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Selected-area electron diffraction and convergent-beam electron diffraction (CBED) techniques are used to
reveal the Ba doping effect on the crystal structure of (Sr;_,Ba, ), Nb,O; [SBN(x)] in the temperature range from
293 to 693 K. Ba doping of Sr,Nb,O; (SN) causes weakening of the incommensurate modulation and deviation
from the C-centered lattice. On the other hand, symmetries of fundamental reflections in CBED patterns of
SBN(x) are seen to be the same as those of SN, showing a small structural deviation from Cmc2,. Crystal
symmetries above and below the temperature of a relaxorlike dielectric anomaly in SBN (x = 0.32) at 465 K
remain unchanged. CBED experiments with a nanometer-sized electron probe do not show any indication of the
presence of a nanodomain around this temperature. However, the presence of a few-micron-sized polar-inversion
domains is found at around 573 K in SBN (x = 0.32). The origin of the reported relaxorlike dielectric anomaly
in SBN (x = 0.32) is discussed on the basis of the experimental results of CBED.
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I. INTRODUCTION

Strontium niobate, Sr,Nb,O7 (SN), is a well-known fer-
roelectric and piezoelectric material characterized by an ex-
clusively high Curie temperature, 7, = 1615 K [1-3]. Thus,
it is a potential candidate for high-temperature piezoelec-
tric sensing applications, which are of great importance in
chemical and material processing and automotive, aerospace,
and power-generating industries [4—6]. The unique properties
of SN such as the low coercive field, low permittivity, and
high-heat resistance enable it to be used in Pb-free nonvolatile
ferroelectric memory devices based on field effect transistors
and capacitors and optical waveguides [7-9].

SN belongs to a family of oxide compounds having the
chemical formula A, B, 03,4, [10,11]. The crystal structure of
SN (A;,B,,03,42; n = 4) is comprised of slabs with a distorted
perovskite-type octahedral framework stacked along the b axis
and separated by planes of additional oxygen atoms [10-12].
In the high-temperature paraelectric phase above 7, = 1615 K
(phase I) [3], the space group was reported to be Cmcm,
in analogy with the paraelectric phase of Sr,Ta;O7 [13]. In
the ferroelectric phase below T, (phase II) [3], the confirmed
space group is Cmc2; [14] and spontaneous polarization Py
appears along the orthorhombic ¢ axis [1-3]. SN also under-
goes an incommensurate phase transition at 7; = 488 K [15].
Below this temperature (phase III), the structure is modulated
with the wave vector of q = (% — 8)a* [16], where § and a*
are a temperature-dependent misfit parameter and a reciprocal
lattice vector corresponding to the averaged crystal structure.
The modulated structure in this phase III was explained by the
rotation of the NbOg octahedron about the b axis [17,18]. The
value of § decreases upon cooling, from 0.022 at 488 K to
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0.008 at 55 K, without reaching 0 [16]. At room temperature
(RT), the space group Pbn2; was reported by making an
assumption (a = 2aq if § = 0) [19]. Furthermore, at 7} =
117 K [3], another ferroelectric phase transition takes place.
Below 7; (phase IV), a new component of the spontaneous
polarization appears along the b axis, resulting in P lying in
the bc plane [20]. The space group Pb11 was proposed for
phase IV from infrared measurements [21]. In this article, Ba-
doped SN, (Sr;_,Ba,),Nb,05, is abbreviated SBN(x), where
x indicates the Ba content.

