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Dynamical bubble-like solitons have been recently investigated in nanocontact-based spin-torque

oscillators with a perpendicular free layer. Those magnetic configurations can be excited also in

different geometries as long as they consist of perpendicular materials. Thus, in this paper, a

systematic study of the influence of both external field and high current on that kind of dynamics is

performed for a spin-valve point-contact geometry where both free and fixed layers present strong

perpendicular anisotropy. The usage of the topological density tool highlights the excitation

of complex bubble/antibubble configurations. In particular, at high currents, a deformation

of the soliton and its simultaneous shift from the contact area are observed and can be ascribable

to the Oersted field. Results provide further detailed information on the excitation of

solitons in perpendicular materials for application in spintronics, magnonics, and domain wall

logic. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4867747]

I. INTRODUCTION

In the last years, a great attention of the scientific com-

munity has been addressed to spin-wave excitations in mag-

netic nanostructures with non-uniform magnetization

distributions. The reason of such an interest lies both in the

fundamental physics involved in those phenomena and in the

various potential applications that range from high-density

storage media to logical integrated circuits, passing through

spintronic devices.1–3

Among the magnetic materials used for exciting spin-

wave dynamics, thin ferromagnetic layers with strong perpen-

dicular magnetic anisotropy (PMA) prove great properties and

versatility. In particular, in a nanocontact-based spin-torque

oscillator, where the free layer (FL) presented PMA, it was

possible to observe and study the nucleation of dynamical

bubble-like (or droplet) solitons.4,5

A magnetic bubble is referred to as a bi-domain state,

namely, two concentric up and down domains separated by

an in-plane domain wall (DW).6,7 The shape of the inner do-

main can be circular, in the most simple configurations, or

irregular. Actually, to characterize the topological complex-

ity of this kind of structures, it is possible to evaluate the

topological density n x; yð Þ ¼ @xm� @ym
� �

�m, which is

defined at every point of the film and indicates how the mag-

netization vector m varies locally in the plane. Moreover, the

integral of n over the film plane, namely, the topological

charge N ,8 always turns out an integer for a magnetic bub-

ble. In detail, the bubble withN ¼ 1, corresponding to a top-

ological density n positive at the DW and zero elsewhere, is

usually simply called a bubble, while the one with N ¼ �1,

corresponding to negative n at the DW, is called an antibub-

ble. In some cases, magnetic configurations with N ¼ 0

can be excited and correspond to a topological density which

is positive in some regions, negative in others. For this rea-

son, we can refer to those configurations as pairs of

bubble/antibubble. We underline that the previous definitions

refer to static magnetic configurations. On the other hand,

when a dynamical bubble-like soliton is excited, the topolog-

ical density configuration is dynamical as well, and in strong

non-linear configurations the topological charge can even

change in time.

Here, with this regard, a micromagnetic numerical anal-

ysis on a spin valve point-contact geometry made of materi-

als with strong PMA is reported. Such geometry is different

from the one in Ref. 4, as free and fixed layers are both per-

pendicular, and as its non-extended dimensions entail,

among other things, diverse numerical approaches and par-

ticular kinds of dynamics.2 Nonetheless, it allows the excita-

tion of similar bubble-like solitons. In detail, we show the

magnetization dynamics excited by the current with both

zero and increasing in-plane field, highlighting the time do-

main evolution of the topological properties. At the critical

current, two pairs of bubble/antibubble are nucleated and

rotate in a circular trajectory below the nanocontact. As the

current increases, a different scenario is achieved where the

Oersted field plays the crucial role in breaking the symmetry

of the dynamics. In particular, at very high applied current,

together with the rotation of the bubble-antibubble pairs, a

shift of the soliton from the center of the contact is induced.

Finally, we will discuss the influence of the thermal field on

the numerical results.a)Electronic mail: vpuliafito@unime.it.
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II. MICROMAGNETIC FRAMEWORK

Schematics of the spin-torque oscillator under investiga-

tion is shown in the top inset of Fig. 1(a). The spin valve

consists of a soft thin ferromagnetic layer and a thick hard

layer, usually referred to as FL and pinned layer (PL),

respectively, separated by a nonferromagnetic layer. Both

FL and PL are composed of perpendicular materials. A cur-

rent is applied perpendicularly to the structure by means of a

metallic circular nano-contact, realized on the top of the FL.

