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Magnetic bubbles are circular magnetic domains that may occur in thin magnetic films with perpendicular

magnetic anisotropy (PMA). Because they can form with high topological stability and can be manipulated by

external driving forces, magnetic bubbles have been considered as prominent information carriers, which are

set to 1 or 0, corresponding to the presence or absence. For practical applications, such information carriers

must be written and deleted in a specific area of the magnetic thin film. Herein, we report that the magnetic

bubbles can be written and deleted using local magnetic fields. By applying a localized magnetic field from the

magnetic tip of a magnetic force microscopy to the stripe domain structures of the PMA multilayer, bubbles

can be written at room temperature via the transformation from stripe domains to magnetic bubbles. The

deleting of the bubbles in the targeted area demonstrated by the local magnetic field accompanied by a uni-

form external field. Our findings can provide a key for manipulating information carriers in the spintronic

device based on topological magnetic structures such as magnetic skyrmions and bubbles.
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1. Introduction

Recently, particle-like magnetic structures such as mag-

netic bubbles have attracted considerable research atten-

tions because of their fascinating topological properties

and potential applications [1-7]. They can be created in

small sizes ranging from 10 to 1000 nm with high

stability under various external perturbations in thin mag-

netic films or multilayered structures with perpendicular

magnetic anisotropy (PMA) [8-13]. Another important

feature is that their mobility can be manipulated effici-

ently by current [12, 13]. The aforementioned characteristics

make them a promising candidate for novel applications

in the field of spintronics [14, 15]. 

However, an obstacle hinders the realization of bubble-

based devices; the ground state magnetic structures in the

PMA films primarily favor stripe domain structures rather

than magnetic bubbles [16-18]. For obtaining magnetic

bubbles, an out-of-plane (OOP) magnetic field with a

certain field range is required. When the OOP magnetic

field is applied, the stripe domains shrink and turn them

into bubbles at a certain field strength. These bubbles can

exist stably only within a certain field range, below which

they deform elliptically and transform back into stripe

domains [18-20]. During this process, a jump-like motion

of the domain walls occurs because of the randomly

distributed pinning sites [19, 20]. Which reflects that the

creating the bubbles by applying an external magnetic

field is a stochastic process and is very difficult to control.

Geometrical potential confinement is an alternative method

for creating magnetic bubbles via sophisticated nano-

patterning [21]. However, this method results in a decrease

in a density of magnetic bubbles, which is directly linked

to storage capacity. 

The realization of magnetic bubble-based devices strongly

depends on the ability to create and remove bubbles in a

specific area of a film for fundamental investigations and

practical applications. The creation and annihilation of

bubbles have been addressed experimentally via various

techniques, e.g., Joule heating [22], electric fields [23],

and strain [24]. However, these techniques require an

additional energy source, such as an external magnetic

field, to keep bubbles stable. For the practical application

of magnetic bubbles to information storage devices, it is
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necessary to maintain magnetic bubbles without additional

magnetic fields.

In the present study, we demonstrate experimentally that

magnetic bubbles can be generated and deleted through a

local magnetic field, as well as that they can remain

stably without an external magnetic field and geometric

confinement. We utilized a stray field (Htip) induced by

magnetized tip of the magnetic force microscopy (MFM)

for applying a local magnetic field to PMA thin films. As

the tip–sample distance is decreases, Htip becomes stronger

and it reaches to the switching field of the PMA film, and

the magnetization direction of the films can be switched

locally and it induces creation of the magnetic bubbles

[25]. We also investigated the stability of the magnetic

bubbles and compared it with that of the stripe domains.

Our findings can provide useful writing and deleting

method for spintronic devices based on particle-like mag-

netic structures.

2. Experiments

For this study, an 8 × 8 mm2 size [Pt (2 nm)/Co (0.9

nm)/Ta (4 nm)]15 multilayer film was fabricated on a

Si3N4 substrate using DC magnetron sputtering at room

temperature with a base pressure of 4.8 × 10−8 Torr. A 20

nm thick Ta seed layer was deposited before growing the

multilayer stack. To prevent oxidation of the sample, a 3

nm thick Pt capping layer was deposited. To observe the

magnetic structures with high resolution, we employed

MFM with a 15 nm thick CoCr-coated tip having low

stray magnetic field (tipLM). A two-pass scheme was used.

In the first pass, the tip and sample came into close

contact, and the surface information was recorded. In the

second pass, only the magnetic interaction between the tip

and the sample was recorded, and the distance between

the tip and the sample was maintained (dz = 80 nm). For

applying a higher local magnetic field, a tip coated with

40 nm thick CoCr (tipHM) was used. Based on numerical

calculations, it is found that tipLM and tipHM can induce

magnetic field of 365 Oe and 565 Oe, respectively, on the

thin film. 

3. Results and Discussion

3.1. Magnetic domain structures along hysteresis loop

Figure 1 shows the magnetization curve obtained using

the magneto-optical Kerr effect and MFM images of the

magnetic structures along the minor hysteresis curve (red

solid line). At zero field, a demagnetized stripe domain

was obtained as shown in the image (i). The lateral

compression of stripe domains was observed by the OOP

magnetic field (see the MFM images (ii) and (iii)). On

further increasing the field, the magnetic domain struc-

tures almost disappeared in this area at 300 Oe (see the

MFM image (iv)). As the field strength increase, the

domains tend to become thinner and eventually disappear.

