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Evolution of low-temperature phases in a low-temperature structural transition of a La cuprate
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The microstructure produced by a low-temperature structural phase transition iNdgaSr, ;CuO, has
been examined by transmission electron microscopy with the help of imaging plates. The low-temperature
transition was found to be proceeded not only by the growth oftber/low-temperature-tetragonal phases
nucleated along the twin boundary but also by the nucleation and growth of the phases in the interior of the
low-temperature-orthorhombic domain. In addition, because the map of the octahedron tilt as an order param-
eter is not identical to that of the spontaneous strain accompanied by the transition, the microstructure below
the transition is understood to be a very complex mixture of the low-temperature phases.
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The La cuprate La ,Ba,CuQ, with x=0.125 exhibits a tron microscopy. This oxide undergoes successive transitions
low-temperature structural phase transition from a low-from the LTO phase to 8ccnone with orthorhombic sym-
temperature-orthorhombi¢. TO: space grouBmal) phase metry and then to the LTT orfeOne reason why we decided
to a low-temperature-tetragonalLTT: space group to examine the transitions in La\d, 4SSt ,CuQ, is that this
P4,/ncm) one on cooling from a high-temperature- oxide has almost the highest transition temperature among
tetragonal(HTT: space groupg4/mmm) one. It is well un-  the low-temperature transitions in the La cuprates.
derstood that the transition is characterized as a tilt of the The sample preparation of LaNd, ,Sr, ;CuO, has been
CuQ; octahedron in the crystal structur@As for the physi-  described in our previous papéfs:® Specimens for
cal properties, suppression of the superconducting temper&ansmission-electron-microscopy observation were prepared
ture T, has been reported in this oxide and the role of theby an Ar-ion thinning technique. Tha situ observation was
low-temperature transition in this suppression is still undemperformed by using a transmission electron microscope
discussiort™ In order to elucidate the relation between the equipped with a cooling stage incorporating a liquid-He res-
physical properties and the transition, it is necessary to exervoir, in addition to a Sum objective aperture. Features of
amine the microstructure related to the transition. Changes ithe low-temperature phase transition were examined by tak-
the microstructure due to the low-temperature transition iring electron-diffraction patterns, bright-field images, and
La cuprates have not been studied sufficiently. dark-field images at each temperature in a range between

Chen et al. examined the microstructure of the LTT room temperature and 12 K. In the present work, dark-field
phases in both Lg;Ba, 1o:Cu0, and NgNiO, by transmis-  images were recorded on imaging plates in order to avoid
sion electron microscopy and found that there are antiphasspecimen drift during exposure. In contrast to a conventional
boundaries with respect to oxygen-atom displacements rddm with an exposure time of about 90 s, we could take
lated to the tilt of the Cu@octahedrort:® They also pointed images only for abdu3 s in thecase of the imaging plate.
out on the basis of convergent-beam electron diffraction thaBecause the microstructure is entirely changed by aging for
the crystal symmetry is not uniformly tetragonal in a speci-about 60 s, the use of the imaging plate is our advantage for
men, but changes from place to plé&ceThat is, regions with ~ clarifying the change in the microstructure during the low-
an orthorhombic distortion are present locally in the LTT temperature transition.
phase. On the other hand, Zkual. showed on the basis of The structural phase transitions in the La cuprates are
their transmission-electron-microscopy observation that theharacterized by the tilt of the Cy@ctahedron as an order
LTT phase appears only along the twin boundary betweeparameter. In particular, the tilt axis of the octahedron devi-
the LTO domaing. In this case, however, the volume frac- ates from the LTO tilt about th&l10) direction in the low-
tion of the LTT phase is estimated to be very small and igemperature transition. As a result of the deviation, 100-type
obviously not compatible with that determined from x-ray spots such as 100 and 010 spots appear in the electron-
and neutron diffractions. In order to elucidate this discrep-diffraction patterns of thd>ccnand LTT structures, while
ancy, we maden situ observations of the low-temperature these spots are absent from the HTT and LTO structures.
phase transition in LaNd, 4Sr 1CuQ, by transmission elec- That is, the 100-type spots are unique to the product phases
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FIG. 1. Bright-field image of LasNd, 4Sr,,CuQ, at 85 K, to-
gether with the corresponding electron-diffraction pattern.

