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Frequency dependence of the excitation radius

The projection of the Thiele equation applied to the vortex in the radial uρ and orthoradial uθ axes can be expressed as the

following [1]

Gρθ̇ −Dρ̇− κmsρ = 0 (uρ), (1)

−Dρθ̇ −Gρ̇ = 0 (uθ) (2)

where G is the gyrovector, D is the damping term, D = 2αηπLMS/γ, where α is the Gilbert damping and η is the damping

constant and κms is the magnetostatic vortex stiffness. This can be rewritten including the additional forces due to an applied

polarised current, which are

FSlon‖ = −πσxCbMSLJux = −πσxbJpxMSLCln2(cosχuρ − sinχuθ), (3)

FSlon⊥ = πσzMSLJρuθ, (4)

FFLT =
2

3
πσxCMSLRξFLTJuy =

2

3
CπMSLRJξFLTσx(sinχuρ + cosχuθ), (5)

FOe = −0.85Cµ0MSLRJρuρ (6)

where ρ is the vortex core shift with respect to the disk center, χ is the angle between ux and the vortex core position. The

vortex chirality and core size are given by C and b, respectively, and the thin film saturation magnetisation, thickness and radius

are given by MS , L and R. The spin transfer torque efficiency is given by σ = h̄P/2|e|LMS , where P is the polarisation which,

as shown schematically in Fig. 1 a) in the main paper, has two components, px and pz , which will vary as a function of the

applied perpendicular magnetic field, Hperp. The relative efficiency of the field-like torque, ξFLT , is only relevant in magnetic

tunnel junctions and has been previously reported at ξFLT = 0.4 [2] for strongly asymmetric tunnel junctions, similar to those

reported here.

FIG. 1. Magnetic vortices in magnetic tunnel junctions. a) Schematic of the free layer, in the vortex configuration, and the top layer of the

SAF, with polarisation components px and pz and b) the in-plane magnetic field dependence of the resistance showing the parallel (P), vortex

and antiparallel (AP) states. c) Top view of the current induced forces acting on the vortex core (green dot) due to the Oersted field, FOe, the

Slonczewski torque due to an in-plane and perpendicularly polarised current, FSlon‖ and FSlon⊥, and the force due to the field-like torque for

an in-plane polarised current, FFLT‖.

The force due to the field-like torque associated with a perpendicularly polarised spin current will not actively contribute to the

dynamics of the vortex core, but can result in a deformation of the core itself. The Oersted field will predominantly be important

3

in changing the natural frequency of the vortex by adjusting the potential felt by the core via the confinement, although if the

chirality is aligned opposite to that of the current induced Oersted field, a sufficiently large d.c. current can result in chirality

switching [3].

The Thiele equation, taking into account the spin polarised current, can therefore be rewritten as

Gρθ̇ −Dρ̇− κ(I)ρ+ JΛSlon‖cosχ+ JΛFLT sinχ = 0 (uρ), (7)

−Dρθ̇ −Gρ̇+ aJJρ− JΛSlon‖sinχ+ JΛFLT cosχ = 0 (uθ) (8)

where ΛSlon = −πσxCbMSL and ΛFLT = 2
3πσxCMSLRξFLT , aJ = πMSLpzσ and κ(I) = κms + JκOe where

κOe = 0.85Cµ0MSLR.

For a time varying current, I(t) = Idc+Irf cos(ωSt), a resonant excitation of the vortex core can occur and will depend upon the

phase of the incoming signal and the vortex core. In this respect, the resonant excitation is closely analogous to the injection

locking of a vortex core in the steady state to an external current [4, 5]. The force associated with the Slonczewski torque

polarised out-of-plane, FSlon⊥, and the force due to the Oersted field, FOe, are independent of the phase, and for a continuous

current will average to zero over a full period. The in-plane forces, FSlon‖ and FFLT‖, will not average to zero and are instead

responsible for the resonant excitations of the vortex core via an rf current.

