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Direct observation of dynamic local structure in La2ÀxSrxCuO4 around xÄ0.12
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In situ observation of the dynamic local structure in La22xSrxCuO4 has been conducted at lower tempera-
tures by transmission electron microscopy. The observation clearly showed that aroundx50.12 dynamic
fluctuation of the localPccn/LTT-tilt region in the interior of the LTO domain occurs, even at 12 K, while
Pccn/LTT regions nucleated along the twin boundary are rather static. The dynamic localPccn/LTT region
is thought to play a crucial role in the slight suppression ofTC and in the appearance of the incommensurate
magnetic structure, both of which have been reported to occur aroundx50.12.
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I. INTRODUCTION

Among successive structural phase transitions occur
in La cuprates, structural changes from low-temperat
orthorhombic~LTO! to Pccn and then to low-temperatur
tetragonal~LTT! are called low-temperature structural pha
transitions.1–8 In our previous work on the low-temperatu
transitions in Nd-substituted La1.5Sr0.1Nd0.4CuO4 by trans-
mission electron microscopy, it was found that the transitio
proceed together with the dynamic fluctuation of loc
Pccn/LTT-tilt regions.9,10 The dynamic fluctuation is a con
sequence of the competition between the tilt of the oxyg
octahedron and the spontaneous straine4 , which are, respec
tively, the local and strain order parameters in the structu
transition. In La22xSrxCuO4 where the low-temperature tran
sition has not been detected by x-ray and neutron pow
diffractions, it can be expected that the dynamic local str
ture appears at lower temperatures as the equilibrium fl
tuation of the local order parameter. In the present work,
examined the presence of such equilibrium fluctuation
La22xSrxCuO4 by transmission electron microscopy.

The equilibrium fluctuation of the order parameter w
suggested theoretically in relation to the origin of the twe
texture, which has been observed in a parent phase o
first-order ferroelastic transition.11,12 Parlinski et al. investi-
gated features of the texture in the ferroelastic tetragona
orthorhombic phase transition of YBa2Cu3O72d by computer
simulation.12 It should be noted that the local and strain ord
parameters are, respectively, the occupation probability
the oxygen site and the strain from tetragonal to orthorho
bic. One interesting feature they found is that at temperatu
well above the transition temperature there are embryo
the tweed, which can be identified as the equilibrium flu
tuation of the order parameter. It was also pointed out t
the anisotropic long-range nature of the strain plays a cru
role in the equilibrium fluctuation. A similar situation occu
PRB 610163-1829/2000/61~18!/11922~6!/$15.00
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in the low-temperature structural phase transitions in La
prates. As was mentioned here, the equilibrium fluctuation
the local order parameter should occur in La22xSrxCuO4.

We have already made a preliminary examination of
low-temperature structural phase transitions
La22xSrxCuO4 with x50.115 and 0.15 by transmission ele
tron microscopy.13,14 It was reported that thePccn/LTT-tilt
region is nucleated along the LTO twin boundary at a tra
sition temperatureTL in both oxides and that only inx
50.115 does the region also appear in the interior of
LTO domain. At that time, unfortunately, the dynamic natu
of these localPccn/LTT-tilt regions had not been con
firmed. In the present work, we examined the existence
features of the dynamic fluctuation of thePccn/LTT-tilt re-
gion in La22xSrxCuO4 by transmission electron microscop
along with confirming the low-temperature structural pha
transitions. On the basis of the experimental data obtaine
this study, we discuss not only the stability of th
Pccn/LTT-tilt region, but also the relation between the d
namic Pccn/LTT-tilt region and other phenomena such
TC suppression and the incommensurate magnetic struc
Both the slight suppression ofTC and the appearance of th
incommensurate magnetic structure have been repo
aroundx50.12.15–20

