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Lorentz microscopy and small-angle electron diffraction study of magnetic textures
in La;_,Sr,MnQO; (0.15 < x < 0.30): The role of magnetic anisotropy
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Magnetic textures in the ferromagnetic phases of La;_, Sr,MnO; for 0.15 < x < 0.30 have been investigated
by Lorentz microscopy combined with small-angle electron diffraction experiments. Various types of magnetic
textures characterized by stripe, plate-shaped, and cylindrical (magnetic bubble) domains were found. Two
distinct types of magnetic stripe domains appeared in the orthorhombic structure with an inversion symmetry of
Lag 825S19.175MnO3, depending significantly on magnetocrystalline anisotropy. Based on in situ observations
as functions of temperature and the strength of the external magnetic field, a magnetic field-temperature
phase diagram was constructed, showing the stabilization of magnetic bubbles in the ferromagnetic phase of

Lag g5S10.17sMnO;3.
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I. INTRODUCTION

A number of intricate magnetic textures such as magnetic
bubbles and periodic magnetic stripes, which are induced
by magnetic anisotropy and the uniform ferromagnetic order
due to the long-range magnetic dipole interaction, have been
studied in magnetic materials [1-5]. For example, magnetic
bubbles were generated by applying a perpendicular magnetic
field to periodic magnetic stripe domains in thin films such
as hexagonal barium ferrites and cobalt thin films [1,6—-8]. In
addition, when a magnetic field was applied normal to thin
films of some manganese oxides such as Lag g75S1¢.12sMnO3
and Ru-doped La;;Sr;§Mn,0O7, periodic magnetic stripe
domains in the ferromagnetic phase turned into magnetic
bubbles, which were observed by Lorentz microscopy (LM)
[9-11].

Manganese oxides with the perovskite structure exhibited a
large number of ground states and some anomalous phase
transitions such as the magnetic-field-induced insulator-to-
metal transition [12]. As shown in Fig. 1(a), La;_,Sr,MnO;3
exhibited a variety of ground states in the electronic and mag-
netic phase diagram, which depended strongly upon the Sr con-
centration (x) [13,14]. The phase diagram was mainly divided
into two distinct ground states: the ferromagnetic insulating
phase with a monoclinic structure [space group (SG): P2;/c]
in x < 0.15 and the orthorhombic ferromagnetic metallic
(FMM) phase (SG: Pbnm) in x > 0.15. Note that P2;/c and
Pbnm have inversion symmetries. Our previous work on LM
observation of the magnetic domain structures revealed that
the orthorhombic ferromagnetic phase of La;_,Sr,MnOj3 for
x = 0.175 was characterized by nanoscale magnetic stripe
domains with antiparallel magnetic moments in adjacent stripe
domains [15]. Conversely, in the rhombohedral ferromagnetic
phase (SG: R3c), the macroscopic magnetic plate-shaped do-
mains were stabilized. Note that Lag g»5Srg 175sMnQO3 exhibited
a thombohedral-to-orthorhombic transition at approximately
185 K during cooling, accompanying a drastic change in the
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orientation of the magnetic easy axis from the [111] to the
[001] directions.

Recently we found that magnetic domains in
Lag.g25S19.17sMnO3 depend significantly on the relationship
between the magnetic easy axis and the direction of the
applied magnetic field. Moreover, LaggsSrg.175sMnO; with
an inversion symmetry showed magnetic cylindrical domains
(magnetic bubbles) under the application of the magnetic
fields normal to the thin films [16]. Although a large
number of magnetic textures such as magnetic skyrmions in
magnets without inversion symmetry through the relativistic
Dzyaloshinskii-Moriya (DM) interaction have been studied
to date [17-27], few studies of magnetic textures in magnets
with inversion symmetry have been performed [10]. In this
work, we systematically investigate magnetic textures and
their changes as functions of temperature and the strength
of the external magnetic fields perpendicular to thin films
in the FMM phase of La;_,Sr,MnOj3 for 0.15 < x < 0.30
with inversion symmetry using LM and small-angle electron
diffraction (SmAED) experiments.

