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Observations of long-period structures associated with charge ordering in Bx,Cay gMnO
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Long-period structures with 32- and 36-fold periodicity to the original unit lattice distance were observed in
a perovskite manganese oxidg BTa, jMnO; at around 130 K, in addition to the one with fourfold periodicity.
Quantitative electron diffraction profiles were measured for the long-period structure, where the intensity of
superlattice reflections was observed to increase with increasing scattering angle due to static strain. This result
gave a reasonable explanation for occurrence of the charge ordering %f atd Mn** ions, which was
responsible for the creation of the long-period structures jp®&a gMNO;. [S0163-182@7)01922-X]

I. INTRODUCTION Il. EXPERIMENTAL PROCEDURE

A way to fabricate Bj,Ca gMnO; ceramic specimens

Perovskite manganese oxides, such ag L@aMnOs, was described in a previous paper in detallhe oxygen
have attracted the considerable attention of many researchers P bap Y9

o1 content of the specimen was determined to be 2.98 by the
because of the colossal magnetoresistdntetc. Charge or- .~ .~
. n . L ) . iodine titration method. The temperature dependence of the
dering of Mr?* and Mrf" ions, which is observed in oxides . : .
electric resistance was measured by the conventional four-

with a specific composition, is one of the attractive phenom"[erminal method. The magnetization vs temperature curve

ena. The two types of manganese ions are randomly distri Wvas obtained by using a Quantum Design superconductin
uted in a specimefat the manganese site of the perovskite y 9 9 b 9

: ._quantum interference devicgSQUID) magnetometer. The
structurg¢ at around room temperature. If the specimen is . . . .

} : structural transformation was studied by using electron mi-
cooled down, however, those ions are believed to be regu <cones JEM-2010 and JEM-2000EX. emploving coolin
larly sited. Wollan and Koehlérdiscussed the charge- P ’ ploying 9

dered struct . CaMnO. b idering th specimen holders. The intensity distribution in electron dif-
ordered structures in La,CaMnQ; by considering the = ¢ g patterns was quantitatively measured by using imag-

magnetic structures determined by a neutron—diffractior]ng plates(Fuji FDL-URV) (Ref. 14 or directly measured
method. It was recently reported that the charge ordering ig.om films by using a film scanneNikon LS3510AH.
perovskite transition metal oxides was observable as appar-

ent superlattice reflections by conventional electron-
diffraction methodé.‘8 However, a detailed invgstigation IIl. RESULTS AND DISCUSSION
seems to be still necessary for the charge ordering from the
viewpoint of diffraction theory; e.g., the associated superlat- Figure 1 shows the temperature dependence of the electric
tice reflections should be extremely weak as far as considefesistance and magnetization inyBCa, gMnO;. A consider-
ation of the scattering amplitudes of the manganese ions.

Bi,_,CaMnO; (x=0.8) was recently studied, both elec-

tric and magnetic properties in detdiConsiderable magne- _ 14
toresistance was observed in the oxides, and the occurrenc § S
of charge ordering was predicted. More recently, both mag- & 13 E
netic and structural transformations in ;Bj{CaMnO; g 3
(0.74<=x=0.82) were investigated by means of a neutron- & s
diffraction method, in which a long-period structure with @ 42
four-fold periodicity to the original orthorhombic lattice dis- & N
tance was observed below room temperatfie.was also % 2
- = 141 2
reported that the structural transformation temperaterg., 5 g
210 K forx=0.82) did not correspond to the magnetic trans- ﬁ g
formation temperaturée.g., 160 K forx=0.82. This point 03T
seems to be essential in the perovskite manganes 0 100 200 300
oxides®"10-13 Temperature (K)

The purpose of the present work is to investigate both the
structure and morphology of the low-temperature phase in FIG. 1. Temperature dependence of both electric resistance and
Big ,Cay gMNnO; in detail and to discuss the charge orderingmagnetization in Bj,Ca, gMnO; measured with cooling the speci-
in this oxide by precise electron microscopic methods. men.
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FIG. 2. (a) Typical electron microscopic image afig) diffraction pattern of Bj ,Ca, gMnO; at room temperature. Boilt) morphologi-
cal and(d) structural changes were observed by cooling the specimen down to 130 K. TheAettBrsand X in (c) represent domains at
130 K. (e) An enlarged picture for the enclosed area in diffraction patterpfSee text for details.