If the applied current is defined as J = Jdc+Jrfcos(ωt), ω = θ̇ and χ = ωt+χ0, and we assume that D2 � G2, then the system

can be solved for the first order (with the second order averaging to zero over a full period) at equilibrium, i.e. ρ̇ = 0, for the

orbit radius

ρosc =
Jrf

√
Λ2
Slon + Λ2

FLT

2G

√(
ω − κ(Jdc)

G

)2

+ (−πσpzMSLJdc+Dω)2

G2

. (9)

Estimation of the radius from voltage peak

In Fig. 2 a), the excitation radius is estimated using Ohms law. The ratio of the oscillation magnetisation can be expressed in

terms of the excitation radius [6]

∆Mosc

MS
= λs0, (10)

where ∆Mosc is the time varying component of the magnetisation, MS is the saturation magnetisation and that λ = 2/3 for an

oscillation amplitude, ρ less than 60% of the total radius R, and s0 = ρ/R.

The conductance can be described with a constant component, G0, and a time varying component, ∆Gosc, such that

G = G0 +
∆Gosc

2
λs0. (11)

The resistance, 1/G, can be expressed as

R � 1

G0
+

GP −GAP

2G2
0

λs0. (12)
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where R0 = 1/G0 is the resistance of the system when the core is stationary, GP (GAP ) is the conductance in the parallel

(antiparallel) state. The orbit radius, ρosc, can therefore be estimated as

ρosc �
2∆Rosc

λ

2G2
0

GP −GAP
R. (13)

where ∆Rosc =
√
2Vpeak/∆Irf

Modelling the core expulsion with in-plane magnetic field

In figure 3. in the main paper, the core expulsion is present for two different in-plane magnetic fields, showing that the

free layer magnetisation becomes parallel or anti-parallel relative to the polariser depending upon the sign of the in-plane field

component. The expulsion of the vortex core can be modelled by assuming that the position of the core is described by ρ = ρosc

+ ρdisp + ρH, where ρosc is the excitation radius due to the rf current found with Eq. 1, ρdisp =

√(
Jdc

2Gω0

)2

(Λ2
SL + Λ2

FLT ) is the

displacement due to the dc current and comes from the solution of the Thiele equation at equilibrium, and ρH is the displacement

of the vortex core from the centre of the junction due to HIP.

As has been discussed previously, the field-like torque will produce a static shift of the vortex core equivalent to the application

of an in-plane magnetic field. This means that when HIP is applied in conjunction with a constant d.c. current, Idc = 5 mA, the

resultant core shift, in the absence of an rf current, will be ρ = ρdisp + ρH, as the d.c. current effectively causes an offset in the

magnetic field. This is demonstrated in Fig. 2, where the normalised excitation radius ρ/R is shown for two in-plane magnetic

fields. The displacement of the vortex core due to the d.c. current is not equivalent for the two in-plane fields as in one case the

field is acting with the d.c. current induced vortex shift (HIP = 3 mT) and in the other case it is acting against the current induced

shift (HIP = -3 mT). When the static position of the vortex core is closer to the edge of the disk, a smaller rf induced excitation

radius will result in the expulsion of the vortex core, which can be seen by the larger frequency range of expulsion (defined as

ρ > 0.75R) demonstrated by the red and blue shaded areas in Fig. 2.

FIG. 2. The modelled normalised radius as a function of the excitation frequency for two in-plane fields, ±3 mT, showing that the core is

expelled (ρ > 0.75R), for a different frequency range depending upon the sign of the field.

The removal of the vortex core from the free layer, and the resultant large change in resistance, can give rise to a maximum

resistive change of ∼ 1
2∆R, where ∆R = RAP - RP and can be seen to be highly scalable with increasing TMR. Furthermore,

this ability for the system to change from the vortex state to either the parallel or antiparallel state gives rise to the prospect of a

3 state memory, where the final state is determined by this very small in-plane field, ∼ 3 mT, the writing process of which may

be controlled by a combination of rf and dc injected currents.

The core expulsion bandwidth

5

The bandwidth of the core expulsion is a crucial factor for potential applications, and for the case of the expulsion of the

vortex core, the bandwidth is simply defined as the width of the resistance plateau. As seen in Fig. 3, the bandwidth increases

linearly as a function of Irf, meaning that the system shows a highly tunable and controllable bandwidth which can be tailored

depending upon the specific needs of the potential application. The minimum bandwidth observed is around 1 MHz, which is

highly competitive when compared to potential spin-diode based detectors, and certainly adequate to meet the needs of certain

types of potential rf applications.

FIG. 3. Bandwidth of the expulsion as a function of the rf current, where the red region shows the AP state, where the core has been expelled.
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