Ba doping of SN was attempted with the aim of enhancing
ferroelectric and piezoelectric properties [22] around the mor-
photropic phase boundary. However, the composition phase
diagram of SBN(x) ceramics has not yet been reported. For
SBN(x) ceramics, a decrease in 7T, according to an increase in
the amount of Ba doping was identified in the 1970s [3]. Since
then, there has been great effort to investigate the Ba doping
effect on phase transitions at 7; and 77, incommensurate mod-
ulation, crystal structure, and ferroelectric and piezoelectric
properties of SN [22-26]. Raman scattering measurement
for SBN (x = 0.32) suggested cell doubling below 543 K
and a new structural phase transition around this temperature
[25]. On the other hand, a relaxorlike dielectric anomaly in
SBN (x = 0.32) at around 7,, = 465 K was reported from
a dielectric constant measurement [26]. The relation of the
two new phase transition temperatures from these different
experiments has not yet been clarified. Also, the origin of
this relaxorlike dielectric anomaly is currently unknown. It
is noted that a typical relaxor-type dielectric anomaly was
reported for (Sr;_,Ba,)Nb,Og, which has a tetragonal tung-
sten bronze structure and is known as a uniaxial relaxor
ferroelectric [27]. Akishige et al. investigated the Ba doping
effect on the crystal structure of SN using x-ray diffraction and
disclosed the disappearance of incommensurate reflections
in SBN (x = 0.32) [26]. However, the Ba doping effect in
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incommensurate modulation of SN for other SBN(x) ceramics
compositions with x < 0.16 is still unknown.

In this study, the Ba doping effect on the incommensurate
modulation, unit cell size, and crystal symmetries of SN
has been investigated using selected-area electron diffraction
(SAED) and convergent-beam electron diffraction (CBED)
techniques. Crystal symmetries of SBN (x = 0.32) above and
below the relaxorlike dielectric anomaly [26] and the origin of
this dielectric anomaly are also discussed.

II. EXPERIMENTAL PROCEDURE

Single crystals of SBN(x) with x = 0.0, 0.16, and 0.32
were grown in an O, gas flow by a floating zone method
using an FZ furnace [26]. Transmission electron microscopy
specimens were prepared in the following manner. First, a
piece of a single crystal was crushed into tiny segments and
dispersed into ethanol. Then the suspension was dropped onto
microgrids for electron microscopy. A JEM-2010 transmis-
sion electron microscope (TEM)was used to obtain SAED
and CBED patterns and dark-field (DF) images. Another
TEM, JEM-2010FEF, which is equipped with a field-emission
gun and an Omega-type energy filter, was used to check the
existence of nanometer-scale domains in SBN (x = 0.32).
Both instruments were operated at an accelerating voltage of
100 kV. A double-tilt specimen-heating holder was used to
control the specimen’s temperature. Specimens were exam-
ined in the temperature range from RT to 693 K, with a tem-
perature step of 30 K. The nominal spot size of the electron
probe used to obtain CBED patterns was approximately 10 nm
for JEM-2010 and 1 nm for JEM-2010FEF.

III. RESULTS AND DISCUSSION

Figures 1(a)-1(c) are the SAED patterns of SN, SBN
(x = 0.16), and SBN (x = 0.32), respectively, taken at [010]
incidence and RT. The intensity of incommensurate spots of
SN, indicated by arrows, becomes weak and broad at x =
0.16 and almost disappears at x = 0.32. The appearance of
very weak diffraction spots, enclosed in circles in Fig. 1(a),
has been explained by double reflection of incommensurate
reflections in the zeroth-order Laue zone (ZOLZ) [17,18].
These can be indexed as 1 &= 24 0 0. Similarly, Figs. 1(b) and
1(c) show weak intensities at 20! (h:odd) positions, but they
cannot be explained by the double reflection because there
is no long-range periodicity of incommensurate modulation.
These weak intensities are kinematically forbidden for the C-
centered lattice. This indicates deviation of the crystal lattices
of SBN (x = 0.16 and 0.32) from the C-centered lattice. This
result suggests that the space group Cmc2; for SBN (x =
0.32) is not appropriate even for the averaged structure. There
are two possible reasons for the deviation from the C-centered
lattice. One is the distortion of the crystal lattice resulting from
the difference in the ionic radii of Ba and Sr atoms. The other
is the imperfect kinematical extinction rule according to the
different scattering amplitudes of Ba and Sr atoms.

