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Observation of Magnetic Ripple and Nanowidth Domains in a Layered Ferromagnet
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We investigated ferromagnetic domain structures on nanometer to micrometer scale for single crystals
of a layered ferromagnet, La2�2xSr1�2xMn2O7 (0:32 � x � 0:40), as functions of x and temperature by
means of Lorentz electron microscopy. We have succeeded in observing the evolution of magnetic ripple
structure, dynamically, related to a spin reorientation transition where the magnetization direction
switches between parallel and perpendicular to the layers. Our high-resolution magnetic domain imaging
revealed that the ripple state is characterized by the evolution of magnetic nanowidth domains.
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FIG. 1 (color online). Evolution of the ground-state magnetic
structures in La2�2xSr1�2xMn2O7 (0:30 � x � 0:50) [extracted
from Refs. [7,9]]. Arrows on the right of the respective crystal
structures represent the magnetic moment of Mn within a single
MnO2 layer unit.
Magnetic domain structure in a ferromagnet is a natural
consequence of the various contributions to the total free
energy such as magnetostatic, exchange, anisotropy, and
magnetoelastic interactions [1,2]. In ferromagnets with
strongly correlated electrons, these interactions are very
sensitive to a small perturbation, such as a change in
temperature, magnetic field, pressure, and chemical com-
position [3]. Therefore, it is likely that a wide variety of
magnetic domain structures is realized and tunable in these
systems.

A layered magnetic system, La2�2xSr1�2xMn2O7, has
been investigated extensively in the past decade because
of intriguing magnetic-field-induced phenomena such as
colossal magnetoresitive [4], tunneling-type magneto-
resistive [5], and giant magnetostrictive effects [6].
La2�2xSr1�2xMn2O7, having the I4=mmm tetragonal struc-
ture, is composed of ferromagnetic (FM) MnO2 bilayers
with intervening insulating �La; Sr�2O2 blocks, as illus-
trated in Fig. 1. One of the most characteristic features in
the layered system is that a variety of antiferromagnetic
and FM ground states turn up as a function of the doping
level x owing to critical x dependence of the exchange
interactions of intra- and interbilayers (Fig. 1) [7–10]. At
0:32 & x & 0:42, La2�2xSr1�2xMn2O7 exhibits the FM
ground states with the Curie temperatures TC �
100–130 K. There exist two kinds of FM ground states.
The magnetic moments are polarized along the tetragonal c
axis for x & 0:33, whereas those for x * 0:33 lie within the
ab plane. Namely, doping-induced spin reorientation tran-
sition (SRT) occurs at around x� 0:33 in the layered
ferromagnet. The evolution of the magnetic structures
has been discussed in terms of the change of the relative
occupancy in two eg-type orbitals (3z2 � r2 and x2 � y2)
[7–12].
05=95(22)=227204(4)$23.00 22720
It is expected that the SRT of the layered manganite
affects the magnetic domain structure. In order to image
the magnetic domain structures of La2�2xSr1�2xMn2O7

(0:32 � x � 0:40), we used Lorentz transmission
electron microscopy (LTEM). Several research groups
have reported the magnetic domain structures in
La2�2xSr1�2xMn2O7 single crystals by means of a scanning
Hall probe [13] and a magneto-optical technique [14,15].
However, the spatial resolution of these techniques is only
down to micrometer scale. LTEM is characterized by high
resolution on the nanometer scale and high sensitivity to
small variations in magnetization. Furthermore, we can
observe the interaction between domain walls and lattice
defects directly and dynamic behavior of domains in real
time. In addition, LTEM enables us to observe images of
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not only the cleaved ab face but also the ac face, which
is of great advantage over spin-polarized scanning elec-
tron microscopy [16]. Besides, the phase separation has
been observed between the ferromagnetic phase and the
antiferromangetic charge-ordered one in manganites on
nanometer to micrometer scale by the LTEM technique
[17–19].

Single crystals of La2�2xSr1�2xMn2O7 (x � 0:32–0:40)
were grown by a floating-zone method, as described in
detail elsewhere [20]. For the observation using Lorentz
electron microscope, the crystals were oriented using Laue
x-ray diffraction patterns, cut into thin plates, and thinned
by a mechanical grinding and an Ar� ion sputtering. The
specimens were cooled at temperatures between room
temperature and 17 K and were examined using a field-
emission gun Lorentz electron microscope (Hitachi HF-
3000L) operating at 300 kV. The microscope is equipped
with a custom-made objective lens, which makes magnetic
fields at sample position almost zero. The specimen thick-
ness in the observed area was�150 nm or less. Fresnel and
Foucault methods were used for LTEM observation. The
principles of imaging in the Fresnel and the Foucault
methods of LTEM have been given elsewhere [21,22].
No magnetic field was applied throughout this work.

