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Absence of interaction between ferroelectric and incommensurate transitions
in Ba2NaN15(, „}Ta,„o»
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Features of both the ferroelectric and incommensurate transitions in Ba2NaNb5(& )Ta5 O» were in-

vestigated by means of a transmission electron microscope in order to find the relationship between these
transitions. An in situ observation of the transitions revealed that the ferroelectric transition takes place
around 373 K in x =0.57 while the incommensurate transition occurs around 543 K. Because the fer-
roelectric transition does not basically accompany a change in microstructures related to the incom-
mensurate lattice modulation, there is no interaction between these two transitions.

Barium sodium niobate (BazNaNb50, 5: BSN) has been
reported to undergo two successive phase transitions in
the cooling process. ' One is a ferroelectric transition
with a change in point symmetry from 4/mmm to 4mm
around 833 K and a spontaneous polarization appears
along the [001] direction in the ferroelectric phase. The
other is a phase transition from a tetragonal phase (space
group: 14mm) to an incommensurate one; that is, an in-
commensurate transition, around 573 K, which is related
to a peculiar phenomenon called the memory effect.
A feature of the incommensurate transition is that the
transition accompanies a point symmetry change from
4mm to mm 2 and results in the appearance of ferroelas-
tic domains in the orthorhombic phase. As for atomic
displacements in these two transitions, a Nb atom in-
volved in the Nb06 octahedron is displaced along the
[001] direction in the ferroelectric transition, while the
incommensurate transition is due to atomic displace-
ments which consist of a collective shearing of apex 0
atoms in the octahedron along the [100] direction. '
From these displacements, an interaction between the fer-
roelectric and incommensurate transitions should be ex-
pected in BSN.

Recently Takashige et al. examined the change in tran-
sition temperatures of the ferroelectric and incommensu-
rate transitions in Ba2NaNb5~& „)Ta5 0» (BSNT) with
substitution of Nb by Ta and found that the former tran-
sition temperature drastically decreases with an incre-
ment of Ta content x. ' As a result of the decrease in
ferroelectric transition temperature, the ferroelectric
transition actually occurs around 35 K at the end com-
ponent of Ba2Na Ta5O» (BST)."' On the other hand,
the transition temperature of the incommensurate transi-
tion in BSNT was found to be almost independent of x.
From these facts, the ferroelectric transition can take
place in the incommensurate phase of BSNT. In this
case, when the temperature is lowered from the high-
temperature tetragonal phase, a point symmetry first

changes from 4/mmm to mmm in the incommensurate
transition and then to mm2 in the ferroelectric one.
Then, in order to clarify the inhuence of the ferroelectric
transition on the incommensurate one, we have investi-
gated microstructures in the successive transitions in
Ba2NaNb~~

& ~Ta5 0» with x =0.57 and then report ex-
perimentally obtained data on it in the present paper.
The reason of the choice of x =0.57 is that the transi-
tions in Ba2NaNb5[& ~Ta5 0» with x =0.57 were, re-
spectively, reported to be 488 K for a change related to
the incommensurate transition and 373 K for the fer-
roelectric one. ' That is, because the latter temperature
is by 115 K lower than the former one, it is possible to
easily examine a change in microstructures in the incom-
mensurate phase, which is related to the ferroelastic tran-
sition. Previous work has revealed features of micro-
structures in the incommensurate phase of
BSN.' ' ' ' ' It should be noted that the incommens-
urate transition in BSN takes place in the ferroelectric
phase while the incommensurate transition in
Ba2NaNb5[, )Tas 0» with x =0.57 occurs in the
paraelectric phase. In the present work, the ferroelectric
transition in the incommensurate phase of
Ba2NaNb5[, )Ta5„0» with x =0.57 was investigated in
order to elucidate the relation between the incommensu-
rate and ferroelectric transitions.

