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The magnetization reversal in several nanoscopic systems is driven by the nucleation and

propagation of a vortex structure that is very sensitive to the application of a magnetic field or a

spin polarized current. In particular in a dot, the vortex profile is strongly affected by anisotropy,

however, its role on the core behavior has not been clarified. In the present work, we investigate

the influence of a perpendicular anisotropy on the annihilation and shape of magnetic vortex

cores in permalloy disks. We used both micromagnetic simulations with the OOMMF code, and

the analytical rigid core model that assumes that the shape of the core does not change during the

hysteresis cycle. Under both approaches, the annihilation field decreases with increasing

perpendicular anisotropy for almost all the structures investigated. Also a deformation of the

vortex core profile is evidenced from the micromagnetic simulations, for larger anisotropy and/or

dot thickness. For every dot thickness, this change does not depend on the dot radius, but on the

relative distance of the core from the center of the dot. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4824803]

I. INTRODUCTION

Among the nano- and mesoscopic magnetic structures

that have attracted the attention of researchers in recent years

stand out those that exhibit a vortex, since this state presents

both interesting physical properties and a high potential for

applications.1–6 Magnetic vortices in nanodots are character-

ized by in-plane magnetic moments curling around a core

where the magnetization points out-of-plane. Two main fea-

tures are defined in a vortex; the circulation, i.e., the sense of

the magnetization curling, being �1 (þ1) for clockwise

(counterclockwise) rotation direction, and the polarity defined

by the direction of the core magnetization denoted by p¼þ1

(�1) for upward (downward) direction. The core profile mz(r)

(the z component of the unit magnetization) of a vortex in

equilibrium is cylindrically symmetric, usually approximated

by a Gaussian curve surrounded by a small dip (see Fig. 1).1,7

A vortex is the ground state of different nanodots with

regular shapes such as ellipses, squares, spheres, caps, and

disks, with dimensions ranging from 50 nanometers to a few

microns, with some tens of nanometers thickness.8–14 While

an external in-plane magnetic field that increases continu-

ously from zero is applied to a disk exhibiting a vortex, its

core propagates perpendicularly to the field direction, until

its center reaches the disk edge. The field corresponding to

this limiting situation, i.e., a field that expels the vortex

core, is known as the annihilation field. Further increases of

the magnetic field will expel the vortex from the disk, and

the saturated state will eventually be reached. On the other

hand, when starting from a fully saturated state, by decreas-

ing the field to a certain critical value (commonly referred in

the literature as the nucleation field) the vortex will be

formed. The knowledge and control of the magnitude of

these fields is a key issue for several applications consider-

ing the manipulation of magnetic vortices, such as non-

volatile magnetic memory devices, or high-resolution

magnetic field sensors.15–17

The vortex core nucleation and annihilation processes

have been discussed by several authors18–23 and, in particu-

lar, the influence of extrinsic properties on the annihilation

field has been taken into account. Wu et al.24 investigated

the role of geometrical asymmetries, finding that the annihi-

lation of the vortex depends strongly on the asymmetry. The

effect of the shape asymmetry has also been studied by

Dumas et al.25 by measuring the angular dependence of the

annihilation field. Mihajlović et al.26 have shown that tem-

perature also affects the reversal mechanism and the vortex

annihilation field, while experiments by Davis et al.27 sug-

gest that the nucleation and annihilation fields depend on the

magnetic field sweep rate.

These processes have been also examined from the theo-

retical point of view, within the framework proposed by

Guslienko et al.20 This model approximates the core as a
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magnetization distribution whose profile does not change

during the reversal process.

Some important properties of the vortices, such as the

core size and some dynamic features, can be tailored intro-

ducing a uniaxial perpendicular magnetic anisotropy, as has

been recently shown.17,28 In this case, as the perpendicular

anisotropy increases, important deviations from the equilib-

rium vortex core profile and from the canonical magnetic

vortex configuration result. Beyond a critical value of the an-

isotropy (Kcrit
z ), a vortex is no longer observed and a sky-

rmion appears (e.g., Fert et al.29). The latter has been found

in experiments with BFeCoSi30 and, more relevant to the

present study, also apparent in experiments with Co/Pt

disks17 and simulations.14,17 In spite of the large number of

works focused on magnetic vortices, the core deformation

has not been systematically analyzed.

