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Vortex dynamics and frequency 
splitting in vertically coupled 
nanomagnets
M. E. Stebliy1, S. Jain2,5, A. G. Kolesnikov1, A. V. Ognev1,4, A. S. Samardak1,4, A. V. Davydenko1, 
E. V. Sukovatitcina1, L. A. Chebotkevich1, J. Ding2, J. Pearson2, V. Khovaylo  3,4 & V. Novosad2

We explored the dynamic response of a vortex core in a circular nanomagnet by manipulating its 
dipole-dipole interaction with another vortex core confined locally on top of the nanomagnet. A clear 
frequency splitting is observed corresponding to the gyrofrequencies of the two vortex cores. The 
peak positions of the two resonance frequencies can be engineered by controlling the magnitude and 
direction of the external magnetic field. Both experimental and micromagnetic simulations show that 
the frequency spectra for the combined system is significantly dependent on the chirality of the circular 
nanomagnet and is asymmetric with respect to the external bias field. We attribute this result to the 
strong dynamic dipole-dipole interaction between the two vortex cores, which varies with the distance 
between them. The possibility of having multiple states in a single nanomagnet with vertical coupling 
could be of interest for magnetoresistive memories.

A magnetic vortex (MV) is characterized by an in-plane rotation of magnetization and an out-of-plane magnetic 
component in the center1 of the magnet. MV is a stable state with linear response to a magnetic field2 and to 
spin-polarized current3 in a wide range of excitation amplitudes. The gyrotropic mode of a vortex core attracts a 
lot of attention, potentially due to the complex dependence of its frequency to an external field and current, both 
static and alternating, which can lead to its core reversal4, 5. The rich frequency spectrum of vortices make them 
especially interesting for applications in non-volatile magnetic memory cells6, high-frequency generators of spin 
current7, microwave nano-oscillators8, carriers for biomedical applications9 and bio-functionalized systems for 
targeted cancer-cell destruction10. So far, magnetostatic interactions between vortex cores has been studied exten-
sively in coupled nanomagnets, placed laterally to one another11, or in elliptical nanomagnets12, where occurrence 
of multiple vortices is possible. However, vertical coupling between the vortex cores has been studied to a lesser 
extent13–15, partially due to challenges in fabrication, as well as in obtaining desired magnetic configurations in 
individual nanomagnets. For instance, by using a micromagnetic approach it was shown that the vertical struc-
ture consisting of two asymmetrically stacked nanodisks has the following features16–18: (i) both disks can contain 
either a stable vortex or single domain state (SDS); (ii) transition between two states can be induced by an external 
high frequency magnetic field excitation; (iii) micromagnetic configuration – MV or SDS - can be reliably deter-
mined by electrical resistance measurements.

Results and Discussion
In this work, we investigate a model system of two nanomagnets placed on top of each other, with different 
geometrical parameters and each having a vortex core with a large contrast in their eigenfrequencies. The vertical 
dipole-dipole interaction was engineered by controlling the direction and magnitude of a static external field with 
respect to the two nanomagnets. Distinct frequency splitting was observed in the equilibrium state corresponding 
to the eigenfrequencies of the two vortex cores. The difference in two resonance frequencies was varied depending 
on the position of two vortices. When the cores are in close proximity to each other, the exchange interaction cou-
ples the vortices strongly and reduces the contrast between their excitation frequencies. This contrast rises as the 
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distance between the vortices increases. The vertical configuration of the nanomagnets makes them particularly 
sensitive to the direction of an external magnetic field, which defines positions of the vortex cores.

The vertically stacked nanomagnets consisting of the small disk (SD) and big disk (BD) with diameters of 
200 nm and 600 nm, respectively, was placed on coplanar waveguides (CPW). The distance between the disk 
centers was ~170 nm and the angle between the horizontal axis and the axis connecting both disk centers was 
~70°, Fig. 1(a). Absorption spectra were obtained in the reflection mode using a vector network analyzer as an 
alternating current source. The excitation frequency was varied from 50 MHz up to 1 GHz. The transmission of 
alternating current IRF induced an alternating magnetic field HRF and was perpendicular to the CPW. In addition 
to HRF a constant magnetic field HDC oriented at an angle α relative to the field HRF was applied. The strength 
of HDC was varied from −1.5 to +1.5 kOe, respectively. The scanning electron microscopy (SEM) image of the 
corresponding device is shown in Fig. 1(a).

