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A structure consisting of two concentric asymmetric nanorings, each displaying vortex remanent

states, is studied with micromagnetic calculations. By orienting in suitable directions, both the

asymmetry of the rings and a uniform magnetic field, the vortices chiralities can be switched from

parallel to antiparallel, obtaining in this way the analogue of the ferromagnetic and

antiferromagnetic configurations found in bar magnets pairs. Conditions on the thickness of single

rings to obtain vortex states, as well as formulas for their remanent magnetization are given. The

concentric ring structure enables the creation of magnetoresistive systems comprising the qualities

of magnetic nanorings, such as low stray fields and high stability. A possible application is as

contacts in spin injection in semiconductors, and estimations obtained here of magnetoresistance

change for a cylindrical spin injection based device show significant variations comparable to

linear geometries.VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4914346]

I. INTRODUCTION

Magnetic rings have been considered as memory sys-

tems, promising high density and stability.1–7 In perfectly

symmetric magnetic rings, at zero external field, there appear

two characteristic states, one with a head-to-head and a tail-

to-tail domain wall, the “onion state” or “O,” and another

unique circular domain called the “vortex state” or “V.”

Trying to attain any of those states by applying uniform

external magnetic fields does not lead to deterministic

results.1 Other possible configuration is the “twisted” state

that consists of a “V” state containing a 360� domain wall.6

In asymmetric rings, however, it has been experimentally

found that the “V” state dominates at zero external field, this

depending on the dimensions of the ring and the direction of

the field.8–11 Moreover, the chirality of the vortex can be

manipulated by changing the external field direction. The

above properties have been confirmed by direct measure-

ments with several experimental techniques.1,10–12

In electrical spin injection in semiconductors, ferromag-

netic electrodes are used to create and detect spin polarized

currents in a semiconductor channel.13 Unlike spin valves

and magnetic tunnel junctions, which use multi-layered sys-

tems and currents perpendicular to the planes, spin injection

devices are usually fabricated in lateral geometries like the

Datta-Das spin transistor.14 Spin injection, transport, and

detection in GaAs and Si have been demonstrated by several

approaches, including optical, local, and non-local transport

measurements, and the hot-electron method.13,15–18 The

ferromagnetic electrodes used in transport measurements are

rectangular shaped thin film magnets, i.e., bar magnets. Bar

magnets have high stray magnetic fields at the ends along

their easy axis of the order of the saturation magnetization,19

so contacts must have dimensions of several micrometers to

reduce the influence of the stray fields on measurements.

Magnetic nanorings have low or ideally no stray fields, in

the case of perfectly symmetric rings, and portray robust

magnetic states that make them well suited as contacts for

spintronics devices. It is, however, necessary for the devel-

opment of a procedure to achieve the equivalent of the

ferromagnetic and anti-ferromagnetic configurations of bar

contact pairs, and this is given below along with estimations

of the magnetoresistance of a spin injection based device.

II. NUMERICAL CALCULATIONS

A diagram of a ring is shown in the inset of Fig. 1,

displaying the dimensions: the external circumference radius

FIG. 1. Hysteresis curves for rings of t¼ 15 nm, radii b¼ 400 nm, and

a¼ 300 nm at different shifts s of inner circumference. The optional return

paths are obtained by inverting the external field once the “V” state is

attained. In the enclosed area, the rings are in anti-clockwise vortex states.

As the applied field goes to 6106A/m, mx approaches 61 (not shown in

figure).
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b and the internal radius a. The vector difference between

the center of the inner and outer circumferences s was ori-

ented along the �y axis for all calculations of individual

rings. The magnetic parameters of permalloy were used,

namely, saturation magnetization Ms¼ 8.5� 105A/m, and

exchange coupling A ¼ 1:3� 10�11 J=m. Equilibrium mag-

netic configurations were obtained by solving the Landau-

Lifshitz-Gilbert equation with the Nmag 2.0.1 software

package.20,21 The meshes were obtained with a three dimen-

sional tetrahedral mesher, considering a maximum mesh size

of 5 nm. The calculations were made in order to find appro-

priate rings dimension for the existence of remanent “V”

states, and to obtain the hysteresis loops, for magnetic fields

ranging from �106A/m up to 106A/m applied in the x

direction.