and absent in the parent phase in the low-temperature tran-
sition. Then we call the 100-type spot a unique spot. From
these features, therefore we can check the occurrence of the
low-temperature structural transition and examine the details
of the microstructure in the transition by taking dark-field
images using these unique spots. On the other hand, we can-
not distinguish between these two structures on the basis of
electron diffraction because bothccn and LTT structures

are detected only by the appearance of the unique spots. For
that reason, we will refer to thBccr/LTT structures here
without making any distinction between them and define the
LTO—Pccr/LTT transition as the low-temperature struc-

tural transition. _ FIG. 2. 100 dark-field images of LaNd, ,St, ;,CuQ, at 85 K,
La_l._sNdo.43ro.1CUO4 was reported to und_ergo SUCCESSIVE (), and 12 K,(b) and(c). Images(b) and (c) were taken from the
transitions from LTG-Pccn—LTT on cooling” The tran-  sample kept at 12 K for 32 and 36 min, respectively.

sition temperature of the LTO-tBccr/LTT transition in the

specimen used in the present experiment was determined kow-temperature transition. In addition, the twin boundaries
be about 120 K based on the appearance of the unique spotgere confirmed to be parallel to tH&00; planes.

Figure 1 shows a bright-field image of LaNd, ,Sty 1CuQ, at In order to clarify the details of the microstructure, we
85 K, together with the corresponding electron-diffractionmadein situ observations of the low-temperature transition
pattern. The electron beam was parallel to[®@l] direction  in La; eNd, ,Sr, ;CuQ, by taking dark-field images using the
and diffraction spots have been indexed in terms of the HTTunique spot. Figure (@) is a 100 dark-field image at 85 K,
structure. The diffraction pattern shows the presence of botlwhich was obtained from the same area shown in Fig. 1. A
fundamental spots due to the HTT structure and the uniqubright-line contrast is clearly observed in the image, as indi-
100-type spots, as indicated by arrddv The latter spots cated by arrowA. From a comparison with the bright-field
indicate the presence of tieccr/LTT phase. Note that 1/2, image of Fig. 1, the line contraétis found to exist along the
1/2, O-type superlattice spots are also observed in the pattertwin boundary between the LTO domains. This implies that
as indicated by arrol.'® One notable feature of the bright- the Pccr/LTT phase appears along the twin boundary, as
field image is the presence of a banded contrast. The saneas found by Zhiet al® In order to examine the change in
contrast was seen at room temperature in the LTO phaséhe microstructure, we then cooled the specimen and kept it
That is, the contrast is identical to that due to the LTO do-at 12 K. Figures ) and Zc) are 100 dark-field images at 12
mains which form a twin structure, although the image wasK, which were taken from the specimen kept at 12 K for 32
taken at 85 K, well below the transition temperature of theand 36 min, respectively. As is seen in these figures, when
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is, the spontaneous strain accompanied by the transition is
not uniform in the specimen and varies from place to place.
The most important fact to be noted here is that the map of
the tweed contrast in Fig. 3 is not identical to that of the
Pcc/LTT regions in the 100 dark-field image, which is
precisely a region characterized by thecr/LTT tilt of the
octahedron. In other words, there is no one-to-one correspon-
dence between the order parameter and the spontaneous
strain. We can therefore conclude that the microstructure be-
low the low-temperature transition is a very complex mixture
of the LTO andPccr/LTT phases.

The present observation clearly indicates that the low-
temperature phases—the LT®ccn, and LTT phases—
coexist in a complex fashion below the transition tempera-

La; sNdg 4Sty 1CuQ,. The major feature of the microstructure
the specimen is kept at 12 K, the bright-line contrast changes that the spotty-shape region with tRecr/LTT tilt ap-
to a banded contrast as a result of the widening of the lingpears in the interior of the LTO domain, in addition to the
contrast. The most notable feature in Figb)2is that the band-shape region along the twin boundary. The low-
bright-spotty contrast appears in the interior of the LTO do-temperature transition is therefore characterized not only by
mains, as indicated bB. On further aging at 12 K, the size the growth of thePccr/LTT phase nucleated along the twin
of the bright-spotty contrast region increases, as seen in Figpoundary but also by the nucleation and growth of the phase
2(c), together with the further widening of the bright-band in the interior of the LTO domain. These are the character-
contrast region along the twin boundaky From a compari- istic features of the low-temperature structural transition in
son between Figs.(B) and 4c), the size of the spotty con- the La cuprates.
trast region and the width of the band-contrast region were A specimen with a thickness 6100 nm; that is, a thick
estimated to increase at rates of about 2 and about 3 nm/mifilm, is usually used in transmission-electron-microscopy ob-
respectively. In addition, a boundary between the spotty conservation. This raises the question as to whether the observed
trast region and the LTO matrix can be understood to bemicrostructure is present in a bulk sample. Before a discus-
characterized as an abrupt boundary. This is because sion of the characteristic features of the low-temperature
change in the contrast across the boundary is relativelyransition, we should mention general aspects of a role of the
sharp. sample geometry in the first-order transition. It is known that