Figure 1(b) shows the absorption spectra for single reference disks with diameter of 600 nm when HDC is 
perpendicular to HRF. The resonance frequency increases with increase in the external field due to vortex con-
finement as it approaches the edges17. The width of the resonance absorption line remains almost unchanged 
and equal to δf = 25 MHz, indicating the negligible magnetostatic interaction between two nanomagnets19. 
Figure 1(d) shows the absorption spectra for the vertically coupled system for α = 90°. The white arrow in the 
inset indicates the direction where the vortex core of BD will move under the influence of an external magnetic 
field. One of the differences easily observed in this spectra is the presence of a constant absorption at ~600 MHz. 
The linewidth of the fundamental resonance frequency also increases to δf ≈ 70 MHz, respectively. The observed 
features change drastically when α is increased to 135°, as shown in Fig. 1(e). Depending on the direction of 
the external magnetic field, the vortex core of BD will be closest to the vortex core of SD, or it will be farthest. 
This should make the frequency response of the system asymmetric with respect to the external magnetic field. 
The constant absorption peak at ~600 MHz (in Fig. 1(d)) now becomes field dependent (Fig. 1(f)), and there is 
an additional frequency response observed at HDC ~ 60 Oe. The difference between these two scenarios can be 
further observed in Fig. 1(c) and (e) comparing the spectra obtained in remanence and in the magnetic field of 
200 Oe applied at the angle α = 90° and 135°, respectively.

In order to understand this complex frequency response from the system of vertically coupled disks, micro-
magnetic simulations were performed using OOMMF20. The calculations were done in two stages using methods 
described in ref. 21. In line with the previous work22, 23, absorption spectra were computed for both zero field and 
with varying static external field in the range of ±1.5 kOe. The dynamic characteristics of the combined system 
were studied with two approaches, (see details in Supplementary info): (i) computing the dynamical susceptibility 
spectra using the Fourier transformation from time to frequency domain and (ii) construction of a spatial distri-
bution of the imaginary part of susceptibility as a function of the frequency and the phase-shift between the excit-
ing magnetic field HRF and the local magnetization. Thus, the first approach was used to plot spectral dependences 

Figure 1. (a) SEM image of the vertically coupled nanomagnets placed on the CPW’s signal line. 
Experimentally measured absorption spectra as a function of external bias field for single big disks are shown 
in (b) and for the coupled system of two disks at α = 90° and 135° are shown in (d) and (f), respectively. (c) and 
(d) Plots compare the dynamic response obtained in the remanent state (black lines) and in the applied field of 
200 Oe (red lines) for these two distinct angles.
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of the imaginary part of magnetic susceptibility of the coupled structures, and the second one was employed to 
track the position and areas involved in the energy absorption at the resonance frequencies.

We attempted to analyze the experimental data based on simulation results obtained using the two methods 
described above. In the case of a single disk with vortex configuration, the spectral dependence of magnetic sus-
ceptibility has a pronounced resonance peak corresponding to the gyrotropic mode of vortex core motion24, 25.  
In the case of a small disk, this resonance peak shifts to higher frequencies. To assess the magnetic susceptibil-
ity of the coupled structure, spectra of the imaginary part for the big and small disks were plotted, as shown in 
Fig. 2(a). In the absence of the bias field, the resonance frequencies for BD and SD are 0.4 GHz and 1.3 GHz, 
respectively. The obtained spectrum contains double peaks in the high frequency region corresponding to azi-
muthal spin waves with index n = 0 and m = ±1 ref. 4. The discussion of high frequency resonance peaks is out of 
the scope of this paper. For completeness, two cases of magnetic configurations in the small disk were considered: 
single-domain and vortex16. Calculations show that in the first case, the spectral dependence for the coupled 
structure is not qualitatively different from the response of a single nanomagnet. However, if SD has a vortex state, 
the spectrum qualitatively changes, and there is an additional resonance peak observed near the main peak (f2).