II. EXPERIMENTAL PROCEDURE

La22xSrxCuO4 ceramic samples withx50.10, 0.115,
0.12, and 0.15 were prepared for examination. The detail
sample preparation are explained elsewhere.10,13 In situ ob-
servation of the dynamic local region as well as the lo
temperature structural phase transitions was performed
tween room temperature and 12 K by using an H-8
transmission electron microscope with the help of a cool
stage equipped with a liquid He reservoir. A series of da
field images were taken at a time interval of about 6 sec
using 100-type forbidden spots in order to elucidate the
11 922 ©2000 The American Physical Society
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PRB 61 11 923DIRECT OBSERVATION OF DYNAMIC LOCAL . . .
namic nature of thePccn/LTT-tilt region. Imaging plates
were used as the recording medium to avoid sample drif
should be mentioned here that in the diffraction patterns
Pccnand LTT tilts of the octahedron are both characteriz
by the 100-type forbidden spots for the HTT and LTO stru
tures. Since this makes it impossible to distinguish betw
the Pccnand LTT structures experimentally, the express
Pccn/LTT structure~phase! will be used without distinction
in this paper.

III. EXPERIMENTAL RESULTS

The low-temperature structural phase transition
La22xSrxCuO4 was confirmed in all samples by the appe
ance of the Pccn/LTT-tilt region along the LTO twin
boundary. Only thex50.115 and 0.12 samples exhibited t
dynamic fluctuation of the localPccn/LTT-tilt region in the
interior of the LTO domain. The experimental data presen
here will be the results for thex50.10 and 0.12 samples.

The x50.1 sample, La1.9Sr0.1CuO4, underwent a low-
temperature structural transition aroundTL5165 K, which
was determined from the appearance of the 100-type for
den spots in electron diffraction patterns. Figures 1~a!, 1~b!,
and 1~c! are a bright-field image, a 100 forbidden dark-fie
image, and a corresponding electron diffraction pattern of
x50.1 sample at 12 K, respectively. The electron inciden
is parallel to the@001# direction, and diffraction spots ar
indexed in terms of the HTT structure. The exposure time
the dark-field image was about 1.5 sec. In addition to fun
mental spots due to the LTO structure, there are 100-t
forbidden spots, indicating the appearance of
Pccn/LTT-tilt region, as denoted by arrowA in the diffrac-
tion pattern. Also observed are diffraction spots denoted aB
at 1/2 1/2 0–type positions, whose origin was discussed
our previous paper.8 On the other hand, only a banded co
trast is seen in the bright-field image. The contrast was fo
to be identical to that due to the twin structure in the LT
phase. That is, the LTO twin domain still exists at 12 K, w
belowTL of about 165 K. We then took the dark-field imag
in Fig. 1~b! by using the 100 forbidden spot. Th
Pccn/LTT-tilt regions are clearly seen as a bright-lin
contrast region. The width of the region was estimated to
about 10 nm. Note that the contrast in the image is diffr
tion contrast. From a comparison with the bright-field ima
in Fig. 1~a!, the Pccn/LTT region was also found to appea
along the LTO twin boundary between two neighboring LT
domains. A significant feature of the image is that
Pccn/LTT-tilt region exists in the interior of the LTO do
main, even at the lowest temperature of 12 K. In oth
words, the low-temperature structural phase transition in
x50.1 sample is characterized only by the appearance o
Pccn/LTT-tilt region along the LTO twin boundary. I
should be mentioned that because the volume fraction of
Pccn/LTT-tilt region along the twin boundary was ver
low, as seen in Fig. 1~a!, it was very hard to detect th
low-temperature structural transition by means of x-ray a
neutron powder diffractions.

Figures 2~a! and 2~b! are, respectively, a 100 forbidde
dark-field image and a corresponding electron diffract
pattern of thex50.12 sample at 85 K. The electron inc
dence is parallel to the@001# direction, and diffraction spots
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are indexed in HTT notation. The transition temperatureTL ,
determined from the appearance of the 100-type forbid
spots, was about 135 K in thex50.12 sample. In the patter
in Fig. 2~b!, 100-type forbidden spots and the 1/2 1/2 0–ty
superlattice spots are seen, in addition to the fundame
spots due to the LTO structure. It is obvious that the 10
type spots are an indication of thePccn/LTT-tilt region. In
the 100 dark-field image, thePccn/LTT-tilt regions are ob-
served only as a bright-line-contrast region with an aver
width of about 10 nm, just as in the case of thex50.10
sample at 12 K. Since there is no bright-contrast region
the interior of the LTO domain, thePccn/LTT-tilt region is
present only along the LTO twin boundary at 85 K.