Figures 2(a)-2(c) show CBED patterns taken at [010] inci-
dence and RT from SN, SBN (x = 0.16), and SBN (x = 0.32),
respectively. The strong fundamental reflections of the ZOLZ
and the first-order Laue zone (FOLZ) in Fig. 2(a) show mirror

FIG. 1. SAED patterns taken at [010] incidence and RT from
(a) SN, (b) SBN (x = 0.16), and (c) SBN (x = 0.32). Arrows indicate
incommensurate reflections. Weak 40! (h:odd) reflections in (b) and
(c) represent the deviation of the crystal lattice of SBN (x = 0.16 and
0.32) from the C-centered lattice.

symmetry perpendicular to the a axis. On the other hand,
the incommensurate reflections, indicated by black arrows
in Fig. 2(a), do not show mirror symmetry perpendicular to
the a axis. The symmetry of the incommensurate reflections
can be understood by (3 + 1)-dimensional symmetry [28]. In
Fig. 2(b) and Fig. 2(c), the fundamental reflections [neglecting
symmetries of very weak h0!l (h:odd) reflections] also show
mirror symmetry perpendicular to the a axis. Figures 2(d)—
2(f) show CBED patterns taken at [110] incidence and RT
from SN, SBN (x = 0.16), and SBN (x = 0.32), respectively.
Each pattern was taken under the 005 excitation condition. In
Fig. 2(d), the 005 reflection disk shows dark cross lines paral-
lel and perpendicular to the 005 diffraction vector correspond-
ing to the A, and B, dynamical extinction lines, respectively.
This indicates the existence of a 2;-screw axis along the ¢
axis. In Figs. 2(e) and 2(f), A, and B, dynamical extinction
lines are also seen in the 005 reflection disks. The CBED
symmetries shown in Fig. 2 have been confirmed for more
than 15 SN, SBN (x = 0.16), and SBN (x = 0.32) crystal
segments. Also, the CBED symmetries as well as the intensity
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FIG. 2. CBED patterns taken at [010] incidence and RT from
(a) SN, (b) SBN (x = 0.16), and (c) SBN (x = 0.32). CBED patterns
of (d) SN, (e) SBN (x = 0.16), and (f) SBN (x = 0.32) were taken
at [110] incidence and RT by exciting 005 reflection. Strong fun-
damental reflections in (a)—(c) show symmetry m perpendicular to
[100], owing to the space group Cmc2,. Incommensurate reflections
indicated by black arrows in (a) do not show the symmetry m
perpendicular to the [100] direction. The appearance of A,- and B,-
type dynamical extinction lines (black cross lines on 005 reflection
disks) in (d)—(f) indicates that the 2;-screw axis along the ¢ axis of
SN remains almost unchanged by Ba doping.

distribution in CBED disks were found to be the same before
and after the exposure time. These CBED symmetries in
Fig. 2 indicate that the fundamental reflection symmetries m
perpendicular to the a axis and 2;-screw axis along the c axis
of the structure are almost unaffected by Ba doping. Hence,
Ba doping to SN causes a weakening of incommensurate
modulation and a deviation from the C-centered lattice, but
the averaged crystal symmetry remains almost unchanged.
This indicates very slight structural deviation from the Cmc2,
phase.

It was reported that incommensurate reflections in SN orig-
inated from rotations of the NbOg octahedron about the b axis

FIG. 3. Schematic representation of the orientation of the NbOg
octahedral layers in (a) SN, (b) SBN (x = 0.16), and (c) SBN (x =
0.32) when the crystal structure is viewed along [010]. Black arrows
indicate the direction of tilt of the NbOg octahedron about the b
axis. The unit cell of the averaged structure is depicted as the shaded
region.