To understand the origins of two resonance peaks, a spatial distribution of magnetic susceptibility at those 
frequencies was plotted in Fig. 2(b). At f1 (0.38 GHz), the contribution of the small disk to the system absorption 
is minimal and equals to 0.7%. The main absorption area is centered around the vortex core of BD and has a 
dumbbell profile. At f2 (0.59 GHz), the absorption contribution of SD is significantly increased up to 24%. Due 
to the magnetization perturbations in SD, the magnetostatic interaction between the disks increases and the 
area beneath SD contributes to the absorption process. At f1, the absorbance of this area was 5%, but at f2 this 
contribution increases up to 23%. In addition, vortex core trajectories and velocities were also estimated at two 
resonance frequencies. The vortex core in BD is characterized by a circular orbit movement around the equi-
librium position. When the resonance frequency shifts from f1 to f2, the trajectory diameter decreases sharply 
from 60 nm to 12 nm, and the tangential velocity component drops from 55 down to 47 m/s. Opposite behavior 
is observed in SD: transition to the higher frequency increases the trajectory diameter from 20 to 30 nm and the 
core velocity from 25 to 48 m/s. Thus, it can be concluded that the second peak (f2) corresponds to the resonance 
frequency of SD as a part of the coupled system.

Absorption spectra in the presence of external bias fields were also calculated and summarized as shown in Fig. 3 
for α = 90°. There is a qualitative agreement between the simulated response from a single nanomagnet (Fig. 3(a))  
with the experimental data shown in Fig. 1(b). However, the spectra obtained when SD is in single-domain state, 
does not agree with the experimental observation for the coupled system shown in Fig. 1(c). On the contrary, 
when SD is in the vortex state, it is in agreement with the experimental response owing to the presence of f2 near 
~600 MHz. Figure 3(c) and (d) show that the coupled system is insensitive to the chirality of SD and the responses 
are symmetric around zero field.

Excitation spectra become interesting when α is increased to 135°. The frequency response of the coupled 
system is now very much dependent on the direction of the external magnetic field. Two vortex cores are in 
close proximity for HDC = +200 Oe (as shown in Fig. 4(a)), and they are farthest for HDC = −200 Oe, as shown 
in Fig. 4(b). The absorption spectra of the magnetic susceptibility for the equilibrium state, as well as for 

Figure 2. (a) Simulated spectral dependencies of the imaginary part of magnetic susceptibility for HDC = 0 for 
the vertically coupled system with V + V and V+ Single Domain states. (b) Spatial distribution of magnetic 
susceptibility for the coupled system at resonance peaks of f1 and f2. (c) Zoomed in part of the structure, where 
the motion of the vortex cores under the presence of HRF is localized.
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HDC = ±200 Oe is shown in Fig. 4(c). For HDC = 0, the low frequency resonance peak corresponds to the gyro-
tropic motion of the vortex core in BD (f1), and the low amplitude resonance peak at higher frequency corre-
sponds to the vortex motion in SD (f2). It should be noted that the area of BD located underneath SD influences 
the excitation spectrum for both the vortex cores, and, therefore, its contribution cannot be uniquely tied to any 
one of the resonance frequencies.

For HDC = +200 Oe, two vortex cores are strongly coupled to each other and, therefore, their magnetostatic 
interaction generates a shift in resonance frequencies, bringing f1 and f2 closer to one another as shown in 
Fig. 4(c). The coupling strength reduces as two cores move away from each other, as in the case of HDC = −200 Oe, 

Figure 3. Simulated absorption spectrum as a function of HDC for a single BD is shown in (a) and for a coupled 
system with single-domain configuration of the SD is shown in (b). Spectra in (c) and (d) are for the cases 
with both SD and BD in vortex configuration, but SD with two different chiralities. Fields HRF and HDC are 
orthogonal to each other.

Figure 4. Simulation results of initial magnetization configurations and corresponding spatial distributions of 
magnetic susceptibility for HDC = +200 Oe (a) and −200 Oe (b). The respective resonance peaks are marked 
as f1+, f2+, f1−, f2−. Spectral dependences of χ″ for three cases: HDC = 0 Oe (black line), +200 Oe (blue line), 
−200 Oe (red line) at α = 135° and their superposition (dashed line) are shown in (c).
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thus, increasing the contrast between f1 and f2, beyond their equilibrium resonance frequencies. It is known that 
the dipole-dipole interaction affects the gyrotropic motion of vortex cores and results in frequency splitting19, 26–28  
in laterally coupled devices. However, in this work, similar interaction has been shown to exhibit a frequency 
splitting in vertically coupled nanomagnets as well, which has even higher potential for storage devices.