II. EXPERIMENTAL METHODS

Single crystals of La;_, Sr,MnOj3 for x = 0.15,0.175,0.20,
0.25, and 0.30 were grown by the floating zone method.
The crystal structures and orientations in the obtained single
crystals were examined by powder x-ray diffraction and back-
plate Laue-type x-ray diffraction experiments, respectively.
Thin films for LM observation were obtained by grinding with
alumina powder and, subsequently, by Ar*-ion sputtering at
room temperature. In situ LM experiments were conducted
in order to clarify magnetic textures and their changes by
applying magnetic fields perpendicular to the thin films. Note
that an external magnetic field was applied to the thin films by
exciting the objective lens of the conventional transmission
electron microscope (TEM) (JEM-2100F and JEM-2010).
The SmAED experiments were performed at an angular
resolution of 10™* ~ 10~®rad [28-30]. For simplicity, the
indices of the crystal planes and electron diffraction spots were
represented on the basis of the cubic perovskite structure with
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FIG. 1. (a) Electronic phase diagram of La;_, Sr,MnOs, in which
0O, R, and M denote the orthorhombic, rhombohedral, and monoclinic
crystal systems and PM, CA, and FM denote the paramagnetic,
canted antiferromagnetic, and ferromagnetic phases, respectively
[13]. (b) Ferromagnetic domain structures in the (111) crystal plane of
the rhombohedral structure of Laj §Srp,MnO; at room temperature.
(c), (d) Fresnel images showing magnetic stripe domains in (c)
the (111) and (d) the (001) planes of the orthorhombic structure
of Laggr5Sry17sMn0O; at 100 K. In the insets of (b)—(d), SmAED
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Pm3m. The in-plane magnetizations of the magnetic textures
were analyzed with the aid of a phase retrieval technique
based on the transport-of-intensity equation (TIE) [31,32].
Magnetization curves were measured by using a vibrating
sample magnetometer (VSM) equipped with Quantum Design
Physical Property Measurement System (PPMS).

III. RESULTS

Magnetic textures in the FMM phase of La;_,Sr,MnOj3
were investigated by obtaining LM (Fresnel) images and
SmAED patterns. Note that LM images are obtained by imag-
ing the intensity distribution at a distance A f below or above
the specimen by under- or overfocusing, respectively [33].
Figure 1(b) is an LM image (Af = —1000nm) of
LaggSrpo,MnOs at 297 K in the (111) crystal plane of the
rhombohedral R3c structure, in which the magnetic easy axis
is almost parallel to the (111) direction. A magnetic domain
structure characterized as a macroscopic magnetic domain
with a width of approximately 5 um appears. As understood in
the SmAED pattern of the inset of Fig. 1(b), the primary beam
splits into two spots with an angular separation of +¢, and
there is a diffuse streak between the two split spots. Note that
the magnitude of ¢ corresponds to approximately 50 purad.
This implies that the macroscopic magnetic domain structure
in Fig. 1(b) comprises 180° magnetic domains with Bloch-type
magnetic domain walls because of large magnetic shape
anisotropy in the rhombohedral structure of Lay gSrp,MnOs.
Note that one-to-one correspondence between the twin struc-
tures due to the rhombohedral distortion and the magnetic do-
main wall can be seen, as shown in Fig. S1 of the Supplemental
Material [34]. The details of the relationship between the twin
structures and the magnetic domain wall are described in the
Supplemental Material [34]. Conversely, magnetic textures in
various crystal planes of the FMM phase with an orthorhombic
structure (Pbnm) of LaggysSrg.17sMnO3; were examined at
100 K. Note that the magnetic easy axis is parallel to the [001]
direction in the orthorhombic structure. Figures 1(c) and 1(d)
exhibit LM images with a defocused value of A f = —300 nm,
exhibiting magnetic textures obtained in the (111) and (001)
crystal planes at 100 K, respectively. Magnetic stripe domains
comprise regions separated by domain walls that appear as
an alternating arrangement of straight lines with bright and
dark contrast in the (111) crystal plane, as shown in Fig. 1(c).
In the SmAED pattern, there are two split spots indicated by
+¢’, and there is a diffuse streak between them. From the
analysis of the SmAED pattern, magnetic stripe domains are
characterized as the 180° magnetic domain structure having
the Bloch-type magnetic domain walls. Conversely, as shown
in Fig. 1(d), magnetic stripe domains were found in the (001)

patterns are shown. (e), (f) Schematic depictions of the magnetic
domains with the in-plane antiparallel magnetization in the (111)
plane of (e) the rhombohedral and (f) the orthorhombic structures,
respectively. (g) Schematic description of the magnetic domains with
magnetic moments normal to the (001) plane in the orthorhombic
structure. Red arrows represent the directions of magnetization in
each magnetic domain. The defocused values in (b), (c), and (d) are
Af = —1000nm, —300 nm, and —300 nm, respectively.
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crystal planes, which are perpendicular to the magnetic easy
axis along the [001] direction. In the LM image, alternative
bright and dark lines can be seen. Unlike the SmAED patterns
of Figs. 1(b) and 1(c), the SmAED pattern in Fig. 1(d) shows
the presence of the primary spot in the reciprocal space, as
indicated by arrow O, in addition to two split spots (4« and
—a) due to magnetic deflection by the magnetic moment in
the sample. The presence of the primary spot implies that
there is a magnetic component perpendicular to the (001)
crystal plane. Based on the analysis of both SmAED patterns
and LM images, the spatial distributions of magnetization in
each domain are illustrated schematically in Figs. 1(e)-1(g).
The significant point of difference between the three distinct
types of magnetic domain structures in Figs. 1(b)-1(d) is that
there exists magnetic moment components perpendicular to
thin films only in the magnetic domain structure of the (001)
crystal plane of Lag g»5S19.175sMnOs3.

