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Ordered Structure

related compounds, Pb (B(I)xB(II)1-x)0O3, are
INTRODUCTION emerging as a technologically important class of
materials for use in a wide variety of applicati-

Relaxor ferroelectrics and other structurally ons such as piezoelectric and electrostrictive actu-
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ators (Cross LE ef al., 1980; Uchino K, 1986),
thermal detectors (Whatmore RW ef al., 1987),
electro-optic modulators (Bonner WA et al., 1967),
and multilayer ceramic capacitors (Shrout TR,
1987). The ferroelectric-paraelectric phase tran-
sition of the ferroelectric compounds is mainly
influenced by the degree in which the B-site
cations are ordered on the B-site sublattice.

The ordered structures of Pb (Mgi/sNba/3)Os
(PMN) and Pb (Sci2Taiz)03 (PST) have pre-
viously been investigated using X-ray diffraction
(Bonneau P ef al., 1988; Lin LJ ef al., 1990) and
high-resolution transmission electron microscopy
(HRTEM) (Krause HB et a/., 1979; Husson E et
al., 1988; Kang ZC, 1990; Park K, 1997(a), 1997
(b)). In the previous study (Park K, 1997(a),
1997(b)), the nonstoichiometric ordering of Mg
and Nb cations in ordered regions of PMN was
observed along the {111)directions. The long-
range order parameter approximately ranged from
0.2 to 0.7, Although HRTEM is a useful tool
for an investigation of the ordered structures on
an atomic scale, the lattice images of the ordered
regions can not explain how the long-range order
parameter affects the lattice images. In this study,
the dependency of long-range order parameter on
the ordered structures of PMN was studied by
computer simulations of high-resolution lattice

images.

EXPERIMENTAL

Pb(Mg1/sNbz/3)O3 samples were prepared by’

the precalcination method (Swartz SL ef al.,
1982), Computer image simulations were carried
out using the multislice program (Cowley JM et
al., 1957, 1959(a), 1959(b)) for various sample
thicknesses, #, and defocusing values of the ob-
jective lens, 4f, at given long-range order para-

meters, S. The principle of the multislice me-

thod is to divide the crystal into a number of
thin slices perpendicular to the incident beam
direction (Cowley JM, 1984). The multislice pro-
gram was written by O'Keefe and Skarnulis dur-
ing the period 1970~1980 (Skarnulis AJ, 1975).

In this simulation work, the sample thickness-
es were chosen from 2.2 to 20.0nm with a step
of 1.1 nm, the long-range order parameters from
the maximum long-range order parameter, Swez,
to 0.0 with a step of 0.2, and the defocusing
values from -52 to —100 nm with a step of 12
nm, The input microscope parameters used in
the computer simulation of the images are given
in Table 1.

Table 1. Input microscope parameters used in the
computer simulation of lattice images.

Operating voltage (V) 200kV
Radius of objective aperture (rs) 3.37nm™!
Spherical aberration coefficient (Cs) 2.3mm
Semi-angle of illumination 1. 0mrad

Half-width of Gaussian spread of vibration| 0.0nm

Half-width of Gaussian spread of defocus |5nm

RESULTS AND DISCUSSION

Figs. 1(a) and (b) show the high-resolution
lattice images from the ordered and disordered
regions of Pb (Mgi/sNbz/3)Os, respectively. Disor-
dered region shows a rectangular pattern, while
ordered region shows a contrast modulation along
the {111)directions, indicating a chemical ordering
along the {111)directions. It has been reported
that the long-range order parameter for the
ordered region approximately ranged from 0.2 to
0.7 (Park K, 1997(a), 1997 (b)). However, the

lattice image of the ordered region can not tell

the degree of long-range ordering. Therefore, in

order to understand the dependency of long-
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range order parameter on the ordered structu-
res, it is necessary to simulate the lattice images
under various sample thicknesses, {, and defocus-
ing values of the objective lens,
long-range order parameters, S.

