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ABSTRACT: Nanoscale, low-phase noise, tunable transmitter-receiver links are key for enabling the progress of wireless 
communication. We demonstrate that vortex-based spin-torque nano-oscillators, which are intrinsically low-noise devices 
due to their topologically-protected magnetic structure, can achieve frequency tunability when submitted to local ion 
implantation. In the experiments presented here, the gyrotropic mode is excited with spin-polarized alternating currents and 
anisotropic magnetoresistance measurements yield discreet frequencies from a single device. Indeed, chromium-implanted 
regions of permalloy disks exhibit different saturation magnetisation than neighbouring, non-irradiated areas, and thus 
different resonance frequency, corresponding to the specific area where the core is gyrating. Our study proves that such 
devices can be fabricated without the need of further lithographical steps, suggesting ion irradiation can be a viable and cost-
effective fabrication method for densely-packed networks of oscillators. 

Introduction: Using spin-polarized currents to 
manipulate the magnetic state of nano-objects has proven 
an effective method for designing new spintronic devices 
for a variety of applications. Indeed, current-induced 
magnetization switching is exploited as writing method for 
non-volatile magnetic random access memories (MRAMs), 
which are currently being commercialized as embedded 
cache memories, as a replacement for SRAM devices, but 
potentially also as a persistent DRAM alternative. On the 
other hand, spin-transfer-driven steady-state precession 
has been proposed as functioning principle for radio-
frequency (RF) oscillators for wireless communication 
applications. Indeed, it has been shown that devices based 
on single-domain magnetic tunnel junctions can emit 
signals with output powers of several µW at frequencies of 
the order of GHz or tens of GHz; moreover, their frequency 
can be tuned by changing the applied current1. The main 
drawbacks of uniformly magnetized nanopillars as RF 
oscillators for wireless communication remain their poor 
quality factors as consequence of inhomogeneous 
broadening of the output signal, and the large 1/f noise. 
Both issues are caused by incoherent magnetization 

dynamics2, though more elaborate device designs have 
demonstrated considerable improvement3. Vortex-based 
spin-torque oscillators, on the other hand, offer narrow 
linewidth and are less susceptible to thermal noise, but are, 
unfortunately, single-frequency devices4-6. Indeed, the 
magnetic “vortex” is a potential candidate for future 
spintronic devices, such as low-noise magnetic sensors7, 
frequency sensors8,9, and tunable magnonic crystals10. More 
recently, coupled vortex spin-torque oscillators have been 
integrated into complex circuits which can be ‘trained’ to 
recognize a series of sounds11 by exploiting their ability to 
synchronize on external ac field or current signals, offering 
an exciting new path for neuro-inspired computing12-16 by 
mimicking the dynamical nature of the brain. Commercial 
applications of magnetic vortices require tuning of the 
output frequency by external parameters, such as applied 
fields or spin-polarized currents. Indeed, spin-torque 
oscillators have been shown to exhibit output powers and 
quality factors compatible with wireless communication1. 
However, the frequency tunability of vortex-based devices 
is limited, since the gyrotropic frequency is specific to the 
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individual sample design. To overcome this drawback, in 
this work, regions of 

Figure 1: (a) XMCD images of a non-irradiated 30 nm thick Py disk with 1 µm radius at different magnetic fields applied in-plane. 
The images show the colour-coded in-plane magnetisation direction when the field is applied in the Y direction. (b) Core 
displacement from the center, normalized to the disk radius, as a function of magnetic field, for 30 nm thick Py disks, with 0.5 µm, 
1 µm, 2 µm and 3 µm radius, as derived from the XMCD experiment.

different saturation magnetisations are induced in single 
magnetic disks by ion implantation. Implanted regions yield 
different resonance frequencies corresponding to the 
specific area where the core is precessing. We demonstrate 
the realisation of the multiple resonance frequencies in a 
single magnetic disk experimentally and support our results 
with micromagnetic simulations.

