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Commensuration of the antiferroelectric incommensurate phase in P@o;,,W4,,)O03
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The antiferroelectric incommensurate phase i@, W,,,)O5 is incommensurate in both wavelength and
direction of the wave vector characterizing the modulation. In this study, the crystallographic features of the
incommensurate and commensurate phases (@d&pW,,,)O3; have been investigated by transmission elec-
tron microscopy to elucidate the details of commensuration to the commensurate phase. The wave vector of the
modulation in the incommensurate phase was found thy5¢1— 6, 1— 6, A|] with §~0 andA,~0, while
the wave vector in the commensurate phase is giverkdy[1/2 1/2 0]. The important features of the
incommensurate and commensurate phases are that the modulation modés aitthk ., are transverse
atomic displacements of the Pb ions associated wittSthareducible representation of th®,, point group,
and that another modulation witty,=[110] takes place in the commensurate phase. Khenodulation is
associated with the&X,, representation corresponding to the antiparallel displacement of the Pb ions. The
appearance of thke., modulation is accompanied by that of a pseudoperiodic array of antiphase boundaries
with a phase shift ofr, and thus the commensurate phase is a nearly commensurate phase. That is, commen-
suration of both wavelength and direction of the incommensurate modulation takes place via the introduction
of the X, displacement with the antiphase boundaries. If the antiphase boundary is regarded as a discommen-
suration, the commensuration process of the antiferroelectric incommensurate phase to the commensurate
phase is therefore characterized by the appearance of a discommensuration, not by its annihilation.
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I. INTRODUCTION zero® This shows that both the magnitude and the direction
of the modulation are incommensurate in the incommensu-
Commensuration in an incommensurate-to-commensurat@te phase. The antiparallel displacement of the Pb ions,
transition is a process of recovery of the translational symwhich is responsible for antiferroelectricity, was reported to
metry, which is broken in an incommensurate phase. AccordPlay a major role in the modulation mod&On the other
ing to McMillan’s proposal; local recovery of the transla- hand, the low-temperature commensurate structure was
tional symmetry takes place via the formation of afound to have a wave vectd(,=(1/21/2 0. Therefore,
discommensurate  structure. An  incommensurate-toSommensuration in R0, Wy, O; takes place in two fac-
commensurate transition is then characterized by the annih{ors: the magnitude and the direction of the modulation. Fur-
lation of dicommensuratior’s:® With this proposal in mind, thermore, the magnltu.de of the wave vector exhibits a large
we have studied the crystallographic features of the commer?—h"’mge from the quasi-zero value &fto .= 1/2. Although .
suration process of the incommensurate phase in the co e commensurate phase was suggested to exhibit

plex perovskite oxide RE0,W,,)05. However, the pro- errielectricity,” the atomic displacement mvol\_/ed in the
. : .commensurate structure has not been determined yet. The
cess of commensuration turned out to be different. In thi

. . . Spresence of discommensuration in the commensurate phase
paper, we describe and analyze the data obtained experimen: ¢ 2150 pointed out by Randait al1®

tally on the incommensurate and commensurate phases o As mentioned above, the incommensurate-to-
this oxide. _ _ _ commensurate transition in fo;,,W;,,)O5 is characterized

Ph(Coy2W,,)05 has a simple perovskite structure with py commensuration of both the magnitude and the direction
ordering of the Co and W ions, both of which occupy B1€ ot the modulation. Our interest is focused on how the oxides
site of the structur@. The crystal structure of the hlgh— “makes an own effort for such a commensuration, and to un-
temperature phase above about 300 K does not basically ierstand it we have examined the crystallographic features of
clude any atomic displacement and its space group igoih commensurate and incommensurate phases by transmis-
Fm3m. When the temperature is lowered, the oxide undersion electron microscopy. On the basis of the experimental
goes two successive transitions: first to an antiferroelectriglata, we first analyze the atomic displacements in the incom-
incommensurate phase around 300 K, and then to a commemensurate and commensurate phases and then discuss
surate orthorhombic phase around 235°KA monoclinic  the characteristic features of commensuration in
distortion is present in the intermediate-temperature income(Col,ZWm)O3.
mensurate phase:!?