The sizes of the rings considered for the calculations

were the following: for rings with fixed b¼ 200 nm, inner

radii a¼ 50, 100, and 150 nm, and thickness values t¼ 5, 10,

15, and 20 nm were used. Rings with b¼ 600 nm and

a¼ 450 nm, b¼ 400 nm and a¼ 300 nm, and b¼ 100 nm and

a¼ 75 nm, and thickness t¼ 10 nm and 15 nm were also con-

sidered. The value of s was in all cases 0, b/200, 2b/200, and

3b/200.

III. VORTEX STATES

Only rings with 15 nm and 20 nm thicknesses showed

remanent vortex states, independent of their radii. To under-

stand this thickness dependence, some insight into the differ-

ent magnetic configurations exhibited by the rings is needed.

At high external field, the magnetization aligns with the field

and the average relative magnetization is close to 1 (see

Fig. 1). As the external field is reduced, two domain walls

(head-to-head and tail-to-tail) appear on opposite sides of the

ring, and stabilize at different positions depending on the

external field magnitude. When the external field is close to

zero, for very thinner rings, the domain walls form a stable

360� wall, the analogue of the “twisted” state.6 For thicker

rings, however, the walls collapse and the “V” state appears.

The “V” state continuously changes its shape under the influ-

ence of increasing external fields, until two domain walls

appear again.

The formation of the vortex state requires that the head-

to-head and tail-to-tail domain walls annihilate each other.

This annihilation is only possible if a vortex wall is formed

during the process, as it is discussed elsewhere23 based on a

topological defects analysis, but the formation of this vortex

wall is forbidden energetically in thin and narrow ferromag-

nets.22,23 Therefore, for a defined range of rings width, a

threshold ring thickness is expected for vortex states. For the

permalloy rings studied in this work, the threshold lies

between 10 and 15 nm. Fabrication defects may increase this

threshold by creating pinning points for the domain walls,

and it may be necessary to experimentally determine it by,

for example, patterning ring arrays of different thicknesses

and comparing their hysteresis curves with calculations.

The remanence, i.e., the average of magnetization at

zero external field, can be used to probe the existence of the

“V” state in a ring, since it will have the minimum

remanence compared to any other state. The configuration

with the closest value, the “twisted” state, has a remanence

of magnitude of several percentage higher, as it can be seen

from the numerical results shown in Fig. 2. The remanence

in the “V” state can be calculated numerically, but can also

be estimated on a geometrical basis. Assuming that the mag-

netization m is approximately parallel to the borders of the

ring and to its median circumference, it can be derived for

s� a

m � ĥ þ
s

b� a
cos h r̂ �

s aþ bð Þ

2r b� að Þ
cos h r̂ (1)

for anticlockwise sense, where r̂ and ĥ are the unitary cylin-

drical vectors at an angle h and a radius r of a coordinate

system centered at �sŷ=2. By averaging (1) in the volume of

the ring, the x component of the remanent magnetization is

calculated to be

mx � �
s

2 b� að Þ
: (2)

Fig. 2 shows plotted results obtained with Eq. (2) vs the cor-

responding values of mx obtained from numerical hysteresis

curves. A value of �0.99 for the slope of the fitted curve

indicates good agreement, suggesting the magnetization of

Eq. (1) is a good model for the vortex state and that the sim-

ple equation (2) is a fair estimative of the remanence value.

IV. CONCENTRIC ASYMMETRIC RINGS

Two different structures of concentric asymmetric rings

were studied by micromagnetic calculations. Figs. 3(a) and

3(b) show the first system, where the displacements s

were oriented in opposite directions. At high external field

(Fig. 3(a)), the magnetizations of both rings are saturated.

When the external field is removed, vortex states are

obtained, and the chiralities are found to be antiparallel (see

Fig. 3(b)). This system displays the equivalent of an antiferro

FIG. 2. Comparison of values of mx obtained from Eq. (2) for remanent

magnetization at zero external field vs numerical results num_mx, in abso-

lute value. Unfilled symbols correspond to rings in the vortex state, and

filled symbols to rings in the “twisted” state.
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configuration between the rings at zero external field, but it

requires the permanent application of a high external field to

have parallel magnetization (Fig. 3(a)).