able increase of electric resistance was observed with dgshology was found to be parallel to eith@00) (for domain
creasing temperature below the critical temperatligsf at ~ A) or (010 (for domainB) plane of the original orthorhom-
around 160 K. The magnetization curve, which was meabic lattice. Although the bandwidth was slightly different
sured under a magnetic field of 1 T, showed an anomaly ajepending on domains, they were typically in the size of
around 160 K, but it was greatly suppressed below16-20 nm in this type of domain structure. Figuréd)2
Tco-Those results are quite consistent with features of thghows an electron-diffraction pattern taken from the central
charge-ordered state suggested by Kuwatetral’® Bao  grain in Fig. Zc), in which both the domainé andB are
etal’® reported that the magnetic structure inincluded. An appreciable change in lattice parameters was
Bi;_xCaMnO; with a close composition to the present one not observed for the original orthorhombic lattice by cooling
(x=0.82) showed th€-type antiferromagnetic structure be- down to 130 K, as far as analyses of electron-diffraction
low the charge ordering temperature. If we consider thosgatterns were carried out. However, we recognize existing
results, the charge ordering of ¥fnand Mrf* ions is  satellite reflections around Bragg peaks alaig and b*
thought to occur at aroun@ico=160 K and the magnetic axes|i.e., along wave vectorg=(1,0,0 and(0,1,0 in recip-
structure to transform from paramagnetic to antiferromagrocal lattice spacke which indicates the presence of a long-
netic belowT ¢g. period structure. The satellite reflections are more clearly
Figure 2a) shows a typical electron microscopic image of seen from Fig. &), which is an enlarged picture of the area
Big,Ca gMnO; at room temperature, in which an appre- enclosed by white lines in Fig.(@). The selected-area dif-
ciable fine structure is not visible except for small-angle tiltfraction method revealed that the satellite reflections along
boundaries marked by arrows. The electron-diffraction patthea* andb* axes originated from domai#sandB in Fig.
tern in Fig. 2b), which was taken from the grain surrounded 2(c), respectively. The periodicity of the structure was deter-
by the small-angle tilt boundaries in Fig(a could be in-  mined by analyzing the satellite reflections alongafieaxis.
dexed by taking a&Pbnm orthorhombic structure with the They were found to be present at around 1/32 positions be-
lattice correspondence @~ +2a., b~+2a, andc~2a., tween the fundamental reflectiofesg., 1/32, 1/32 0 and 2/32
wherea, represents a lattice parameter of the ideally cubic2/32 0, eto, which represents periodicity of about 17.0 nm
perovskite structure. When the same specimen was cooled in real spacdi.e., 32-fold periodicity to the unit lattice dis-
an electron microscope down to about 130(ike., below tance of the original orthorhombic latticealthough they
Tco), a considerable structural change was observed both iwere only visible around the fundamental reflections. This
images and diffraction patterns. Two distinct domain strucvalue reasonably corresponded to the bandwidth observed
tures were observed as shown in Fi¢c)2i.e., the one with  for domainA in Fig. 2(c). Thus the structural phase transfor-
wide-band-like morphologyA or B) and the other one with mation in By 5Ca& gMnO;, which produced the domain struc-
narrow-band-like morphology X). The former one con- ture with wide-band-like morphology, was characterized to
sisted of two types of domains andB. The bandlike mor- be the formation of a long-period structure with the 32-fold
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sibly due to a small orientational deviation between existing
domains. Although two types of domain structur@sith
wide and narrow bandlsvere observed in Bi,Ca, gMnOs,
they are thought to be produced by a similar mechanism
because of crystallographic similarities as follows. Both
types of domain structures consisted of two domains, each of
which was parallel to th€100 and(010) planes of the origi-
nal orthorhombic lattice, respectively. The superlattice re-
flections were observed along tle& andb* axes in both
cases. Only one difference lied in periodicity of the long-
period structures.