Proposed models of ordered and disordered
structures (Galasso FS, 1969) in PMN for com-
puter image simulations are shown in Figures 2(a)
and (b), respectively. Fig. 2(a) shows that the
1:1 ordering of Mg and Nb cations on B-site
planes occurs along the <111>directions., For
various occupancies and fractions of the Mg and
Nb cations on the distinct B-site sublattices and
the fraction of Mg or Nb sites, the long-range
orderparameter, S, and structure factor were
calculated. Complete long-range ordering (S=1.0)
corresponds to all B(I)~ and B(I)-sites being
occupied by Mg and Nb, respectively, which can
only be obtained for a local Mg : Nb ratio of 1:
1. For deviation from 1:1 stoichiometric compo-
sition, the order parameter is smaller than 1.0,
The maximum order parameter, Sp., for Pb (Mgx
Nbi-x)Os with local Mg:Nb ratios of 2:3 and 3:2
is 0,8, and the Swmw for Pb (Mgx Nbi-x)Os with
a local Mg:Nb ratio of 1:2 is 0.67. The values
of Swme: and long-range order parameter were
calculated by the relation proposed by Smirnov
(Smirnov A, 1966),

Figs. 3(a)-(c) show the simulated lattice ima-
ges of Pb(MgiNb;«)Os; with local Mg:Nb ratios
of 1:1, 2:3 and 1: 2, respectively, which were
obtained under various defocusing values (—64
to —100 nm), sample thicknesses (4.5 to 14.7
These

simulated images show how the long-range order

nm), and long-range order parameters.

parameter affects the lattice images. The lattice
images with a complete ordered structure (S=1.0)
show a pseudo-hexagonal pattern. With decreas-
ing the order parameter, the calculated images

change slowly from a pseudo-hexa-gonal pattern

4f, at given

to a rectangular pattern. Finally, the lattice imag-
es with a complete disordered structure (S=0.0)
show a rectangular pattern.

It is also important to note that the simulated
images of the Pb (MgNb;x)O3; with local Mg :
Nb ratios of 1:1, 2:3, 3:2, and 1:2 obtained
at a given long-range order parameter are basi-
cally the same pattern, irrespective of B-site
cation composition. As an example, for Pb (Mgx
Nbix) Oz with local Mg : Nb ratios of 1:1, 2:
3, 3:2, and 1: 2,

sample thicknesses of 5.7 and 11.4 nm at an

the simulated images for

order parameter of 0.6 are shown in Figures
4(a) and (b), respectively. These figures clearly
reveal that at an order parameter of 0.6, the
simulated lattice images of the Pb (MgxNbi-x)Os
with a local Mg: Nb ratio of 1:1 are basically
equal to those of the Pb (MgxNbi-x)Os: with local
Mg : Nb ratios of 2:3, 3:2, and 1:2,

CONCLUSIONS

Simulated high-resolution lattice images of the
ordered structures were predominantly depen-
dent on the long-range order parameter. The
lattice images of complete ordered structure were
a pseudo-hexagonal pattern, With decreasing the
order parameter, the simulated images changed
gradually from a pseudo-hexagonal pattern to a
rectangular pattern, The lattice images of com-
plete disordered structure were a rectangular'pa-
ttern. In addition, the simulated images obtained
from the Pb (MgNb;-x)O3 with different Mg:Nb
ratios at a given long-range order parameter
were basically the same patterns, irrespective of
Mg and Nb ratios.

ABSTRACT

The dependency of long-range order parame-
ter on the ordered structure of Pb (Mgi/aNbsa/3)Os
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solid solutions has been investigated by means of
computer simulations of high-resolution lattice
images. The computer image simulations were
performed by the multislice method in a wide
range of sample thicknesses, defocusing values,
and long-range order parameters, It was found
that the lattice images of the ordered structures
were predominantly dependent on the long-range
order parameter. The lattice images in a com-
plete ordered structure showed a pseudo-hexago-
nal pattern. As the order parameter decreases,
the simulated'images changed slowly from a ps-
eudo-hexagonal pattern to a rectangular pattern.
The lattice images in a complete disordered struc-
ture showed a rectangular pattern. Also, the
simulated images of the Pb (MgxNbi-x)Os with
different Mg:Nb ratios obtained at a given long-
range order parameter were basically the same
patterns, irrespective of Mg and Nb composi-

tions.
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FIGURE LEGENDS

Fig. 1. Experimental high-resolution lattice images from the (a) ordered and (b) disordered regions of
Pb (Mgi/3Nbz/3)Os.

Fig. 2. Proposed models of (a) ordered and (b) disordered structures for PMN.

Fig. 3. Simulated lattice images obtained under four different defocusing values and sample thicknesses
at given long-range order parameters for Pb (MgxNbi-x)O; with local Mg : Nb ratios of (a) 1:1,
(b) 2:3, and (c) 1:2.

Fig. 4. Simulated lattice images obtained at sample thicknesses of (a) 5.7 and (b) 11.4nm under an
order parameter of 0.6 for the Pb (Mg«Nbi1-x)Os with various local Mg : Nb ratios.
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