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The spatial fluctuation of the magnetic domain (MD) and charge/orbital ordering (CO/O0) structure
at around the Curie temperature (7) was directly observed in a colossal magnetoresistance (CMR)
compound, LagCay5;MnOs, in which extraordinary anisotropic magnetoresistance (AMR) has
also been observed. It was found that the long range MD structure collapses upon the emergence of
short range CO/OO0 in a narrow temperature regime, which provides abundant evidence in support
of a gain in magnetoresistance at around 7. Moreover, the pinning effect on the MD wall was
discerned and it may contribute to the CMR as well as to the extraordinary AMR effect. © 2009
American Institute of Physics. [DOI: 10.1063/1.3216589]

The colossal magnetoresistance (CMR) effect is ob-
served in carrier-doped manganites.1 It has been pointed out
in conjunction with the competition between ferromagnetic
(FM) and charge/orbital ordering (CO/OQ) structures at
around the Curie temperature (7).”* FM and CO/OO, as
typical phenomena in manganites are responsible for the
double exchange interaction” and the ordering of Mn**/Mn**
in a 1/1 proportlon accompamed by e,-orbital ordering
(3x2-r2/3y%-r-type CO/00),"® respectively. As the FM
phase competes w1th the CO/OO phase, a subtle nanoscale
structure ﬂuctuatlon ¥ and hence the coexistence of the mul-
tielectronic phases ~10 was observed. On the other hand, the
competition between FM and CO/OO triggers drastic
changes in electronic structure at around 7 even with weak
external stimuli, resulting in peculiar electric and magnetic
propertles.111 It is, therefore, desirable to investigate the
electronic structure on a nanometer space as well as its varia-
tion with temperature and external magnetic field near 7.

Recently, anisotropic magnetoresistance (AMR) quanti-
fied as AMR=[(p,—p,)/p] X 100% (p, and p, are the par-
allel or perpendicular resistivities to a certain crystalline axis
with an applied field along current direction) has been dis-
covered in perovskite manganite thin films, owm% to extrin-
sic effects, such as strain induced by substrates. It is very
interesting that the AMR effect has also been demonstrated
in single crystalline LagyCaj3;MnO;, although the aniso-
tropic CMR is neglected in such pseudocubic manganites
with a three-dimensional electronic state and a little aniso-
tropic magnetic structure.! This AMR effect has been ob-
served to depend on the temperature and crystal orientation,
and to attain a peak near Tc.lsfl7

In this study, we aim to shed light on the relevance be-
tween the CMR (extraordinary AMR) effect and the elec-
tronic structure near 7 b Yy o means of the transmission elec-
tron microscopy (TEM).'*?* The temperature and external
magnetic field dependences of the magnetic domain (MD),
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as well as the CO/OO structure, have been systematically
studied at around 7. It was found that, in addition to an
electronic structure competition, the pinning effect of twin
boundaries on MD walls may be another cause of the CMR
and AMR.

Lay ¢0Cap3;MnO; single crystal was grown by the float-
ing zone technique. Thin samples were prepared by low-
temperature argon-ion thinning method.® The external mag-
netic field along [—1,—1,0]-axis was applied in situ. The
crystal structure and MD structure were studied by analyzing
the selected-area electron diffraction (SAED) patterns and
Lorentz TEM observation, respectively. The quantitative
evaluation of the magnetic components in {110} was accom-
plished by combining TEM observation with the transport-
of-intensity equation (TIE) method.**?"***

As shown in Fig. 1(a), LajCaj3;MnO5 has an orthor-
hombically distorted perovskite structure. Such an ortho-
rhombic structure might cause the anisotropic MD structure,
though the crystalline anisotropy is very weak, owing to the
strong coupling among charge, spin, and orbital (lattice) de-
grees of freedom in carrier-doped manganites. As shown in
Fig. 1(b),"” the FM transition occurred at 220 K, where an
increase in magnetization accompanied by an abrupt de-
crease in resistivity is observed. The change in the peak of
resistivity indicates that the FM transition temperature (7)
increases with applied magnetic field.