The aim of this paper is to obtain a better understanding

of the vortex annihilation process in magnetic dots. For this

purpose, we have compared the description using the rigid

vortex analytical model to results obtained with micromag-

netic simulations. In order to explore the effect of the per-

pendicular anisotropy on the vortex core properties, we have

introduced an anisotropic term in both the analytical expres-

sions and the numerical simulations. This procedure allows

us to determine the limits of validity of the rigid vortex

model. We also characterized the vortex core deformations

that are present in some simulations.

The paper is organized as follows: after the "Introduction"

we describe how we perform our micromagnetic simulations

that lead us to study the annihilation fields extracted from the

hysteresis curves of disks with various sizes (Sec. II).

Analytical calculations are presented in Sec. III, with the inclu-

sion of anisotropy terms into the rigid vortex model. The

results are contained in Sec. IV, and finally, in Sec. V, we sum-

marize and draw conclusions.

II. NUMERICAL SIMULATIONS

We focus on isolated magnetic nanodots with thickness L
varying between 10 and 30 nm, and diameters D from 100 to

1000 nm, using micromagnetic simulations14,31 with the

OOMMF code.32 We obtained the hysteresis loops of several

nanodots including a uniaxial perpendicular anisotropy

term, Kz, ranging from 0 to 300 kJ/m3. We used a stiffness

constant A ¼ 13� 10�12 J=m and a saturation magnetization

Ms ¼ 860� 103 A=m, both the standard values for bulk

permalloy, and a cell size of 5� 5� 5 nm3. The maximum

anisotropies used in this work that allow the dots to exhibit a

magnetic vortex are Kmax
z ¼ 300; 225; and 165 kJ=m3 for the

thicknesses L¼ 10, 20, and 30 nm, respectively. For larger

anisotropies, a skyrmion structure is observed, and perpendic-

ular magnetization appears on the rim of the disk. For this rea-

son in all our calculations, the anisotropy constant value was

chosen such that the magnetic configuration at zero external

applied field is a vortex configuration, as shown in Fig. 1.

In our simulations, we developed a systematic study of

the annihilation field that is determined from the maximum

of the derivative dM/dB in the increasing magnetization

branch of the hysteresis loop, which corresponds to the

expulsion of the vortex core. All hysteresis curves were

obtained starting from the unperturbed configuration

obtained by minimizing the energy of the disks B¼ 0, which

corresponds to the vortex core at the center. In sequence, we

increase the field from B¼ 0, in steps of DB¼ 0.1 mT, lead-

ing us to obtain the annihilation field, and finally reaching

the magnetic saturation. In some simulations, we observed a

deformation of the vortex core. In order to characterize it,

we define

d ¼ ry � rx

rx
; (1)

FIG. 1. (a) Profile of the vortex

core corresponding to disks with

D¼ 500 nm and L¼ 10 nm for Kz¼ 0

and Kz¼ 300 kJ/m3; (b) and (c) depict

the magnetization for Kz¼ 0 and

Kz¼ 300 kJ/m3 with L¼ 10 nm. (d)

Profile of the vortex core with

D¼ 500 nm and L¼ 30 nm for Kz¼ 0

and Kz¼ 165 kJ/m3. (e) and (f) repre-

sent the magnetization for Kz¼ 0 and

Kz¼ 165 kJ/m3 for L¼ 30 nm. Note

that from (a) to (d) the depth of the

negative part of the magnetization

(the dip) increases.
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where rx and ry are the sizes of the vortex core along the x
and y axes, respectively. As shown in Fig. 1, two orthogonal

sections (x and y directions) of the profiles of the vortex core

passing through the core center (maximum of mz) were

obtained. The dimensions of the core along the x and y direc-

tions were obtained by the full widths at half maximum of

the respective profile fit, using a pseudo-Voigt function.

