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We report a theoretical study of vortex pairs in exchange-biased elliptical iron nanoelements. We

show that the remanent state may be tailored to fit vortex pairs with opposite chiralities separated by

a diamond-like domain. Flat nanoelements with lateral dimensions ranging from 115 nm� 425 nm to

195 nm� 425 nm have the core-to-core distance tunable by the interface field strength. VC 2012
American Institute of Physics. [doi:10.1063/1.3670978]

The remanent state of elliptical nanoelements can be

designed to fit a vortex pair along the major axis by tailoring

the nanoelement aspect ratio and controlling the nucleation

mechanism. Vortex pairs with opposite or with the same

chiralities have been reported.1–5 Controlling the distance

between vortex cores may be attractive for the purpose of

tailoring the vortex core size and polarity, as well as the vor-

tex pair excitations.6–8

We show presently that one may control the vortex pair

structure of soft nanoelements by exchange bias.

Nano-patterning soft ferromagnetic materials leads to an

enhancement of demagnetizing field effects.9 Under appropri-

ate size limits, the competition between the dipolar and the

intrinsic exchange fields may favor the formation of flux clo-

sure states, such as single vortex and double vortex states.3

Interface exchange coupling to a large uniaxial anisot-

ropy antiferromagnetic substrate adds an extra means of tai-

loring the magnetic pattern. Larger areas with interface spins

parallel to the interface field are favored. Thus, there are

good chances of breaking the balance between dipolar and

intrinsic exchange energies and changing the magnetic struc-

ture of a vortex pair.

In this paper, we report a theoretical study of vortex

pairs in exchange-biased elliptical iron nanoelements. We

consider flat iron nanoelements, with height of the order of

the iron exchange length, and lateral dimensions ranging

from 115 nm� 425 nm to 195 nm� 425 nm.

Choosing flat nanoelements restricts the possible mag-

netic states. Only magnetic states uniform along the normal

to the surface are allowed. Thus, one may focus on effects of

the lateral dimensions.

We show that there is a large impact of the nucleation

process and the strength of the interface field in the magnetic

pattern of vortex pairs. Furthermore, the modifications

induced by interface bias are larger for narrow nanoelements.

The core-to-core distance may be tuned to vary from

50% up to twice the unbiased value for the Fe 115 nm

�425 nm� 20 nm nanoelement. For Fe 195 nm� 425 mn

� 20 nm, the core-to-core distance varies from 56% up to

175% of the unbiased value. As shown in Fig. 1, this corre-

sponds to maximum compression and stretching of the core-

to-core distance for these nanoelements.

The uniaxial anisotropy easy axis and the interface field

are both in-plane and along the minor axis (x axis), and the

antiferromagnetic substrate is held frozen in the antiferro-

magnetic order. The major axis is along the y-axis.

We use cubic simulation cells with edge d ¼ 5 nm, and

the energy density is given by
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where the first term is the intrinsic exchange energy of

nearest-neighbor cells and A is the exchange stiffness. The

second term is the interface exchange energy, restricted to

the interface cells. The third and fourth terms are the Zeeman

and anisotropy energies, and the last term is the magneto-

static energy. MS is the saturation magnetization, m̂i is the

direction of the magnetic moment of the i� th cell, and nij is

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

For the iron magnetic parameters, we use MS¼ 1:7� 106

A/m, A¼ 2.5� 10�11 J/m and K¼ 4.7�10�4 J/m3. The

effective exchange field, coupling neighboring cells, is

HE ¼ A=MSd2.

For each value of the external field strength, the equilib-

rium configuration is found by seeking a set of directions of

the moments in all cells (m̂i, i ¼ 1; :::;N), which makes the

torque smaller than 10�26J in any one of the cells.3,9

We have found that unbiased nanoelements display a

double vortex pattern consisting of vortex cores with opposite

chirality separated by a diamond-like domain (see panels in

Fig. 2). The vortex-domain-vortex (VDV) pattern is stable for

positive and negative values of the interface exchange field.a)Electronic mail: ascarrico@gmail.com.
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We start from saturation at large values of the external

field (6 kOe suffices for all nanoelements in this study), and

the equilibrium pattern for a given value of the external field

is used as the initialization pattern for the next value of the

external field. The remanent state is found by starting from

saturation with the external field either parallel or opposite to

the interface field direction. Each case corresponds to a

nucleation process, leading to either decreasing or increasing

the core-to-core distance, as compared with the unbiased

value.