The vortex state in a ferromagnetic disk is a naturally 
forming flux closure state, where the in-plane 
magnetisation circulates around an out-of-plane 
magnetised core region. The out-of-plane magnetisation at 
the center of such a flux closure structure is a result of the 
exchange interaction. This overpowers the magnetostatic 
interaction, thereby preventing a singularity of the 
exchange energy density and forming an extremely stable 
structure17. The magnetisation direction of the vortex core, 
known as the polarity, can point either upwards or 
downwards and thus can be considered as the ‘0’ and ‘1’ 
state of a storage element, i.e., a ‘bit’ of information. The in-
plane flux closure direction18 can also be used as an 
information carrier by exploiting the clockwise or 
counterclockwise winding direction19. Depending on the 
respective combinations of in-plane circulation and core 
polarity, four different configurations of vortex states can 
exist. Thus, a magnetic vortex can simultaneously store two 
bits of information and can be exploited for the realisation 
of data storage devices. 

Despite being a highly stable structure in the absence of 
magnetic fields, the position of the vortex core can be 
altered by applying in-plane magnetic fields. When an 
external magnetic field is applied to the vortex in 
equilibrium, the vortex is displaced, distorting the in-plane 
circular arrangement of the local magnetisation. This 
results in an internal demagnetising field opposing the 
displacement of the vortex. Once the external field H is 
removed, the vortex core moves along a spiral trajectory 
and gyrates around the equilibrium position, before 
eventually settling down back to its equilibrium state. The 
radius of the precession trajectory changes due to damping. 
This periodic circular motion can be maintained by using an 
oscillating field or current which balances the damping, 
tuned to the resonant frequency of the sample. The vortex 
gyration at its resonant frequency can be electrically 
detected by using the anisotropic magnetoresistance 
(AMR), as initially shown by S. Kasai et al.20. From an 
application point of view, magnetisation dynamics driven 
by electrical (spin-polarized) currents is preferable to 

magnetic fields, as it provides perfect selectivity due to 
spatial localization. 

The natural resonance of a vortex is a gyrotropic motion 
of the vortex core. Treating the vortex as a particle in a 
potential, its motion can be described by the Thiele 
equation21, which expresses the relation between the 
velocity of the vortex core, the gyrovector and the effective 
magnetostatic potential in which the vortex core is moving. 
Solving this equation yields a gyroscopic frequency which is 
proportional to the spatial derivative of the effective 
magnetostatic potential at the radius of the trajectory and 
inversely proportional to the gyrovector21:

𝑓 =
1

2𝜋𝑟|𝐺|
𝑑𝑊
𝑑𝑟 (𝑟)

(1)

where r is the trajectory radius of the circular core 
motion and G is the gyrovector. For an isolated disk with 
homogeneous magnetization, the potential W adopts the 
symmetry of the circular nanomagnet and thus exhibits a 
parabola-like shape with its minimum located at the disk 
center, allowing for equation 1 to be simplified as follows22:

𝑓0 ∝ µ0𝑀s
ℎ
𝑅

(2)

This dependence on the geometrical properties and 
material properties poses an obstacle for realizing 
frequency tunability over a large range in a single spin-
torque-driven vortex oscillator, as only one frequency is 
possible for a given combination of h, R and Ms. In order for 
a single device to be able to exhibit more than one 
frequency, two scenarios are possible: either spatially 
altering the topography23, or spatially varying the 
saturation magnetization. In this work, we show 
experimentally that by varying the Ms of single disks using 
local ion beam irradiation, multiple gyrotropic frequencies 
can be obtained in single devices, thus allowing for 
frequency tunability. The experimental results are 
qualitatively supported by micromagnetic simulations.