III. ANALYTICAL MODEL

To obtain analytical expressions for the annihilation field

in the magnetic nanodots, we started with a model proposed

by Guslienko et al.20,21 to investigate the vortex behavior in

submicron dots. These authors considered a ferromagnetic

dot with a thickness L and a radius R that presents a vortex

state with a distribution of the unit magnetization in cylindri-

cal coordinates q;u; z given by ~m ¼ sin hðqÞ/̂ þ cos hðqÞẑ,

where21

m/ ¼ sin hðqÞ ¼
ð2bq=ðb2 þ q2ÞÞ q � b

1 q � b:

(
(2)

Here b is the radius of the core. If we consider magnetostatic,

exchange, and Zeeman contributions to the energy, the nor-

malized dimensionless vortex annihilation field in the rigid

core model proposed by Guslienko et al.21 is written as

hanðb;RÞ ¼ 4pF1ðbÞ �
R0

R

� �2

; (3)

where b¼L/R, R0 is the exchange length and F1ðbÞ is given

by

F1ðb;RÞ ¼
ð1

0

1� 1� e�bt

bt

 !
J2

1ðtÞ
dt

t
: (4)

A. Introducing a perpendicular uniaxial anisotropy

While the model proposed by Guslienko et al.20,21 con-

tains no anisotropy, in our calculations we include a uniaxial

anisotropy along the z axis and focus on its effect on the

annihilation field. We start calculating the anisotropy energy

contribution of the system that is given by

WK ¼ �LKz

ð
ð~m � ẑÞ2qd/dq; (5)

where Kz> 0 is the anisotropy constant and ẑ is the easy

axis. From this expression, the contribution to the energy of

the core due to the anisotropy comes only from the core

region inside the dot. From Fig. 2, we obtain

/m ¼ arccos
x2 þ b2 � R2

2xb

� �
; (6)

and

qm ¼ x cos /þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2 � x2 þ x2 cos2 /

p
: (7)

Using these expressions, we can write Eq. (5) as

WK ¼ �2KzL

ð/m

0

ðb

0

m2
z qdq

� �
d/

�2KzL

ðp

/m

ðqm

0

m2
z qdq

� �
d/; (8)

WK ¼ �KzLb2sec�1 2bx

b2 � R2 þ x2

� �
ð3� 2 ln 4Þ � G: (9)

In this expression, m2
z ¼

�
1� 4b2q2=ðb2 þ q2Þ2

�
and G rep-

resents the contributions to the anisotropy energy shown in

the dark regions in Fig. 2(a),

G ¼ 2KzL

ðp

/m

ðqm

0

1� 4b2q2

ðb2 þ q2Þ2

 !
q dq

" #
d/: (10)

When /mðx! RÞ � p=2 or c ¼ b=R� 1, G can be

approximated to zero at first order of (R – x). However, in

our calculations we considered it explicitly. If the anisotropy

energy is normalized to M2
s V, that is, wK ¼ WK=ðM2

s VÞ, and

using s¼ x/R, c¼ b/R, and V ¼ pR2L, we obtain

wKðsÞ ¼
�Kzc

2

pM2
s

sec�1 2cs

c2 � 1þ s2

� �
ð3� 2 ln 4Þ � gðsÞ;

(11)

FIG. 2. Geometrical relation between

the vortex core, defined by the dotted

line, and the full dot. (a) Illustration of

the angle /m that depends on the radius

of the dot, R, radius of the core, b, and

separation between the centers of the

dot and core, x. (b) Representation of

qm that depends on R, x, and the angle

/ between x and qm.
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where gðsÞ ¼ G=M2
s V. We proceed by minimizing the mag-

netic anisotropy energy with respect to s and evaluating in

the equilibrium displacement where the vortex center

reaches the dot perimeter. In other words, differentiating

Eq. (11) with respect to s and taking the limit s ! 1, we

obtain the value of the contribution of the anisotropy to the

annihilation field

hK ¼ lim
s!1

@wKðsÞ
@s

¼ � Kz

M2
s

cðc2 � 2Þðln 16� 3Þ
p
ffiffiffiffiffiffiffiffiffiffiffiffiffi
4� c2
p � lim

s!1

@gðsÞ
@s

: (12)

In this way, and adding this expression to the annihila-

tion field given by Eq. (3), we obtain the annihilation field

for a nanodot with perpendicular anisotropy,

hanðb;RÞ ¼ 4pF1ðbÞ �
R0

R

� �2

� Kz

M2
s

cðc2 � 2Þð�3þ ln16Þ
p
ffiffiffiffiffiffiffiffiffiffiffiffiffi
4� c2
p � lim

s!1

@gðsÞ
@s

: (13)

IV. RESULTS AND DISCUSSION

Our analyses for the annihilation field are based on the

theoretical approach and on micromagnetic simulations.