The two types of domain structuréwith wide and nar-
row band$ disappeared by heating the specimen to room
temperature, but they were again observed by a subsequent
cooling experiment. However, the same configuration as the
previous one was not reproduced; i.e., the two types of do-
main structures were arranged in a different manner in the
second cooling experiment. This point suggests that the for-
mation of the two types of domain structur@gth wide and
narrow bandsis not attributed to a compositional inequality
of the specimen. The domain structure with wide-band-like
morphology was more frequently observed compared to the
one with narrow-band-like morphology.

Domain structures in perovskite oxides have been ob-
served by some researchers to date. Wang and Zhabg
served a domain structure in LaSr,Co0;, together with
superlattice reflections at around room temperature. By

FIG. 3. (a) Typical electron microscopic image af) diffrac-  means of a high-resolution electron microscopic method,
tion pattern of By Ca MnO; at 130 K. Two domains oK and  they concluded that the ordering of catiofi®., L&* and
Y were present. See text for details. Sr*) along the(001) axis was responsible for creation of

the domain structure and the superlattice reflections, where
periodicity to the original unit lattice distance. Another long- C represents indices for the ideally cubic perovskite struc-
period structure, which had a periodicity of about 36-fold toture. Such a cations ordering does not seem to be valid for
the original unit lattice distance, was observed in other dothe present case, since the domain structures appeared at
mains. However, the structure with the 32-fold periodicityaround 130 K, where the diffusion mechanism was de-
was more frequently observed compared to the one with thpressed. Chen and Che8rghowed a characteristic domain
36-fold periodicity. It should be noted that those long-periodstructure in La_,CaMnO; at 95 K, in which platelike mor-
structures were observed for the first time inphology was observed parallel {601 planes of the cubic
Bi,_,CaMnO; exhibiting the negative magnetoresistance.perovskite structure, while in the present case parallel to
The other type of domain structure was observed arounfl011} .. They reported that the domain structure was accom-
point X in Fig. 2(c). The bandwidth in domaiiX was mea- panied by apparent superlattice reflections, which were inter-
sured to be 2.1 nm, which was much smaller than the valugreted to be due to the charge ordering of*Mmand Mrf*
in domainA (17.0 nm). This type of domain structur@vith ions. However, a description was not given for a feature of
narrow-band-like morphologyis also shown in Fig. @), the relatively strong superlattice reflections in the obtained
together with the corresponding diffraction pattern in Fig.diffraction pattern. In fact, if the contribution of the charge
3(b), which was taken at around 130 K. Superlattice reflec-ordering to diffraction patterns is considered on the basis of
tions existed at 1/4 positions between the fundamental reflecstructure factor calculations, the intensity of the superlattice
tions along thea* and b* axes (e.g., 1/4 1/4 0 and reflections should be extremely weak because of a slight dif-
214 2/4 0, etd, which represent a long-period structure with ference of scattering amplitudes between®Mm@and Mn**
four-fold periodicity to the original unit lattice distance. ions. Both the domain structures and the superlattice reflec-
Those superlattice reflections were found to be present at thH®ns observed in the present work are also expected to be
commensurate positiond/4 positions in reciprocal lattice due to the charge ordering of NMihand Mrf* ions, as ex-
space by a quantitative analysis with imaging plates. Twgected from the results in Fig. 1. Although the charge order-
domainsX andY [i.e., parallel to(010 and (100), respec- ing will be difficult to be detected as far as the consideration
tively] were also present in this type of domain structure, a®f scattering amplitudes, it is expected to be observable as
seen from Fig. @). Similar superlattice reflections at around presence of static strain associated with the ordering. The
1/4 positions were also observed iy BiCa, sJMNO; by Bao  appearance of the static strain associated with charge order-
et al,'? although they were present at incommensurate posing is quite reasonable, since the #rions are accompanied
tions in reciprocal lattice space. If we observe the diffractionby intrinsic strain due to the Jahn-Teller effect. As is well
pattern in Fig. 8) more in detail, we notice that the super- known, the presence of static strain produces a characteristic
lattice reflections are somewhat splitting. This effect is posdintensity distribution in diffraction patterns, where the asso-
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flections is thought to be well reflected in the obtained

al 200 100 000 100 200 electron-diffraction patterns, because of the following rea-
q sons. First, the electron-diffraction patterns were obtained
5 . from quite thin regions of the specimen in the present experi-