Let us interpret the origin of the contrasts found in thethe first-order transition proceeds by the nucleation and
100 dark-field images at 12 K. The contrast in the 100 darkgrowth of a product phase in a parent-phase matrix. The
field image should be the diffraction contrast. The bright-nucleation sites of the product phase have been understood to
spotty contrast region therefore has thecr/LTT structure, be a free surface, as well as structural defects such as a grain
just like the band contrast region. The low-temperature tranboundary. Particularly the surface plays a main role in the
sition is then understood to be characterized by the nucleaucleation in the case of a single crystal. Even when a thick-
ation and growth of thd>ccr/LTT phase in the interior of ness of the specimen decreases, however the number of these
the LTO domain as well as by the growth of the phase nuclesites involved in the specimen never increases remarkably.
ated along the twin boundary. In addition, a dark-line con-The nucleation itself must be therefore hardly affected by the
trast can be seen inside the bright-band contrast, as indicatedmple geometry. Since the growth of the product phase is
by C. The growth of the spotty-contrast region also results incontrolled by the degree of the relaxation of the transforma-
a similar dark-line contrast in some areas, as indicateD by tion strain, the sample geometry is one of the important fac-
It should be remarked that the features of the dark-field imtors for the growth. That is, the transformation strain in a
age shown in Fig. @) are entirely the same as those reportedfilm is relaxed more easily than that in a bulk sample. The
by Chenet al>® As they observed, the dark-line contrast canproduct phase can be then extended in a wider area in a
be explained as being due to the antiphase boundary witthinner film. It can be eventually said that, because the de-
respect to the tilt of the Cu{octahedron. gree of the relaxation changes continuously with respect to

In order to examine the cause of these features describdtie thickness of the specimen, the microstructure found in
just above, we took fundamental dark-field images at 12 Kour work should appear in the bulk sample. In other words,
Figure 3 shows a dark-field image at 12 K, which was takerthe present sample geometry promotes the progress of the
by using the 110 spot. The image shows the presence of tHew-temperature transition.
so-called “tweed contrast” running along tH&00) direc- It is time to discuss the characteristic features of the low-
tions over the entire area. The contrast is very similar to thatemperature transition. The so-called tweed contrast seen in
observed in YBsCuO,.5 V3Si, and metallic alloy$?> >  Fig. 3 reflects the map of the spontaneous strain accompa-
According to previous studies of the tweed contrast, the connied by the transition. The very important fact is that there is
trast is understood to be due to a macroscopic strain. Relisagreement between the map of the tilt of the octahedra as
cently Parlinski, Heine, and Salje pointed out that the macan order parameter and the spontaneous strain. It is obvious
roscopic strain field giving rise to this contrast is producedthat the disagreement results in the aid of the nucleation and
by a local misfit of the neighboring strained unit céftsthat ~ growth of thePccr/LTT-tilt region in some areas but the
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suppression of them in others. The disagreement is therefore In summary, the low-temperature phase transition in the
concluded to stabilize the coexistence of the LTO and.a cuprate is characterized by the nucleation and the growth
Pccr/LTT phases in a very complex fashion. Complex fash-of the Pccr/LTT phase with a spotty shape in the interior of
ion means that locally there exist the LTO-tilt region with the LTO domain as well as by the growth of the phase nucle-
the Pccr/LTT strain and thePccr/LTT-tilt region with the  ated along the twin boundary. Because the order parameter is
LTO strain in the specimen. This type of coupling betweennot locally coupled to the appropriate spontaneous strain, the
the order parameter and the strain can not be predicted on thaw-temperature phases coexist in the complex fashion be-
basis of Landau theory. In other words, group theory is lodow the transition temperature of the low-temperature transi-
cally broken down in the low-temperature transition in thetion, even at the lowest temperature obtained in the present
La cuprate. work.
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