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We have observed the response of spin arrangements to external magnetic fields in a multiorbital

Mott insulator, ferromagnetic insulating manganite La7/8Sr1/8MnO3, by low-temperature in situ
Lorentz microscopy. Magnetic fields normal to the plane of the thin-plate sample continuously

change the width of domains in the serpentine-like domain structure, eventually giving rise to

nanoscale elliptical magnetic bubbles of �200 nm major diameter at 3.6 kOe. The formation of

these bubbles implies large magnetic anisotropy related to the orbital ordering and suggests the

possibility of manipulating the bubbles using an electric field. VC 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4760266]

Nanoscale magnetic patterns currently play a key role in

spintronics. In particular, the manipulation of these patterns

using an applied electric field is an important issue.1

Magnetic bubbles are potential magnetic bits in nonvolatile

and high-density recording memories;2–4 serpentine-like

domains are transformed into bubble domains by an external

magnetic field normal to the sample plane in the thin plates

of some magnets. Although the manipulation of these bub-

bles using an electric field has not yet been realized, a theo-

retical study has recently shown the possibility of their

manipulation in ferromagnetic (FM) multiorbital Mott insu-

lators where an interaction between the electric field and

spins occurs.5,6 However, large uniaxial magnetic anisotropy

(Ku) is required to produce the bubbles; therefore, few types

of magnets exhibiting spontaneous magnetization, such as

spin-canted orthoferrites RFeO3 (R: rare-earth element) and

ferrimagnetic iron-garnets R3(Fe, M)5O12 (M: Al, Ga, In),

have been reported to produce them. To our knowledge,

magnetic bubbles have seldom been observed for ferromag-

nets [Fig. 1(a)] and, further, have not been observed for FM

multiorbital Mott insulators.

On the other hand, perovskite manganites (R,A)MnO3 (A:

alkaline earth element), which are typical of strongly corre-

lated multiorbital electron systems, have attracted considerable

attention owing to their unusual magnetic and electronic prop-

erties such as colossal magnetoresistance (CMR). Undoped

LaMnO3 is an antiferromagnetic (AFM) orbital-ordered (OO)

Mott insulator with a cooperative Jahn-Teller distortion

(TOO¼ 780 K, TN¼ 140 K).7 Doped La1�xSrxMnO3 (LSMO)

exhibits various electronic phases: it is a spin-canted AFM in-

sulator (T<TN) or a paramagnetic (PM) insulator (T� TN)

when 0< x< 0.1; a FM insulator (T< TMI), a FM metal

(TMI� x<TC) or a PM insulator (T�TC) when 0.1� x
� 0.15; a FM metal (T< TC) or a PM insulator (T�TC) when

0.15< x< 0.3; and a FM metal (T< TC) or a PM metal

(T� TC) when 0.3� x� 0.6.8 Since the double exchange

mechanism fails to explain the coexistence of ferromagnetism

and insulating behavior, the FM insulating phase has attracted

considerable attention.9–13 Furthermore, recent studies indicate

that orbital ordering is critical for this phase to appear14 and

that this FM phase is one of the multiorbital Mott insulators,

which include BiMnO3, La2NiMnO6, and La2CoMnO6.5,15

In this letter, we report the direct observation of nano-

scale magnetic bubbles in a multiorbital Mott insulator, i.e.,

the OO FM insulating phase of the lightly doped perovskite

manganite LSMO at x¼ 1/8, by low-temperature in situ Lor-

entz microscopy (LM). Our study suggests the possibility of

manipulating nanoscale bubbles forming in a FM insulator

using an electric field. The LM method is one of the most

advanced magnetic imaging techniques for visualizing mag-

netic structures at a high spatial resolution.16 In the x¼ 1/8

compound, a phase transition from the FM metallic phase to

the FM insulating phase occurs at 150 K.10 Recently, a neu-

tron diffraction study revealed that a FM moment of 3.43 lB/

Mn is directed mainly along the b axis in the monoclinic

P121/c1 structure at 5 K, and that the FM spin orientation

changes from the b axis to the c axis in the b-c plane with

increasing temperature as shown in Fig. 1(b).17

A polycrystalline bulk sample of LSMO (x¼ 1/8) was

synthesized by a conventional solid-state reaction. The start-

ing materials, La2O3, SrCO3, and Mn3O4, were mixed with

the nominal ratio and calcined in air at 1000 �C and 1350 �C
with intermediate grinding. A thin-plate specimen was

obtained by mechanical grinding and Arþ ion sputtering with

an accelerating voltage of 3.5 kV at a low temperature using

liquid nitrogen for the sintered pellet. The sample was

observed using a FEI Titan Cubed transmission electron

microscope (TEM) equipped with a liquid-nitrogen-type cool-

ing holder. The in situ LM observation was conducted at

300 kV using an objective lens to apply magnetic fields and a

Lorentz lens located immediately below the objective lens;

