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Convergent-beam electron diffraction (CBED) recorded using nanometre-sized
probes, in principle, can detect the highest symmetry in a crystal. However,
symmetry reduction may occur by overlapping crystal domains along the beam
direction. Thus, delineating the relationship between the recorded and the
crystal symmetry is important for studying crystals with complex nanodomains.
This paper reports a study of the averaged local symmetry of 71°/109°
rhombohedral (R), 90° tetragonal (T) and 180° monoclinic (M) nanodomain
structures. The averaged symmetry of nanodomain structures is investigated by
CBED simulations using the multislice method. The simulation results show that
the 71°-R, 109°-R and 90°-T nanodomain structures partially mimic the
monoclinic symmetries of Cm and Pm that have been proposed by the adaptive
phase model. This study is also compared to the reported experimental CBED
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1. Introduction

Complex lead-based perovskites with a general formula
of (1 —x)Pb(B/lﬁnggs)03,XPb(B””4)O3, for  example
(1—x)Pb(Mg;sNb,;3)O5_,PbTiO3 (PMN-xPT) and
(1—x)Pb(Zn,;3Nb,/3)O5_PbTiO3; (PZN-xPT), have attracted
much research interest due to the exceptional piezoelectric
properties of single crystals (Park & Shrout, 1997; Park &
Hackenberger, 2002). The lead-based relaxor-ferroelectric
crystals are known to have three types of macroscopic
symmetry of R (rhombohedral), M (monoclinic) and T
(tetragonal) at room temperature dependent on composition
according to X-ray and neutron diffraction (Noblanc et al.,
1996; Ohwa et al., 2001; Noheda, 2002; Singh & Pandey, 2003;
Shuvaeva et al., 2005). The M symmetry includes two different
space groups of Pm and Cm. Electron-microscopy observa-
tions of these crystals show very fine and complex tweed-like
image contrast, whose characteristic sizes range from a few to
several tens of nanometres in width (Randall & Bhalla, 1990;
Viehland et al., 1995; Wang et al., 2006, 2008; Wang, 2006, 2007;
Kim et al, 2010, 2013). The tweed-like contrast has been
interpreted as polarization nanodomains; the presence of
nanodomains is considered to play an important role in
determining the optical properties, dielectric permittivity and
polarization switching in lead-based ferroelectric crystals
(Park & Shrout, 1997; Wada, Park et al., 1999; Wada, Suzuki et
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patterns recorded from PMN-31%PT.

al., 1999). Thus, understanding the complex nanodomain
structure could provide an important clue about the
mechanisms that produce the high piezoelectric responses in
relaxor-based ferroelectric crystals.

Techniques such as X-ray diffraction (XRD), neutron
diffraction and optical microscopy provide information about
the macroscopic, or an average, symmetry by using probe sizes
that are much larger than the size of nanodomains. In contrast,
CBED (convergent-beam electron diffraction) is a technique
for the study of local symmetry (Buxton et al., 1976; Eades,
1989; Tanaka, 1994; Spence & Zuo, 1992). CBED uses a finely
focused probe of a few nanometres in diameter or less. The
small probe size, however, can be used to resolve the
symmetry of individual nanodomains only when the electron
beam propagates within the nanodomain. This is only possible
along some of the crystal orientations and for sufficiently large
nanodomains. Thus, the small size of nanodomains and their
complex structure are significant challenges for symmetry
determination by CBED (Wang et al., 2006, 2008; Schierholz et
al., 2008; Schierholz & Fuess, 2011, 2012; Kim et al., 2012). In
general, symmetry reduction occurs in the recorded CBED
patterns as the electron beam propagates through overlapping
nanodomains.