It must be noticed that it is not necessary to apply the

external field perpendicular to the asymmetry axis of the

ring, to get the “V” state, a fact that was already reported11

for individual rings. That is because the chirality of the rema-

nent magnetization is determined by the magnetization com-

ponent perpendicular to s of the wider part of the ring at

saturation.

Taking advantage of this fact, a second system of con-

centric rings shown in Figs. 3(c)–3(f) was considered. The

displacements s were now oriented in perpendicular direc-

tions. For the smaller ring, it was chosen s ¼ sx̂, and s ¼ sŷ

for the larger one. By first saturating along the �x̂ þ ŷ direc-

tion (Fig. 3(c)) and then removing the external field, the chir-

alities are found to be parallel (Fig. 3(d)). Alternatively, by

saturating in the �ðx̂ þ ŷÞ direction (Fig. 3(e)), the chiralities
are found to be antiparallel when the external field is set to

zero (Fig. 3(f)).

Then, parallel and antiparallel remanent chiralities can

be obtained in the rings by changing the saturation field

direction, obtaining the equivalent of ferro and antiferro con-

figurations of bar magnets. This represents a radically differ-

ent approach to current geometries, where parallel or

antiparallel magnetic configurations are set by exploiting the

magnets coercive field dependence on width or by the use of

pinning layers. In this particular system of Figs. 3(c)–3(f),

the stray fields between the rings were found to be of the

order of 103A/m, a low value compared to the saturation

magnetization of permalloy.

V. SPIN INJECTION WITH CYLINDRICAL CONTACTS

By patterning asymmetric concentric ferromagnetic

nanoring electrodes with a tunneling barrier on a semicon-

ductor substrate, with suitable barrier, interface, and spin

resistances,14 stable states of parallel and antiparallel mag-

netization chiralities can be set for spin injection and detec-

tion. The spatial dependence of the spin will have, however,

some differences compared to linear geometries. The spin

density S of an ensemble of spins in a purely diffusive

regime and without magnetic fields is determined by the

special case of the Bloch-Torrey equations24,27

@S

@t
¼ Ds r2S�

S

L2

� �

; (3)

where L is the spin diffusion length and Ds the diffusion con-

stant. In the linear one-dimensional case, S will fall as e�jxj=L

away from a source at x¼ 0. In a steady state two-

dimensional system with axial symmetry, Eq. (3) reduces to

the modified Bessel equation in the radial coordinate. For

spin injection by a ring source in the vortex state, solutions

of the form S ¼ SðrÞĥ are looked for. Then it is found that S

varies as I1ðr=LÞ inside the zone limited by the ring and

as K1ðr=LÞ out of it, where I1 and K1 are modified Bessel

functions of the first and the second kind, respectively.

For r � L, the function I1ðr=LÞ � r=2L and K1 diverges as

L/r, and for r � L; I1ðr=LÞ �
ffiffiffiffiffi

L
2pr

q

er=L and K1ðr=LÞ

�
ffiffiffiffi

pL
2r

q

e�r=L.25

Considering a 1-D channel for spin along a direction r̂ ,

with possible 6ĥ spin directions, the spin accumulation

Dl ¼ lþ � l� is proportional to S(r), as Dl is proportional

to the modulus of the electronic out of equilibrium magnet-

ization that is also proportional to S.26,27 The functions I1
and K1 consider the metrics and the overlap of spin coming

from opposite sides of the ring. They are valid for the surface

of the semiconductor substrate in the space between the rings

in a 3D real system.