As shown in Fig. 2 for an unbiased Fe 195 nm� 425 nm

� 20 nm, the nucleation of a non-uniform phase occurs at an

external field of 0.7 kOe and corresponds to a curling state.4

At point A, for an external field value of 0.4 kOe, a VDV state

is formed with most of the magnetic moments along the exter-

nal field direction. The domain between the vortex cores has

the magnetization aligned opposite to the external field, and

the core-to-core distance is 115 nm (see panel A in Fig. 2).

By further reducing the external field and the Zeeman

energy, the central domain and the core-to-core distance get

larger, reaching a core-to-core distance of 185 nm at rema-

nence (H¼ 0).

For an interface field pointing opposite (parallel) to the

external field, the separation between vortex cores gets larger

(smaller) at remanence. Panel C of Fig. 2 shows the vortex

pair for an interface field of 1.7 kOe with a core-to-core dis-

tance of 110 nm (60% of the unbiased value –185 nm).

The vortex pair pattern of narrow nanoelements is likely

to suffer a larger impact of interface bias. The interface field

produces modifications of the balance between dipolar and

intrinsic energies, favoring larger areas with spins aligned

with the interface field direction. This requires larger

changes of the core-to-core distance in the case of narrow

nanoelements.

The unbiased Fe 195 nm� 425 nm� 20 nm nanoelement

displays a vortex pair with core-to-core distance of 185 nm,

FIG. 1. (Color online) Interface field effect on the core-

to-core distance of Fe 115 nm� 425 nm� 20 nm (square

symbol curve) and Fe 195 nm� 425 nm� 20 nm (circle

symbol curve). In the inset, we show the core-to-core dis-

tance of unbiased Fe x(nm)� 425 nm, with height of

15 nm (square symbol curve) and 20 nm (circle symbol

curve).

FIG. 2. (Color online) Magnetization of an unbiased (circle symbol curve) and interface biased (square symbol curve) 195 nm� 425 nm� 20 nm iron nanoele-

ment. The panels show the magnetic structure at the vortex nucleation field (A) and at remanence (B) for the unbiased nanoelement. Panel C shows the mag-

netic pattern of the interface-biased nanoelement for an interface field strength of 1.7 kOe. The number in each panel is the value of the core-to-core distance.
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which is around 45% of the major axis length. Exchange bias

produces a large variation of the core-to-core distance, rang-

ing from 105 nm for Hint¼ 2.9 kOe, up to 275 nm (65% of

the major axis length) for Hint¼ –2.64 kOe (opposite to the

external field).

Exchange bias produces larger effects in the Fe

115 nm� 425 nm� 20 nm nanoelement. The core-to-core dis-

tance for the unbiased nanoelement is 160 nm (around 38% of

the major axis length). In this case, the overall change in the

core-to-core distance is from 80 nm up to 320 nm.

In Fig. 3, we also show the polarity of vortex pair cores.

As seen in the plots of SZ, the polarity of vortex cores of Fe

195 nm� 425 nm� 20 nm does not vary much with com-

pression or stretching of the core-to-core distance. On the

other hand, there is a large variation of SZ from core to core

for the Fe 115 nm� 425 nm� 20 nm nanoelement. When the

cores are compressed together, the values of SZ are almost

the same for both cores. However, for large stretching, there

is a large asymmetry: one of the vortex cores has a negligible

SZ-component and is located at the far end of the nanoele-

ment, away from the diamond domain corner.

In summary, we have shown that the magnetic structure

of vortex pairs of Fe nanoelements can be largely influenced

by interface exchange biasing. The core-to-core distance may

be largely tuned by the interface field in narrow nanoelements.

In the Fe 115 nm� 425 nm� 20 nm, the core-to-core distance

may be varied from 19% and 75% of the major axis. This also

applies to thinner nanoelements (h¼ 15 nm), and the inset in

Fig. 1 may indicate the range of core-to-core distances one

may achieve by interface bias.

We note that the control of the distance between the cores

of vortex pairs may be a key issue for the synchronization of

vortex pair dynamics. Interface bias may thus be helpful in

designing the spectra of tunnel junction nano-oscillators.
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FIG. 3. (Color online) Magnetic phases for maximum stretching and compression of the core-to-core distance of the Fe 115 nm� 425 nm� 20 nm nanoele-

ment (panels A and B) and the Fe 195 nm� 425 nm� 20 nm nanoelement (panels C and D). We also show the z-component of the magnetization along the

y-axis. The number in each panel is the value of the core-to-core distance, and the color bar code indicates the values of the angle with the z-axis.
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