On the other hand, the symmetry reduction over nano-
domain structures has been proposed by several groups to
explain the monoclinic symmetry observed in relaxor-
ferroelectric crystals in the MPB (morphotropic phase
boundary) region (Viehland, 2000; Jin ef al., 2003a,b; Wang et

Acta Cryst. (2014). A70, 583-590

doi:10.1107/52053273314013643 583


http://crossmark.crossref.org/dialog/?doi=10.1107/S2053273314013643&domain=pdf&date_stamp=2014-09-20

research papers

al., 2006, 2008; Wang, 2007). In the adaptive phase model,
which was originally proposed for martensitic transformation
(Khachaturyan et al., 1991), R or T nanodomains in the form
of finely twinned structure lead to a reduced macroscopic
symmetry of M from the local symmetry of R or T (Jin et al.,
2003a,b; Viehland, 2000). The finely twinned R or T nano-
domain structures result in three types of M symmetry of M4,
Mjp and M according to their polarization directions. The
monoclinic M4 and M have the same space group of Cm, but
have different polarization directions of [uuv] (u << v) and
[uuv] (u >> v), respectively (Vanderbilt & Cohen, 2001). On
the other hand, M has the space group of Pm with a polar-
ization direction of [u0v] (Vanderbilt & Cohen, 2001). M4 and
Mp (Cm) are considered to be only associated with the R
phase, while M (Pm) is considered to be associated with the T
phase (Jin et al., 2003a,b; Wang, 2006).

Complex lead-based perovskite crystals are also known for
possessing local symmetry fluctuations (Grinberg & Rappe,
2004; Egami, 1999, 2007; Kim et al., 2013). Kim et al. showed
that the local symmetry measured by CBED using small
electron probe sizes (a few nanometres) appears to be triclinic
in symmetry (P1) (Kim et al., 2012, 2013). The monoclinic Cm-
like symmetry can only be detected by averaging over volumes
of a few hundred nm®. The measured symmetry varies spatially
and it depends on the electron probe position. While
symmetry variations are expected based on the complex
nanodomain structure, it is not clear exactly how the nano-
domains affect the recorded CBED pattern symmetry without
an account of electron dynamic diffraction.

Here, we report a simulation study of the effects of different
nanodomain structures on the CBED pattern symmetry. While
the symmetry in complex perovskite crystals can be varied
with the probe size, this study considers the case where the
probe size is much smaller than the domain width, which can
be achieved by electron diffraction (Schierholz et al., 2008;
Schierholz & Fuess, 2011; Kim ef al., 2012, 2013). Nanodomain
structures are modeled for two types of R twin structures (71°
and 109° domain structure), T twin structure (90° domain
structure), and two types of M twin structures (180° domain
structure). The CBED symmetry is then simulated using the
multislice method (Ishizuka & Uyeda, 1977; Spence & Zuo,
1992; Cowley, 1995). We examine the symmetry of simulated
CBED patterns along the major zone axes of (001)c, (110)c
and (111)c for different domain structures. Using this
approach, we are able to investigate the averaged pattern
symmetry for an inclined domain wall as well, which has been
rarely discussed. The obtained simulation results were then
compared with the adaptive monoclinic phases and the
reported experimental CBED results.

2. Simulation methods

Complex lead-based relaxor-ferroelectric crystals have a
general formula of PbBOj;. The B sites are occupied by
different cations such as Mg**, Zn**, Nb°* and Ti** (Park &
Shrout, 1997). The different species on the B site introduce a
difference in the atomic scattering factors as well as local

displacements dependent on B-site occupation (Grinberg &
Rappe, 2004). Simulations show that as long as both the
occupation of the B sites and the local displacements are
random, the pattern symmetry is preserved when the probed
volume is large enough (>32 nm*) (Kim et al., 2013). Based on
this, we simply modeled the nanodomains using Ti at the B site
as in PbTiOs;.