as schematically shown in Fig. 3(a) [17], which represents
a schematic arrangement of NbOg octahedrons viewed along
the [010] direction. Black arrows and the shaded region show
the directions of tilt of the octahedron and a unit cell of the
averaged structure, respectively. Thus, a simple model which
can explain the decrease in the incommensurate reflection
intensities in SBN (x = 0.16) is a decrease in the rotation
angle in the NbOg octahedron as depicted in Fig. 3(b). The
near-disappearance of the incommensurate reflection in SBN
(x = 0.32) may correspond to Fig. 3(c). An x-ray study re-
ported that 32% Ba doping of SN results in an expansion of
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the unit cell volume by 3.15% [26]. Thus, the cell volume of
SBN (x = 0.16) might be between those of SN and SBN (x =
0.32). The lattice parameters of SBN (x = 0.32) are larger
than those of SN by 1.7%, 0.8%, and 0.7% in the a, b, and
¢ directions, respectively. The larger cell volume and lattice
constants should be due to the replacement of Sr atoms with
larger Ba atoms. The larger lattice constants of @ and ¢ of SBN
(x = 0.32) can be related to a decrease in the rotation angle of
the NbOg octahedron about the b axis, which can be related
to the disappearance of incommensurate reflection spots as
shown in Fig. 1(c). This simple model is also consistent with
the unchanged crystal symmetry m perpendicular to the a axis
in SBN (x =0.16 and 0.32). On the other hand, a simple
decrease in the tilt angle of the NbOg octahedron as in Fig. 3
cannot explain either the larger expansion in the a direction
than the ¢ direction or the expansion in the b direction. Then
the resultant structural change upon Ba doping may be com-
posed not only by a smaller rotation of the NbOg octahedron
as in SN but also by a distortion of the NbOg octahedron
due to a statistical occupation of the larger Ba atom. Thus,
to explain the anisotropic lattice parameter change, distortion
of the NbOg octahedron must be considered. Details of the
effect of Ba doping on tilt and distortion of the octahedron
are expected to be clarified by quantitative crystal structure
analysis using CBED.

From dielectric constant measurement, it was reported that
SBN (x = 0.32) shows a relaxorlike dielectric anomaly at
around 7, = 465 K [26]. The origin of this relaxorlike be-
havior is still unknown. In usual relaxor materials, it has been
known that there exist nanoscale domains [29] having random
orientations. Thus, a CBED experiment with an electron probe
1 nm in diameter was conducted for SBN (x = 0.32) in the
temperature range from RT to 545 K, with a temperature step
of 30 K, to examine the presence of nanometer-scale domains.
It is to be noted that these are the nominal temperatures of
the specimen holder. The symmetries of CBED patterns of
SBN (x = 0.32) were found to be the same even using a
probe size 10 nm and/or 1 nm in diameter. In the CBED
patterns obtained in this temperature range, a change or low-
ering of symmetries was not found, suggesting the absence
of nanometer-sized domains. Thus, a CBED experiment was
conducted at a temperature higher than 545 K. Figures 4(a)—
4(c) represent CBED patterns obtained at [010] incidence and
573 K from different positions of a crystal segment of SBN
(x = 0.32). Figure 4(d) shows the DF image corresponding to
the 002 reflection obtained at 573 K. The positions where the
CBED patterns in Figs. 4(a)—4(c) were obtained are indicated
by black dots numbered 1, 2, and 3 in the DF image in
Fig. 4(d). The CBED patterns in Figs. 4(a) and 4(c) show 180°
polarity reversal by referring to the intensity distribution of
the 200 and 200 reflection disks, as indicated by arrows. The
intensity distribution indicated by arrows in Fig. 4(b) shows an
overlapping of Figs. 4(a) and 4(c), suggesting that position 2
in Fig. 4(d) is the overlapping region of two inversion domains
assigned in Figs. 4(a) and 4(c). Figure 5(a) shows the CBED
patterns taken at [010] incidence from SBN (x = 0.32) at T =
693 K > T,,. This pattern shows symmetry m perpendicular
to the a axis, which is the same symmetry as that at RT < T,
as shown in Fig. 2(c). Furthermore, the 2;-screw axis along
the ¢ axis also remained unchanged as indicated in Fig. 5(b),

Domain

FIG. 4. CBED patterns taken at [010] incidence from SBN (x =
0.32) at 573 K from (a) the first domain, (b) overlapping domains
near the domain boundary, and (c) the second domain. (d) DF image
corresponding to the 200 reflection showing the area where these
CBED patterns were obtained. Black arrows at the 200 and 200
reflection disks in (a) and (c) indicate the characteristic intensity
distribution, from which the polarity reversal can be identified easily.
The dotted black line in the DF image indicates the ferroelectric
domain boundary.