The dynamic fluctuation of thePccn/LTT-tilt region in
the interior of the LTO domain was observed below about
K in the x50.12 sample. Figure 3 shows a 100 forbidd
dark-field image at 12 K, which was obtained by the sub
quent cooling of the sample after the image in Fig. 2~a! was
taken. The line-contrast regions are observed as bright c
trast along the twin boundary. The average width of the
gion at 12 K was about 15 nm, which was slightly larger th
that at 85 K. These results indicate that upon cooling late

FIG. 1. ~a! Bright-field image,~b! a 100 forbidden dark-field
image, and~c! a corresponding electron diffraction pattern of th
x50.1 sample, La1.90Sr0.10CuO4, at 12 K. The electron incidence i
parallel to the@001# direction, and diffraction spots are indexed
HTT notation.
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11 924 PRB 61Y. HORIBE, Y. INOUE, AND Y. KOYAMA
growth of thePccn/LTT-tilt region nucleated along the twin
boundary is not conspicuous. The most striking feature of
image at 12 K is thatPccn/LTT-tilt regions are clearly seen
as bright contrast in the interior of the LTO domain, as in
cated by the arrow. ThesePccn/LTT-tilt regions exhibit dy-
namic behavior, which depends upon the size of the reg
and is divided into two types.

Figure 4 shows three 100 forbidden dark-field imag
from thex50.12 sample at 12 K, which was kept for 39 mi
2 sec; 39 min, 23 sec; and 39 min, 45 sec, respectively. N
that each image was obtained from the area surrounde
fine white lines in Fig. 3. The exposure time of each ima
was about 1.5 sec. In these images, the localPccn/LTT-tilt
regions are seen as bright contrast in the interior of the L
domain, in addition to the regions along the twin bounda

We will first look at the localPccn/LTT-tilt region A
with a size of about 50 nm. From these three images,
shape is found to change continuously with time. That is,
dynamic nature of the local region with a relatively large s

FIG. 2. ~a! 100 forbidden dark-field image and~b! a correspond-
ing electron diffraction pattern of thex50.12 sample,
La1.88Sr0.12CuO4, at 85 K. The electron incidence is parallel to th
@001# direction.

FIG. 3. 100 forbidden dark-field image of thex50.12 sample at
12 K.
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of more than about 30 nm is manifested as a continu
change in shape under a constant volume. On the other h
the dynamic nature of the small-size region is different fro
that of the large one, as is observed in areaB. It was found
from the images that the localPccn/LTT region in areaB
was about 10 nm in size and that the region was nuclea
and then annihilated in a time period of about 1 min. That
the time average of the oxygen-octahedron tilt is underst
to be the LTO one. It should be mentioned again that x-
and neutron powder diffractions made so far have not in
cated the presence of thePccn/LTT phase in
La22xSrxCuO4. This suggests that thePccn/LTT-tilt region
in the interior of the LTO domain never grows, nor does t
very small volume fraction of thePccn/LTT region along
the twin boundary. The dynamic nature of the loc
Pccn/LTT-tilt region that was observed in the present wo
is concluded to be the equilibrium fluctuation of the loc
order parameter.

Let us mention the influence of the electron beam to
dynamic fluctuation observed in the present work. Poss
factors to consider for the influence are beam heating, be
irradiation, and the charging of a specimen surface. Amo
these three factors, we first discuss a beam-heating ef
The beam heating just gives rise to an increase in a speci
temperature. If the temperature goes up above about 4
the Pccn/LTT-tilt region should be annihilated. That is, th
change in the microstructure is irreversible. In addition,
did not change the operation condition in taking a series

FIG. 4. A series of 100 forbidden dark-field images taken fro
the x50.12 sample at 12 K, which were kept for~a! 39 min 2 sec,
~b! 32 min 23 sec, and~c! 39 min 43 sec, respectively.
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PRB 61 11 925DIRECT OBSERVATION OF DYNAMIC LOCAL . . .
the dark-field images. It is not then necessary to take be
heating into account for the dynamic fluctuation. As f
beam irradiation, a change is also irreversible. Actually,
detected a fade-out of an image contrast by irradiating for
h. It is obvious that beam irradiation has no effect on
dynamic behavior in the time period of about 1 min. T
charging of a specimen surface is only a factor which m
produce the dynamic fluctuation. As the specimen is a su
conductor, a contact between the specimen and a grid is
cial for the fluctuation. Then we always confirmed a go
contact in each experiment. So we believe that the charg
is also irrelevant to the dynamic change. We therefore c
clude that the dynamic fluctuation of thePccn/LTT-tilt re-
gion should be a real phenomenon at lower temperat
aroundx.0.12 in La22xSrxCuO4.

