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Low-temperature transition in barium sodium niobate Ba2NaNb5O15
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In order to examine a low-temperature transition in barium sodium niobate Ba2NaNb5O15 ~BSN!, an in situ
observation was made in the temperature range between room temperature and 25 K by a transmission electron
microscope. It was revealed that satellite reflection spots characterizing the incommensurate structure, which
appear around 573 K, do not disappear even around 25 K. On the other hand, it was found that microdomains
elongating along the@010# direction with a width of about 10 nm appear around 200 K, together with the
appearance of both new satellite spots at the (h,k,l11/2) points withh,k,l integers and new faint diffuse
streaks through the (h,k11/2,l11/2) points along the@100# direction. It is concluded that the low-temperature
transition in BSN is a transition from the 1q quasicommensurate state to the 2q one in which two modulated
waves arise along the@100# and @010# directions.@S0163-1829~97!02317-5#
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I. INTRODUCTION

Barium sodium niobate@Ba2NaNb5O15 ~BSN!# has been
reported to undergo a transition from a high-temperature
tragonal phase to an incommensurate one around 573
the cooling process.1–4 This transition is characterized by th
appearance of a modulated wave with a period of aboutao
along the@100#o direction, which gives rise to satellite reflec
tion spots characterizing the incommensurate structure. N
that a subscripto denotes an orthorhombic system. In ad
tion, an orthorhombic distortion characterized by a sponta
ous strain [e112e22] appears in this transition, and the poi
symmetry changes from 4mm to mm2.2 As a result, a fer-
roelastic domain structure is formed in the incommensu
structure.1–6

The incommensurate phase in BSN has been studie
far both experimentally and theoretically.1–10One of the im-
portant features in the incommensurate phase is that the
commensurability ~d ! characterizing an incommensura
structure exhibits a large thermal hysteresis for the coo
and subsequent heating processes. When the temperat
lowered in the incommensurate phase,d decreases continu
ously fromd50.031 at the transition temperature of 573 K
0.003 at about 373 K and keeps constant below 373 K. N
that a state with the constant value ofd50.003 is called a
quasicommensurate state. According to the previous wor
was found that the transition to the quasicommensurate s
results in the appearance of two types of ferroelastic dom
with a modulated wave only along the@100#o direction.

5–10

This means that the quasicommensurate state is characte
as a 1q incommensurate one. Recently we revealed that
quasicommensurate state should be regarded as a meta
one in which the discommensurations are pinned during
550163-1829/97/55~17!/11212~6!/$10.00
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incommensurate-to-commensurate transition around
K.8,10

In addition to the transition mentioned above, Schne
et al.made a birefringence measurement in the tempera
range between room temperature and 77 K and found th
birefringence characterizing the orthorhombic structure st
decreasing at about 200 K as the temperature is lowered f
room temperature and vanishes around 110 K.11 They
pointed out that the 4mmpoint-group symmetry of the high
temperature tetragonal phase is restored in the l
temperature region below 110 K.11 On the other hand, re
cently Fujishiro and Uesu made both a birefringen
measurement and x-ray-diffraction experiment in t
temperature range between room temperature and 20 K
suggested that the 4mm point-group symmetry of the high
temperature tetragonal phase is not restored in the l
temperature region below 110 K.12 Verwerft et al. investi-
gated the microstructure of BSN around 105 K by means
a transmission electron microscope and found a streaked
ellite reflection spot along the@110#o direction in reciprocal
space.13 In addition, microdomains with several nanomet
size were observed in the dark-field image using the strea
satellite reflection spot. However, the nature of the mic
domain structure appearing by the low-temperature transi
in BSN has not been sufficiently understood so far.

In the present work, anin situ observation was made us
ing a transmission electron microscope in the tempera
range between room temperature and 25 K, in order to st
the origin of the microdomain structure and the distributi
of the diffuse scattering characterizing the low-temperat
transition in BSN. In addition, both the nature of the low
temperature transition in BSN and the correlation betwe
the microstructure and physical properties such as the b
11 212 © 1997 The American Physical Society
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fringence are considered on the basis of the present ex
mental results.