magnetic fields of �2.8 kOe (downward)—3.6 kOe (upward)

were applied along the direction normal to the sample plane

while controlling the excitation of the objective lens. An addi-

tional lens located below the Lorentz lens was used for defo-

cusing the image. The sample thickness was measured by

electron energy-loss spectroscopy (EELS)18 combined with

scanning TEM (STEM) at 80 kV. The in-plane magnetization

was analyzed by a phase retrieval technique based on the

transport of intensity equation (TIE).19,20 The magnetization
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distribution was calculated from the electron phases, which

were retrieved using the intensity of three Lorentz images

with defocus values (Df) of 6300 lm and 0 lm.

First, we observed the magnetic domain structure under

no magnetic field. During zero-field cooling, magnetic con-

trast appeared in the Lorentz images below �180 K. Figures

2(a) and 2(b), respectively, show the overfocused and under-

focused Fresnel images (Df¼6300 lm) observed along the

[001] direction at 100 K in the FM insulating phase. The

alternating sharp bright and broad dark lines in each image

correspond to the magnetic domain walls in the sample. In-

terference fringes called Fresnel fringes are observed at the

edge of each specimen because the mean inner potential of

the material gives a phase difference between the electron

wave in the specimen and in the vacuum. The in-plane mag-

netization obtained by analysis of these images using the

TIE method is shown in Fig. 2(c), where the colors and

arrows represent the direction and magnitude of magnetiza-

tion. These indicators clearly show a 180� domain structure,

where the magnetization is antiparallel between neighboring

domains, whereas artifacts appear near the edge of the speci-

men owing to the Fresnel fringes. The domain walls are

almost along the [010] direction, which is close to the direc-

tion of the axis of easy magnetization.17

Next, we applied perpendicular magnetic fields to the

same area of the specimen. The direction of the fields was

along the [001] direction of the crystal and roughly normal to

the axis of easy magnetization. Figure 2(d) shows the in-

plane magnetization at 1.5 kOe obtained by analysis. Whereas

the application of fields of up to 1.5 kOe did not induce strik-

ing changes in the magnetization, the formation of an aniso-

tropic domain with a reduced in-plane component (indicated

by a triangle) was observed at a magnetic field of 1.5 kOe.

Because the decrease in the in-plane component is attributed

to the increase in the perpendicular component, the magnet-

ization in the additional domain should have a large perpen-

dicular component. The number and size of domains having a

large perpendicular component increase with increasing in-

tensity of the field as shown in Figs. 2(e) and 2(f).

When the axis of easy magnetization is at a large angle

to the sample plane, the response of the spin arrangement to

the external magnetic field is markedly different. Figure 3(a)

shows the in-plane magnetization analyzed using Lorentz

images observed along the [011] direction at 100 K in the

FM insulating phase. Serpentine-like domains, which exhibit

magnetization along the axis of easy magnetization,21 are

formed at 0 Oe since the axis is close to the normal to the

surface (middle panel). The deviation of the axis from the

normal direction results in in-plane components of magnet-

ization along the [01�1] or [0�11] direction. It is estimated

from the tilting of the easy axis that the perpendicular com-

ponent is along the [011] (downward into the plane) and

[0�1�1] (upward) directions in domains having the in-plane

FIG. 1. (a) Schematic of spin arrangements in magnetic phases exhibiting

spontaneous magnetization: ferrimagnetism, canted-spin magnetism, and

ferromagnetism. (b) Basic crystal structure with monoclinic P121/c1 sym-

metry and FM spin orientation of lightly doped perovskite manganite LSMO

at x¼ 1/8 below 187 K revealed by Li et al. by neutron diffraction analy-

sis.17 The directions in parentheses are described in a pseudocubic perov-

skite setting. The spin orientation changes from the b axis to the c axis in the

b-c plane with increasing temperature; the estimated values of u are �0.3�

at 5 K, �12.0� at 100 K, and �59.7� at 170 K.

FIG. 2. Variation in in-plane magnetization in the 180� domain structure of

the FM LSMO at 100 K with external magnetic field normal to the sample

plane. (a) Overfocused Lorentz image with Df¼�300 lm at 0 Oe. (b)

Underfocused Lorentz image with Df¼ 300 lm at 0 Oe. (c) In-plane magnet-

ization at 0 Oe analyzed by the TIE method using the images in (a) and (b).

The colors and arrows represent the direction and magnitude of magnetiza-

tion (see the color wheel). (d)–(f) In-plane magnetization at (d) 1.5 kOe, (e)

2.9 kOe, and (f) 3.6 kOe obtained by analysis. The magnitude is reduced in

the additional domains shown by triangles. The magnetization in these

domains has large perpendicular components.