Results: Permalloy (Py-Ni80Fe20) disks with different 
radii were prepared by means of electron beam lithography 
followed by conventional lift-off technique, in order to 
experimentally confirm that a disk with concentric regions 
of different saturation magnetization can exhibit multiple, 
discrete frequencies, as predicted by micromagnetic 
simulations. The saturation magnetization was tuned in the 
different regions of the disks by using ion-beam irradiation. 
The spontaneously forming vortex states in the non-
irradiated disks with different radii were confirmed with X-
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ray magnetic circular dichroism using photo-emission 
electron microscopy (XMCD-PEEM) measurements. Details 
on the sample fabrication and measurements techniques 
can be found in the methods section.

XMCD images of a 1 µm radius, 30 nm thick Py disk 
measured for different applied magnetic fields are shown, 
as a representative example, in Figure 1(a). Red and blue 
contrasts refer to magnetisation vectors with the same 
amplitude but opposite direction. The absence of a net 
contrast is indicated by white. The ring-like contrast 
observed around the disks is an artifact of drift corrections 
in the measurement. As seen from Figure 1(a), in this 1 µm 
radius disk, the vortex annihilates at a magnetic field 
between 10 mT and 25 mT.

The results of measurements performed on 30 nm thick 
Py disks with different radii, ranging from 0.5 µm to 3 µm, 
are plotted in Figure 1(b), showing the normalized core 
positions (with respect to the radius) as a function of the 
applied magnetic field. Similar to the example shown in 
Figure 1(a), in all cases, when the field is increased, the 
vortex core moves away from the center and is eventually 
expelled, resulting in a homogeneously magnetised, single 
domain disk.

Smaller external fields are required to expel the vortex 
core from bigger disks when compared to smaller disks: for 
instance, the vortex core from a 3 µm radius disk annihilates 
between 5 mT and 10 mT, whereas a 0.5 µm radius disk 
requires more than 35 mT in-plane magnetic field before 
reaching the single domain state. This strong dependence of 
the annihilation field on the disk radius can be explained by 
the increasing contribution of the magnetostatic energy 
with decreasing radius, making vortices in smaller disks 
more stable24. Note that the absolute core displacement 
versus field is much larger for larger disks, since Figure 1(b) 
shows the core position normalized to the disk radius.

Figure 2: (a) Schematic of the measurement technique for 
dynamic measurements. (b) Electrically detected dynamics of 
vortex structures for non-irradiated disks with 25 nm Py for 
different disk radii, measured at current density (j), magnetic 
field) of (j, ) = (  A/ , 0.1 ) for a 4.19 µm radius 𝐻 0.09 × 1011 𝑚2 𝑚𝑇
disk, (j, ) = (  A/ , 0.5 ) for a 3.18 µm radius 𝐻 0.28 × 1011 𝑚2 𝑚𝑇
disk, (j, ) = ( A/ ) for a 1.07 µm radius disk, 𝐻 0.37 × 1011 𝑚2,4𝑚𝑇
and (j, ) = (  A/ , 11 ) for a 0.54 µm radius 𝐻 0.67 × 1011 𝑚2 𝑚𝑇
disk. (c) Electrically detected resonance frequency as a function 
of the disk radius in comparison to calculations based on 
equation (2). 

We used spin-polarized alternating currents to excite the 
gyrotropic mode of the vortex core in disks with lateral 
electrical contacts. The dynamic response of the vortex core 
in the disk was measured electrically using the setup shown 
in Figure 2(a) and described in detail in the Methods 
section. The resonance frequencies measured on disks with 
different radii but constant Py thickness (25 nm) are shown 
in Figure 2(b). In accordance with theory, the resonance 
frequency is higher for disks with smaller radii. When the 
equilibrium position of the core is shifted with an external 
field, the resistance change due to AMR will be different for 
the core displaced either to the right or left, enabling the 
detection of a rectified DC voltage. The gyration of the 
vortex core causes an oscillating change in resistance which 
allows for the detection of the resonance frequency. We 
found that the experimentally measured resonance 
frequencies are in good agreement with calculations based 
on the modified Thiele equation22, as summarised in 
Figure 2(c).