II. EXPERIMENTAL METHOD

Single crystals of BSN grown by the Czochralski meth
were used in the present work. In order to erase a prev
hysteresis, all the samples were kept at 723 K in the hi
temperature tetragonal phase for 24 h and cooled dow
room temperature. Thin-film samples for the transmissi
electron-microscope observation were prepared in the
lowing two techniques. One technique is that the BSN sin
crystals are polished mechanically down to about 50mm in
thickness and subsequently thinned by an Ar-ion beam.
other technique is that the BSN single crystals are cras
into fine fragments and then dispersed on holey carbon fi
supported by molybdenum grids. The observation was m
in a JEM-200CX electron microscope equipped with bo
liquid N2 and He cooling stages. Dark-field images we
taken by using both satellite reflection spots characteriz
the incommensurate structure and new faint diffuse stre
appearing around 200 K. Diffraction patterns were taken
using the imaging plates with the 25-mm pixels in order to
measure intensities of both new satellite spots and new f
diffuse streaks appearing below 200 K quantitatively.

III. EXPERIMENTAL RESULTS

First of all, the 1q quasicommensurate structure was
examined by taking both diffraction patterns and dark-fi
images, in order to confirm the incommensurate structur
room temperature. Figure 1 shows diffraction patterns ta
with incident beams parallel to the@010#o and @01̄1#o direc-
tions and a dark-field image taken by using a satellite refl
tion spot characterizing the 1q quasicommensurate structur
In the diffraction pattern of Fig. 1~a!, both fundamental spot
due to the orthorhombic tungsten bronze-type structure
satellite reflection spots are seen clearly. As shown in
diffraction pattern of Fig. 1~b! taken with the@01̄1#o inci-
dence, on the other hand, only fundamental reflection s
due to the orthorhombic tungsten bronze-type structure
seen. Figure 1~c! shows a typical dark-field image taken
room temperature by using a satellite reflection spot cha
terizing the incommensurate structure. In the image,
neighboring ferroelastic domains are seen as bright and
regions on the left and right sides, respectively. Note that
orientations of two neighboring ferroelastic domains are d
ferent from each other by a rotation of about 90° around
@001#o direction and the ferroelastic domain boundary is p
allel to the ^110&o direction. In the bright-contrast region
black line contrasts regarded as the discommensurations
the phase slip of 2p/4 are seen clearly. It is confirmed from
an analysis of the diffraction patterns and dark-field ima
that the quasicommensurate state at room temperature
sists of two types of ferroelastic domains with an incomm
surate period of about 2ao only along the@100#o direction, as
has been reported in the previous work.1–10

In order to examine the low-temperature transition
BSN, a change in the diffraction pattern was observed in
temperature range between room temperature and 25 K.
ure 2 shows diffraction patterns from a single ferroelas
ri-
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domain taken at 120 K. Note that incident beam directions
Figs. 2~a! and 2~b! are parallel to the@010#o and @01̄1#o di-
rections, respectively. As shown in Fig. 2~a!, new satellite
reflection spots indicated by an arrow are seen at
(h,k,l11/2) points withh,k52n ~n integer!, in addition to
fundamental spots of the orthorhombic tungsten bronze-t
structure and satellite reflection spots which characterize
1q quasicommensurate structure. It should be noticed
the satellite reflection spots characterizing the 1q quasicom-
mensurate structure do not disappear in the cooling pro
down to around 25 K. This means that the 4mmpoint-group
symmetry of the high-temperature tetragonal phase is
restored in the low-temperature region, unlike as Schn
et al. pointed out.11 On the other hand, characteristic fai