Since a resistivity peak, CMR, and AMR are observed at
around the TC,]5 we pay more attention to the magnetic
structure ascribed to the spontaneous magnetization, and to
the CO/OO structure near T¢. Figure 1(c) show the varia-
tions in MD walls with temperature in the (001) plane. These
Lorentz TEM images indicate that the original 180° domain
walls (shown by white arrows) at 195 K become bent at 198
K and partly broken (see MD walls in region A) with more
increasing temperature. This means that the stable long range
spin ordering structure becomes a fluctuating one as tem-
perature approaches Tc. At the same time, an increase in the
number of domain walls and a decrease in the size of MDs
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FIG. 1. (a) Schematic of crystal structure. (b) Temperature dependences of
magnetization and resistivity. (c) Variation in the MD walls near 7. White/
black lines shown by the white arrows represent the MD walls. (d) [001]-
zone SAED patterns at various temperatures. Indexes are based on the
orthorhombic setting with the lattice parameters aa~b,,~\52a1,, and ¢,
~2a, (a, being the lattice parameter of primitive perovskite).

were seen. If the external magnetic field is applied to such a
fluctuating MD structure, the magnetoresistance should be
induced as a result of spin-dependent scattering at the broken
MD walls. It is noted that MDs disappear at 200 K, which is
below 7. The reason is that the transition temperatures ob-
tained by TEM observation and by magnetization measure-
ment are different owing to the increase in 7 with an exter-
nal magnetic field and also to the use of different temperature
measurement systems. Figure 1(d) presents the [001]-zone
SAED patterns at 195, 200, and 220 K. In addition to the
sharp strong fundamental reflections, broader weak superlat-
tice (SL) reflections (marked by white arrows) are also ob-
served. Such SL reflections indicate the modulation structure
with a super unit cell of aX2bXc¢ associated with the
3x2-r2/3y%-r-type CO/OO structure.”” The SL reflections
only appear in a narrow temperature regime (from 195 to
235 K) and peak at 200 K, at which the MDs disappear. The
drastic changes in FM and CO/OO structures reveal that the
emergence of CO/OO near T assists the collapse of the MD
structure. This scenario of phase competition may be a pos-
sible origin of the magnetoresistance gain and hence of the
appearance of a CMR or AMR peak at around 7.

The three-dimensional MD structure is a key to gaining
insight into the magnetic anisotropy and the origin of AMR.
Figure 2 shows the Lorentz TEM images of (001) and {110}
Lag ¢9Cag 3;MnO5 below T. The original 180° MD structure
in Fig. 2(a) and stripe-shaped MD structure in Figs. 2(b) and
2(c) reveal the uniaxial MD structure with a hard (easy) mag-
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FIG. 2. MD images at a low temperature (~195 K): (a) (001) plane, (b)
(110) plane, and (c) (—1,1,0) plane. Dashed lines indicate the twin
boundaries.

netization direction along the c¢-(a-) axis. In the twins of
(110) and (—1,1,0), the stripe-shaped MDs develop in the
single crystalline domain, whereas they locally bend at twin
boundaries to form 90° MDs. This 90° MD structure is also
demonstrated by the reciprocal space pattern. Insets of Figs.
2(b) and 2(c) show the splitting of a central beam spot into
four spots at the diffraction plane (back focal plane) indicat-
ing the perpendicular domain structure. One pair of spots
[shown by white arrows in Fig. 2(b)] is associated with the
antiparallel MDs along the [110] direction, and another pair
[shown by white arrows in Fig. 2(c)] corresponds to the an-
tiparallel MDs along the [—1,1,0] direction.