Previous works on REo,,,W;,,)O5 have shown that the
incommensurate phase is characterized by a modulated struc-

ture with a wave vectok;=(1-¢8 1-48 A}),"**?in the Pb(Coy,,W4,,)O3 samples used in the present work were
Fm3m notation, where the values & and A, are close to prepared by a conventional solid state reaction. Powders of

Il. EXPERIMENTAL PROCEDURE
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PbO, Co0O, and WQwere mixed for 16 h and pressed into

pellets. The pellets were calcined at 850 °C for 10 h in air, E .

then crushed, mixed for 16 h, and finally pressed again into

pellets. The samples used in our study were obtained by S0 -Gl A >
sintering the pellets at 950 °Cifd. h in air. Thecrystallo- . - ® - e -
graphic features of the samples were examined in the tem- @g

perature range between 90 K and 373 K by taking electron
diffraction patterns, and bright and dark field images. The
study was carried out using H-8100 and JEM-3010 transmis-
sion electron microscopes operating at accelerating voltages 000,
of 200 kV and 300 kV, respectively, and equipped with cool-
ing holders. Specimens for transmission electron microscopy
observation were prepared by Ar-ion thinning. This oxide
being insulating, each specimen was coated with a carbon
film.

Ill. EXPERIMENTAL RESULTS

The present experimental data confirmed that
Pb(Cq;W,,,) O3 samples above about 300 K had the or-

dered perovskite structure with them3m space group.

Samples cooled from the high-temperatiten3m phase

transformed into the incommensurate phase around 300 K.
Figure 1 shows three electron diffraction patterns taken from
a sample at 290 K in the incommensurate phase. The elec-

tron incidencej ina), (b), and(c) are parallel to th@Tll],
[110], and[203] directiorE, respectively. All diffraction

spots are indexed in thEm3m notation. In these patterns,
satellite reflections are observed in the vicinity of the 110
positions in addition to the fundamental reflections due to the

high-temperature=m3m structure. In particular, the pres-
ence of 111 reflections is indicative 8fsite ordering. The
important features of the satellite reflections are that the lo-
cations of the reflections deviate from tkiEL0) directions,

and that higher-order reflections are clearly seen, as indicated
by the arrow. The former feature implies that the modulation

is incommensurate in both magnitude and direction. The : .
wave vector of the incommensurate modulatidq=(1
— 5,18 A)) with 8 =0.068 andA,=0.045, was deter- 0,00 020)

mined on the basis of these patterns. The higher-order reflec-
tions are identified as diffraction harmonics showing that the
modulation mode is due to atomic displacement. In addition,
it was found that the satellite reflections along th&0 di-
rection through the 000 origin arise from double diffraction.
Thus the displacement should have a transverse-wave char-
acter. The incommensurate modulation was therefore con-

Ig?ggerts% vsgveach%ur;ecli%/ér displacive modulation with a K in the incommensurate phase. The electron incidencés,iib),
The features of the dom.ain structure in the incommensu‘r-jInOI (c) are parallel to the 111], [110], and[203] directions,

rate phase were examined by taking dark field images usmbespectlvey

satellite reflections. Figure 2 shows two dark field irlages oby white lines in(b). In the image in(b), a dark-contrast
the sample at 290 K, together with the correspondi®@3] band with a width of about 0.am is observed. The interface
electron diffraction pattern. In the pattern, the satellite reflecbetween the dark- and bright-contrast regions is parallel to
tions indicating the incommensurate modulation are clearlythe (010) plane. In addition, fringes with a spacing of about
seen. The dark field image (b) was taken using the satellite 1.9 nm can be observed along th&32] direction in the
reflections in the vicinity of the 332 position in this pattern. bright-contrast region, as shown in the enlarged image. The
The image in(c) is an enlarged image of the area surroundedspacing and the direction of the fringes obviously correspond

FIG. 1. Electron diffraction patterns of Fbo;;,W;,,)O5 at 290
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FIG. 2. Two dark field images of PB0o,,,W,,,)O3 at 290 K in
the incommensurate phase, together with a correspor{d@08§]
electron diffraction pattern. The dark field imagedlim was taken
using the satellite reflections in vicinity of the 332 position in the
pattern. The image irfic) is an enlarged image of the area sur-
rounded by white lines irfb).

to those between the satellite reflections used. As already
reported:*?a monoclinic distortion is present in the incom-
mensurate phase. Thus the dark- and bright-contrast regions
are assigned to two different monoclinic variants and the
incommensurate structure is identified as a modulated struc-
ture characterized by the single wave veckpr=[1— 46, 1

-6, A]. We also examined the intensities of the satellite ) )
reflections from a single monoclinic variant. In addition to ~ FIG. 3. Electron diffraction patterns of Fboy ) W,,)O; at 90 K

the absence of the satellite reflection along [th&0] direc- in the commensurate phase. The electron incidence is parallel to the
tion through the origin, there was no satellite reflection in thel001], [111], and[131] directions in(a), (b), and(c), respectively.