162401-2 Nagai et al. Appl. Phys. Lett. 101, 162401 (2012)
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component along the [01�1] and [0�11] directions, respec-

tively. The widths of domains having opposite directions of

magnetization are almost the same at 0 Oe. The application

of a perpendicular field causes a continuous change in the

domain structure. The width of domains having the in-plane

component along the [01�1] direction gradually increases

with increasing magnetic field from 0 to �1.5 kOe. In con-

trast, it gradually decreases with increasing magnetic field

from 0 to 1.5 kOe. In both cases, the magnetic field causes

the growth of domains having a perpendicular component

parallel to the field and the deterioration of domains having a

component antiparallel to the field.

Here, we found that stronger fields lead to the formation

of magnetic bubbles, as shown in Fig. 3(b). The width of the

domains indicated by arrows decreases with increasing mag-

netic field. Stronger fields divided the domains into pieces,

which were further reduced in size and transformed into

small bubble domains indicated by triangles. These domains

have an elliptical shape elongated along the [01�1] direction,

which is attributed to the tilting of the easy axis because the

projection of the axis on the plane corresponds to the major

axis. The anisotropy of the domain-wall energy density in

the plane results from the deviation of the easy axis from the

normal direction, causing the elliptical bubble domains.22

We show a schematic of their formation in the inset. We also

observed the extinction of magnetic bubbles by magnetic

fields as shown in Fig. 4(a). Some of the bubbles that existed

at 3.4 kOe (indicated by arrows) disappeared at 3.6 kOe. A

theoretical study on the stability of magnetic bubbles has

shown that the intensity of the external field in which stable

bubbles can exist increases with increasing thickness of the

sample.23 The sample prepared by ion milling was wedge-

shaped, as shown by the thickness profile, and hence only

the bubbles near the edge vanished.

A striking feature of the magnetic bubbles in the FM

insulating phase of LSMO is their small size; the bubbles

had a �100 nm minor diameter and �200 nm major diameter

at 3.6 kOe. It has been reported that the diameter of magnetic

bubbles (d) is proportional to Ku
1/2Is

�2.2 The saturation

magnetization of LSMO at 100 K when x¼ 1/8 has a very

large value of Is¼ 7.3� 10�1 Wbm�2 compared with that of

other bubble materials such as ferrimagnetic iron-garnets

R3(Fe,M)5O12 and spin-canted orthoferrites RFeO3.17 Figure

4(b) shows the values of Is
�2 and d for the FM LSMO and

other bubble materials.3,4 Here, the formation of the bubbles

directly shows that the material has large magnetic anisot-

ropy because the necessary condition for bubble formation is

Ku� Is
2/2l0;23 the anisotropy of the FM insulating phase at

100 K is more than 2.1� 105 J/m3. The large anisotropy is

considered to originate from the ordering of the Mn 3d (eg)

orbital in the FM insulating phase (Too¼ 150 K). It has been

reported that magnetic anisotropy can be enhanced by the

strain in epitaxial LSMO films,24–27 however, we can clearly

reject the possibility that the present sample was subjected to

a significant amount of lattice strain due to the sample prepa-

ration, because no bend contours, a type of diffraction

FIG. 3. (a) Variation in in-plane magnetization in the serpentine-like domain structure at 100 K with the perpendicular magnetic field (�1.5 kOe, 0 Oe, and

1.5 kOe). (b) Lorentz images with Df¼�300 lm at 100 K for magnetic fields of �2.8–2.8 kOe, where the green rectangles show the area analyzed in (a). The

domains indicated by arrows are deteriorated by the fields, resulting in nanoscale elliptical magnetic bubbles shown by triangles. The inset shows a schematic

of the formation of magnetic bubbles, where the signs “þ” and “�” denote that the magnetization is along the þk and �k directions, respectively, and the

angle h is estimated to be approximately 33�.
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 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

133.68.233.86 On: Tue, 04 Mar 2014 02:39:12



contrast which would have indicated strain in the crystal,

were observed in the conventional TEM image.

The crystalline magnetic anisotropy is quite small in the

FM metallic phases of LSMO single crystals,8,28,29 in which

the orbital is disordered. On the other hand, long-range

ordering of the orbital has been directly observed by Geck

et al. for the FM insulating phase of an x¼ 1/8 single crystal

using resonant x-ray scattering.14 The ordering temperature

increases with increasing doping level x in the range

0.11� x� 0.15 from �120 to �180 K.10–12 Woods et al.
reported the results of a reversible transverse susceptibility

experiment for an x¼ 0.15 single crystal, which indicated a

rapid increase in the anisotropy field around Too (�180 K)