The measurement technique involves shifting of the 
equilibrium position of the vortex core into regions of 
different Ms by applying a static in-plane field. Therefore, we 
have first carefully studied the influence of the in-plane field 
on the resonance frequency for non-irradiated devices. The 
results of the measurements on a non-irradiated disk with 
design dimensions 3 µm radius (30 nm Py) for a current 
density of 0.25 1011 A/  are shown in Supplementary × 𝑚2

Figure S1; the resonance frequency was determined to be 
34 MHz. This confirms the theoretical expectations that 
there is no significant shift in the resonance frequency with 
the applied in-plane field, when the field is kept well-below 
the vortex annihilation field25. It is worth mentioning that, 
as expected, no signal could be detected close to 0 mT, due 
to symmetry arguments26. 

The effects of ion implantation in ferromagnetic films 
with 3d non-ferromagnetic metals have been intensively 
studied. Ion irradiation in case of Py typically yields a 
reduction of the Curie temperature and a reduction of 
saturation magnetization at room temperature.27-30. To 
introduce areas of different saturation magnetization in 
pre-fabricated Py disks, we used local Cr+ implantation at an 
acceleration energy of = 30 keV and an ion fluence of 1.2𝐸𝐶𝑟

1016 ions/ . These parameters were chosen since they × 𝑐𝑚2

were identified as yielding the largest reduction of the 
saturation magnetisation of Py, according to our initial 
characterisation results from magnetometry on irradiated 
continuous Py films. Chromium implantation was carried 
out with a broad beam source implanter, making it 
necessary to mask the regions of the disk where ion 
irradiation is not desired by positive photoresist. For this 
reason, a concentric disk or ring is exposed using electron 
beam lithography within the already existing disk, yielding 
a corresponding region of reduced Ms after irradiation. This, 
consequently, generates a complex magnetostatic potential 
within the disk. When the sample is irradiated in the middle, 
for example, the resulting effective magnetostatic potential 
is the convolution of two parabola-like shaped potentials. 
This change in the potential, compared to a single isolated 
non-irradiated disk, will also change its derivative, resulting 
in different frequencies when the core is placed in the 
different Ms regions.

Figure 3(a) shows a scanning electron microscopy (SEM) 
image (taken before patterning the contact pads) of a 35 nm 

Page 4 of 8

ACS Paragon Plus Environment

ACS Applied Materials & Interfaces

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



thick, 3.18 µm radius Py disk where  was implanted 𝐶𝑟 +

into the outer ring. A clear contrast can be observed 
between the irradiated (dark) and non-irradiated (bright) 
region. Energy dispersive X-ray spectroscopy (EDXS) 
analysis confirms that  is uniformly implanted only 𝐶𝑟 +

within the areas not protected by photoresist, as seen in 
supplementary information Figure S5(b). The vortex core 
can be positioned in either of the two different 
magnetisation regions by applying an external in-plane 
field, as done here, or, alternatively, by adjusting the current 
density. The electrically measured resonance frequencies 
are given in Figure 3(b), as measured at a 

Figure 3: (a) SEM image of a 3.18 µm radius disk implanted 
with chromium ions in the outer region with a ring width of 
2 µm (b) Modified resonance frequency measured with a 
current density of 0.20  1011 A/m2, an external magnetic field ×
is used to shift the vortex between the two   regions. The 𝑀𝑠
spectra were measured with applied fields of -2.3 mT and 
1.6 mT for the irradiated and non-irradiated regions, 
respectively.

current density of , for different vortex 0.20 × 1011𝐴 𝑚2

positions controlled with the external magnetic field. As 
expected, the device exhibits two discrete frequencies, 
30.2 MHz and 42.3 MHz, corresponding to the vortex core 
precessing in the two different  regions, namely the 𝑀s
outer, lower magnetisation ring (  = 0.54 T), or the 𝜇0𝑀s
higher magnetisation (  = 0.92 T), non-irradiated inner 𝜇0𝑀s
region, respectively.