The Valet and Fert approach14,26 was used to estimate

the resistance change between parallel and antiparallel chir-

alities in a concentric ring system. A model of three contigu-

ous regions (I), (II), and (III) was considered. In the outer

regions (I) and (III), corresponding to the ferromagnetic con-

tacts, the linear solutions were used, and only in the central

region (II), where the semiconductor material lies, the axially

symmetric solution was used

FIG. 3. (a) and (b): System of two asymmetrical rings with dimensions

t¼ 15 nm, b¼ 400 nm, a¼ 300 nm, s¼ 20 nm ŷ and b¼ 200 nm,

a¼ 100 nm, s¼� 20 nm ŷ. (a) Both rings are saturated in the �x̂ direction

by the effect of a field of 106A/m. (b) After the external field is removed,

the rings are in the “V” state with opposed rotation sense. (c)–(f) System

with parameters t¼ 15 nm, b¼ 400 nm, a¼ 300 nm, s ¼ 20 nm ŷ and

b¼ 200 nm, a¼ 100 nm, s¼ 20 nm x̂. (c) Field of 106A/m applied in

ð�x̂ þ ŷÞ direction (d) No external field. (e) Field of 106A/m applied along

�ðx̂ þ ŷÞ. (f) No external field.
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ðIÞ for x in ½�r0; �r1	;

DlI ¼ Aeðx��r1Þ=LF ; �r1 � �r0 � LF; (4)

ðIIÞ for x in ½�r1; �r2	;

DlII ¼ BI1½x=LN 	 þ CK1½x=LN 	; (5)

ðIIIÞ for x in ½�r2; �r3	;

DlIII ¼ De�ðx��r2Þ=LF ; �r3 � �r2 � LF; (6)

with LN and LF as the spin diffusion length in the semicon-

ductor and ferromagnetic materials, respectively, and A, B,

C, and D as constants that must be determined. Using spin

dependant interface resistances rþð�Þ ¼ 2rbð1� ðþÞcÞ, spin
dependant resistivity in the ferromagnetic material q"ð#Þ
¼ 2ð1� ðþÞbÞqF and in the semiconductor q"ð#Þ ¼ 2qN , and

imposing boundary conditions on the chemical potentials l
6

and currents J6
14,26 described in the Appendix, it is found

that the resistance change is given by

DR ¼ 2rNLNð�r1 þ �r2ÞðbrF þ crbÞ
2=ðQþ PÞ; (7)

with

Q ¼ kI0
�r2

LN

� �

� lI1
�r2

LN

� �� �

mK0

�r1

LN

� �

þ nK1

�r1

LN

� �� �

; (8)

P ¼ �mI0
�r1

LN

� �

þ nI1
�r1

LN

� �� �

kK0

�r2

LN

� �

þ lK1

�r2

LN

� �� �

; (9)

k ¼ �r2ðrb þ rFÞ; (10)

l ¼ LNðrb þ rFÞ � �r2rN; (11)

m ¼ �r1ðrb þ rFÞ; (12)

n ¼ LNðrb þ rFÞ þ �r1rN; (13)

rF ¼ qFLF; (14)

rN ¼ qFLN: (15)

As discussed elsewhere,14 this expression must be compared

to a periodic structure in a ferromagnetic or parallel configu-

ration with resistance RP. The details for the calculation of

RP are given in the Appendix.

In Fig. 4, the ratio DR=RP is plotted as a function of the

interface resistance rb for cobalt parameters used in similar

calculations,14 with LN taken from Ref. 13, and listed in Fig.

4. For those parameters, it is seen that the resistance differ-

ence has a significant maximum in a window of about two

orders of magnitude of interface resistance centred at the

maximum, approaching DR=RP ratios calculated for parallel

1-D geometries (see Fig. 3 in the work of Fert and Jaffrès14).

In the same figure, the ratio DR=RP is plotted for a lower

rF ¼ 2:9� 10�16
Xm2 closer to permalloy, calculated using

a resistivity of 5:8� 10�8
Xm and LF ¼ 5 nm,28 and a rN ¼

3 �10�11
Xm2 obtained using the same LN ¼ 600 nm but a

different resistivity of 5� 10�5
Xm for highly doped silicon,

in order to guarantee a narrow depletion region.13 The value

of rF has little influence on the position of the peaks of the

curves that seem to be close to rN. Optimum resistance area

ratios rb for a given geometry can be determined from the

formulas derived here for DR and RP to choose the appropri-

ate tunnel barrier that for the last parameters corresponds to

rb � 1:6� 10�11
Xm2. Then the concentric nanorings struc-

ture represents a viable geometry for spin injection devices.