Single crystals of Ba2NaNb5(, ~Ta~ 0,5 (x =0.57;
BSNT) are used in the present work. The details of the
preparation of the single crystal were already described in
the previous paper. ' Thin-film samples for the
transmission electron microscope were prepared by
crashing in the BSNT single crystals and then dispersing
on holey carbon films supported on molybdenum grids.
The observation of the ferroelectric and incommensurate
transitions was made mainly by taking dark field images,
using a JEM-200CX electron microscope equipped with a
double-tilt heating holder. Concretely, we examined
features of the ferroelectric domains by taking dark field
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images using fundamental rejections and those of both
the ferroelastic domain and discommensurations in the
incommensurate phase by taking images using satellite
reflections. A way of taking satellite dark field images
was reported in Ref. 7.

For the reasons mentioned earlier, we here describe
features of both the ferroelectric and incommensurate
transitions for x =0.57 among oxides examined in the
present work. Figure 1 shows an electron diffraction pat-
tern of BSNT with x =0.57, taken at room temperature.
Note that the direction of the incident beam is parallel to
the [010] direction. In the diffraction pattern, there are
both fundamental reflection spots due to the orthorhom-
bic structure and satellite reAection spots indicated by an
arrow. It is found that the satellite reflection spots are lo-
cated around —,'+6 0 —,

' type positions in the reciprocal
space of the orthorhombic structure, where an incom-
mensurability 5 is defined as the magnitude of a deviation
from a —,

' 0 —,
' type position in the reciprocal space. From

a careful analysis of the diffraction pattern, the value of 5
is estimated to be about 0.005. This means that BSNT
has an incommensurate structure with the modulation
along the [100] direction at room temperature, as in the
case of BSN. Figures 2(a) and 2(b) are dark field images
of an area showing the diffraction pattern of Fig. 1,
which were taken by a satellite refiection spot character-
izing the incommensurate structure and a fundamental
spot of the orthorhombic structure, respectively. Note
that the satellite dark field image was taken by using only
an (a)-type spot of the satellite refiections, where there
are two types of satellite refiection spots, (a)-type and
(P)-type spots, which are related to two types of ferroelas-
tic domains, respectively. In Fig. 2(a), ferroelastic
domains are observed with bright and dark contrasts,
which are regarded as diffraction contrast. Note that the
ferroelastic domain boundary indicated by an arrow (A)
is perpendicular to the [110] direction. In the bright-
contrast regions, wavy black line contrasts identified as
the discommensurations with a phase slip of 27r/4 are
clearly seen. In the fundamental dark field image of Fig.
2(b), ferroelastic domains are also seen as bright and dark

FICi. 1. Electron diffraction pattern of
Ba2NaNb5(& „]Ta5„0» with x =0.57 taken at room tempera-
ture. An incident direction is parallel to the [010]direction.

I b)

FIG. 2. Microstructures of BSNT with x =0.57 obtained at
room temperature. The images (a) and (b) were taken by using a
satellite reAection spot characterizing the incommensurate
structure and a fundamental reAection spot due to the ortho-
rhombic structure, respectively.

contrasts, as in the satellite dark field image. In addition,
in both ferroelastic domains, characteristic zigzag line
contrasts are seen, as is marked by an arrow (B). From
the g-vector dependence of the contrasts, the characteris-
tic contrasts are found to be due to the existence of fer-
roelectric domains. These results mean that both the fer-
roelectric and incommensurate phases coexist at room
temperature in BSNT.