Spectra measured at different external fields 
corresponding to different vortex core positions in the 
device are shown in Figure 4. The disk was first saturated at 
H = 50 mT before decreasing the field strength in order to 
allow for the vortex state to nucleate, starting with the core 
being located in the irradiated region at the rim. This yields 
a dip at approximately 30.2 MHz, first visible on the 
spectrum measured at 2.3 mT (shown in green), 
corresponding to vortex precession in the irradiated area 
with reduced . When sweeping the field further 𝜇0𝑀s
towards positive values, a small peak-like feature is 
observed at 0.7 mT close to 42.3 MHz, showing that the 
vortex is now precessing in the unirradiated disk center. 
Further increasing the external field yields a spectrum 
exhibiting a clear dip - again at the same frequency 
(42.3 MHz) at 1.6 mT, as shown in orange. This sign change 
in the signal variation between peak-like and dip-

Figure 4: Obtained resonance frequencies from the disk shown 
in Figure 3(a) measured at a current density of 
0.20 × 1011 A/m2 at different applied magnetic fields in the film 
plane in order to displace the vortex core (curves shifted 
vertically for clarity).

like is likely caused by the vortex core flipping due to 
continuous supply of RF current along with an external 
field31. Above 1.6 mT, no response was detected, although it 
is expected that the vortex should continue shifting away 
from the center area and back in the irradiated region again. 
It is possible that the vortex core moved under the contacts 
(as field was applied perpendicular to current), in which 
case no signal can be detected, as this area is not probed by 
the flowing current. 

Figure 5: (a) SEM image of a 4.16 µm radius disk (35 nm Py) 
implanted with chromium in the central region as a concentric 
disk with a radius of 1.8 µm (b) Modified resonance frequency 
measured with a current density of 0.15 × 1011 A/m2, an 
external magnetic field is used to shift the vortex between the 
two regions.

Figure 5(a) shows an SEM image of a disk implanted in 
the center area. In this case, a concentric disk with 1.8 µm 
radius was implanted with Cr+ into a 4.16 µm radius Py disk 
with a thickness of 35 nm. The electrically measured 
resonance frequencies are given in Figure 5(b), as 
measured at a current density of 0.15 × 1011 A/m2. The 
measurements were conducted in a similar fashion as in the 
previous case. The sample was first saturated at a magnetic 
field of H = 50 mT, which is much higher than the 
annihilation field of the particular vortex structure. 
Decreasing the magnetic field first leads to a resonant 
frequency determined to be 29 MHz, corresponding to the 
non-irradiated pure Py in the outer disk region. While 
decreasing the magnetic field strength further, the vortex 
core displacement is reduced and another resonance is 
detected at around 15.3 MHz, this time originating from the 
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central disk region with reduced Ms due to  𝐶𝑟 +

implantation. 

Table 1: Summary of average frequencies obtained 
from experiment and frequencies from micromagnetic 
simulation.

Frequency              
   Region irradiated non-irradiated

electrically detected 34.35 MHz 47.10 MHz

from simulation 39.81 MHz 51.15 MHz

3.18 µm radius, 35 nm Py disk irradiated outside

Frequency                 
Region irradiated non-irradiated

electrically detected 18.18 MHz 25.72 MHz

from simulation 22.19 MHz 29.31 MHz

4.16 µm radius, 35 nm Py disk irradiated inside

Experimentally detected frequencies averaged over 
several field values for both irradiated and non-irradiated 
regions (as mentioned in supporting information F), and 
values obtained from micromagnetic simulations are given 
in Table 1. The simulations confirm the reduction in Ms 
upon irradiation as the underlying mechanism of the 
independent gyrotropic frequencies. 