The dynamics of the magnetization vector of the FL,

M ¼M t; rð Þ, is governed by the Landau-Lifshitz-Gilbert-

Slonczewski (LLGS) equation,9

@M

@t
¼ c Heff �M½ � þ a

MS

M� @M

@t

� �

þ f r=Rcð Þ rI

MS

M� M� pð Þ½ �: (1)

A detailed description of Eq. (1) can be found else-

where.10 Here, we stress that the effective magnetic field Heff

includes magnetostatic, exchange, Oersted, Zeeman, magneto-

static coupling, and magneto-crystalline anisotropy contribu-

tions. The coefficient r is related to the dimensionless spin

polarization efficiency e ¼ a=ð1þ b cos hÞ, where h is the

angle between the magnetization of the PL and the FL, a and

b have been computed considering the experimental data (the

values of the critical currents and asymmetry between them)

of a similar structure and their values are 0.54 and 0.6, respec-

tively.11,12 In our approach, moreover, the LLGS equation is

numerically solved by using a 3D dynamical code.13

Concerning to the detailed parameters used in our

framework, PL is 10 nm thick and made of CoPt/CoNi, the

spacer is 10-nm-thick Cu, and FL is 5-nm-thick CoNi. The

cross section of the spin-valve is circular with a diameter of

250 nm. The contact is circular as well, centrally positioned

on the top of the FL, with a diameter of 40 nm. We used a

2D mesh of discretization cells having sizes 5� 5� 5 nm3.

The magnetic parameters used for the FL simulations are

typical experimental values: saturation magnetization is

MS¼ 650� 103 A/m, exchange constant is A¼ 1.3� 10�11

J/m, and perpendicular magnetic anisotropy constant is

Ku¼ 3.3� 105 J/m3. Concerning to the PL, it acts as polar-

izer for the spins of the current and it is considered fixed in

our simulations. Stray field due to its magnetization is calcu-

lated only once and introduced in the simulations as addi-

tional contribution to the effective field.

III. RESULTS AND DISCUSSION

A magnetic bubble can be opportunely excited by simply

applying an enough large current to the contact of the spin-

valve. The nucleation of the bubble, in fact, occurs also with

no external field. The inclusion of an in-plane field, nonethe-

less, modifies the excited dynamics. With this regard, Fig.

1(a) shows, as obtained by means of numerical simulations,

the dependence of the output frequency of the excited dynam-

ics on the external in-plane field strength for different values

of the applied current. The first evidence is that the output fre-

quency increases by increasing the field but it decreases by

increasing the current. The excited dynamics, after a short

nucleation transient, corresponds to a dynamical bi-domain

state, represented in the frame of Fig. 1(b) (Multimedia view).

In detail, we see an inner area of the FL (blue color online),

rotating under the contact area and around its center, where

the magnetization points down (more precisely the magnetiza-

tion precesses with a negative vertical z-component), sepa-

rated from the area where the magnetization points up (red

color online) by means of a DW with in-plane magnetization.

The main difference between zero field condition and in-plane

field inclusion is that in the latter case the inner area gets

smaller when the in-plane magnetization of the DW is in the

opposite direction with respect to the external field. Fig. 1(c)

(Multimedia view) represents the topological density associ-

ated to the frame in Fig. 1(b). Once the transient is finished,

there appear two areas indicated with stars (red color online)

where n assumes positive values and two more areas (blue

color online) where n is negative. For this reason, the excita-

tion corresponds to two pairs of bubble/antibubble rotating as

the magnetization configuration does. It is also important to

stress that the external in-plane field introduces a strong asym-

metry in the magnetic configuration. For this reason, the

higher is the field the higher is the current needed to excite a

stable bubble-like soliton. Concerning to that, in Fig. 1(a), we

have filled the symbols for frequencies corresponding to stable

FIG. 1. (a) Output frequency vs. external in-plane field for different values of

the applied current. Filled symbols represent frequencies of unstable bubbles.