In order to examine both the ferroelectric and incom-
mensurate transitions, an in situ observation of the tran-
sitions was made. Figure 3 shows changes in both the
fundamental and satellite dark field images, which are re-
lated to the ferroelectric transition. Figures 3(a) and 3(b)
first show the fundamental and satellite dark field images
taken at room temperature, respectively. The charac-
teristic zigzag contrasts due to the ferroelectric domains
are seen in Fig. 3(a), while in Fig. 3(b) wavy black line
contrasts identified as the discommensurations are clearly
seen. When the temperature is raised from room temper-
ature, the zigzag contrasts become faint and disappear
around 373 K. The fundamental and satellite dark field
images taken at 393 K are shown in Figs 3(c) and 3(d), re-
spectively. No characteristic contrast is observed in Fig.
3(c). This means that the ferroelectric transition on heat-
ing occurs around 373 K, as was reported by Takashige
et al. ' On the other hand, in the satellite dark field im-
age of Fig. 3(d), the wavy black line contrasts identified as
the discommensurations are still left. Although a gradual
change in the line contrasts is detected on heating, there
is no special change in the contrast at the ferroelectric
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FIG. 3. Changes in microstructure in the ferroelectric transi-
tion on heating. (a) and (c) are dark field images taken by using
a fundamental reflection spot at room temperature and at 393
K, respectively. On the other hand, (b) and (d) are dark field
i.mages taken by using a satellite reflection spot characterizing
the incommensurate structure at room temperature and at 393
K, respectively. In each figure, an arrow indicates the same po-
sition of the sample.

transition. This indicates that the ferroelectric transition
basically has no inAuence on the microstructures of the
incommensurate phase.

In the previous work, ' ' ' features of the incom-
mensurate phase in BSN have been investigated
suKciently, while a change in microstructures during the
incommensurate transition of BSNT has not been exam-
ined so far. Thus, we made an in situ observation of the
incommensurate transition on heating in BSNT. Figure 4
shows a series of satellite dark field images showing a
change in microstructures during the incommensurate
transition of BSNT with x =0.57 in the heating process
from room temperature. Figures 4(a) —4(c) are images
taken by using the (a)-type satellite reflection spot at
room temperature, 423 K, and 493 K, respectively. In
Fig. 4(a), the wavy black line contrasts due to the discom-
mensurations are observed in the ferroelastic domain, as
shown in Figs. 2(a) and 3(b). When the temperature is
raised from room temperature, dark dot-shaped contrasts
marked by an arrow in Fig. 4(b) appear around 423 K in
the ferroelastic domain, in addition to the contrast due to
the discommensurations. In other words, there exists
only a gradual change in the contrast due to the discorn-
mensuration in a temperature range below 423 K. On
further heating in the incommensurate phase, the number
of the dark dot-shaped contrasts is increasing while the
contrasts due to the discommensurations become invisi-
ble. As is seen in Fig. 4(c), the image taken at 493 K
shows both bright and dark dot-shaped contrasts but no
black line ones. Note that the similar dot-shaped con-
trasts are observed in the 2q incommensurate phase of
BSN during the heating process and are understood to be
due to two types of the ferroelastic microdomains with
the modulation along the [100] direction, respectively. '

Although the image taken at 493 K by the (P)-type spot is
not shown here, the region giving rise to a dark dot-

FIG. 4. Changes in microstructure in the incommensurate
transition during the heating process. The images were taken
by using a satellite reflection spot at (a) room temperature, (b)
423 K, and (c) 493 K, respectively. Only image (d) is a dark
field image taken by using a fundamental reflection spot at 573
K, where a phase of the sample is the high-temperature one.

shaped contrast in the image [Fig. 4(c)] taken by the (a)-
type spot was found to correspond to a bright contrast re-
gion in the image taken by the (P)-type spot. This means
that the dot-shaped contrast in BSNT is also due to two
types of ferroelastic microdomains, as in the case of the
2q incommensurate phase of BSN. ' ' Eventually,
BSNT with x =0.57 around 493 K is concluded to be re-
garded as a 2q incommensurate state in an average struc-
ture, which consists of two types of the ferroelastic mi-
crodomains. In other words, a change from the 1q state
to the 2q one occurs around 493 K. On further heating
to the high-temperature tetragonal phase, around 543 K
satellite reAection spots become invisible and no charac-
teristic contrast is observed in the satellite dark field im-
age. A dark field image at 573 K, Fig. 4(d) was then tak-
en by a fundamental reAection spot. Since no contrast is
seen in the image, BSNT undergoes the incommensurate
transition around 543 K on heating. That is, a change in
the microstructures of BSNT is entirely the same as that
in BSN, except that the incommensurate transition in
BSN takes place in the ferroelectric phase. A difference
is that the transition temperature in BSNT with x =0.57
is lower by only 30 K than that in BSN.