Changes in the magnetic domains due to the application
of an external magnetic field were examined by in situ LM
observation. Figure 2 shows the magnetic field-dependence
of a typical 180° ferromagnetic domain structure in the (111)
crystal plane of the rhombohedral structure in Lag g St ,MnOs3.
When an external magnetic field is applied perpendicular
to the (111) plane, magnetization in the magnetic domains
is gradually saturated by the Zeeman effect, and magnetic
contrasts almost disappear in the field at 80 mT. In contrast, it
is found that magnetic stripe domains in the (111) crystal
plane of the orthorhombic structure of Laggy5Sty 175MnO3
changed in a different manner from those of Lag gSry,MnOj3.
Changes of magnetic stripe domains in the orthorhombic
structure of Lag gp5Sr9.17sMnOs3 as functions of the strengths
of external magnetic fields perpendicular to the thin films are
shown in Fig. 3. At B = 34 mT, the magnetic stripe domains
were pinched off, and elliptical isolated magnetic domains
appeared at their edges, as shown in the square region of
Fig. 3(b). Note that the magnified LM image and the schematic
illustration of the elliptical isolated magnetic domain are
displayed in Fig. 3(d), and it is found that this domain is
similar to the ones observed in the ferromagnetic phase of
Lag g75S10.12sMnO3 [9]. As the strength of the magnetic fields
increased, the magnetic stripe and elliptical isolated magnetic
domains finally disappeared at B = 100 mT in Fig. 3(c). As
the strength of the magnetic field decreased from B = 100 mT,
the magnetic stripe domains appeared reversibly around B =
50 mT with thermal hysteresis.

As shown in Figs. 1(c) and 1(d), two distinct types of
magnetic stripe domains appeared in the (111) and (001)
planes of the orthorhombic structure of Lag gp5Srg.175MnOs3.
The first were the 180° magnetic domains with in-plane
magnetizations antiparallel to those of adjacent domains,
and the second were the magnetic stripe domains with
magnetizations perpendicular to the (001) crystal planes. Thus,
we applied magnetic fields perpendicular to two distinct types
of magnetic stripe domains and investigated their changes
as functions of the strength of the external magnetic fields.
Unlike the changes observed in the magnetic stripe domains
in the (111) plane under the application of an external
magnetic field, as shown in Fig. 3, we found the appearances
of type-I and -II magnetic bubbles clockwise (CW) and
counterclockwise (CCW) spin rotations by applying magnetic
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FIG. 2. Changes of magnetic stripe domains in the (111) crystal
plane as a function of the strength of magnetic field perpendicular to
the thin film of LaygSrg,MnOj3. The strengths of the magnetic field
were (a) 20 mT, (b) 50 mT, and (c) 80 mT. Red arrows represent the
directions of the magnetic moments in each magnetic domain.

fields perpendicular to the magnetic stripe domains in the
(001) crystal planes [16]. Note that only the stripe domains
in the (001) plane changed into the bubble-type magnetic
domains by applying external magenta field perpendicular
to the thin film. The transition process from the magnetic
stripe domains to type-I and -II magnetic bubbles have been
reported in our recent work [16]. Note that the type-I and -1I
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FIG. 3. Changes of magnetic stripe domains in the (111) crystal
plane as a function of the strength of the magnetic field perpendicular
to the thin film of Laj g,5S19 17sMnO3. The strengths of the magnetic
field were (a) 20 mT, (b) 34 mT and (c) 100 mT. (d) Magnified
ellipsoidal magnetic domain obtained from the square region of (c)
and schematic illustration of the ellipsoidal magnetic domain. The
red arrow shows the direction of the magnetic moment inside the el-
lipsoidal magnetic bubble and the magnetic moment is perpendicular
to thin film outside.

magnetic bubbles are in accordance with the definition in
Ref. [3], and they are illustrated in Fig. 4(a). In order to confirm
the spin configurations of type-I and -II magnetic bubbles
found in the ferromagnetic phase of Lag gy5Srp.17sMnO3, we
analyzed the LM images showing type-I and -II magnetic
bubbles with the aid of the so-called phase retrieval TIE
method. Figure 4 represents the LM images taken at 80 K
in the orthorhombic structure of LaggysSrg 17sMnQO53 under a
perpendicular magnetic field of approximately 570 mT. The
images show three kinds of magnetic domain patterns. Under
a zero field, the magnetic stripe domains were observed. As
the magnetic field was applied perpendicular to the thin film,
the transition to the magnetic bubbles took place in a weak
magnetic field of 400 mT. Three kinds of magnetic bubbles
appeared at approximately 570 mT, as shown in Fig. 4(b). Note
that the LM image in Fig. 4(b) was obtained at a defocused
value of Af = —0.2mm. The spatial distribution of type-I
magnetic bubbles with dark and bright contrast at the center
stemmed from the CW and CCW spin rotations of their domain
walls. This randomness of the chirality of the magnetic bubbles
contrasts with the single-chirality in DM helimagnets [18,19].
Type-II magnetic bubbles also exhibit random chirality with
CW and CCW spin rotations. The LM image in Fig. 4(c) is
obtained at the defocused value of Af = +0.2 mm. The dark
and bright contrast of the magnetic bubbles was completely
reversed, as understood by comparing Figs. 4(b) and 4(c).
We analyzed the LM image showing the magnetic bubbles
[Figs. 4(b) and 4(c)] using the TIE analysis method, which
reproduced the orientation and magnitude of the in-plane
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FIG. 4. (a) Schematic illustrations of type-I and -II magnetic
bubbles. Red arrows represent the direction of the magnetic moment.
(b), (c) Magnetic bubbles generated by applying external magnetic
fields perpendicularly to a thin film of Lajg5S19.17sMnO; in the
(001) crystal plane. The strength of the applied magnetic field is
approximately 570 mT. The images were taken at the defocused
values of (b) Af = —0.2mm and (c) Af = +0.2mm. (c) Type-I
magnetic bubbles with left-handed and right-handed spin rotations
and the type-II magnetic bubbles are indicated by capital letters A,
B, and C, respectively. (d)—(g) Color representations of the in-plane
magnetization calculated with the aid of the TIE analysis method.
The directions of the magnetization are (e) type-I with left-handed
spin rotation, (f) type-I with right-handed spin rotation, and (g)
type-II magnetic bubbles, which were indicated by color mapping
and vectorial representations by white arrows.