with decreasing temperature.30 The data reported by Urushi-

bara et al. show that the saturation magnetization at 100 K in

the OO FM insulating state is almost equal to that at 200 K

in the orbital-disordered FM metallic state, Is (100 K)/Is

(200 K)¼ 1.2;8 we calculated that the effective anisotropy

constant at 100 K is 3.7 times larger than that at 200 K using

the data reported by Woods et al. The orbital ordering shows

clear anisotropy in the monoclinic P121/c1 structure; hole-

poor and hole-rich planes alternate along the a axis, which is

perpendicular to the axis of easy magnetization. We there-

fore deduced that the orbital ordering enhances the magnetic

anisotropy through the strong coupling of the spin, orbital,

and lattice. Orbital-order-induced strong magnetic anisot-

ropy has also been observed for the FM phases of other

materials including (Pr, Sr)MnO3 single crystals.31

While FM crystals are materials potentially giving rise

to very small bubbles owing to the large Is in accordance

with the relation d / Ku
1/2Is

�2, most of them do not satisfy

the condition Ku� Is
2/2l0 because the required value of Ku

is too large owing to the large Is. However, our study

revealed that the value of Ku for the OO FM insulating phase

is sufficiently large to realize nanoscale magnetic bubbles.

This finding provides a route for realizing nanoscale bubbles

using FM phases with the anisotropy enhanced by orbital

ordering. The very small bubble size is highly desirable for

the achievement of ultrahigh recording density. Moreover,

these results suggest the possibility of manipulating the bub-

bles using an electric field because the present LSMO phase

is a multiorbital Mott insulator. A generic mechanism exists

for the coupling of the external electric field E to the internal

electric field e originating from the dynamical spin Berry

phase in multiorbital Mott insulators.5,6 Magnetic defects

such as magnetic bubbles, Skyrmions, and magnetic vortices

carry a nonzero topological charge (Q).32 Mostovoy et al.
theoretically predicted the rotational motion of the center-of-

mass coordinates (Rx, Ry) of defects induced by a rotating

electric field, E(t)¼Ex (cosXt, -sgn(Q)sinXt), where X¼A/

(4pjQj), in a disk of a material with a confining potential of

U¼A(Rx
2þRy

2)/2.5 Therefore, we provide the experimental

results showing that magnetic bubbles can form in a FM

multiorbital Mott insulator and suggesting the possibility of

manipulating bubbles forming in such an insulator using an

electric field.

In summary, we have directly observed nanoscale mag-

netic bubbles in a multiorbital Mott insulator, the OO FM

insulating phase of La7/8Sr1/8MnO3, by low-temperature in
situ LM. Whereas magnetic fields normal to the sample plane

induced anisotropic-shaped domains having large perpendicu-

lar components of magnetization in the 180� domain structure,

they induced continuous changes in the width of domains in

the serpentine-like domain structure. In the latter case, fields

of more than �2.8 kOe gave rise to nanoscale elliptical mag-

netic bubbles; the bubbles were �100 nm in minor diameter

and �200 nm in major diameter at 3.6 kOe. The small size of

the bubbles is attributed to the large saturation magnetization

inherent in the FM state. We deduced that orbital ordering

causes the large magnetic anisotropy through the strong cou-

pling of the spin, orbital, and lattice, resulting in the formation

of nanoscale magnetic bubbles. These results are expected to

lead to the manipulation of nanoscale bubbles in multiorbital

Mott insulators using an electric field.

We are grateful to A. B�ech�e (FEI France) and C. Arm

(CEA-INAC) for the calibration data of the magnetic field of

the objective lens. This work was supported by a Grant-in-

Aid for Young Scientists from JSPS (No. 23710115).

FIG. 4. (a) Lorentz images with Df¼�300 lm at 100 K showing extinction

of magnetic bubbles at 3.6 kOe and the sample thickness profile measured

by EELS. The letters a-e represent some of the positions where the thickness

was measured. (b) Values of Is
�2 (Is: saturation magnetization) and d (diam-

eter of magnetic bubbles) of the FM insulating phase of LSMO and other

bubble materials: ferrimagnetic iron-garnets R3(Fe,M)5O12 and spin-canted

orthoferrites RFeO3 (a: Y1.8Eu0.2Gd0.5Tb0.5Al0.6Fe4.4O12, b: Y2GdAl0.8Fe4.2

O12, c: EuEr2Ga0.7Fe4.3O12, d: Eu1.5Gd1.5Al0.5Fe4.5O12, e: Eu2ErGa0.7Fe4.3

O12, f: Gd0.95Tb0.75Er1.3Al0.5Fe4.5O12, g: Eu1.9Gd1.1Al0.5Fe4.5O12, h: PrGd2

Ga0.5Fe4.5O12, i: Gd2.34Tb0.66Fe5O12, j: Er2TbAl1.1Fe3.9O12, k: Sm0.55Tb0.45

FeO3, l: Sm0.6Er0.4FeO3).3,4
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