(top-right inset) Longitudinal section of the geometry under investigation. The

cross section is circular. (b) Frame from the video of the magnetization config-

uration and (c) corresponding topological density in a zoomed area

(150� 150 nm2 around the center) of the FL at zero field and J¼ 0.15� 106

A/cm2. Black continuous circles here and in future plots indicate the contact

boundary (Multimedia view) [URL: http://dx.doi.org/10.1063/1.4867747.1]

[URL: http://dx.doi.org/10.1063/1.4867747.2].
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solitons, leaving empty the symbols corresponding to unstable

ones. In this latter case, the soliton first is nucleated and then

disappears, continuously, without getting a stable dynamics.

The regular dynamics of the soliton mode drastically

changes as the current gets high values. Fig. 2(a)

(Multimedia view) shows the magnetic configuration

obtained by applying a very high current of 2� 106 A/cm2 at

zero field. In this case, we see that the soliton simultaneously

rotates around itself and shifts from contact area, losing its

symmetry with respect to the contact area and assuming

irregular shapes. Such behavior numerically reproduces

those particular “spinning” and “breathing” dynamics,

observed and described in Ref. 4 for a nanocontact-based

spin-torque oscillator. Concerning to the topological density,

its basic configuration is the same as the previous case, but it

dynamically changes with the nucleation and denucleation of

areas with positive or negative n (see Fig. 2(b), Multimedia

view). This behavior happens independently of the field,

although the concomitant presence of an high current and an

high field can induce a complete reversal of the magnetiza-

tion in the FL from the up state to the down state. Thus, the

reason of that irregular behavior at high currents is clearly

related to the Oersted field that breaks the symmetry of the

effective field. This latter conclusion is also confirmed by

simulations performed without Oersted field, where the

excited bubble returns regular and the shift disappears.

Finally, we report the results of the inclusion of the ther-

mal field in our micromagnetic framework. Basically, the

temperature does not modify qualitatively the excited dy-

namics but simply introduces the phase noise of the oscilla-

tor. With this regard, Fig. 3(a) shows the z-component of the

magnetization under the contact area with T¼ 300 K, a

50 mT in-plane field, and a current of 0.20� 106 A/cm2,

whereas Fig. 3(b) (Multimedia view) represents a snapshot

of the magnetization configuration. As in the case with no

temperature, the excited bubble-like soliton is not stable

since it appears and disappears in time. Nevertheless, also in

those cases where we had obtained stable excitations of

bubble-like solitons, simulations performed with temperature

confirm the same evidences.

In summary, we have numerically shown the effect of

the external field and of a high current on the bubble-like sol-

itons excited in a point-contact geometry. The external field

introduces a shrinkage of the soliton when the magnetization

points against the field. The high current, due to the role of

the Oersted field, deforms the soliton and shift it from the

contact area. Furthermore, we have characterized those soli-

tons by computing the associated topological density. This

tool has allowed to highlight the nucleation of bubble/anti-

bubble pairs that rotate and more generally suffer the same

behavior as the magnetic configuration. Simulations with the

thermal field do not reveal any qualitative change in the

excited dynamics.
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FIG. 2. (a) Frames from the video of the FL magnetic configuration at zero

field and J¼ 2� 106 A/cm2 and (b) corresponding topological density

(Multimedia view) [URL: http://dx.doi.org/10.1063/1.4867747.3] [URL:

http://dx.doi.org/10.1063/1.4867747.4].

FIG. 3. Results for T¼ 300 K, H¼ 50 mT, and J¼ 0.20� 106 A/cm2. (a)

Average z-component of the magnetization under the contact area. In

the highlighted interval a bubble-like soliton is excited. (b) Frame from

the video of the FL magnetic configuration in the interval between 55

and 58 ns (Multimedia view) [URL: http://dx.doi.org/ 10.1063/1.4867747.5].
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