In the present work, it is revealed that BSNT under-
goes two successive phase transitions, that is, the fer-
roelectric transition around 373 K and the incommensu-
rate transition around 543 K in x =0.57 on heating. Be-
cause BSN exhibits the incommensurate transition
around 573 K and the ferroelectric transition around 833
K, respectively, ' the substitution of Nb by Ta mainly
affects the ferroelectric transition. As a result of the re-
rnarkable lowering of the transition temperature of the
ferroelectric transition, the ferroelectric transition takes
place in the incommensurate phase in BSNT. In addi-
tion, although there is the gradual change in the wavy
line contrast due to the discommensuration below 493 K
in the incommensurate phase on heating, a sudden
change in the discommensuration cannot be detected in
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the ferroelectric transition. This clearly means that the
ferroelectric transition does not play any role for the in-
commensurate transition. Actually, the behavior of the
incommensurate transition in BSNT was found to be ex-
actly the same as that in BSN.

Takashige et cl. reported from the polarizing micro-
scopic observation that a transition from the biaxial to
the uniaxial state occurs around 488 K.' Such an optical
experiment provides information of a change in a macro-
scopic distribution of ferroelastic domains, that is, the ap-
pearance of the macroscopic twin structure due to the
ferroelastic domains with the orthorhombic symmetry.
From the present work, however, the transition toward
the tetragonal state was found to occur around 543 K.
Actually there exists the 2q-to-1q transition around 493
K. Since the 2q state is an average tetragonal structure
consisting of two types of ferroelastic microdomains with
orthorhombic symmetry, there is a possibility that the
optical experiment regards the 2q state as a macroscopi-
cally uniaxial state. Eventually, a discrepancy between
the transmission electron microscopy and the optical ex-
periment is due to be different in the resolution power be-
tween these two experiments.

The ferroelectric and incommensurate transitions take
place by the atomic displacements of the Nb (Ta) and
apex 0 atoms involved in the Nb06 octahedra, respec-
tively. Concretely, the former is the displacement of the
Nb atom along the [001] direction, while the incommens-
urate structure is produced by the collective shearing of
the apex 0 atoms along the [100] direction. Recently,
Cohen and Krakauer pointed out on the basis of 6rst-
principles band calculation that a physical origin of the
ferro electric transitions in perovskite oxides such as

BaTi03 is due to a decrease in the repulsive force, which
is induced by a hybridization between the 3d orbital of a
transition metal and the 2p one of the 0 atom. ' ' On
the basis of their calculation, the hybridization between
the d orbitals of the Nb and Ta atoms and the 2p orbital
of the apex 0 atom should be important in the ferroelec-
tric transition of BSN and BSNT. This suggests the pos-
sibility that there is an interaction between the ferroelec-
tric and incommensurate transitions in these oxides. In
the present work, however, it was found that the fer-
roelectric transition never affects the microstructures due
to both the ferroelastic orthorhombic domains and the
discommensuration in the incommensurate phase. In ad-
dition, in the case of BSN, the incommensurate transition
does not induce any change in ferroelectric properties.
These facts suggest that the displacement of the apex 0
atom along the [100] direction does not afFect the hybridi-
zation between the d orbital of the transition metal and
the 2p orbital of the apex 0 atom. Because a maximum
magnitude of the displacement of the apex 0 atom was
reported to be about 0.02 nm, ' the magnitude of 0.02
nm is understood to be small enough to produce no
change in the hybridization.

In summary, the in situ observation of the
ferroelectric and incommensurate transitions in
Ba2NaNb5~& ~Ta5 O&5 during the healing process was
carried out in order to examine the interaction between
these transitions. The observation clearly revealed that
the ferroelectric and incommensurate transitions take
place without any interaction. That is, the ferroelectric
transition does not affect the microstructures in the in-
commensurate phase.
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