For the multislice calculation, a supercell was modeled for R
and T nanodomain structure using the reported crystal-
lographic information (Singh & Pandey, 2003; Singh et al.,
2006; Slodczyk et al., 2005). We consider a special class of
nanodomain structures that are proposed in the so-called
adaptive phase model (Jin et al, 2003a,b; Wang, 2007).
According to the adaptive phase model, the domain boundary
is formed in a twin plane. There is no misfit between the crystal
lattices of the twin-related nanodomains. The nanotwin
structure also self-accommodates the spontaneous ferroelastic
strain and minimizes the long-range stress field (Jin et al.,
2003a,b). For these reasons, the strain effect on the pattern
symmetry is neglected here. Several supercells are constructed
for the 71°-R, 109°-R, 90°-T, 180°-M (Cm and Pm) nano-
domain structures. In the constructed model, the domain is
about 4 nm in width. The details of modeled structures will be
shown, respectively, together with the results in the next
section. For the modeled supercells, CBED patterns are
simulated using a probe of ~0.2 nm in diameter. The simu-
lated probe is placed in the middle of the nanodomain in order
to obtain the highest symmetry that can be recorded in such
cases. The possible incident-beam directions we considered
are not exhaustive. We will show that the cases selected for
study here provide a sufficient differentiation among different
nanodomain models. All the electron-diffraction simulations
performed here use the atomic scattering factors of Doyle &
Turner (1968) and the absorption parameters of Bird & King
(1990).

In this study, the direction of mirror observed in CBED
patterns is often discussed. For this, we used the direction of
the mirror line ([uvw]) while the mirror plane direction is
specified by (hkl).

3. Results
3.1. Rhombohedral nanodomains

In rhombohedral symmetry, the spontaneous polarization
direction (P) is along [111]z (the subscript ‘R’ denotes the
rhombohedral axes). Fig. 1(a) shows the possible rhombo-
hedral polar domains in the pseudo-cubic axes. We consider
here the 71° and 109° domain structures, which in the adaptive
phase model have the monoclinic Cm of Mp and My,
symmetry, respectively. As discussed earlier, M4, and My are
defined by the polarization directions of [uuv] (u << v) and
[uuv] (u >> v), respectively (Vanderbilt & Cohen, 2001). The
71° domain structure as shown in Fig. 1(b) has (110)¢ twin-
related domains (1 and 2 as marked in Fig. 15). The P of
domains 1 and 2 is along [111]. and [111]., respectively. The
109° domain structure is formed with the (001)c twin
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boundary as shown in Fig. 1(c¢). The P’s for the marked
domains 1 and 2 are then along [111] and [111]., respectively.
Both the 71° and 109° domain structures possess a common
mirror among the domains. The polarization direction
switches within the mirror plane.

Fig. 2(a) shows the modeled nanotwin structure for the 71°-
R domain structure. In a crystal, an R domain can be along any
of the three pseudo-cubic axes. Here, we considered that the
rhombohedral ¢ axis ([001]r) is parallel to [001]c so that the
(110)g twin plane is parallel to (110)c as shown in Fig. 1(a).
The domains 1 (P =[111].) and 2 (P = [111].) are represented
in blue and red, respectively. In the constructed model, the
domains 1 and 2 are about 4 nm in width and they stack up to
about 60 nm in length along [001]¢. The small domain width is
selected to examine the effects of multiple domains. The
thickness of each layer and the number of layers do not affect
the simulated pattern symmetry as long as the strain, which is
size dependent, is small and neglected. The constructed
nanotwin model has the head-to-tail relation for the polar-
ization vectors as represented by the black arrows in Fig. 2(a)
(Wang et al., 2008).

For the 71°-R nanotwin structure, the domain boundary of
(110)¢ is parallel to [001]c. The [001]c pattern symmetry,
therefore, displays the same pattern symmetry as the [001]g
pattern symmetry when the electron probe is placed inside the
domain. Because of this, the m symmetry along [110]¢ is seen
in Fig. 2(b). The [100]c pattern symmetry is an average over
[100]g and [010]g. The averaged pattern symmetry then gives
onefold rotation for [100]¢ as shown in Fig. 2(c). Similarly, the
[010]¢ direction is equivalent to [100]c so that the averaged
pattern symmetry gives onefold rotation as well. For [011]c,
the pattern is an average over [011] and [101];, resulting in

(@) (©
m
\ 2
(001).-
[001%6101c \ domain wall i
[100],
m
® (1 10)C-donQain wall )
| . = 109°-domain
i 7 2 (=adaptive Ma)

m

71°-domain (=adaptive Ms)

Figure 1

(a) Possible polarization directions of the rhombohedral domain in
pseudo-cubic axes. (b) and (c¢) show the crystallographic orientation of
the rhombohedral domain for 71° and 109° domain structure, respec-
tively.