magnetization [32,33,35-37]. Note that the color mapping in
the inset of Fig. 4(e) exhibited the direction of the in-plane
magnetization. The directions of the in-plane magnetizations
of type-I and -II magnetic bubbles are visualized in Fig. 4(d).
The black color at the centers of type-I magnetic bubbles shows
that no in-plane magnetization was present, thus magnetization
is assumed to be vertical to the thin film with magnetization
being parallel to the [001] direction. The magnified images
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FIG. 5. Temperature variations of the magnetic bubble domains
in the (001) crystal plane under a constant magnetic field of 500 mT
normal to the thin film of LaggsSrg7sMnO3. The images were
obtained at (a) 90 K, (b) 140 K, (c) 165 K, and (d) 200 K, respectively.

of type-I magnetic bubbles with left- and right-handed spin
rotations and those of type-II magnetic bubbles are shown
in Figs. 4(e), 4(f), and 4(g), respectively, together with color
representations of the in-plane magnetizations calculated using
the TIE analysis method.

To clarify the stabilizing region of the magnetic bubbles,
we investigated the disappearance of magnetic bubbles as a
function of the temperature and the strength of the external
magnetic fields. Figure 5 shows a series of changes in the
magnetic bubbles on warming from 90 K at a constant mag-
netic field of 500 mT. The average diameter of the magnetic
bubbles was approximately 300 nm at 90 K. Upon increasing
the temperature from 90 K, magnetic bubbles shrunk gradually
from 300 to 200 nm at 165 K and disappeared above 185 K, as
shown in Fig. 5(d). Note that a structural phase transition from
rhombohedral to orthorhombic structure occurred at approxi-
mately 185 K, during which the magnetic easy axis changed
from the [001] direction to the [111] direction. Conversely,
when the temperature decreased below 200 K, magnetic
bubbles appeared reversibly around 185 K, and the diameters
of the magnetic bubbles increased to 300 nm at 90 K. These
reversible changes with respect to temperature at a constant
strength of B = 500 mT indicate that magnetic bubbles existed
as a stable state in the definite range of the B-T phase diagram.

The stability of the magnetic bubbles as a function of
the strength of external magnetic fields was investigated at
constant temperatures of 90, 120, and 165 K in the orthorhom-
bic phase. The average diameter (r) of the magnetic bubbles
was approximately 300 nm at 7 = 90K and B = 400 mT.
When the strengths of the external magnetic fields increased,
the diameters () of the magnetic bubbles decreased until
the magnetic bubbles disappeared at B = 720 mT. Similar
tendencies were exhibited at 7 = 120 and 165 K, as shown
in Fig. 6(a). Based on these experimental results, the B-T

PHYSICAL REVIEW B 94, 024407 (2016)

—) — 90K
=00y . —120K
& ) —165 K A
= 2001 =
£
5 L .
[\
100 - -
L I L I L L

FIG. 6. (a) Variations of the average diameters (r) of magnetic
bubbles as functions of strength of the applied magnetic fields at 90,
120, and 165 K, respectively. (b) The B-T phase diagram constructed
on the basis of the experimental results in this study, in which circles
indicate experimentally measured points.

phase diagram that shows the stability of the magnetic bubbles
is presented in Fig. 6(b). Note that the specimen thickness
in the LM observation is approximately 100 ~ 150 nm. The
range in which magnetic bubbles exist stably in the B-T phase
diagram depends strongly upon the specimen thickness, as
in the B-T phase diagram of the magnetic skyrmion in some
helical magnets [18].