It can be seen that the electrically measured frequencies 
are in good qualitative agreement with the simulated 
values. The order of magnitude of the discrepancy between 
measured and simulated values is about 10-20% and 
similar to the results obtained on disks with uniform 
magnetisation presented in Figure 2. Possible reasons for 
this discrepancy include a slightly imperfect disk shape in 
the experiment compared to the simulation, as well as 
subtle differences in the parameters assumed in the 
simulations and the real values (in particular the exchange 
constant).  For the implanted disks, a small variation in 
height does exist between the irradiated and non-irradiated 
regions, ~ 2.1 nm (see Supplementary Information, Fig. S4 
and the relevant text), which is not taken into account in the 
simulations. Additionally, our choice of photoresist mask 
introduces a small shallow-implanted area at the border 
between the irradiated and non-irradiated regions, which 
the simulations also do not take into account (see 
Supplementary Information, Fig. S6 and the relevant text).

Conclusion: This work was aimed at realizing single 
magnetic vortex devices that output multiple, discrete 
frequencies upon resonant excitation. We have explored the 
possibility to detect the resonance frequencies associated 
with the different areas of the chromium implanted disks 
with radii of 3.18 µm and 4.16 µm. Concentric regions of 
single disks were implanted with chromium ions and the 
modified dynamics were electrically measured. Two 
distinct frequencies were successfully detected electrically 
from single Py disks implanted with Cr. Achieving different 
resonance frequencies within a single physical disk shows 
that multiple working frequencies can be exploited without 
further lithographical steps. Given that ion irradiation with 
sufficiently large fluence (1.5 1016 ions/ ) can be used × 𝑐𝑚2

to transform a ferromagnetic material into a paramagnet30, 
a similar approach could be used in order to magnetically 
pattern several magnetic vortices into a non-magnetic or 
weakly ferromagnetic matrix, allowing for the vortices to be 

spaced within distances that are unattainable by 
conventional patterning techniques. This approach has thus 
the potential to design closely-packed networks of 
oscillators, while at the same time improving the coupling 
between neighboring devices. Indeed, in order to show that 
this principle applies to current driven nano-oscillators, we 
have simulated a permalloy disk with 500 nm diameter 
with an inner region with a diameter of 100 nm and 60% of 
the permalloy saturation magnetisation. The gyrotropic 
precession of the vortex core was excited with spin-
polarised current flowing out-of-plane. As shown in the 
Supplementary Movie, for a given current density, the 
vortex core gyrates with a given frequency 390 MHz in the 
inner region. By increasing the current density, the vortex 
core moves to the outer region with smaller saturation 
magnetisation and thus resulting in a gyration with a lower 
frequency of 245 MHz. Simulations also show that the 
vortex core can be trapped in the region between the 
different saturation magnetisations and thus the dynamics 
is suppressed. Note that direct irradiation at sub-100 nm 
scale is nowadays possible with modern ion irradiation 
technology and could, in principle, enable the creation of 
vortex nano-oscillators capable of functioning at multiple 
frequencies, beyond the limit of what can be achieved with 
conventional patterning techniques32.

Methods: Permalloy (Py- Ni80Fe20) disks with different 
radii and thickness are prepared by means of electron beam 
lithography, material deposition using electron beam 
evaporation followed by conventional lift-off technique. 
Each disk is contacted individually by 125 nm thick Au 
electrodes to allow for electrical connection. 5 nm Cr is used 
in both cases for better adhesion to the Si substrate. Three 
sets of samples are discussed in this work: The first set of 
samples has individual Py disks without any electrical 
contacts for preliminary study (cf. Figure 1). The second set 
of samples consists of individual Py disks with electrical 
contacts (cf. Figure 2) on which electrical detection of the 
magnetic vortices was performed. The third set of samples 
also contain individual Py disks but is implanted with 
chromium (cf. Figures 3-5) to investigate the modified 
magnetic properties upon implantation as described in the 
article. The contacts are deposited and patterned after the 
chromium implantation.

