

long-range order parameter S

where Py and Priumeg are the probabilities of
finding a Mg atom at the B(I)- and B(II)-site

1966).

the probability

respectively. Thus,

sublattices,

_ Puwmg=Cus

Piimg—Cnyg
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of finding cations at the B(I)- and B(II)-site

sublattices can be written as follows.

Prmg = Cuet(1-v)S
Pray =Cn—(1-v)S
Pirimegy=Cmg—vS
Prwey =Cmt+vS
The maximum order parameter Sm.: In terms of
Mg cation' composition is defined as (Smirnov,
1966)
Cug
v

Smaz =

For deviation from 1:1 stoichiometric com-
position, the order parameter is always less
than unity. These simulated images show how
the long-range order parameter affects the
lattice images. The complete ordered structure
(S=1.0) has a pseudo-hexagonal pattern. With
decreasing the order parameter, the patterns in
the calculated images change slowly from a
pseudo-hexagonal pattern to a rectangular pat-
tern. The complete disordered structure (S=
0.0) has a rectangular pattern.

The long-range order parameter of the order-
ed structure in PMN can be estimated from a
comparison of the experimental images and the
simulated images by visual observation. The
through-focal series of experimental lattice im-
ages from the same ordered area were obtained
and then compared with the series of simulated
images at given values of the order parameters.
It is necessary that all the experimental and
simulated images in the through-focal series
should be matched. The best matches between
the experimental and simulated images shown in
Figs. 2 and 3 were obtained at S=0.6 and S=
0.2, respectively. The corresponding simulated
images are shown as insets to these two figures.
The comparisons suggest that the value of the

order parameter of ordered regions approxima-

tely ranged from 0.2 to 0.7 and also the
nonstoichiometric ordering of Mg and Nb cations
occurred along the (111) directions. 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 comparisons
show that the proposed model of (NHs)sFeFs
structure for the ordered structure of PMN is

valid.
CONCLUSIONS

The nonstoichiometric ordering of Mg and Nb
cations was observed in undoped and La-doped
lead magnesium niobate solid solutions along the
(111) directions. It was found that the simulat-
ed lattice images of the ordered regions were
strongly dependent on the long-range order
parameter. The extensive visual comparison of
the experimental and simulated images revealed
that the value of the order parameter in the
ordered regions approximately ranged from
0.2~0.7 and also the ordered regions had a
(NHy)sFeFe structure. Furthermore, the com-
plete ordered structure (S==1.0) showed a pseu-
do-hexagonal pattern. As the order parameter
decreased, the patterns in the calculated images
changed slowly from a pseudo-hexagonal pattern

to a rectangular pattern.
ABSTRACT

The nonstoichiometric ordering of Mg and Nb
cations in undoped and La-doped lead magnesi-
um niobate solid solutions has been investigated
by means of high~resolution transmission elec-
tron microscopy and computer image simulation.
High-resolution lattice images were obtained
under various microscope imaging conditions and

objective apertures. Computer image simulations
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were performed for a wide range of sample
thickness, defocusing value, and long-range
order parameter. The simulated images revealed
that the lattice images of the ordered regions
were predominantly dependent on the long-

range order parameter. From the comparisons of

the experimental and simulated images for the

ordered regions, the long-range order parameter
apprdximately ranged. 0.2 to 0.7. It was also
found that the ordered structure has a (NHi)s
FeFe¢ structure, which consists of alternating
Mg~ and Nb-preferred sublattices along the
(111) directions.
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