IV. DISCUSSION

Here let us briefly discuss the magnetic bubbles found in
the FMM phase of La;_,Sr,MnOj. Formation of magnetic
bubbles depends strongly upon magnetic anisotropy. The
magnetic easy axis is parallel to the [001] direction in
the orthorhombic phase and to the (111) direction in the
rhombohedral phase. The magnetic 180° domain structure with
in-plane magnetization is formed in the (111) crystal plane of
the rhombohedral phase, as shown in Fig. 2, although the
magnetic easy axis is parallel to the incidence direction of the
electron beam. This clearly implies that the magnetocrystalline
anisotropy in the rhombohedral structure is relatively low
and that the shape anisotropy is more dominant. As a result,
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FIG. 7. Magnetization curves of LaggsSry17sMnO;3 at 90 K,
120 K, and 165 K. Magnetic field (H) was applied parallel (red circles)
or perpendicular (blue circles) to the ¢ axis. Each solid triangle shows
the anisotropic field.

magnetic bubbles are not formed by the application of
external magnetic fields perpendicular to thin films in the
rhombohedral structure. Conversely, Nagai et al. obtained a
magnetic anisotropy constant of K, = 2.1 x 10° Jm~3 in the
ferromagnetic phase of Lag g75Sr9.12sMnO3 at 100 K [9], which
is larger than K, ~ 1.0 x 10*Jm~> for the ferromagnetic
phase of Laj;Srp3MnO;3 at 300 K [38]. Moreover, it is
believed that this difference arises from the fact that magnetic
anisotropy in the ferromagnetic phase is enhanced by orbital
ordering.

We examined variations of magnetic anisotropy constants
(Ky) as a function of temperature in the ferromagnetic phase
with the orthorhombic structure of Lag gysStg 17sMnO;5. Fig-
ure 7 shows changes of magnetization curves as a function of
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temperature in the ferromagnetic state of Lag gp551¢,17sMnO3
with the orthorhombic structure. Magnetic fields were applied
along the ¢ axis and the ab plane perpendicular to the ¢ axis.
Values of saturated magnetization at 7 = 90K, 120 K, and
165 K are approximately 3.7, 3.6, and 3.4 up, respectively.
From magnetization curves at T = 90K, 120 K, and 165 K,
we obtained the anisotropic magnetic field (Hy) in the
ferromagnetic phase with the orthorhombic structure. Note that
H, is defined as the critical value of the magnetic field, above
which the difference in magnetization between H//c and H//ab
is less than 2%. Values of H, at T = 90K, 120 K, and 165 K
are 5.3, 5.2, and 4.8 kQe, respectively. The K, values obtained
based on the anisotropic magnetic field 7 = 90K, 120 K,
and 165 K are, respectively, 1.52 x 103 Jm™3, 1.47 x 10°, and
1.30 x 10° Jm™3, which are larger than that of rhombohedral
structures such as Lag 7Srg3MnO;3. Based on these considera-
tions, it is concluded that the magnetic stripe domains in the
orthorhombic structure with magnetic moments perpendicular
to the thin film are transformed into magnetic bubbles by the
application of external magnetic fields perpendicular to the
thin film.
V. CONCLUSION

We revealed magnetic textures in the ferromagnetic phases
with the inversion symmetry of La;_,Sr,MnOj3 for 0.15 <
x < 0.30. These textures were characterized as stripes, plate-
shapes, and magnetic bubbles. By applying external magnetic
fields perpendicular to the (001) crystal plane of the FMM
phase in LaggysSrg17sMnO3, the magnetic stripe domains
changed into type-I and -II magnetic bubbles. Magnetic states
with type-I and -II magnetic bubbles in the FMM phase exist
stably in the temperature-magnetic-field phase diagram.

ACKNOWLEDGMENTS

This work was partially supported by a Grant-in-Aid for
Scientific Research from the Ministry of Education, Culture,
Sports, Science and Technology of Japan (MEXT) (No.
16H03833, 15K13306). The authors would like to thank Dr.
Y. Togawa and Dr. T. Koyama for useful discussion.

[1] P. J. Grundy and S. R. Herd, Phys. Status Solidi (a) 20, 295
(1973).

[2] T. Garel and S. Doniach, Phys. Rev. B 26, 325 (1982).

[3] T. Suzuki, J. Magn. Magn. Mater. 31-34, 1009 (1983).

[4] J. Choi, J. Wu, C. Won, Y. Z. Wu, A. Scholl, A. Doran, T. Owens,
and Z. Q. Qiu, Phys. Rev. Lett. 98, 207205 (2007).

[5] M. Ezawa, Phys. Rev. Lett. 105, 197202 (2010).

[6] X. Yu, M. Mostovoy, Y. Tokunaga, W. Z. Zhang, K. Kimoto,
Y. Matsui, Y. Kaneko, N. Nagaosa, and Y. Tokura, Proc. Natl
Acad. Sci. USA 109, 8856 (2012).

[7] B. K. Middleton, Phys. Status Solidi (a) 9, 617 (1972).

[8] M. Hehn, Phys. Rev. B 54, 3428 (1996).