The presence of vortex states in the patterned disks was 
verified by means of X-ray photoemission electron 
microscopy (XPEEM). The XPEEM end station at the Berlin 
Electron Storage Ring Society for Synchrotron Radiation 
(BESSY II) was used to image the magnetic domains of in-
plane magnetisation in the magnetic vortex structures. X-
PEEM uses the local variations in electron emission to 
generate an image33 which can be used to map the 
magnetisation configurations in nanoscale structures34. The 
spin-polarised PEEM setup at BESSY II is attached to an 
undulator beamline with full polarization control (UE49) 
and has a variable field of view (3 µm to 70 µm). It is mostly 
sensitive to the in-plane magnetisation component as the 
incident angle of X-rays is fixed perpendicular to the sample 
surface at an angle of 74°. The sample is exposed to X-rays 
generated by an undulator and due to varied beam energy, 
photoelectrons can be resonantly excited. The secondary 
electrons generated are directly proportional to the energy 
dependent X-ray absorption of the sample material. The 
magnetic contrast is provided by X-ray magnetic circular 
dichroism (XMCD) that detects the difference in X-ray 
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absorption of circularly polarized X-rays (measured at 
material specific absorption edges) depending on the 
helicity (left handed vs. right handed) of the photon beam 
and the magnetisation at the sample surface35. The magnetic 
contrast is calculated as the difference of two PEEM images 
recorded with opposite helicities divided by their sum and 
represents a projection of the sample magnetisation on the 
incident X-ray beam.

Dynamic measurements: The dynamic response of the 
vortex core in the disk is measured electrically. The injected 
microwave current with frequency ,  gives 𝜔 𝐼𝑎𝑐 = 𝐼0𝑐𝑜𝑠𝜔𝑡
rise to a resistance oscillation , with  ∆𝑅 = ∆𝑅0𝑐𝑜𝑠(𝜔𝑡 + 𝜑) 𝜑
being the phase shift between the resistance change and the 
injected current. This leads to a voltage with one frequency-
dependent and one frequency-independent term:

𝑉 =
𝐼0∆𝑅0

2 𝑐𝑜𝑠(2𝜔𝑡 + 𝜑) +
𝐼0∆𝑅0

2 𝑐𝑜𝑠(𝜑)
(3)

The frequency-independent term is the rectified DC 
voltage which is measured by the lock-in amplifier,

𝑉𝑑𝑐 =
𝐼0∆𝑅0

2 𝑐𝑜𝑠(𝜑)
(4)

This equation is based on the assumption that the 
resistance oscillations are at the same frequency as the 
injection current36, which is not the case here as the AMR 
oscillations are produced at twice the frequency, 2ω. Due to 
the frequency mismatch between the injected microwave 
current and the AMR oscillation, the microwave current 
cannot be rectified. Previous works also demonstrate that it 
is possible to probe the 2ω signal37,38. However, by 
displacing the vortex with a small in-plane static field, the 

 can be measured26 as presented here. To improve the 𝑉𝑑𝑐
signal-to-noise ratio, lock-in detection was adopted with the 
microwave current being amplitude modulated at a 
frequency of 223 Hz. All the results shown in this work 
correspond to the external magnetic field applied 
perpendicular (in the same plane) to the current 
measurement direction unless specified otherwise.

Micromagnetic simulations: Micromagnetic 
simulations were performed by numerically solving the 
Landau-Lifshitz-Gilbert equation of motion using the GPU 
accelerated code MuMax3

39. For all simulations the disks 
with Permalloy material parameters, µ0Ms = 0.92 T (0.54 T 
for the irradiated region), A = 13 pJ/m, was discretized into 
cell smaller that the exchange length. The Gilbert damping 
parameter was set to 0.008.

Similar to the experimental scenario, the vortex core was 
displaced with an in-plane field to the regions of different 
saturation magnetization. The gyrotropic precession 
around the equilibrium position was then excited with a 
small in-plane field pulse. Due to the large radius of the disk 
(8 µm in diameter) the gyration frequencies are small. 
Therefore, the magnetisation dynamics was recorded over 
several hundreds of nanoseconds to determine the gyration 
frequency.
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