[110] diffraction pattern, as will be shown in the case of the

commensurate phase. We conclude thus that the eigenvec{dr31] directions in(a), (b), and(c), respectively. In addition

of the transverse modulation is almost parallel to[th¢0]  to the fundamental reflections due to the high-temperature

direction and not to thg001] direction. Fm3m structure, superlattice reflections are clearly seen at
When the sample was cooled below 290 K, thek.=(1/21/2 0, together with reflections at the 110 posi-

incommensurate-to-commensurate  transition  occurregions, which are forbidden for them3m structure. Further-

around 230 K. Three electron diffraction patterns of themore, the intensity of the 110 forbidden reflections is stron-

sample at 90 K in the commensurate phase are shown in Figer than that of the superlattice reflections, as indicated by

3. The electron incidence is parallel to ffg®1], [111] and the arrow in Fig. &). This clearly shows that these 110
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reflections are new reflections and not the second-order har-
monic of thek,=(1/2 1/2 O superlattice reflection. In other
words, the reciprocal space of the commensurate phase is
characterized by the presence of both ke=(1/21/20
superlattice and 110 forbidden reflections.

In order to confirm the presence of the forbidden reflec-
tion and to understand the features of the domain structure in
the commensurate phase, we took dark field images of the
sample in the commensurate phase. Figure 4 shows four dark
field images taken from the same area of the sample at 90 K.
The correspondin@131] electron diffraction pattern was al-
ready shown in Fig. @). Images in(a), (b), (c), and(d) were

taken using the 114nd 013forbidden and the 3/2 3/2 &nd

1 3/2 112 superlattice reflections indicated By B, C, and

D arrows in Fig. &). Contrasted bands are observed in these
images. The interface between the bands is almost parallel to
the (101 plane and the average width of the bands is about
100 nm. This contrast is obviously due to the orthorhombic
distortion in the commensurate phd§eEach band corre-
sponds to one orthorhombic variant. The characteristic fea-
tures of these contrasted bands are that the bright and dark
bands are reversed in the images for the forbidden reflections
[Figs. 4a) and 4b)], and that some bright bands are missing
in the superlattice imagd&igs. 4c) and 4d)], as indicated

by the o and B arrows. In order to understand an origin of
this absence, we took dark field images of this area using
other superlattice reflections. A domain structure in the com-
mensurate phase, which was derived from the analysis of the
dark field images, is schematically depicted in Fig. 5, to-
gether with a corresponding reciprocal lattice. In the recip-
rocal lattice, two forbidden reflections and four superlattice
reflections withk.=[1/2 1/2 0], [01/21/2], [1/21/20]
and[01/2 1/2] are denoted b¥ 1, F2, S1, S2, S3, and$4,
respectively. For instance, as shown in the domain structure,
the domain indicated by gives rise to thes3 andF1 re-
flections. That is, each orthorhombic variant produces both
one superlattice and one forbidden reflection. The atomic
displacement in the commensurate phase is therefore the su-
perposition of two atomic displacements.

The extinction and the intensities of the superlattice and
forbidden reflections from a single variant were examined to
determine the nature of these two atomic displacements. Fig-
ure 6 shows two electron diffraction patterns taken from one
orthorhombic variant in the commensurate phase. The elec-
tron incidences ina and (b) are parallel to th¢001] and
[110] directions, respectively. The pattern obtained with the
[001] incidence exhibits superlattice and forbidden reflec-
tions, whereas only the fundamental reflections are present
with the[110] incidence. From the latter result, we conclude  giG. 4. Dark field images of the orthorhombic commensurate
that the superlattice and forbidden reflections alond #1€]  phase at 90 K. In all the images, the electron incidence is parallel to
direction through the origin in Fig.(_ﬁ)_ are due to double  the[131] direction. Images irta), (b), (c), and(d) were taken using
diffraction. Two displacements giving rise to thk;  he 114and 013forbidden and the 3/2 3/2 &nd 1 3/2 11/Zuper-

=[1/21/2 Q] superlattice and corresponding forbidden re-|aice reflections indicated b, B, C, andD arrows in Fig. %c).
flections can be identified as transverse waves with an eigen-

vector parallel to thé 1?0] direction. corresponding 111] electron diffraction pattern are shown

The features of the commensurate modulation were exani? Fig. 7, together with the calculated diffraction pattern pro-
ined by taking lattice images of a single orthorhombic vari-duced from the image. The lattice image was taken with the
ant. A lattice image from a single variant at 90 K and the3/2 1/2 2 1/2 3/2 2 and 112 reflections indicated by, B,
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FIG. 6. Electron diffraction patterns taken from one orthorhom-