FIG. 1. Diffraction patterns with the incident beams parallel
the @010#o ~a! and @01̄1#o ~b! directions and satellite dark-field im
age~c! at room temperature. Note that the satellite reflection sp
which is marked by an arrow in~a!, is located at the~5/22d, 0, 1/2!
point, where the value ofd is estimated to be about 0.003.
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11 214 55S. MORI, N. YAMAMOTO, Y. KOYAMA, AND Y. UESU
FIG. 2. Diffraction patterns with the incident beams parallel
the @010#o ~a! and @01̄1#o ~b! directions at 120 K.~c! The distribu-
tion of the diffuse scattering and satellite reflection spots appea
with the low-temperature transition. Large solid circles repres
fundamental spots due to the tungsten bronze structure, while s
solid circles and rods denote new satellite reflection spots and
diffuse streaks, respectively.
diffuse streaks through the (h,k11/2,l11/2) points along
the @100#o direction are seen, as indicated by arrows in F
2~b!. Figure 2~c! shows schematically the distribution of th
diffuse scatterings found in the present work. As seen in F
2~c!, two types of diffuse scattering were found in th
present work. One is a new faint satellite reflection spot
the (h,k,l11/2) point and the other is a new diffuse stre
through the (h,k11/2,l11/2) points along the@100# direc-
tion. Then a change in intensity of the new satellite reflect
spot and new faint diffuse streak on cooling was measu
by using the imaging plates quantitatively. It was found th
the satellite reflection spots appear at the (h,k,l11/2) point
around 200 K, as the specimen temperature is lowered f
room temperature. The intensity of the satellite spot
creases gradually on cooling. The faint diffuse streaks a
appear around 200 K in the cooling process from room te
perature. The intensity increases continuously, but the in
sity distribution along the streak does not change even a
K. These data obviously suggest that a structural chang
BSN occurs around 200 K on cooling. Then the microstru
ture in the low-temperature region of BSN was examined
the dark-field method.

Figure 3~a! shows a dark-field image of a microstructu
obtained at 25 K by using a part of the streak appear
around 200 K. In the image, characteristic bright regio
elongating along the@010#o direction with a width of about
10 nm on average are observed. One of the important
tures of the regions is that the boundary between two ne
boring bright regions is not straight, but wavy. Because
bright contrast is diffraction contrast, as mentioned
Verwerft et al.,13 they can be attributed to the microdomai
formed by a structural change in the low-temperature reg
We took both diffraction patterns and dark-field images a
examined the details of the microdomains. The microdom
structure model proposed in the present work is shown sc
matically in Fig. 3~b!. The microdomain structure consists

g
t
all
int

FIG. 3. ~a! Microstructure obtained at 25 K by using a part
the faint diffuse streak appearing around 200 K.~b! Schematic de-
scription of the microdomain structure.
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both microdomains elongating along the@010#o direction
with a width of about 10 nm and the out-of-phase bounda
between two neighboring microdomains. The out-of-ph
boundaries are oriented nearly parallel to the~100!o . This
clearly indicates that the diffuse streak found in Fig. 2~b!
originates from the characteristic arrangement of the out
phase boundaries.

In order to investigate a change in a microstructure in
low-temperature region, anin situ observation was made b
the transmission electron microscope. Figure 4 show
change in microstructure observed in the cooli
process from room temperature. As shown in the dark-fi
image of Fig. 4~a! taken at room temperature using
(h11/2,k,l11/2) satellite reflection spot, the ferroelast
domains characterizing the 1q quasicommensurate structu
are seen as bright and dark regions. In the bright-cont
region, the discommensurations with a phase slip of 2p/4 are
seen clearly. When the temperature was lowered from ro
temperature, characteristic bright regions due to the mic
domains were observed in the dark-field image taken by
ing a part of the faint diffuse streak appearing around 200
Note that because the two neighboring ferroelastic dom
are different in orientation from each other by rotation
about 90° around the@001#o direction, the diffuse streak