We display in Fig. 2 the variation of magnetic domain
structures depending on x. Upper and lower panels show
images of thin plates parallel to the ab and ac planes,
respectively. These electron micrographs were taken at
17 K with the Fresnel mode in the LTEM. In the Fresnel
images, the characteristic black and white lines, which
exhibit an alternating array in most cases, correspond to
domain walls. The broad curved black lines are bend
contours. The insets of the respective Fresnel images
show direct beam images under the diffraction mode.
The direct beam images display results of the deflection
of the electron beam by the Lorentz force which is caused
FIG. 2. Doping-level dependence of magnetic domain structu
(a)–(d) 	001
-zone and (e)–(h) 	010
-zone Fresnel images for the x
0.4 [(d) and (h)] specimens. The insets of the respective Fresnel imag
mode. The relatively sharp black and white lines in each Fresnel im
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by magnetization in the specimen. Therefore, the magnetic
domains have the magnetization perpendicular to the di-
rection of the deflection of electron beam. For the x � 0:32
specimen, we observed dense stripe domains with the
width of about 120 nm in the image of the ab thin plate
[Fig. 2(a)] and wide 180� domains extended to the c axis in
the image of the ac thin plate [Fig. 2(e)]. Generally, the
stripe-domain structure is characteristic of ferromagnetic
materials with the uniaxial magnetic anisotropy perpen-
dicular to the thin film [23]. Such a stripe-domain structure
has a periodic wavy structure in the magnetization direc-
tion, which is caused by the competition between the
magnetostatic and the magnetocrystalline anisotoropic en-
ergies. However, according to our LTEM observation, the
observed stripe-domain structure exhibits a narrow proper
180� domain structure, though there are significant out-of-
plane magnetic components at the domain walls, i.e., wide
Bloch-type domain wall structure. On the contrary, wide
in-plate 180� domain structures, extended in the directions
of 	100
 and 	110
, were observed in the x � 0:36 and 0.40
specimens, where the easy axis of magnetization lies
within the ab plane [Figs. 2(c), 2(d), 2(g), and 2(h)]. In
the intermediate x � 0:33 specimen, which is located on
the verge of the SRT, coexistence of the uniaxial (the c
axis) and the in-plane anisotropic domains was revealed as
shown in Figs. 2(b) and 2(f). The coexistence resulted in a
combination of both the dense stripe domains and the
ordinary 180� domains in the ab thin plate and the for-
mation of the 90� domain structure in the ac thin plate. Our
observation clearly demonstrates that the magnetic domain
structures in La2�2xSr1�2xMn2O7 vary significantly with
the doping level x. This may be closely related to the
above-mentioned strong x dependence of the magnetic
anisotropy and be a rare phenomenon that the magnetic
domain structures drastically vary with slight change in the
chemical composition.
res at low temperatures (�17 K) in La2�2xSr1�2xMn2O7.
� 0:32 [(a) and (e)], 0.33 [(b) and (f)], 0.36 [(c) and (g)], and

es are the corresponding direct beam images under the diffraction
age represent images of domain walls.
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FIG. 4 (color online). Proposed model of the evolution of a
magnetic ripple state in La2�2xSr1�2xMn2O7 (x � 0:32). Arrows
represent the local magnetic moment. Below 50 K, the magnetic
domains exhibit ordinary 180� domain structure. The two phases
with the easy axis either parallel or perpendicular to the c axis
coexist at temperatures of �50–55 K. Above �55 K, the mag-
netization direction becomes completely along the ab plane, and
the ripple state that consists of platelike magnetic nanowidth
domains evolves at temperatures of �55–70 K.

FIG. 3. Temperature profiles of magnetic domain structures for
La2�2xSr1�2xMn2O7 (x � 0:32). The LTEM images of (a)–(i)
were taken with Fresnel mode. The insets of the respective
Fresnel images are the corresponding direct beam images under
the diffraction mode. These images were taken for the ac plane.
In Fresnel images, ripple contrasts appeared perpendicular to the
c axis for 50–70 K. In the direct beam image, white arrowheads
indicate very weak streaks. ( j) A Foucalt image of ripple contrast
at 60 K. Arrows indicate the directions of magnetization at the
respective domains. The inset in (j) shows the corresponding
direct beam image focused on the ripple contrast.
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For x � 0:30 and 0.32, as increasing temperature, the
SRTs from the c axis towards the ab plane were reported
[14,16,24,25]. We show in Fig. 3 the dynamic behavior of
the magnetic domain structures for the ac thin plate of the
x � 0:32 specimen. The magnetic ripple state was ob-
served at 50–70 K around the SRT temperature. On heat-
ing from 30 K, we could observe ordinary 180� domains
extended along the c axis up to �50 K. When the tem-
perature increased above 50 K, some streaks appeared
perpendicular to the domain walls, accompanying a
cross-tie-wall image around crossover of the 180� domain
walls. These streaks developed with increasing tempera-
ture. Upon further heating, ordinary 180� domain walls
gradually disappeared above �55 K, and only the streaks
remained. Here the remaining streaks look like ripple
contrast. The ripple contrast was gradually reduced above
65 K and vanished at �70 K. We also observed the ripple
contrast in the cooling process. The behavior of the mag-
netic domain structures in the cooling process was similar
to that in the heating process. Usually, the ripple contrast is
22720
observed in polycrystalline magnetic thin films, indicat-
ing the fluctuation of local magnetization by the crystal
anisotropy of individual grains [26,27]. Accordingly, the
ordinary ripple contrast does not have an orientation. To
realize a linear ripple state as observed in this study, a
post-treatment such as a magnetic annealing [28] and/or
a fabrication of a multilayer thin film [29,30] would have
to be required for other materials. Note that the ob-
served ripple state appeared spontaneously in the single-
crystalline sample with no artificial nanotexture.