FIG. 5. Schematic diagram showing the domain structure of theic single variant of the commensurate phase at 90 K. The electron
commensurate phase, derived from the analysis of the dark fielghcidence in(a) and (b) is parallel to the{001] and[110] direc-
images, together with a corresponding reciprocal lattice. The detailgons, respectively.
of the figure are described in the text.

o . modulation with a transverse-wave character. The wave vec-
andC arrows in Fig. Ta). In the image, we can see not only tor and the eigenvector of the modulation are givenkpy
lattice fringes along thg110] direction, but also a pseudope- =[1- 5, 1— 8, A,] with 5,~0 andA,~0 ande about par-
riodic array of dark bands almost aligned with t814] 56| t5[170] direction, respectively. Thus both the magni-

direction. The spacing of the fringes and the bands is aboyf e ang the direction of the wave vector are incommensu-
1.1 nm anel 18 nm, respectively. The fringe spacing is ObVi'rate and commensuration in @w;,\W,,,) O, involves both
ously the mver_se.of the magnitude b;=[1/2.1/2 a end the magnitude and the direction of the modulation. On the
the pseu_doperlodlc array Of. the dark_bands is confirmed 8Sther hand, we found that the low-temperature phase usually
the splitting of the superlattice reflections, as shown by theaccepted as a commensurate orthorhombic phase has, in fact
arrow in the calculated pattern. The most important featurgy iy 5 nearly commensurate structure. The atomic dis-
of the image is the phase shift of in the lattice fringes Placement involved in its crystal structure is basically a su-

across one dark band. Thus the dark band can be assigne . . e
y '9 perposition of two transverse displacements veth 110],

an antiphase boundary with a phase shiftmfwhich is :
associated with the commensurate modulation. This clearj/Nich Wwave vectors can be expressed lag=[1- oy

shows that, below about 300 K, Pb(Giy,)Os does not  +— Oy Anl. For the displacement denoted by 1, the val-
have a commensurate structure, but strictly a nearly comées of & and A are 5y~1/2 andAy~0 while fori=2,
mensurate structure. 82~0 andA2~0. Furthermore, the deviation from the com-
mensurate wave vector arises from the pseudoperiodic array
IV. DISCUSSION of antiphase boundaries associated with these displace_ments.
In other words, the nearly commensurate phase consists of
The present experimental data on(@b,,W,,,)O; show commensurate regions separated by antiphase boundaries.
that the antiferroelectric incommensurate phase with a mondased on these experimental data, we will now confirm the
clinic distortion is characterized by a purely displacive atomic displacement in the incommensurate phase and deter-
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FIG. 8. Atomic displacement of the Pb ions in the commensu-
rate region produced by a superposition of Hxgand X,, atomic
displacements. The arrows shown in the figure represent the result-
ant shifts of the Pb ions.

FIG. 7. (a) Lattice image of one orthorhombic single variant at j — 1 in the commensurate region, has a commensurate wave
90 K and(b) the correspondin§111] electron diffraction pattern, vectork.,;=[1/2 1/2 0], while the wavelength of the other
together with(c) the calculated diffraction pattern produced from gne, denoted by= 2, is just the(110) lattice spacing. These
the lattice image. The lattice image was taken using thel®2,  two displacements have the same eigenvector parallel to the

1/2 3/2 2, and 12 reflections indicated by, B, andC arrows in [1T0] direction. Therefore thé=1 displacement results
(b). from the condensation of the phonon mode associated with

mine the atomic displacement in the commensurate re iong e representation in thEm3m structure. Thé=1 dis-
P 9 lacement is then the same as that in the incommensurate

the nearly commensurate phase. Finally, the characterist Chase. As for the=2 displacement, on the other hand, the

features of the transition to the nearly commensurate pha%ost appropriate  representation. should be the . two-
will be discussed. pprop p

%imensionalxlo representation at thX point!’ The i=2
. . isplacement derived from th¥,, representation is obvi-
phase as well as in the incommensurate phase are analyzoﬁsly the antiparallel shift of the Pb ions. Figure 8 shows the

by E\klng into account the allowed phonon modes in theresultant displacement of the Pb ions in the commensurate