which shows the A, and B, dynamical extinction lines in the
005 reflection disk as observed for RT < 7,,, which is shown
in Fig. 2(f). Hence, despite the relaxorlike broad dielectric
anomaly at T, = 465 K, the crystal symmetries above and
below this temperature remained unchanged. These results
indicate that the broad dielectric anomaly in SBN (x = 0.32)
at around 465 K is not due to a relaxor-type phase transition.
In  relaxor  ferroelectric  materials  such  as
Pb(Zn;3Nby/3)03 and Pb(Mg, 3Nby/3)0; [29-31], the
broad dielectric anomaly appears to be due to the randomness
in electric and strain fields resulting from the chemical
disorder and difference in the ionic charge and radius of
B-site atoms. In SBN(x), Sr atoms at the A site have been
replaced with Ba atoms. As Sr and Ba atoms have the same
ionic charge, +2, there is no randomness of ionic charge at
the A site. On the other hand, the existence of two types of

FIG. 5. CBED patterns taken from SBN (x =0.32) at T =
693 K > T, at (a) [010] incidence and (b) [110] incidence.
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random fields has been expected in SBN (x = 0.32) [26].
The first is a random strain field due to the difference in the
ionic radius of Ba?* and Sr?* ions. However, randomness of
the strain field might be small because symmetries of CBED
patterns were almost unaffected. The second type is a random
electric field due to O vacancies created by the migration of O
vacancies because of Ba doping. To check the increase in O
vacancies due to Ba doping, a quantitative elemental analysis
using EDS was done. However, there is no clear evidence for
an increase in O vacancies (a decrease in oxygen content)
due to Ba doping. To clarify the increase in O vacancies, it
is better to use a spectroscopy method sensitive to electronic
structure [32-34] in combination with theoretical calculations
of electronic states.

A Raman scattering experiment which probes local bond-
ing structures reported that unit cell doubling of SBN (x =
0.32) occurs below 543 K [25]. If there is long-range order of
cell doubling, additional spots should exist at 1/20 0 or 0 0
1/2 in the SAED pattern in Fig. 1(c) and/or additional higher-
order Laue zone reflections between the ZOLZ and the FOLZ
in the CBED pattern in Fig. 2(c). However, no additional
diffraction intensities were observed. This experimental result
shows no long-range order of cell doubling of SBN (x = 0.32)
along the a, b, and ¢ axes below 543 K, though it does not
eliminate the possibility of local cell doubling.

IV. CONCLUSION

In this study, SAED and CBED techniques were used to
investigate the Ba doping effect on the crystal structure of
SBN(x) and identify the origin of the relaxorlike dielectric
anomaly in SBN (x = 0.32). Ba doping causes a weakening of

incommensurate modulation with the maintenance of the av-
eraged crystal symmetry of Cmc2,. Taking account of lattice
expansion in the a, b, and ¢ directions, Ba doping should cause
not only a decrease in the tilt angle of the NbOg octahedron
corresponding to the near-disappearance of incommensurate
reflections in SBN (x = 0.32) but also a distortion of the NbOg
octahedron network. A small deviation from the C-centered
lattice caused by Ba doping has been found for the first time.
CBED studies show that there is no indication of a nanometer
domain and no change in crystal symmetry above and below
the reported relaxorlike dielectric anomaly temperature. Thus,
the broad dielectric anomaly in SBN (x = 0.32) is not due
to a relaxor-type phase transition. To clarify the Ba doping
effect on the crystal structure other than the disappearance
of incommensurate modulation, quantitative crystal structure
refinement is strongly expected. The relaxorlike behavior may
be due to randomness in SBN(x). For identification, it is
necessary to use spectroscopic techniques such as electron
energy-loss spectroscopy [32,33] and soft x-ray emission
spectroscopy [34], which are sensitive to electronic structure.
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