The temperature profiles of the direct beam shown in the
insets in Fig. 3 correspond to the behavior of the domain
structures observed in the Fresnel images. Direct beams
were obviously split into two spots at temperatures below
53 K. This split is caused by Lorentz force in the 180�

domain structure. Around 53 K, we observed very weak
streaks through the direct beams along the c axis (indicated
by white arrows in the inset in Fig. 3). This suggests local
variation of magnetic induction that deviates from the
matrix spin direction and that the magnetic components
with the direction of magnetization perpendicular to the c
axis exist. The streaks should correspond to the ripple
contrasts in the Fresnel images. The split two direct beams
united into one, because the ordinary 180� domain disap-
peared at temperatures above 55 K.

To scrutinize more details of the ripple contrast, we
carried out the Foucault imaging in the LTEM. Here, in a
Foucault image, both black and white regions indicate the
magnetic domains. Figure 3(j) is a Foucault image of the
ripple contrast in the Fresnel image [Fig. 3(g)] at 60 K. The
inset in Fig. 3(j) shows the corresponding direct beam
image, which was focused on the ripple contrast. Accord-
ing to Fig. 3(j), the observed magnetic state exhibits a
narrow 180� domain structure with the magnetization di-
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rection perpendicular to the c axis. Width of each domain
is from �10 to �50 nm. Therefore, we conclude that the
ripple contrast in the Fresnel images signifies the presence
of platelike magnetic nanowidth domains with the magne-
tization direction along the ab plane.

In Fig. 4, we illustrate the process of formation of the
ripple state, i.e., nanowidth domains. Arrows in Fig. 4
indicate the local magnetic moments. Below 50 K, the
magnetic domains exhibit ordinary 180� domain structure.
Above 50 K, narrow parts with the fluctuations of the
magnetic moments grow like planar faults. With increasing
temperature, the fluctuation parts develop, and the platelike
magnetic nanowidth domains are formed with the direction
of magnetization perpendicular to the c axis. The two
phases with the easy axis either parallel or perpendicular
to the c axis coexist at temperatures of 50–55 K. Above
55 K, the magnetization direction becomes completely
perpendicular to the c axis, i.e., along the ab plane, and
the ripple state that consists of platelike magnetic nano-
width domains evolves at temperatures of 55–70 K. We
conclude that the ripple state is related to the two-
dimensional fluctuation of magnetic moments and the
evolution of the platelike magnetic nanowidth domains
around the SRT temperature.

Finally, we discuss the origin of the ripple state and the
temperature-induced SRT in La2�2xSr1�2xMn2O7 (x �
0:32). The evolution of the ripple state can be regarded
as the two-dimensional spread of magnetic domain and
suppression of growth to the direction along the c axis. In
addition, the ripple state evolved linearly perpendicular to
the c axis. Therefore, the mode of formation of the ripple
state is undoubtedly caused by the two-dimensional crystal
structure, and the MnO6-bilayer obviously plays a role as a
unit of the platelike magnetic nanowidth domain.
Concerning the doping dependence of eg-orbital states on
Mn sites, the eg electrons in the MnO6 bilayers prefer to
occupy mainly d3z2�r2 orbital at low doping and mostly
dx2�y2 at high doping [6–11]. Furthermore, the doping-
induced uniaxial-to-in-plane SRT seems to occur concom-
itantly with the orbital-state transition. We consider that,
as in this case, the temperature-induced SRT is also
caused by the d3z2�r2-to-dx2�y2 orbital-state transition.
Concerning the temperature dependence of orbital states
in La2�2xSr1�2xMn2O7, Kimura et al. demonstrated that, in
the temperature dependence of the elastic property, an
anomaly of the striction along the ab plane in the x �
0:32 specimen was observed at around 60 K [6]. This
would provide collateral evidence for the proposal that
the d3z2�r2 -to-dx2�y2 orbital-state transition occurs around
50–55 K. Moreover, since such orbital states can evolve
two-dimensionally due to the layered structure, the mag-
netic domains may become a platelike shape with nano-
width along the ab plane. The observation suggests that the
control of orbital state provides a new SRT phenomenon
with the appearance of the nanowidth domain.
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In this study, we have observed the evolution of
magnetic domain structures in single crystals of
La2�2xSr1�2xMn2O7 (0:32 � x � 0:40) and found a mag-
netic ripple state, which signifies a formation of magnetic
nanodomain at spin reorientation transition temperature.
The results provide not only a variety of magnetic domain
structures in ferromagnetic systems with correlated elec-
trons but also a new possibility for memory devices with
ultrahigh density.
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