IV. DISCUSSION

The present experimental results confirmed that a lo
temperature structural phase transition occurs
La22xSrxCuO4, which is basically characterized by the a
pearance of thePccn/LTT-tilt region along the LTO twin
boundary. The interesting features to note here are that
in the x50.115 and 0.12 samples does thePccn/LTT-tilt
region also appear in the interior of the LTO domain at te
peratures far below the transition temperature and exhib
two types of dynamic behavior. One was observed in
large-size region greater than 30 nm, where the shape o
region was continuously fluctuating under a constant v
ume. The other observed in the small-size region was tha
region appeared and was then annihilated as time passe

Figure 5 is a phase diagram of La22xSrxCuO4, which was
constructed from the present data. Both the superconduc
transition temperatureTC and the temperature range es
mated from a small pseudogap found by photoelectron s
troscopy are depicted.21 Note thatTL in the x50.115 and
0.15 samples was, respectively, found to be 105 and 90 K
was reported previously.13 It is seen in the diagram that th
transition temperatureTL decreases with increasing Sr co
tent. Surprisingly,TL is located in the vicinity of the tem
perature range of the small pseudogap and exhibits the s
concentration dependence. On the other hand, the dyn
fluctuation of thePccn/LTT-tilt region in the interior of the
LTO domain is detected only in the dotted area aroundx
50.12 below about 40 K. It should be mentioned thatTC
was slightly suppressed in this concentration region and
the incommensurate magnetic structure was formed be
aboutTN545 K at x50.12, as marked by the solid circle.20

That is, these physical phenomena are related to the dyn
Pccn/LTT-tilt region in the interior of the LTO domain. In
the measurement of the longitudinal sound velocity forx
50.12, in fact, lattice instability toward the low-temperatu
transition was found below about 45 K.20

As shown in the phase diagram of Fig. 5, the equilibriu
fluctuation of thePccn/LTT-tilt region in the interior of the
LTO domain is present aroundx50.12. The unique feature
of the fluctuation is that it occurs in the low-temperatu
phases of the low-temperature structural transitions, not
parent phase in the usual ferroelastic transition. One of
sons for the fluctuation at lower temperatures is a symm
change in the low-temperature transitions. That is, the L
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→Pccn→LTT transitions upon cooling lead to an increa
in symmetry. Therefore, when aPccn/LTT region is nucle-
ated in a LTO domain, there is noPccn/LTT variant to relax
the strain field produced by the nucleated region. A sec
factor is the anisotropic long-range nature of the strain. O
ing to this nature, the map of the strain order parameter is
identical to that of the local order parameter. These two f
tors obviously make the nucleated region unstable. So
other factor to stabilize thePccn/LTT-tilt region is defi-
nitely needed. We pay attention to the fact that t
fluctuation occurs only aroundx50.12. It is then understood
that its occurrence is controlled by the hole concentrati
Because there are two inequivalent sites of the oxygen io
the CuO2 plane of thePccn/LTT structure, strong coupling
presumably occurs between thePccn/LTT tilt and the doped
hole. In other words, a state stabilized at low temperatu
around x51/8, which is characterized by a three
dimensional, regular array of doped holes, should be cru
for the appearance of thePccn/LTT-tilt region in the inte-
rior of the LTO domain. Models of the state such as
Wigner charge density wave and charge-spin stripes h
been proposed.22–25

Anyhow, the equilibrium fluctuation of thePccn/LTT-tilt
region is understood to result from three factors: an
crease in symmetry, the anisotropic long-range nature
strain, and the stabilization of the electronic state charac
ized by a three-dimensional, regular array of the doped ho