This suggests that strong pinning occurs at the end of

each domain. Pinning can significantly contribute to

stability because it prevents deformation of the magnetic

structure; however, it also causes a rapid change in the

magnetic structure when the strength of the external mag-

netic field increases to a certain value. Since the pinning

sites are randomly distributed, it is difficult to predict the

locations of the deformation, generation, and annihilation

of magnetic structures. Although the location observed in

the present experiment did not reach the saturation point,

all the structures disappeared at 300 Oe. In addition, there

could still be magnetic structures within the film, since

the entire film is not in a saturation state.

3.2. Writing and deleting magnetic bubbles

For writing bubbles, Htip should be larger than the

saturation field of the sample (500 Oe) [22]. The process

of writing the bubbles is illustrated in Figs. 2(a) and (b).

When the magnetized tip scans through the surface, tip-

induced magnetization reversal occurs at near the tip,

which divides one stripe domain into two domains. Figs.

2(c)-(e) present the MFM images during the process of

the bubble creation process. The initial state in Fig. 2(c)

was measured via MFM scanning with tipLM. To cut

stripe domains, a contact-mode scan was performed on

Fig. 1. (Color online) Major (black solid line) and minor (red

solid line) hysteresis loops measured using the polar magneto-

optical Kerr effect. MFM images were captured at increasing

and decreasing external out-of-plane (OOP) magnetic fields.

White and black contrasts correspond to the upward and

downward magnetization, respectively.
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the film along the x-axis (Sx) and y-axis (Sy) with MFM

tipHM to apply a stronger local magnetic field of 565 Oe

as shown in Fig. 2(d). Figure 2(e) shows a magnetic

domain image subsequently obtained using a tipLM in the

identical area. Significant changes in the magnetic domain

structures are clearly observed. Most of the stripe domains

transformed into a mixed state, consisting of elongated

domains and bubbles, while the stripe domains remained

in the upper area where tipHM was not scanned. It is

evident that the magnetic field from tipHM was sufficiently

strong to cut the domains. The bubbles formed by cutting

the stripe domains were mostly circular, with a radius of

300-500 nm.

For deleting the bubbles, we used tipHM combined with

an external OOP magnetic field. The external magnetic

field can significantly lower the energy barrier between

the bubble and the saturated state [22]. An external mag-

netic field was applied for suppressing the structures (Fig.

3(b)), and then, scanned the surface by tipHM with the

magnetization aligned to the direction of the external

magnetic field. Consequently, the bubbles were removed

(including elongated domains) in the scanned area, while

few structures remained at the upper side where the tipHM

was not scanned (Fig. 3(c)). 

3.3. Stability of magnetic bubbles

We compared the stability of magnetic bubbles and

stripe domains by investigating the recovery of their

structures after applying an external OOP magnetic field

of 110 Oe. By comparing Figs. 4(a) and 4(c), reveals that

the location and shape of the stripe domains were

significantly changed after the field was applied and back

to 0 Oe, indicating that the degree of recovery of the

stripe domain was very low. Figure 4(d) shows the mixed

structures of magnetic bubbles and stripe domains created

by scanning the upward magnetized tipHM in the same

area. As shown in the green circles of Figs. 4(d)-4(f),

some bubbles are very robust to the OOP field. Under the

OOP field of 110 Oe, the lateral size of the bubble

domains in green circles decreased slightly and back to its

original size when the magnetic field was turned off.

Fig. 2. (Color online) Magnetic bubbles created from dtripe

domains in magnetic film at 0 Oe. (a)-(b) Schematics of split-

ting magnetic domains by scanning local magnetic field using

magnetized tip. (c)-(f) The MFM images obtained using low

stray magnetic field tip (tipLM) before and after scanning the

local magnetic field along the x (Sx) and y (Sy) axes.

Fig. 3. (Color online) (a) The MFM image of the initial state.

(b, c) Deletion of the bubbles by scanning the local magnetic

field in the presence of an external OOP magnetic field. 

Fig. 4. (Color online) Comparison of the stability of (a-c)

stripe domains and (d-f) bubbles. 
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While some bubbles and stripe domains were changed

significantly. Their robustness might be coming from the

topological protection of magnetic bubbles. According to

the domain wall structure, magnetic bubbles can have

different topological numbers such as 0 or integer numbers.

As shown by Je et al. [7], the stability of magnetic

bubbles to an external field can be significantly different

according to its topological number. In our experiments,

the bubbles in the green circles might have an integer

topological number, and thus, they show robustness to an

external magnetic field in Fig. 4. On the contrary, most of

the domains and other bubbles show significant trans-

formation since they might have 0 topological numbers,

and thus, they do not have topological protection. How-

ever, there is no direct evidence to figure out the topo-

logical protection of magnetic structures in our experi-

ments. For obtaining topological differences among struc-

tures, it is necessary to measure the annihilation field

strength of each structure as shown in Ref. [7]. Further-

more, additional numerical and theoretical studies are

required to understand the detailed mechanism of the

local-field induced magnetic-bubble generation with a

different topological number.

4. Conclusion

We demonstrated the writing and deleting of the mag-

netic bubbles by scanning local magnetic fields using a

magnetized MFM tip in a specific area of a PMA film. A

highly localized magnetic field induced by the magnetiz-

ed tip can cut stripe domains and form bubbles without an

external field. Accompanied by an external OOP mag-

netic field, the scanning of magnetized tip removes the

magnetic structures. The proposed method can create

robust bubble structures and be used for manipulating

information carriers in magnetic bubble-based spintronic

devices.
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