Variations in the MD structure of La, ¢9Ca 3;MnO5 have
also been studied in detail under varying external magnetic
fields near T, since CMR or AMR occurs under an external
magnetic field. Figure 3 demonstrates variants of the MD
structure for various magnetic fields along [—1,—1,0]. The
reduction of 180° MD walls is observed with a weak mag-
netic field. As the applied magnetic field exceeds 100 Oe, no
domain walls exist within the (001) plane [see Fig. 3(f)],
indicating that the magnetization of the (001) thin crystal is
saturated. Partially striped MD walls in {110} with twins of
(110) and (—1,1,0), however, remains around twin bound-
aries [see Fig. 3(b)] in spite of the formation of a larger MD
(see region B) in the single crystal domain. As applied field
exceeds 150 Oe, as shown in Fig. 3(c), the extension (con-
traction) of MDs along [110] [—1,1,0] is driven by the ex-
ternal field. With applied field over 270 Oe, the stripe do-
mains around twin boundaries rarely become a single
domain [see Fig. 3(d)]. Changes in the MD structure of (001)

100 Oe

FIG. 3. Changes in MD structures of {110} La, ¢,Cay3MnO5 with twins of
(110) and (—1,1,0) [(a)—(d)], and of the (001) plane [(e) and (f)] with ap-
plied magnetic field along [110]-axis.
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FIG. 4. (Color) Magnetic component distributions in a twin of (110) and
(—1,1,0) without external magnetic field (a) and with one of 150 Oe (b).
Color wheel shows the magnetization direction in addition to white arrows.
The longer arrow indicates the direction of applied magnetic field.

and {110} with applied magnetic field show that the forma-
tion of a single MD in {110} with twins requires a larger
magnetic field of three times that required for (001), suggest-
ing that the magnetic components around twin boundaries
are only nominally magnetized.

The magnetization distribution map (Fig. 4) of {110}
with a twin has been determined by the TIE method. As
shown in Fig. 4(a), the main parts of the color map of the
single crystal domain, such as the blue/green or light blue/
pink areas, show that the magnetic components align along
(110) or (-1,1,0) directions, respectively, indicating the
180° MD structure in the single crystal domain and the 90°
MD structure at the twin boundary. As we applied an exter-
nal magnetic field of 150 Oe along the [—1,—1,0] direction
on a twin, the magnetization distribution pattern becomes
complex [see Fig. 4(b)]. In (110), the formation of wider
(narrower) domains parallel (antiparallel) to the direction of
the external field indicates magnetized (demagnetized) ef-
fects. Corresponding splitting of the central beam spots is
shown in the right upper panel of (b). The two spots with
different size and intensity identify the unbalanced-
antiparallel MDs as well. In (—1,1,0) perpendicular to the
applied field, the tadpole-shaped closure domain (shown by
the white arrowhead) has been observed. At the same time,
central beam spot splits into a stronger and a weaker spot. A
strike line associated with the tadpole-shaped closure do-
mains is observed between the splitting spots. Being analo-
gous to the nucleation of domains around grain boundaries in
the longitudinal external field,”® such closure domains arising
from the internal transverse domains will resist the 180° MD
wall motion. Correspondingly, magnetic components are eas-
ily restricted around crystal imperfections, such as twin
boundaries. Accordingly, as shown in Fig. 4(b), the local
magnetic components mostly align along the twin boundary,
indicating that the local magnetic components around a twin
boundary are easily pinned. This pinning effect on MD walls,
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as well as uniaxial MD structure may be a cause of the AMR
effect.

In summary, experimental aspects of magnetic and crys-
tal structures in Laj g9Ca 3;MnO5 provide abundant evidence
in support of the competition between FM and CO/OO and
hence the spatial fluctuation of the spin/charge/orbital order-
ing structure at around 7. In addition to the electronic struc-
ture competition, the pinning effect of the twin boundaries on
MD walls has also been observed at around 7. Our findings
strongly suggest that the pinning effect of twin boundaries in
the presence of an external magnetic field, as a manifestation
of phase competition, may also contribute to the CMR and
extraordinary AMR in pseudocubic perovskite. Controlling
the fluctuating structure and crystal orientation may open a
way to achieving the expected effect.
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