FIG. 5. Phase diagram of La22xSrxCuO4 constructed on the ba
sis of the present experimental data. The three-dimensional
namic fluctuation of thePccn/LTT-tilt region in the interior of the
LTO domain is observed in the dotted area of the diagram. T
hatched area is the temperature range estimated from a s
pseudogap found by photoelectron spectroscopy. The trans
temperatureTL of the low-temperature transition is characterized
the appearance of thePccn/LTT-tilt region along the twin bound-
ary. Two-dimensional localPccn/LTT regions having dynamic na
ture should exist belowTL . In addition,TN is the Néel temperature
of the incommensurate magnetic structure atx50.12, which was
determined by Suzukiet al. ~Ref. 20!.
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11 926 PRB 61Y. HORIBE, Y. INOUE, AND Y. KOYAMA
The Pccn/LTT-tilt region nucleated along the LTO twin
boundary does not basically show dynamic behavior an
rather static, although the region is nucleated at relativ
higher temperatures. It is worth noting that the octahedro
the twin boundary is tilted about the^100& axis, the LTT tilt,
as the superposition of twô110& tilts in the LTO structure.
That is, a nucleus of the LTT phase already exists in the t
boundary of the LTO phase. The nucleation of t
Pccn/LTT-tilt region along the boundary does not therefo
need an activation process. In addition, thePccn/LTT-tilt
region should be pinned by the twin boundary as a pla
defect. That is, the pinning is thought to be a physical rea
for the absence of dynamic fluctuation in thePccn/LTT-tilt
region nucleated along the twin boundary.

Let us discuss the dimensionality of the loc
Pccn/LTT-tilt region. In electron diffraction patterns, th
region is characterized by the 100-type forbidden sp
From a simple calculation of the structure factor of t
Pccn/LTT structure, the forbidden spots basically com
from the positional correlation between the apical oxyg
ions of the CuO6 octahedra in the two neighboring CuO2
planes along the@001# direction, as will be shown in the
Appendix. That is, the presence of the 100-type forbidd
spots reflects a three-dimensional correlation of the octa
dron tilt. The three-dimensional correlation along the LT
twin boundary then occurs atTL , although it does not occu
in the interior of the LTO domain. It should be here me
tioned that dynamic local LTT distortion was recently fou

FIG. 6. ~a! A unit cell of the K2NiF4-type structure,~b! a @001#
projection of atomic positions in the case of the perfect thr
dimensional correlation of the octahedron tilt, and~c! a @001# pro-
jection in the two-dimensional case. In~a!, thea andb tilts denote
the CuO6 octahedron tilts about the@100# and @010# directions, re-
spectively.
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below 100 K inx50.15 by CuK-edge extended x-ray ab
sorption fine structure~EXAFS! measurement.22,23 The local
LTT distortion should be two dimensional in character. Fro
the fact that thePccn/LTT-tilt regions are nucleated alon
the twin boundary around 90 K in the presentx50.15
sample, the appearance of the three-dimensional re
along the twin boundary is understood to be an indication
that of the two-dimensional localPccn/LTT-tilt region in
the interior of the LTO domain. In La22xSrxCuO4, therefore
there exist the two-dimensional localPccn/LTT-tilt regions
below TL in 0.1<x<0.15, while the three-dimensional co
relation of the tilt is developed only below about 40 K in th
vicinity of x50.12.