[9] T. Nagai, M. Nagao, K. Kurashima, T. Asaka, W. Zhangand, and
K. Kimoto, Appl. Phys. Lett. 101, 162401 (2012).

[10] X. Yu, Y. Tokunaga, Y. Kaneko, W.Z. Zhang, K. Kimoto, Y.
Matsui, Y. Taguchi, and Y. Tokura, Nat. Commun. S, 3198
(2014).

[11] D. Morikawa, X. Z. Yu, Y. Kaneko, Y. Tokunaga, T. Nagai, K.
Kimoto, T. Arima, and Y. Tokura, Appl. Phys. Lett. 107, 212401
(2015).

[12] A. Urushibara, Y. Moritomo, T. Arima, A. Asamitsu, G. Kido,
and Y. Tokura, Phys. Rev. B 51, 14103 (1995).

[13] M. Paraskevopoulos, F. Mayr, J. Hemberger, A. Loidl, R.
Heichele, D. Maurer, V. Muller, A. A. Mukhin, and A. M.
Balbashov, J. Phys.: Condens. Matter 12, 3993 (2000).

[14] J. Hemberger, A. Krimmel, T. Kurz, H.-A. Krug von Nidda, V.
Yu. Ivanov, A. A. Mukhin, A. M. Balbashov, and A. Loidl, Phys.
Rev. B 66, 094410 (2002).

[15] T. Asaka, S. Mori, Y. Horibe, K. Takenaka, K. Ishizuka, K.
Kimoto, and Y. Matsui, J. Magn. Magn. Mater. 310, 782 (2007).

[16] A. Kotani, H. Nakajima, Y. Ishii, K. Harada, and S. Mori, AIP
Advances 6, 056403 (2016).

[17] A.N.Bogdanov, U. K. RoBler, M. Wolf, and K. H. Miiller, Phys.
Rev. B 66, 214410 (2002).

024407-6


http://dx.doi.org/10.1002/pssa.2210200130
http://dx.doi.org/10.1002/pssa.2210200130
http://dx.doi.org/10.1002/pssa.2210200130
http://dx.doi.org/10.1002/pssa.2210200130
http://dx.doi.org/10.1103/PhysRevB.26.325
http://dx.doi.org/10.1103/PhysRevB.26.325
http://dx.doi.org/10.1103/PhysRevB.26.325
http://dx.doi.org/10.1103/PhysRevB.26.325
http://dx.doi.org/10.1016/0304-8853(83)90772-2
http://dx.doi.org/10.1016/0304-8853(83)90772-2
http://dx.doi.org/10.1016/0304-8853(83)90772-2
http://dx.doi.org/10.1016/0304-8853(83)90772-2
http://dx.doi.org/10.1103/PhysRevLett.98.207205
http://dx.doi.org/10.1103/PhysRevLett.98.207205
http://dx.doi.org/10.1103/PhysRevLett.98.207205
http://dx.doi.org/10.1103/PhysRevLett.98.207205
http://dx.doi.org/10.1103/PhysRevLett.105.197202
http://dx.doi.org/10.1103/PhysRevLett.105.197202
http://dx.doi.org/10.1103/PhysRevLett.105.197202
http://dx.doi.org/10.1103/PhysRevLett.105.197202
http://dx.doi.org/10.1073/pnas.1118496109
http://dx.doi.org/10.1073/pnas.1118496109
http://dx.doi.org/10.1073/pnas.1118496109
http://dx.doi.org/10.1073/pnas.1118496109
http://dx.doi.org/10.1002/pssa.2210090226
http://dx.doi.org/10.1002/pssa.2210090226
http://dx.doi.org/10.1002/pssa.2210090226
http://dx.doi.org/10.1002/pssa.2210090226
http://dx.doi.org/10.1103/PhysRevB.54.3428
http://dx.doi.org/10.1103/PhysRevB.54.3428
http://dx.doi.org/10.1103/PhysRevB.54.3428
http://dx.doi.org/10.1103/PhysRevB.54.3428
http://dx.doi.org/10.1063/1.4760266
http://dx.doi.org/10.1063/1.4760266
http://dx.doi.org/10.1063/1.4760266
http://dx.doi.org/10.1063/1.4760266
http://dx.doi.org/10.1038/ncomms4198
http://dx.doi.org/10.1038/ncomms4198
http://dx.doi.org/10.1038/ncomms4198
http://dx.doi.org/10.1038/ncomms4198
http://dx.doi.org/10.1063/1.4936078
http://dx.doi.org/10.1063/1.4936078
http://dx.doi.org/10.1063/1.4936078
http://dx.doi.org/10.1063/1.4936078
http://dx.doi.org/10.1103/PhysRevB.51.14103
http://dx.doi.org/10.1103/PhysRevB.51.14103
http://dx.doi.org/10.1103/PhysRevB.51.14103
http://dx.doi.org/10.1103/PhysRevB.51.14103
http://dx.doi.org/10.1088/0953-8984/12/17/307
http://dx.doi.org/10.1088/0953-8984/12/17/307
http://dx.doi.org/10.1088/0953-8984/12/17/307
http://dx.doi.org/10.1088/0953-8984/12/17/307
http://dx.doi.org/10.1103/PhysRevB.66.094410
http://dx.doi.org/10.1103/PhysRevB.66.094410
http://dx.doi.org/10.1103/PhysRevB.66.094410
http://dx.doi.org/10.1103/PhysRevB.66.094410
http://dx.doi.org/10.1016/j.jmmm.2006.10.174
http://dx.doi.org/10.1016/j.jmmm.2006.10.174
http://dx.doi.org/10.1016/j.jmmm.2006.10.174
http://dx.doi.org/10.1016/j.jmmm.2006.10.174
http://dx.doi.org/10.1063/1.4943611
http://dx.doi.org/10.1063/1.4943611
http://dx.doi.org/10.1063/1.4943611
http://dx.doi.org/10.1063/1.4943611
http://dx.doi.org/10.1103/PhysRevB.66.214410
http://dx.doi.org/10.1103/PhysRevB.66.214410
http://dx.doi.org/10.1103/PhysRevB.66.214410
http://dx.doi.org/10.1103/PhysRevB.66.214410