FIG. 4. Change in microstructures characterizing the lo
temperature transition in BSN. The images are taken at~a! room
temperature,~b! 190 K, and~c! 120 K, respectively.
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elongating in one direction through the (h11/2,k,l11/2)
points appear in the bright ferroelastic domain and th
elongating in the perpendicular direction appear in the d
ferroelastic domain. Therefore, the position at which t
(h11/2,k,l11/2) spots appear in one ferroelastic doma
coincides with a position through which diffuse streak ru
in the other ferroelastic domain. Figures 4~b! and 4~c! show
microdomain structures observed around 190 and 120 K
spectively. As indicated by an arrow in Fig. 4~b!, character-
istic bright regions due to the microdomains are faintly se
in the dark ferroelastic domain, while dark line contrasts d
to the discommensurations are seen in the bright ferroela
domain. It should be noticed that on cooling the ferroelas
domain boundary becomes zigzag by the appearance o
microdomains, which is marked by an arrow (A) in Fig. 4~c!,
while the shape of the discommensuration does not cha
on cooling, as seen by comparing Fig. 4~a! with Fig. 4~c!.
This indicates that the appearance of the microdomain st
ture has no influence on the discommensurations. The st
tural change around 200 K is characterized by the app
ance of the microdomain structure consisting of t
microdomains and the out-of phase boundaries between
microdomains.

The details of the microdomain structure appear
around 200 K were examined by the dark-field method. F
ure 5 shows dark-field images of a microstructure in BS
taken at 120 K. Figures 5~a! and 5~b! show microstructures
of the same area, which were obtained by using the sate
reflection spot characterizing the incommensurate struc
and a part of the diffuse streak appearing around 200
respectively. In Fig. 5~a!, only the wavy black line contrast
regarded as the discommensurations are seen. On the
hand, the microdomains are observed with a bright cont
in Fig. 5~b! taken by using the part of the diffuse strea
These observations show that both the discommensura
and the microdomains coexist in the same region without
appreciable interaction. In other words, the microdoma
appearing around 200 K in Fig. 5~b! produce both the satel
lite reflection spot and the diffuse streak in the diffracti
pattern. In addition, Fig. 5~c! is a dark-field image taken by
using the fundamental spot of the tungsten bronze struct
No characteristic contrast associated with the microdoma
is seen. This suggests that a lattice distortion is not indu
by the appearance of the microdomain structure.

IV. DISCUSSION

It is confirmed that the 1q quasicommensurate structu
in BSN consists of two types of ferroelastic domains with
incommensurate period of about 2ao along the@100#o direc-
tion. The presentin situ observation of the low-temperatur
transition in BSN revealed that the microdomain structu
consisting of microdomains elongating along the@010#o di-
rection with a width of about 10 nm appears around 200
and exists even at 25 K. Moreover, both new satellite refl
tion spots at (h,k,l11/2) points and new diffuse streak
through the (h,k11/2,l11/2) points along the@100#o direc-
tion were found. In addition, the microdomain produces
satellite reflection spots associated with the 1q quasicom-
mensurate structure in the diffraction pattern. The pres
observation shows that the microdomain should be regar
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as the 2q state with two modulations along both the@100#o
and @010#o directions.

We first discuss an origin of the appearance of both
new satellite spot at the (h,k,l11/2) point and the new fain
diffuse streak elongating along the@100#o direction found in
the present work. The previous work revealed that the
commensurate transition around 573 K exhibits a s
phonon mode behavior.1,2 The neutron diffraction experi
ment made by Schnecket al. actually showed that the
incommensurate transition accompanys a softening o
double-degenerate phonon mode related to a modula
consisting of a collective shearing of the oxygen octahe
involved in the tungsten bronze structure and one of
double-degenerate phonon mode is condensed around
K.1 The modulation vector related to the condensed pho
mode isk51/2(11d)(at1bt)11/2ct , with d50.031 at the
transition temperature of 573 K. Note that a subscriptt de-
notes the high-temperature tetragonal system, where
high-temperature tetragonal structure has an orientation
tion to the orthorhombic one as follows: [100]oi [110]t ,
[010]oi [110]t , and [001]oi [001]t . The important features in
the low-temperature structure is that the microdomain
pearing around 200 K gives rise to the (h,k,l11/2) spot in
the diffraction pattern. It can be considered from an analy
of the diffraction patterns that the appearance of
(h,k,l11/2) spots is explained by the existence of both