onefold rotation as shown in Fig. 2(e). The (110)¢ twin plane
does not break the mirror element that is parallel to the beam
directions of [110]c and [111]¢c. Thus, the averaged pattern
symmetry along [110]¢ and [111]¢ gives m as shown in Figs.
2(e) and 2(f). For the beam direction of [111]., the domain
wall is parallel to the beam direction so that the pattern
symmetry is the same as the single R domain along [111];
when the electron probe is 0.2 nm in diameter and positioned
at the center of the nanodomain. As shown in Fig. 2(g), the
pattern symmetry has the mirror line along [121]c.
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Figure 2

A model of 71°-R nanodomain structure is represented in (a). CBED
pattern symmetry is calculated along (b) [001]c, (c) [100]c, (d) [011]c, (e)
(110]c, (f) [111]c and (g) [111]c.
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Fig. 3(a) shows the model for the 109°-R nanodomain
structure proposed as the adaptive monoclinic phase of Cm
(Wang, 2007). As illustrated in Fig. 1(¢), the domains 1 and 2
are rotated by 180° about the (001)r twin plane, which
corresponds to (001)c. Fig. 3(a) provides the orientation
relation for the domains 1 and 2 with respect to the pseudo-
cubic axes. Then, the averaged pattern symmetry along [001]¢
is a result from an average over the [001]z and the 180°-
rotated [001]g domain. This preserves the (110).. mirror plane,
resulting in the averaged pattern symmetry of m as shown in
Fig. 3(b). For [100]c (= [010]c) and [110]c, the simulated

(a)
Domain 2
[001],

%. [070],
[700],

Domain 1
[001];

%[01%
(100,

[011],
B N
Lo i@ ™
CURPHT P
: ‘*..;3&‘«6@!.
» (

100),

iy i

Figure 3

A model of 109°-R nanodomain structure is represented in (a). CBED
pattern symmetry is calculated along (b) [001]c, (¢) [100]c, (d) [110]c, (e)
[011]c, (f) [111]c and (g) [111]c.

pattern symmetry is consistent with the symmetry of [100]g
(Fig. 3¢) and [110]x (Fig. 3d), respectively, for the reason that
the beam direction is parallel to the (001)c domain boundary.
The averaged symmetry along [011]c is a result of an average
over the pattern symmetry of [011]g and [011]. This results in
onefold rotation as shown in Fig. 3(e). For [111], the averaged
pattern symmetry is m which is parallel to [110]c (Fig. 3f). For
[111]c, the domain orientation is [111]¢ and [111]. for domains
1 and 2, respectively. The average symmetry then results in
onefold rotation as shown in Fig. 3(g).

3.2. Tetragonal nanodomains

The T domain has a spontaneous polarization direction
along [001]t (the subscript ‘T denotes the tetragonal axes).
Fig. 4(a) shows the possible P directions in the pseudo-cubic
axes. The (101)c twin-related T domain forms a 90° domain
structure as shown in Fig. 4(b). Here, [001]y is assumed to be
parallel to [001]c. The domain 2 is then rotated by 90° about
the domain 1, and nanodomains form the 90°-T domain
structure as represented in Fig. 4(b). This nanodomain struc-
ture has the M (Pm) symmetry in the adaptive phase model
(Jin et al., 2003a,b).

Fig. 5(a) shows the modeled structure for 90°-T nano-
domain structure. The polarization directions of domains 1
and 2 have a head-to-tail relation as marked by arrows (Jin et
al., 2003a). The pattern symmetry along [001]c is an average
over [001]rand [100]r. This results in m as shown in Fig. 5(b).
The [100]c direction is equivalent to [001]c so that the aver-
aged pattern symmetry also has the same symmetry of m. For
[010]c, the domain boundary is parallel to the beam direction
so that the pattern symmetry is m, which is the pattern
symmetry of [010]y. For [101]c, the pattern symmetry has only
one mirror element (Fig. 5d). In [011]c, the overlapped
domains 1 and 2 display onefold rotation as shown in Fig. 5(e).
The averaged symmetry along [111]¢ is an average over [111]r
and [111];, resulting in onefold rotation as shown in Fig. 5(f).
For [111]c, the pattern symmetry is the same as [111]; because
the domain wall is parallel to the beam direction (Fig. 5g).