ment. The dynamical diffraction effect is generally small, if
the observed region is quite thin, and the original intensity
distribution tends to be well reflected in electron-diffraction
patterns without appreciable modulation. Second, the inten-
sity of the present superlattice reflections is much weaker
compared to that of the fundamental reflection. The dynami-
cal diffraction effect tends to give only a slight intensity
modulation to such weak superlattice reflections, while a sig-
nificant intensity modulation to the strong reflections. In the
former case, a slight modulation occurs so gradually in the
reciprocal lattice spacl:° Thus the asymmetrization on the
intensity between the two weak superlattice reflections be-
side the 200 Bragg pedlFig. 4(b)] is thought to originate
from the static strain rather than the modulation due to the
dynamical diffraction effect. Third, intensity profiles like
Fig. 4(a), in which many superlattice reflections were present
along thea* axis, were measured for a few regions with
different thicknesses in the specimen. It was confirmed that
the intensity of superlattice reflections increased with in-
creasing scattering angle in each region. If we consider those
points, the observed intensity distribution of the superlattice
reflections(i.e., the intensity increases with increasing scat-
tering angl¢ can be interpreted as originating from the static
strain. However, if we discuss the magnitude of the static
strain from the obtained electron-diffraction pattern accu-
rately, a quantitative calculation of the dynamical diffraction
effect is necessary based on a precise measurement of the
specimen thickness. A similar result to the present one was
reported in a neutron-diffraction study for 4£5r, sMnO,

FIG. 4. (a) Intensity profiles along tha* axis for the superlat- by Sternliebet al,'® where the dynamical diffraction effect
tice reflections in Fig. ®). (b) Intensity distribution around the 200 due to multiple scattering could be negligible. The occur-
Bragg reflection precisely measured by an imaging plate. See texence of the charge ordering of Mhand Mrf* ions in
for details. Bio ,Ca gMnO; was thus rationalized by the detection of

static strain associated with this mechanism. The observed
ciated superlattice reflections or diffuse scattering show théong-period structures are thought to be created as a result of
intensity maximum at a certain position apart from the originthe charge ordering. The strain energy due to the charge
in reciprocal lattice spac¥.Thus the diffraction profiles tend ordering is interpreted to be minimized by the combination
to increase with increasing scattering angle. Figufe) 4 of two domainde.g.,A andB in Fig. 2(c)] in a macroscopic
shows diffraction profiles along tha* axis, which were scale.
measured from the diffraction pattern in FigbB(i.e., taken Then a question arises as to why the two types of long-
from the domain structure with narrow bapdsy using a period structuregi.e., the ones accompanied by wide- and
film scanner. The presence of superlattice reflections at thearrow-band-like morphologi¢sappear associated with the
1/4 positions is clear. The intensity of the superlattice refleceharge ordering. The electron microscopic observations re-
tions was observed to increase with increasing scatteringealed that domains with the narrow-band-like morphology
angle, which is consistent with the case in the presence afonstantly show the four-fold periodicity to the original unit
static strain. This effect was more precisely investigated byattice distance, while the observed periodicity was some-
using an imaging plate, where two specific superlattice rewhat different depending on domains in the case of wide-
flections beside the 200 Bragg peak were critically measuredand-like morphology(e.g., 32-fold or 36-fold It is ex-
The superlattice reflections were shown to be really asympected that the four-fold periodicity is the favorable structure
metric on the intensity as shown in Figl4, where the one associated with the charge ordering in Bia, gMnO3, since
in the higher scattering angl&{) was stronger than that in this periodicity is realized in every domain exhibiting the
the lower angle §,). The dynamical theory of electron dif- narrow-band-like morphology. However, it is thought that
fraction may be necessary to be taken into consideratiorthis ordered structure cannot be realized in the entire volume
since the original intensity distributiofi.e., kinematical in- of the specimen because of a compositional restriction,
tensity distribution is often modulated by this effect. How- where the content of Mt ions is much larger than that of
ever, in the present case, the dynamical diffraction effecMn**. Under this circumstance, the charge ordering may be
seems to be small, especially for the superlattice reflectiongchieved by taking other long-period structures surrounding
and the original intensity distribution of the superlattice re-the favorable domains with four-fold periodicity. In fact, the

Intensity (arb.units)

Intensity (arb.units)
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