FIG. 5. Microstructures taken at 120 K. The images are taken
using ~a! a satellite reflection spot characterizing the incommen
rate structure,~b! a part of faint diffuse streak appearing around 2
K, and ~c! a fundamental spot due to the tungsten bronze struct
e
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t-

a
on
a
e
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he
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is
e
e

(h11/2,k,l11/2) and the (h,k11/2,l11/2) spots. It should
be noted that the (h,k11/2,l11/2) spots are produced b
the condensation of the other double-degenerate pho
mode withk51/2(at2bt)11/2ct though these spots are im
mersed into the diffuse streaks in the observed diffract
pattern due to the microdomains. That is, it is suggested
the structure in the microdomain is characterized by the c
densation of the double-degenerate phonon modes at
the (h,k11/2,l11/2) and (h11/2,k,l11/2) points in the
reciprocal space of the orthorhombic system. Because
this, it is considered that the diffuse streak along the@100#o
direction consists of two types of diffuse scatterings; that
one is the faint satellite reflection spots at (h,k11/2,l11/2)
points associated with the structure in the microdomain
the other is the diffuse streaks associated with the irreg
arrangement of out-of-phase boundaries between the m
domains. From this consideration, the low-temperature ph
below 200 K is concluded to have the structure in which
new unit cell is 2ao32bo3co .

The nature of the low-temperature transition in BSN
discussed on the basis of the present experimental results
shown in Fig. 4, the microdomain structure characteriz
the low-temperature phase in BSN appears homogeneo
around 200 K. As mentioned above, the low-temperat
transition in BSN is characterized by the appearance of n
modulated waves along the@010#o direction. That is, the
transition accompanies a structural change from the 1q qua-
sicommensurate structure to the 2q one with two modulated
waves along the@100#o and @010#o directions. It should be
noted that the intensity of the satellite reflection spots ch
acterizing the incommensurate structure is much stron
than that of the streaks appearing around 200 K. This s
gests that amplitude of the modulated waves along the@100#o
direction is much larger than that of the new modulat
waves along the@010#o direction. It should be remarked tha
coupling terms between amplitudes of the modulation wa
and a spontaneous strain are involved in the free energy
posed by Toledano and co-workers.1–3 This means that the
appearance of the modulated waves gives rise to a s
through the coupling term. From the fact that the ferroelas
domain structure is seen in Fig. 4~c! taken at 120 K, ortho-
rhombic distortion appearing around 573 K does not dis
pear perfectly in the low-temperature phase below 200
while the ferroelastic domain boundary becomes zigzag
unclear by the appearance of the microdomains. This s
gests that the orthorhombic distortion is relaxed in the lo
temperature phase. It is understood from this considera
that the decrease in the birefringence (Dnab) below 200 K
originates from the relaxation of the orthorhombic distorti
by the appearance of the microdomains. That is, the mic
domain structure appearing below 200 K has strong in
ence on physical properties such as the birefringence in
low temperature phase of BSN.

V. CONCLUSION

The presentin situ observation revealed that the low
temperature transition in BSN is characterized by the app
ance of the microdomain structure consisting of the mic
domains elongating along the@100#o direction with a width
of about 10 nm around 200 K. Because each microdom
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structure gives rise to two types of satellite reflection spo
each of the microdomain is characterized as the 2q state with
two modulations along both the@100#o and@010#o directions.
It is therefore concluded from the analysis of these data
an

lin

ate
s,

at

the 4mmsymmetry of the high-temperature tetragonal pha
is not restored in the low-temperature phase, but the sym
try is orthorhombic with a new lattice constant for theb axis,
which is twice that of the orthorhombic phase above 200
ics
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