In La22xSrxCuO4, TC is slightly suppressed aroundx
50.12. As can be understood from Fig. 5, the slight suppr
sion of TC would be responsible for the dynamic thre
dimensional fluctuation of the local order parameter, that
the appearance of the localPccn/LTT-tilt region. Here we
discuss the relation between the slightTC suppression and
the three-dimensional dynamic fluctuation found in t
present work. As was already pointed out in previo
papers,22,23,26–29the electronic structure of the LTT-tilt struc
ture with a large tilt angle is much different from that of th
LTO-tilt one. Particularly, the LTT tilt was theoretically sug
gested to result in the splitting of the bands at the 1/2
0–type position~p, 0, 0!. From this suggestion, we think tha
the three-dimensional localPccn/LTT-tilt fluctuation would
produce a pseudogap, leading to a decrease in the dens
states atEF . The slight TC suppression can be therefo
explained as being due to the existence of the three dim
sionalPccn/LTT-tilt region. This speculation also leads to
very important consequence. That is, if the three-dimensio
Pccn/LTT-tilt region is responsible for theTC suppression,
the two-dimensional local region appearing belowTL may
influence the electronic structure, the formation of a simi
pseudogap at~p, 0, 0!. As shown in the phase diagram i
Fig. 5, the transition temperatureTL characterized by the
appearance of thePccn/LTT-tilt region along the twin
boundary is actually located in the vicinity of the temper
ture range estimated from the small pseudogap. It seems
the small pseudogap found in photoelectron spectroscop
presumably related to the two-dimensional loc
Pccn/LTT-tilt region.

In La1.88Sr0.12CuO4, the static incommensurate magne
structure was recently found near the temperature range
which the three-dimensional fluctuation of th
Pccn/LTT-tilt region in the interior of the LTO domain
occurs.20 This indicates that thePccn/LTT tilt can stabilize
the incommensurate magnetic structure. A similar magn
structure was also reported in the LTT phase
La1.48Nd0.4Sr0.12CuO4 and interpreted to be due to the orde
ing of the charge-spin stripe, which is pinned by t
Pccn/LTT tilt. 24,25 Based on this interpretation, the appea
ance of the incommensurate magnetic structure inx50.12
may suggest stripe ordering in thePccn/LTT-tilt region.
The ordering of the charge-spin stripe is, in fact, one of c
didates of the state stabilized at lower temperature aro
x51/8. In the present work, however, we could not det
any superlattice reflection spots exhibiting such ordering

-
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V. CONCLUSION

In La22xSrxCuO4 with 0.1<x<0.15, the two-dimensiona
local Pccn/LTT-tilt region appears belowTL when the
sample is cooled in the LTO phase. The three-dimensio
correlation of the octahedron tilt is, on the other hand,
stricted below about 40 K nearx50.12, where theTC sup-
pression and the appearance of the incommensurate mag
structure occur. It also seems that the pseudogap foun
photoelectron spectroscopy may be related to the appear
of the two-dimensional localPccn/LTT-tilt region.
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APPENDIX

Here we explain the origin and features of the 100-ty
forbidden reflections, which are characterized by
Pccn/LTT tilt of the CuO6 octahedron. In this explanation
the 100-type reflections are, for simplicity, assumed to
due to the atomic displacements of the oxygen ions in
CuO6 octahedra tilted about thê100& directions. That is, we
treat only the displacements of the oxygen ions in the L
tilt here. Figure 6~a! shows a unit cell of the K2NiF4-type
crystal structure of the La22xSrxCuO4. In the structure, the
ys
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CuO6 octahedra are present in two CuO2 layers atz50 and
1/2. In each layer, there are two possible tilts, the@100# and
@001# tilts, which are denoted by thea and b tilts, respec-
tively. In the LTT structure where the perfect thre
dimensional correlation of the tilt exists, if thea tilt takes
place in thez50 layer, theb tilt must occur in thez51/2
layer. A @001# projection of the atomic positions obtained
this case is shown in Fig. 6~b!. As is seen in the projection
for instance, the projected positions around a location
noted byA is different from those around a location byB.
This difference gives rise to the 100-type forbidden refle
tions. Because the positions deviated from the locationsA
andB, in the projection originate from the atomic displac
ments of the apical oxygen ions in the CuO6 octahedra, the
displacements of the apical oxygen ions are responsible
the 100-type forbidden reflection. We then discuss the tw
dimensional correlation case. In this case, thea and b tilts
occur randomly layer by layer. A@001# projection in the
two-dimensional case is shown in Fig. 6~c!. The projected
positions around the locationA is identical to those around
the locationB. So the two-dimensional correlation of the ti
never produces the 100-type forbidden reflection. It is the
fore understood that the 100-type forbidden reflection
flects the three-dimensional correlation of the octahedron
about thê 100& direction. In other words, even in the case
no 100-type reflection, the existence of the two-dimensio
LTT-tilt region is still possible.
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