VI. CONCLUSION

For the permalloy parameters used here, it is found by

numerically solving the LLG equation that the vortex state

readily forms for nanorings of thickness equal or greater

than 15 nm. An analytic expression is given for the magnet-

ization of the rings in the vortex states, and by averaging it, a

formula is obtained for the remanence that can serve to test

the presence of the state through hysteresis curve measure-

ments. Vortex states are also found to be possible in concen-

tric asymmetric rings, and a geometry, where their chiralities

can be switched from parallel to antiparallel by uniform

external fields is proposed for spin injection experiments in

semiconductors. Expressions for the resistance variations

between parallel and antiparallel chiralities are found, and

significant values comparable to linear systems can be

obtained by using suitable interface resistances.
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APPENDIX: MAGNETORESISTANCE CALCULATION

The following equations describe the chemical poten-

tials and currents in the three regions for the parallel

configuration:

lI6 x½ 	 ¼ JzeqF 1� b2
� �

6
A

2
17bð Þe x��r 1ð Þ=LF ; (A1)

JI6 x½ 	 ¼
J

2
16bð Þ6

A

4erF
e x��r1ð Þ=LF ; (A2)

FIG. 4. Relative resistance variation vs interface resistance. Parameters used

for continuous line curves are rF ¼ 4:5� 10�15
Xm2 (Cobalt),

rN ¼ 4� 10�9
Xm2; LN ¼ 600 nm; LF ¼ 60 nm, tF¼LF, b ¼ 0:46; c ¼ 0:5,

and for dashed curves rF ¼ 2:9� 10�16
Xm2 (Permalloy), rN ¼ 3

�10�11
Xm2 (highly doped silicon), LF ¼ 5 nm, same LN, b, and c.
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lII6 x½ 	 ¼ JzeqN þ KII6
1

2
BI1 x=LNð Þ þ CK1 x=LNð Þð Þ; (A3)

JII6 x½ 	 ¼
J

2
6

1

4erN
BI01 x=LNð Þ þ CK0

1 x=LNð Þ
� �

; (A4)

lIII6 x½ 	 ¼ JzeqF 1� b2
� �

þKIII6
D

2
17bð Þe� x��r2ð Þ=LF ; (A5)

JIII6 x½ 	 ¼
J

2
16bð Þ7

D

4erF
e� x��r2ð Þ=LF ; (A6)

where e is the electron charge and J ¼ Jþ þ J� is the total

current. The boundary conditions are

lII6½�r1	 � lI6½�r1	 ¼ er6JI6½�r1	; (A7)

lIII6½�r2	 � lII6½�r2	 ¼ er6JIII6½�r2	; (A8)

JIþ½�r1	 ¼ JIIþ½�r1	; (A9)

JIIþ½�r2	 ¼ JIIIþ½�r2	: (A10)

Solving for the unknown constants, the resistance is then cal-

culated by

Rpa ¼
1

2eJ
lIIIþ �r3½ 	 þ lIII� �r3½ 	 � lIþ �r0½ 	 � lI� �r0½ 	
	 


: (A11)

For the anti-ferromagnetic configuration, the indexes in

region (III) and the boundary resistance at �r2 are exchanged,

i.e., 6! 7. The resistance Ra is then calculated by the

same formula for Rpa is given in (A11). Equation (7) is

obtained by calculating DR ¼ Ra � Rpa. A fictitious system

is used to calculate the periodic resistance RP. Again, solu-

tions for a linear system are used in the outer regions and

axially symmetric solutions in the central region

ðIÞ for x in ½�r1 � tF=2; �r1	;

DlI ¼ A cosh½ðx� ð�r1 � tF=2ÞÞ=LF	

þB sinh½ðx� ð�r1 � tF=2ÞÞ=LF	; (A12)

ðIIÞ for x in ½�r1; �r2	;

DlII ¼ CI1ðx=LNÞ þ DK1ðx=LNÞ; (A13)