From both approaches, we have obtained the dependence of

the annihilation fields with the perpendicular anisotropy.

Also from the simulations, we obtained the evolution of the

magnetic core shape while it moves along the dot.

A. Annihilation fields

The annihilation fields as a function of the disk diame-

ter, for different anisotropies Kz, obtained from both methods

are reported in Figs. 3–5 for L¼ 10, 20, and 30 nm, respec-

tively. From those figures, we observe that the two

approaches evidence a qualitative agreement, showing that

as the diameter of the disks increases, Ban decreases and

becomes less dependent on the anisotropy. However, in spite

of the fact that they have the same magnitude, the analytical

calculations result in larger (�20%) annihilation fields as

compared to the numerical simulations. A maximum of the

curves appears from the micromagnetic simulations that is

not evidenced in the analytical model.

The existence of these maxima, previously reported by

Guslienko et al. for non-anisotropic materials,20 can be quali-

tatively understood by looking into the different contributions

FIG. 3. Annihilation fields versus diameter for dots (a) obtained by micro-

magnetic simulation, and (b) obtained by analytical method. These graphs

show the influence of the value of the perpendicular anisotropy on the anni-

hilation field for different diameters.

FIG. 4. Annihilation fields versus diameter for dots (a) obtained by numeri-

cal calculation and (b) obtained by the analytical method.
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to the energy. In the presence of a vortex at the center of the

dot, an important contribution to the energy comes from the

core. If this core is small compared to the dot radius, its con-

tribution to the total energy is small, but if it is large compared

to the size of the dot, its energy contribution will be important.

In this case, the system will decrease its energy by moving

fast the core to one extreme, leading to a decrease of the anni-

hilation field. Since the size of the core is independent of the

dot diameter,33 this will occur at some specific diameter for

each thickness, leading to a particular value for the maximum

for each thickness.

From the simulations, we also observe that larger aniso-

tropies result in larger core sizes, as shown in Fig. 1. The dis-

agreement between the two methods can be related to a

deformation of the core observed in the micromagnetic simu-

lations, as shown in Sec. IV B. In addition, in our analytical

results we considered only first order terms on s for the

energy contributions and we overestimate the magnetostatic

energy, generating differences between simulations and ana-

lytical calculations for small radii.21 This was previously

reported by Guslienko et al.20 who stated that the rigid core

model overestimates the magnetostatic energy, leading to

differences between theory and simulations that are more

evident for small R, where the model includes larger magne-

tostatic terms.

B. Evolution of the magnetic core shape

In the search for an explanation of the differences

between Ban derived by the analytical method and by numeri-

cal calculation, we studied the shape of the core. From our

micromagnetic simulations, we obtained the shape of the

magnetic vortex core as it moves towards the edge of the disk

under the influence of an applied magnetic field for the maxi-

mum anisotropies, Kmax
z ¼ 300 and 165 kJ=m3 for L¼ 10 nm

and L¼ 30 nm, respectively. Our results, for D¼ 500 nm dots,

are depicted in Figs. 6 and 7. The dark region (blue online) in

these figures represents the core region. The profile of the vor-

tex core at the center of the disk is shown in Fig. 1. By com-

paring these results with the ones presented in Fig. 1, a

gradual deformation of the vortex core is evidenced, exhibit-

ing a nearly elliptical (“banana-like”) shape while reaching

the edge of the dot. Comparing Fig. 1 and Figs. 6 and 7, we

can conclude that the core is circular at the center of the disk

and for B¼ 0; the deformation is maximum when the core

reaches the edge of the disk, immediately before the vortex

annihilation. In Fig. 7(b) for a thicker disk, the core and its de-

formation are enhanced. As the core reaches the disk edge

(y-axis), the xy symmetry is broken; a core with circular sec-

tion would increase the magnetic charges on the edge, and the

appearance of the deformation following the edge surface

reduces the stray fields.

FIG. 5. Annihilation fields versus diameter for dots with (a) and obtained by

numerical calculation and (b) obtained by the analytical method.