Fm3m structure. Concerning.the displacement in the incom'region, which was obtained by the superposition of ¥he
mensurate phase, our experimental data show that the waygqx - displacements. In the superposition, we assumed that
vector of the incommensurate modulation k$=[1— 6, the nodes of th& , displacement were located at those of the
1-46 Aj] with 6,~0.068 andA;~0.045 at 290 K. This . gisplacement, and that the magnitude of the former dis-
modulation can then be due to the condensation of a phongfacement was smaller than that of the latter. The assumption
mode with g=[§£0] in the Fm3m structure. The point on the magnitude is based on the fact that the intensity of the
group of the[¢¢ 0] symmetry isC,, , which has four irre-  superlattice reflection due to th®; displacement is weaker
ducible representations call&ll, %,, 23, andX,. Con-  than that of theX,, forbidden reflection. As shown by the
cerning the modulation mode, on the other hand, modulatiogiagram, the resultant displacement of the Pb ions is made of
occurs by means of a transverse wave with an eigenvectawo groups of antiparallel shifts of different magnitudes.
almost parallel to thg110] direction. Thus the ; represen-  With this type of displacement, the nearly commensurate
tation is responsible for the atomic displacement in the inphase of Pi&Co,,W,,,)O;5 is neither antiferroelectric nor fer-
commensurate phase. The major feature of the displacemerielectric, and some unique dielectric property must be ex-
derived from theX; representation is the antiferroelectric pected.
displacement of the Pb ion. This is consistent with the dis- We can now turn to the discussion of the characteristic
placement reported by Bonit all® features of the transition from the incommensurate phase to
As mentioned above, the nearly commensurate phase cothe nearly commensurate phase. As pointed out earlier, the
sists of commensurate regions separated by antiphase bouremmensuration in Ro,,,W,,,)O3 occurs with a change of
aries. Thus the incommensurability in the nearly commensuboth the magnitude and the direction of the modulation. Be-
rate phase arises from the pseudoperiodic array ofause thed; displacement is involved in both the incom-
boundaries. The determination of the atomic displacement imensurate and nearly commensurate phases, the modulation
the commensurate region follows from the analysis of ourmode in these phases is identified asX¥hedisplacement. In
data showing that there are two transverse displacements other words, the introduction of th¥,, displacement with
the nearly commensurate phase. The first one denoted liie pseudoperiodic array of antiphase boundaries produces

064108-6



COMMENSURATION OF THE ANTIFERROELECTRT . . . PHYSICAL REVIEW B 65 064108

I nodulati modulation is along a direction about 4° frdl0] and has

a periodicity close to thel,,q lattice spacing. In the nearly
commensurate phase, on the other hand, commensurate re-
gions with a periodicity of &8, along the[110] direction

are separated by antiphase boundaries, which are arranged
pseudoperiodically along a direction closq &l 4]. Thus as
reported first by Randa#t al. for this oxide® it seems that

the antiphase boundary can be regarded as a discommensu-
ration, although this is not strictly true. In fact, the discom-
mensuration is characterized by a phase slip, which results in
the change of only the magnitude of the modulation. The
introduction of antiphase boundaries is therefore required to
change both the magnitude and the direction of the modula-
tion. If the discommensuration is defined here as a boundary
separating commensurate regions, the commensuration in
Pb(Co,,W,,,)0;5 is characterized by the appearance of this
The nearl I il ion discommensurations. This is obviously different from the
McMillan’s proposal, mentioned earlier. We believe that
commensuration in RE&o,,,W,,,)O5 is a new process for the
recovery of the translational symmetry broken in the incom-
mensurate phase.

>
\

4
[001]

V. CONCLUSION

The commensuration of the antiferroelectric incommensu-
rate phase in RiEo;,W,,,)O3 occurs with a change of both
the wavelength and the direction of the wave vector charac-
terizing the incommensurate modulation. The present experi-
mental data showed that the modulation in the incommensu-
rate and commensurate phases ¥;alisplacement, and that
[110]> commensuration occurs with the introduction oXg, dis-
placement and of a pseudoperiodic array of antiphase bound-
FIG. 9. Modulations in the incommensurate and nearly com-aries with a phase shift ofr. If the antiphase boundary is
mensurate phases. The details of both modulations are describediiegarded as a discommensuration, then commensuration is
the text. accompanied by the introduction of a discommensuration. As
a result, the commensurate phase is therefore strictly a nearly
the change in the wave vector of tig displacement and commensurate phase, in which the commensurate regions are
results in a nearly commensurate phase instead of a commeseparated by discommensurations, which are the antiphase
surate phase. The modulations in the incommensurate armbundaries.
nearly commensurate phases are schematically depicted in
Fig. 9. This figure represents the cross-section of the plane
on which the magnitude and the direction of the shifts of the The authors would like to thank H. Sato of Waseda Uni-
Pb ions are identical. In the incommensurate phase, theersity for providing good PI€Co;,,W,,,)0; samples.
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