LORENTZ MICROSCOPY AND SMALL-ANGLE ELECTRON ...

[18] X.Z. Yu, N. Kanazawa, Y. Onose, K. Kimoto, W. Z. Zhang, S.
Ishiwata, Y. Matsui, and Y. Tokura, Nat. Mater. 10, 106 (2011).

[19] X. Z. Yu, Y. Onose, N. Kanazawa, J. H. Park, J. H. Han, Y.
Matsui, N. Nagaosaand, and Y. Tokura, Nature (London) 465,
901 (2010).

[20] S. Seki, S. Ishiwata, and Y. Tokura, Phys. Rev. B 86, 060403
(2012).

[21] D. Morikawa, K. Shibata, N. Kanazawa, X.Z. Yu, and Y. Tokura,
Phys. Rev. B 88, 024408 (2013).

[22] W. Miinzer, A. Neubauer, T. Adams, S. Miihlbauer, C. Franz, F.
Jonietz, R. Georgii, P. Boni, B. Pedersen, M. Schmidt, A. Rosch,
and C. Pfleiderer, Phys. Rev. B 81, 041203 (2010).

[23] E. Simon, K. Palotds, L. Rézsa, L. Udvardi, and L. Szunyogh,
Phys. Rev. B 90, 094410 (2014).

[24] S. Heinze, K. Bergmann, M. Menzel, J. Brede, A. Kubetzka, R.
Wiesendanger, G. Bihlmayer, and S. Blugel, Nat. Phys 7, 713
2011).

[25] F. Jonietz, S. Miihlbauer, C. Pfleiderer, A. Neubauer, W.
Miinzer, A. Bauer, T. Adams, R. Georgii, P. Boni, R. A. Duine,
K. Everschor, M. Garst, and A. Rosch, Science 330, 1648
(2010).

[26] S. Miihlbauer, B. Binz, F. Jonietz, C. Pfleiderer, A. Rosch,
A. Neubauer, R. Georgii, and P. Boni, Science 323, 915
(2009).

PHYSICAL REVIEW B 94, 024407 (2016)

[27] H. C. Wu, K. D. Chandrasekhar, T. Y. Wei, K. J. Hsieh, T. Y.
Chen, H. Berger, and H. D. Yang, J. Phys D: Appl. Phys. 48,
475001 (2015).

[28] T. Koyama, Y. Togawa, K. Takenakaand, and S. Mori, J. Appl.
Phys. 111, 07B104 (2012).

[29] Y. Togawa, T. Koyama, K. Takayanagi, S. Mori, Y. Kousaka,
J. Akimitsu, S. Nishihara, K. Inoue, A. S. Ovchinnikov, and J.
Kishine, Phys. Rev. Lett. 108, 107202 (2012).

[30] K. Takayanagi, T. Koyama, S. Mori, K. Harada, and Y. Togawa,
J. Electron Microsc. 61, 401 (2012).

[31] K.Ishizukal and B. Allman, J. Electron Microsc. 54, 191 (2005).

[32] S. Bajt, Ultramicroscopy 83, 67 (2000).

[33] J. P. Guigay and R. H. Wade, Phys. Status Solidi 29, 799 (1968).

[34] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevB.94.024407 for details of the relationship
between the twin structures and the magnetic domain wall.

[35] M. Uchida, N. Nagaosa, J. P. He, Y. Kaneko, S. Iguchi, Y. Matsui,
and Y. Tokura, Phys. Rev. B 77, 184402 (2008).

[36] X.Z. Yu, J. P. DeGrave, Y. Hara, T. Hara, S. Jin, and Y. Tokura,
Nano Lett. 13, 3755 (2013).

[37] M. Uchida, Y. Onose, Y. Matsui, and Y. Tokura, Science 311,
359 (2006).

[38] K. Steenbeck, T. Habisreuther, C. Dubourdieu, and J. P. Senateur,
Appl. Phys. Lett. 80, 3361 (2002).

