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We report a theoretical investigation of interface effects in the magnetic order of interface biased

iron and PermalloyTM elliptical nano-elements. Contrary to intuition, there is a partial pinning of

the interface layer, favoring double vortex states along the hysteresis loop. Interface biasing affects

the relative chirality and the distance of the vortices. Unbiased nanoelements may nucleate vortex

pairs with the same chirality separated by an antivortex. For interface biased nanoelements the vortex

pair forms with opposite chirality separated by a magnetic domain. VC 2011 American Institute of
Physics. [doi:10.1063/1.3537924]

There are two interesting ways of tailoring the magnetic

states and hysteresis loops of soft ferromagnetic materials.

Patterning ferromagnetic materials in small nano-elements

leads to an enhancement of demagnetizing field effects,

favoring the formation of flux closure states, notably the vor-

tex state of circular nano-elements and the Landau state of

square nanoelements.1,2 On the other hand, by exchange cou-

pling a ferromagnetic material to a large uniaxial anisotropy

antiferromagnetic substrate, one adds an extra source of

exchange energy, favoring the formation of uniform states.3,4

Experimental results for PermalloyTM biased elliptical

dots show that the nature of the magnetization reversal is

mostly determined by the shape anisotropy and the exchange

bias plays a lesser role compared to the circular dots. However,

for certain combinations of aspect ratios and applied fields,

varying the direction of the exchange bias can trigger a change

of the magnetization reversal from a reversal via vortex forma-

tion to a reversal dominated by magnetization rotation.5

Interface biased patterned nanostructured systems offer

a particularly interesting scenario for the investigation of ge-

ometrical constrictions, as well as exchange bias, on the

magnetic phases and reversal mechanisms of ferromagnetic

materials. Recent work on exchange biased patterned struc-

tures has, most often, focused on systems with constrictions

of the order of micrometers. There are reports claiming that

exchange bias inhibits vortex formation and others indicating

the presence of vortexlike features in the hysteresis loops.6

In this paper we report a theoretical investigation of the

nucleation of vortex pairs along the hysteresis loops of inter-

face biased iron (Fe) and PermalloyTM (Py) elliptical nano-

elements with an aspect ratio around 0.5, and height from

20–30 nm and lateral dimensions of a few hundred nano-

meters. For iron7 and PermalloyTM 8 the exchange lengths

are 11.2 nm and 15.5 nm. The chosen geometrical dimen-

sions are of the order of a several exchange lengths. Thus,

there is room for formation of nonuniform states within the

layers parallel to the interface.

The point of choosing Fe and Py elliptical nano-elements

with dimensions in the near-100 nm range is that under these

geometrical confinement conditions the nucleation multiple

vortices states or domain walls is unlikely. Furthermore, flux

closure states are most likely formed in nano-elements with

large saturation magnetization. Therefore it might be interest-

ing to investigate exchange biased soft nano-elements with

large and small saturation magnetization.

Interface bias is aimed at producing stabilization of a uni-

form magnetic structure in the nano-element. It is therefore

intuitive to expect that the stronger the interface field strength,

the more uniform the magnetic state of the nano-element, and

the more likely it is to have square hysteresis curves.

We show presently that, contrary to intuition, the inter-

face field induces the nucleation of vortex pairs along the

hysteresis curve. Furthermore, interface bias affects the rela-

tive chirality and the distance between the vortices.

The uniaxial anisotropy easy axis is parallel to the inter-

face field along the in-plane x axis, and we assume that the

antiferromagnetic substrate is held frozen in the antiferromag-

netic order. The magnetic structure is described in terms of the

magnetic moments of small cubic cells with edge d smaller

than the exchange length. The energy density is given by:
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where the first term is the intrinsic exchange energy, re-

stricted to nearest-neighbor cells and A is the ferromagnetic

exchange stiffness. The second term is the interface exchange

energy, and the sum is restricted to the first layer of cells at

the interface. The third term is the Zeeman energy, the fourth

term is the anisotropy energy, and the last term is the

a)Also at Department of Physics, UFRN, Natal, RN, Brazil 59072-970.
b)Author to whom correspondence should be addressed. Electronic mail:

dantasal@gmail.com. Fax: þ558432078789.

0021-8979/2011/109(7)/07D314/3/$30.00 VC 2011 American Institute of Physics109, 07D314-1

JOURNAL OF APPLIED PHYSICS 109, 07D314 (2011)

http://dx.doi.org/10.1063/1.3537924
http://dx.doi.org/10.1063/1.3537924


magnetostatic energy. MS is the saturation magnetization, m̂i

is the direction of the magnetic moment of the ith cell, and nij

is the distance between the cells i and j in units of cell size d.

We use a simulation cell with edge d¼ 3 nm, for iron, d¼ 5

nm for PermalloyTM, and the values for the iron and Permal-

loyTM parameters are shown in Table I. The effective

exchange field, coupling neighboring cells, is HE ¼ A=MSd2.

The equilibrium states are found using a self-consistent

algorithm.9,10 For each value of the external field strength,

the equilibrium configuration is found by seeking a set of

directions of the moments in all cells ðm̂i; i ¼ 1; :::; NÞ
which makes the torque in each one equal to zero, within rea-

sonable numeric precision. Convergence is checked to guar-

antee a maximum torque of 10�26 J in any one of the cells.9

In Fig. 1 we show the hysteresis curves of interface bi-

ased and unbiased (in the inset) 170 nm� 80 nm� 30 nm

iron elliptical nanoelements, for an interface field of

Hint¼ 8.17 kOe. For the unbiased nano-element, the magnet-

ization reversal is mediated by the nucleation of a vortex

pair aligned along the major axis direction with the same

chirality, separated by an antivortex, as shown in the panels

(a) and (b) for the spin maps at the upper and lower branch

reversal fields H¼�0.3 kOe and H¼ 0.3 kOe, respectively.