3.3. Monoclinic nanodomains

We examined monoclinic nanodomain structures based on
the earlier X-ray study for PMN-x%PT at the MPB compo-
sition with x = 31% (Kim et al., 2012). The reported single-

(@) (b) &

001
[ %(C) 10, [001],

[100],

[010],
[100]

A

Figure 4
(a) Possible polarization directions of the T domain in pseudo-cubic axes.
(b) shows the crystallographic orientation of 90°-T domain structure.
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crystal XRD pattern could also be indexed with monoclinic
(Cm and Pm) 180°-rotated nanodomains at the length scale
of X-ray coherence (hundreds of nanometres). The polar
direction of monoclinic Cm (M4 or Mp) and Pm (Mc)
is [uOvly Myt u < v, Mp: u > v) in the monoclinic axes
(Vanderbilt & Cohen, 2001). In the pseudo-cubic axes, the
polarization directions for Cm and Pm symmetry are then
[uuv]c and [uOv]c, respectively. CBED cannot in principle
discriminate between M, and Mjy phases because two
phases have the same symmetry of Cm. The polarization

(a)
Domain 1
[001],

%. [010],
[100],

Domain 2

&y 1T N
W€ 4
et
AL Dl

Lk 'rF

2600908
50008 ©.C

LOeeNC

) | £
b o)

> o~ - - ‘T—»C

(010),

Figure 5

A model of 90°-T nanodomain structure is represented in (a). CBED
pattern symmetry is calculated along (b) [001]c, (c) [010]c, (d) [101]c, (e)
[011]c, (f) [111]c and (g) [111]c.

direction, therefore, was not considered for the modeled
structures.

Fig. 6(a) shows the modeled nanodomain structure with Cm
symmetry. The monoclinic ¢ axis (cy,) lies on the pseudo-cubic
axis [001]c with a small tilt of B, and ay, and b,, are rotated 45°
about [001]c (Noheda, 2002; Noheda & Cox, 2006; Noheda et
al., 2000). Thus, ay,; and by, correspond to [110]¢ and [110],
respectively. The [001]¢ pattern symmetry is m as shown in Fig.
6(b). For the 180°-M (Cm) nanotwin structure, the domain
boundary of (001)¢ is parallel to [110]y, (= [100]c). The

Domain 1

[011];
AL -7 TS 3
MNP0 .
LR LTED
‘u. ,b = ((%)': )

%) o o L (100)

Figure 6

A model of 180°-M (Cm) nanodomain structure is represented in (a).
CBED pattern symmetry for monoclinic (Cm) domain structure is
calculated along (b) [001]c, (¢) [100]c, (d) [011]c, (e) [110]c and (f) [111]c.
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Table 1

Symmetry in the zero-order Laue zone for the monoclinic Cm and the R domain structures.

Here m stands for mirror line direction observed in the CBED pattern.

Observing directions

Structure [001]/[001 ] [010]/[110]n [100]/[110],,
Cm m|[110]c 1 1

71°-R domain m|[110]ct 1 1

109°-R domain m|[110]¢ m|[101]ct m|[011]cF

F These entries indicate the pattern symmetry for the zone axis parallel to the domain wall.

(@)

Domain 1

[011],
(f — rn' "

CAA®D D

Hepipieq 3

€ 20097 3
L ik

T-»Cmoo

- I- I(..ﬂl -~

-r!