FIG. 6. Shape of the vortex core for L¼ 10 nm, D¼ 500 nm, and

Kz¼ 300 kJ/m3 immediately before the annihilation. (a) Profile of the core

along the x axis (red dotted line) and along the y axis (blue continuous line).

(b) Representation of the disk. (c) A detail of the disk section close to the

vortex core.
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This effect has not been considered in developing the

rigid vortex mode, that breaks down in the cases where im-

portant deformations of the vortex core are observed.

For L¼ 10 nm, the core keeps a nearly circular shape

with a deformation d of about 10% for zero anisotropy

(Kz¼ 0), and around 30% for Kz¼ 300 kJ/m3. By comparing

Figs. 1(a)–1(c) with Fig. 6, we observe that the vortex core

deformation is due to an increase of its size along the y axis

and the depth of the magnetization dip. For thicker dots, i.e.,

L¼ 30 nm, the smallest core deformation is d¼ 30% for

Kz¼ 0, and around 100% for Kz¼ 165 kJ/m3. Therefore,

larger anisotropies increase the vortex core deformation,

leading to a core of roughly elliptical section that is not well

described by the rigid vortex model. This is shown in Figs. 6

and 7, where it is more evident the deformation of the vortex

core, as well as the variation in the magnetization dip. It is

important to note that an anisotropy constant higher than

Kz¼ 165 kJ/m3 for L¼ 30 nm is not compatible with a vortex

configuration, as mentioned above.

To investigate the deformation process in a systematic

way, we obtained the deformation d versus the normalized

core position, Pcore/R, where Pcore is the distance of the core

center measured from the center of the disk, divided by the

disk radius (R). Our results are depicted in Figs. 8 and 9, evi-

dencing that the core deformation is not present for B¼ 0,

however, as the field begins to increase, the process of defor-

mation of the core sets in. When Pcore is less than 0.25, the

deformation of the core can be neglected. From this position

onwards the deformation begins to increase, and the maxi-

mum is reached when the core approaches the edge of the

disk. Note that in Figs. 8 and 9 for each thickness (10, 20,

and 30 nm) four curves were plotted for different diameters

(400, 500, 750, and 1000 nm). The inset illustrates a normal-

ized deformation, that is d/L, showing a scaling law for the

deformation of the core. The oscillations superposed on the

curves are artifacts arising from the finite size of the cells.

V. CONCLUSIONS

In summary, by means of an analytical model and nu-

merical simulations we have obtained the annihilation fields

for dots of different thicknesses and anisotropy constants. In

all cases, the annihilation fields decrease with increasing ani-

sotropy constant Kz and with increasing disk diameter, D.

The values of Kz and disk thickness L have a stronger effect

FIG. 7. Change of the shape of the vortex core for L¼ 30 nm, D¼ 500 nm,

and Kz¼ 165 kJ/m3 at positions immediately before annihilation. In (a) pro-

file of the core along the x axis (red dotted line) and along the y axis (blue

continuous line), in (b) image of the disk and (c) a detail of the disk.

FIG. 8. Deformation d ¼ ðry � rxÞ=rx for Kz¼ 0 kJ/m3, L¼ 10, 20, and

30 nm for diameters D¼ 400, 500, 750, and 1000 nm versus normalized core

position (Pcore/R). The inset shows the deformation divided by the disk

thickness, for different values of L, versus relative core positions. Note that

a scaling law is apparent.

FIG. 9. Deformation d ¼ ðry � rxÞ=rx for Kz¼ 100 kJ/m3, L¼ 10, 20, and

30 nm for diameters D¼ 400, 500, 750, and 1000 nm versus normalized core

position (Pcore/R). The inset shows the deformation divided by the disk

thickness, for different values of L, versus relative core positions. Note that

a scaling law is apparent.
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on the annihilation fields of the smaller disks. However, they

influence in an inverse way the annihilation field; whereas

the increase in thickness increases the annihilation field,

from the analytical results using the rigid vortex model, the

increase in anisotropy decreases this field. Finally, we have

shown the variation in the deformation of the vortex core d
as a function of the perpendicular anisotropy and disk thick-

ness. The occurrence of this deformation evidenced in the

micromagnetic simulations suggests that it has to be taken

into account in the description of the dynamics of the mag-

netic vortices. The deformation of the core does not scale

with the radius of the disks, it is only related to the relative

position of the core.
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