For a higher external field, the region aligned with the exter-

nal field increase (marked with a white arrow) increases, and

the vortex pair plus the antivortex structure is expelled at the

vanishing domain side of the nano-element. Along this route,

starting at the reversal field until annihilation, the vortex

core distance is kept constant at around 50 nm.

The interface field inhibits the antivortex formation and

the reversal process involves the nucleation of a vortex pair

with opposite chirality, separated by a magnetic domain. The

vortex pair is not aligned along the major axis direction.

Instead, at the reversal field (H¼�0.625 kOe), in the upper

branch [marked (c) in Fig. 1] the central domain at the inter-

face turns to the interface field direction (see bottom left panel

in Fig. 2), whereas in the surface layer the central domain

turns to the external field directions (see top left panel in

Fig. 2).

By further increasing the external field in the direction

opposite to the interface field the vortices are pulled in oppo-

site directions and are eventually expelled at opposite sides

of the nano-element. Along the way to saturation in the

direction opposite to the interface field the distance between

the vortex cores changes from about 74 nm at the nucleation

field (H¼�0.625 kOe), to about 81 nm at the annihilation

field (H¼�1.5 kOe).

The lower branch reversal [marked (d) in Fig. 1] occurs

at H¼�0.1 kOe, with the interface layer almost aligned

with the interface field direction (see bottom right panel in

Fig. 2) and a vortex pair with opposite chirality separated by

a diamond domain perpendicular to the external field (see

top right panel in Fig. 2). By further increasing the external

field, the central domain turns to the external field direction,

pushing the vortices in opposite directions until they are

expelled from the nano-element.

In Fig. 3 we show the hysteresis curves for interface bi-

ased and unbiased (in the inset) 200 nm� 100 nm� 20 nm

PermalloyTM elliptical nano-element for an interface field of

Hint¼ 6.25 kOe. As seen in the inset of Fig. 3, the magnet-

ization reversal occurs via uniform rotation for the unbiased

nano-element as shown by the square hysteresis loop.

The reversal of the interface biased nano-element

involves nucleation of vortex pairs. As shown in Fig. 3 there

is a drop in the magnetization to about almost zero at an

external field value of �1.5 kOe, and a subsequent reorienta-

tion, at H¼�0.3 kOe, to near saturation value in the reverse

direction.

In the central panel we show the magnetic state for

H¼�1.5 kOe at the reversal field of the upper branch. Vortex

pairs form at the surface and interface layer, and separated

domains turned slightly toward the external field and interface

field directions, respectively. The vortex pairs at the surface

and interface are displaced, and the distance between both

vortices is controlled by the strength of the external field.

TABLE I. Magnetic parameters.

Fea,b Pyc

Ms (A=m) 1.7� 106 0.8� 106

A (J=m) 2.5� 10�11 1.3� 10�11

K(J=m3) 4.7� 10�4 zero

aReference 11.
bReference 12.
cReference 13.

FIG. 1. (Color online) Hysteresis curves for an interface biased and unbiased

(inset) 170 nm� 80 nm� 30 nm iron nano-element. The panels show the

magnetic states at the vortex pair nucleation fields for the unbiased nano-ele-

ment for (a) H¼�0.3 kOe and (b) H¼ 0.3 kOe. The color bar code indicates

the polar angle.

FIG. 2. (Color online) Magnetic states at vortex pair nucleation fields along

the hysteresis loop of an interface biased 170 nm� 80 nm� 30 nm iron ellip-

tical nano-element. The left and right panels show the spin maps at the points

(c) for H¼�0.625 kOe and (d) H¼�0.1 kOe, respectively. The color bar

code indicates the polar angle.
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In the right panel of Fig. 3 we show the magnetic state at

the reversal in the lower branch, for H¼�1 kOe. It is intrigu-

ing that, contrary to intuition, the interface layer accommo-

dates a pair of vortices of opposite chirality and polarity,

whereas in the surface layer (top right panel), the magnetiza-

tion is almost uniform. Howsaturation occurs along the exter-

nal field direction involves the rotation of the surface domain

as well as that of the central domain at the interface layer

expelling the vortices at opposite sides of the nano-element.

In summary we have shown that interface biasing favors

vortex pair nucleation along the hysteresis loop of iron and

PermalloyTM elliptical nano-elements with geometrical dimen-

sions in the few–100 nm range. Also, the distance as well as

the relative chirality of vortex pairs in iron nano-elements may

be affected by the interface exchange energy.We also notice

that the vortex pairs form with opposite core polarity when

there is a domain between them. However, as shown in Fig. 1

the vortex cores have the same polarity when separated by an

antivortex of opposite polarity.

The key point is that vortex pair nucleation allows a

reduction of the dipolar energy, as well as the Zeeman and

interface exchange energy.

Vortex pair nucleation is favored by large values of the sat-

uration magnetization, which demand a small surface charge at

the lateral surfaces of the nano-element. Furthermore, it is also

favored by large values of the interface field strength, which

requires large fractions of the interface spins aligned with the

interface field.

Our results suggest using the interface bias field as a

possible manner to control the relative vortex chirality and

the distance between the vortex cores. This might be a prom-

ising way to tailor synchronization of vortex pair dynamics

for nano-oscillator applications.
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