Figure 7
A model of 180°-M (Pm) nanodomain structure is represented in (a).
CBED pattern symmetry for monoclinic (Pm) domain structure is
calculated along (b) [001]c, (¢) [100], (d) [010]c, (e) [011]c, (f) [101]c and
(g) [111]e

[110]/[100]y [011]¢/[112]m [1T1]/[0T1]y, [111]/[101]y
m|[001]c 1 1 m|[112]c
m|[001]c 1 m|[112]ct m|[112].
m|[001]cF 1 1 m|[112]¢

monoclinic Cm structure has no mirror along [110],, (= [100]¢)
as shown in Fig. 6(¢). For [011]c, the orientation of domains 1
and 2 is [112]y and [112]y. The averaged local symmetry
results in no mirror as shown in Fig. 6(d). The [110]¢ pattern
symmetry is parallel to ay, resulting in 7 symmetry as shown
in Fig. 6(e). In the zone axis of [111]c, the average over the
[111]y, and [111],, gives m as shown in Fig. 6(f).

Similar to the 180°-M (Cm) nanodomain structure, the 180°-
M (Pm) nanodomain structure is examined as shown in Fig. 7.
For the monoclinic Pm symmetry, ay, and b,, are along [100]¢
and [010]c. The simulations show that the averaged local
symmetry has an m symmetry element along [001]c, [100]c and
[101]c as shown in Figs. 7(b), 7(c) and 7(f), respectively. In
contrast, no symmetry is detected along the zone axes of
[010]c (Fig. 7d), [011]c (Fig. 7¢) and [111]c (Fig. 7g).

4. Discussion

Table 1 shows the averaged pattern symmetry of calculated R
nanodomain structures. For comparison, the pattern symmetry
expected for Cm is also given in Table 1. For the monoclinic
Mp (Cm), the c axis (cy;,) can be taken close to [001]c with a
small monoclinic distortion of f, and the a and b axes (ay, and
by,) are then close to [110]c and [110]¢, respectively (Noheda,
2002; Noheda & Cox, 2006; Noheda et al., 2000). Table 1 lists
both the monoclinic and the pseudo-cubic axes for compar-
ison. For the 71°-R nanodomain structure, the symmetry
reduction occurs when the electron beam is not parallel to the
domain wall. Nevertheless, the symmetry is not fully
destroyed. The reduced symmetries along the overlapped
nanodomains show the same symmetries as the monoclinic
Cm proposed by the adaptive phase model. The 71°-R nano-
domain structure, however, can be distinguished from the
adaptive monoclinic Cmm (Mp) phase by choosing the zone axis
of [111].. As shown in Table 1, the 71°-R nanodomain struc-
ture shows the pattern symmetry of m while the original Cm
symmetry shows no symmetry. Similarly, the 109°-R nano-
domain structure shows the different pattern symmetry along
[010]c and [100]¢ from the monoclinic Cm.

The 90°-T domain structure is known to be associated with
the monoclinic M¢ (Pm). The ¢y is almost parallel to [001]c
with a small tilt of B, and the ay_ and by, lie along either
[010]¢ or [100]c. Table 2 shows the observable symmetry of
monoclinic Pm and 90°-T domain structure along the inves-
tigated orientations. In the simulation of 90°-T nanodomain
structure, a mirror symmetry is observed in both [100]c and
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Table 2

Symmetry in the zero-order Laue zone for monoclinic Pm and the T domain structures.

Observing directions

Structure [001]/[001 ]y [010]/[010]p [100]/[100]p [101]/[101 ]y [011]/[011 ]y [111]/[111 ]y [T11]/[T11]y
Pm m|[100]c 1 m|[001]c m|[101]¢ 1 1 1
90°-domain (T) m|[100]c m|[001]ct m|[001]c m|[101]. 1 1 m|[112] .t

f These entries indicate the pattern symmetry for the zone axis parallel to the domain wall.

Table 3

Symmetry in the zero-order Laue zone for the monoclinic Cm and the Cm domain structure.

Electron-beam direction

Structure [001]/[001 ]y [110],,/[100]¢ [110]m/[010]c [011]c/[112] [110]/[100] [111]/[101]p
M, o 5 (Cm) m|[110]c 1 1 1 m|[001]¢ m\[llz]c
M (Cm) domain m|[110]- 1t 1t 1 m|[001]F m|[112]
F These entries indicate the pattern symmetry for the zone axis parallel to the domain wall.
Table 4
Symmetry in the zero-order Laue zone for the monoclinic Pm and the Pm domain structure.
Electron-beam direction
Structure [001]c/[001 ]\ [100]/[100]p [010]¢/[010]p [011]/[011 ]y [101]/[101]m [111]/[111 ]
Mc (Pm) m|[100]c m|[001]¢ 1 1 m|[101]¢ 1
M (Pm) domain m|[100]c m|[001]ct 11 1 m|[101]1 1

+ These entries indicate the pattern symmetry for the zone axis parallel to the domain wall.