024407-7


http://dx.doi.org/10.1038/nmat2916
http://dx.doi.org/10.1038/nmat2916
http://dx.doi.org/10.1038/nmat2916
http://dx.doi.org/10.1038/nmat2916
http://dx.doi.org/10.1038/nature09124
http://dx.doi.org/10.1038/nature09124
http://dx.doi.org/10.1038/nature09124
http://dx.doi.org/10.1038/nature09124
http://dx.doi.org/10.1103/PhysRevB.86.060403
http://dx.doi.org/10.1103/PhysRevB.86.060403
http://dx.doi.org/10.1103/PhysRevB.86.060403
http://dx.doi.org/10.1103/PhysRevB.86.060403
http://dx.doi.org/10.1103/PhysRevB.88.024408
http://dx.doi.org/10.1103/PhysRevB.88.024408
http://dx.doi.org/10.1103/PhysRevB.88.024408
http://dx.doi.org/10.1103/PhysRevB.88.024408
http://dx.doi.org/10.1103/PhysRevB.81.041203
http://dx.doi.org/10.1103/PhysRevB.81.041203
http://dx.doi.org/10.1103/PhysRevB.81.041203
http://dx.doi.org/10.1103/PhysRevB.81.041203
http://dx.doi.org/10.1103/PhysRevB.90.094410
http://dx.doi.org/10.1103/PhysRevB.90.094410
http://dx.doi.org/10.1103/PhysRevB.90.094410
http://dx.doi.org/10.1103/PhysRevB.90.094410
http://dx.doi.org/10.1038/nphys2045
http://dx.doi.org/10.1038/nphys2045
http://dx.doi.org/10.1038/nphys2045
http://dx.doi.org/10.1038/nphys2045
http://dx.doi.org/10.1126/science.1195709
http://dx.doi.org/10.1126/science.1195709
http://dx.doi.org/10.1126/science.1195709
http://dx.doi.org/10.1126/science.1195709
http://dx.doi.org/10.1126/science.1166767
http://dx.doi.org/10.1126/science.1166767
http://dx.doi.org/10.1126/science.1166767
http://dx.doi.org/10.1126/science.1166767
http://dx.doi.org/10.1088/0022-3727/48/47/475001
http://dx.doi.org/10.1088/0022-3727/48/47/475001
http://dx.doi.org/10.1088/0022-3727/48/47/475001
http://dx.doi.org/10.1088/0022-3727/48/47/475001
http://dx.doi.org/10.1063/1.3677684
http://dx.doi.org/10.1063/1.3677684
http://dx.doi.org/10.1063/1.3677684
http://dx.doi.org/10.1063/1.3677684
http://dx.doi.org/10.1103/PhysRevLett.108.107202
http://dx.doi.org/10.1103/PhysRevLett.108.107202
http://dx.doi.org/10.1103/PhysRevLett.108.107202
http://dx.doi.org/10.1103/PhysRevLett.108.107202
http://dx.doi.org/10.1093/jmicro/dfs067
http://dx.doi.org/10.1093/jmicro/dfs067
http://dx.doi.org/10.1093/jmicro/dfs067
http://dx.doi.org/10.1093/jmicro/dfs067
http://dx.doi.org/10.1093/jmicro/dfi024
http://dx.doi.org/10.1093/jmicro/dfi024
http://dx.doi.org/10.1093/jmicro/dfi024
http://dx.doi.org/10.1093/jmicro/dfi024
http://dx.doi.org/10.1016/S0304-3991(99)00174-6
http://dx.doi.org/10.1016/S0304-3991(99)00174-6
http://dx.doi.org/10.1016/S0304-3991(99)00174-6
http://dx.doi.org/10.1016/S0304-3991(99)00174-6
http://dx.doi.org/10.1002/pssb.19680290230
http://dx.doi.org/10.1002/pssb.19680290230
http://dx.doi.org/10.1002/pssb.19680290230
http://dx.doi.org/10.1002/pssb.19680290230
http://link.aps.org/supplemental/10.1103/PhysRevB.94.024407
http://dx.doi.org/10.1103/PhysRevB.77.184402
http://dx.doi.org/10.1103/PhysRevB.77.184402
http://dx.doi.org/10.1103/PhysRevB.77.184402
http://dx.doi.org/10.1103/PhysRevB.77.184402
http://dx.doi.org/10.1021/nl401687d
http://dx.doi.org/10.1021/nl401687d
http://dx.doi.org/10.1021/nl401687d
http://dx.doi.org/10.1021/nl401687d
http://dx.doi.org/10.1126/science.1120639
http://dx.doi.org/10.1126/science.1120639
http://dx.doi.org/10.1126/science.1120639
http://dx.doi.org/10.1126/science.1120639
http://dx.doi.org/10.1063/1.1473870
http://dx.doi.org/10.1063/1.1473870
http://dx.doi.org/10.1063/1.1473870
http://dx.doi.org/10.1063/1.1473870