ðIIIÞ for x in ½�r2; �r2 þ tF=2	;

DlIII ¼ E cosh½ðx� ð�r2 þ tF=2ÞÞ=LF	þ

þF sinh½ðx� ð�r2 þ tF=2ÞÞ=LF	; (A14)

where the inner and outer ferromagnetic contacts have thick-

ness tF=2. Periodic conditions are established between the

outer surfaces, namely, JI6½�r1 � tF=2	 ¼ JIII6½�r2 þ tF=2	 and
DlI6½�r1 � tF=2Þ	 ¼ DlIII6½�r2 þ tF=2Þ	, giving A¼E and

B¼F. The resistance RP can be obtained then by the same

procedure used to get Rpa. The result is

RP ¼ a1 þ
a2

a3
þ

a4

a3 a5 þ a6ð Þ
; (A15)

with

a1 ¼ 2 1� cð Þrb þ qN �r2 � �r1ð Þ � 2 1� bð ÞbrFtanh
tF

2LF

� �

;

(A16)

a2 ¼ 2rc2

�

rN DK1DI
0
1 � DI1DK

0
1

� �

þ 2 1� cð Þrb þ 1� bð ÞrFtanh
tF

2LF

� �� �

� DI01K
0
1

�r1

LN

� �

� DK0
1I

0
1

�r1

LN

� �� ��

; (A17)

a3 ¼ rNcosh
tF

2LF

� �

DK1DI
0
1 � DI1DK

0
1

� �

þ 2rc1 DI01K
0
1

�r1

LN

� �

� DK0
1I

0
1

�r1

LN

� �� �

; (A18)

a4 ¼ 2sinh
tF

2LF

� �

r2c2r
2
N RK1DI

0
1 � RI1DK

0
1

� �

� DK1RI
0
1 � DI1RK

0
1

� �

(A19)

a5 ¼ 2sinh
tF

2LF

� �

rN I1
�r1

LN

� �

cosh
tF

2LF

� �

rNDK1 þ rc1DK
0
1

� �

 

�K1

�r1

LN

� �

cosh
tF

2LF

� �

rNDI1 þ rc1DI
0
1

� �
�

þ rNrF DK1DI
0
1 � DI1DK

0
1

� �

; (A20)

a6 ¼ 2sinh
tF

2LF

� �

rc1rN RI1K
0
1

�r1

LN

� �

� RK1I
0
1

�r1

LN

� �� �

þ 2rc1rc3 DI01K
0
1

�r1

LN

� �

� DK0
1I

0
1

�r1

LN

� �� �

(A21)

and with

I01 z½ 	 ¼
1

2
I0 zð Þ þ I2 zð Þ½ 	; (A22)

K0
1 z½ 	 ¼ �

1

2
K0 zð Þ þ K2 zð Þ½ 	; (A23)

DI1 ¼ I1
�r2

LN

� �

� I1
�r1

LN

� �

; (A24)

DK1 ¼ K1

�r2

LN

� �

� K1

�r1

LN

� �

; (A25)

RI1 ¼ I1
�r2

LN

� �

þ I1
�r1

LN

� �

; (A26)

RK1 ¼ K1

�r2

LN

� �

þ K1

�r1

LN

� �

; (A27)

DI01 ¼ I01
�r2

LN

� �

� I01
�r1

LN

� �

; (A28)

DK0
1 ¼ K0

1

�r2

LN

� �

� K0
1

�r1

LN

� �

; (A29)

RI01 ¼ I01
�r2

LN

� �

þ I01
�r1

LN

� �

; (A30)

RK0
1 ¼ K0

1

�r2

LN

� �

þ K0
1

�r1

LN

� �

; (A31)

rc1 ¼ rbcosh½tF=ð2LFÞ	 þ rFsinh½tF=ð2LFÞ	; (A32)
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rc2 ¼ crbcosh½tF=ð2LFÞ	 þ brFsinh½tF=ð2LFÞ	; (A33)

rc3 ¼ rFcosh½tF=ð2LFÞ	 þ rbsinh½tF=ð2LFÞ	: (A34)
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