[010]c, while there is no mirror in the [010]¢ pattern symmetry
of the monoclinic Pm.

In the case of monoclinic symmetry (Tables 3 and 4), the
monoclinic nanodomain structures show the same pattern
symmetry as the original structures.

The above results, obtained from twin-related nano-
domains, demonstrate symmetry reduction in CBED patterns
of R or T nanodomain structures except monoclinic (Cm, Pm)
nanodomain structures. In all cases, the rotation symmetry
expected from the parent crystal symmetry of R3m or P4dmm is
removed from CBED because of the nanodomain structure.
Only mirror symmetry is observed when there is a common
mirror plane among twin-related domains. While the averaged
pattern symmetry can vary with the probe size (Schierholz et
al., 2008; Schierholz & Fuess, 2011; Kim ef al., 2012, 2013) and
probe coherence, the R/T nanodomains only mimic the
monoclinic Cm or Pm partially when the probe size is much
smaller than the domain width.

The above simulation results then provide the map to
determine the local symmetry in complex lead-based perovs-
kite single crystals. For example, we now discuss the experi-
mental results recently reported by Kim et al. on the local
symmetry of PMN-31%PT (Kim et al., 2012, 2013). Their study
shows a probe-size-dependent symmetry; the trivial onefold
rotation is detected with a 1.6 nm beam probe for the thick-
ness of 65 nm, while approximate mirror symmetry consistent
with the monoclinic Cm is detected when the probe size is
bigger than 15 nm (Kim et al., 2012, 2013). For the trivial
onefold rotation symmetry, they used a probe size of 1.6 nm in
diameter, which is much smaller than the nanodomain width

observed in PMN-31%PT (~20 nm) (Viehland et al., 1995;
Wang et al., 2006; Kim et al., 2010, 2013). Thus, the reported
experimental results can be compared to the model proposed
in this study. As shown in Tables 1 and 2, the mirror symmetry
element must be observed in the averaged pattern symmetry
of R and T nanodomain structures. The reported experimental
CBED patterns, however, show no evidence for the mirror
symmetry element along [001]c/[010]c/[100]/[011]/[111]¢
with the smaller electron probe size (1.6 nm). By contrast with
the probe size smaller than the domain width, the mirror
symmetry is detected with a larger probe size in the same
sample area (Kim et al., 2012, 2013). The trivial onefold
rotation in the experimental pattern, therefore, rules out the R
or T symmetry inside the nanodomains in PMN-PT. Rather, all
the evidence points to the monoclinic symmetry seen in X-ray
and neutron diffraction and detected by CBED using probes
of tens of nanometres in size, which represents a new type of
symmetry where the symmetry comes from averaging over
local structure (Kim et al., 2013).

5. Conclusion

We have investigated the CBED symmetry of several nano-
domain structures in complex lead-based ferroelectric crystals
using CBED simulations. The results show that the 71°-R/
109°-R/90°-T nanodomain structures can be determined by
the CBED technique. The proposed nanodomain structures
do not perfectly mimic the monoclinic symmetry of My, o 5
(Cm) and M, (Pm). Based on the simulation results, it was
proven that the PMN-31%PT single crystal shows no evidence
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for the R and T nanodomain structure at the local scale. By
comparing the experimental and the calculation results,
therefore, the lack of local symmetry observed in the experi-
mental CBED patterns of PMN-31%PT is not a result of the R
and T nanodomain structures but a result of an intrinsic
structural property of the PMN-31%PT single crystal. While
this study was only compared with a PMN-PT single crystal,
we expect that the simulation results shown here will provide a
direct method for local symmetry investigation in complex
lead-based perovskite single crystals.

The work was supported by DOE BES (grant No. DEFG02-
01ER45923).
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