Absorption spectra for the entire range of HDC for a particular chirality combination are shown in Fig. 5(a). 
Asymmetry of the spectra near zero field is clearly evident. Choosing a different chirality for SD does not alter the 
response for the coupled system, as shown in Fig. 5(b). However, chirality of BD changes the axis of symmetry of 
the absorption spectra, as seen in Fig. 5(c). Thus, assuming that experimentally, both the chirality combinations of 
BD are present, one can superimpose the response of Fig. 5(b) and (c) to obtain Fig. 5(d). The experimental spec-
tra obtained in Fig. 1(d) are in good agreement with the simulated response of Fig. 5(d) and strongly indicates 
that the complex frequency spectra seen is due to variation in the dynamic coupling strength of two vortex cores, 
which results in three distinct resonance peaks at any finite value of the external magnetic field.

Summary
In summary, we have demonstrated the successful fabrication of vertically coupled nanomagnets, whose interac-
tion strength dominates the excitation frequencies of two vortex cores present in the nanomagnets. By engineer-
ing the direction and magnitude of an external biasing field, specific contrast between the excitation frequencies 
can be obtained. Due to the asymmetric positioning of the small disk on top of the big disk, asymmetry in the 
resonance spectra is also observed. Evidently, by manipulating the location of the small disk on top the big one, 
further engineering of the frequency spectrum can be implemented. The possibility of having multiple states in a 
single nanomagnet with vertical coupling could be of interest for magnetoresistive memories.

Methods
Sample preparation. The system of magnetostatically coupled nanodisks was lithographically patterned 
on coplanar waveguides (CPW) made of Au (300 nm)/Cr (3 nm) with the 4 μm wide and 1.5 mm long signal 
line. Each structure consisted of two Ni80Fe20 nanodisks of thickness t = 35 nm and diameters D = 600 nm and 
d = 200 nm for the big and small disks, correspondingly. The small disk (SD) was placed on the top of the big disk 
(BD) and was separated by 3 nm thick Cu layer to avoid direct and indirect ferromagnetic exchange. Detailed 
information of the fabrication process can be found elsewhere18. SD was shifted relative to the center of BD by 
170 nm, so that the angle between the CPW’s signal line and the axis connecting centers of disks was 70°. Single 
layer Py nanodisks with D = 600 nm and t = 35 nm were also fabricated as a reference. The distance between each 
structure was 1 μm in order to avoid the magnetostatic interaction between them.

Simulation parameters. For simulations, standard parameters for Py were utilized: saturation magnetiza-
tion Ms = 800 erg/cm3, exchange constant A = 13 × 10−7 erg/m, Gilbert damping α = 0.05. The two disk system 
was divided into cells of the size 5 × 5 × 35 nm3. To ensure the accuracy of micromagnetic simulations, the size of 
the elemental cells was kept smaller than the characteristic exchange length of Py. The exchange coupling between 
nanodisks was excluded in order to imitate the presence of a non-magnetic interlayer.

References
 1. Wachowiak, A. et al. Direct Observation of internal spin structure of magnetic vortex cores. Science 298, 577–80, doi:10.1126/

science.1075302 (2002).
 2. Novosad, V. et al. Nucleation and annihilation of magnetic vortices in sub-micron permalloy dots. IEEE Trans. Magn. 37(4), 

2088–2090, doi:10.1109/20.951062 (2001).

Figure 5. Simulated absorption spectra of the coupled system for α = 135° are shown. In (a) and (c) are 
for cases of two vortices with the same chiralities. The spectra in (b) correspond to vortices with opposite 
chiralities. Spectra in (d) correspond to the case of co-existence of disks with different chirality combinations in 
the system and they were obtained as a result of superposition of data shown in (a) and (c).

http://dx.doi.org/10.1126/science.1075302
http://dx.doi.org/10.1126/science.1075302
http://dx.doi.org/10.1109/20.951062


www.nature.com/scientificreports/

6Scientific RepoRts | 7: 1127  | DOI:10.1038/s41598-017-01222-4

 3. Ishida, T., Kimura, T. & Otani, Y. Spin-current induced vortex displacement and annihilation in micro-scale Permalloy disk. J. Magn. 
Magn. Mater. 310, 2431–2432, doi:10.1016/j.jmmm.2006.10.903 (2007).

 4. Aliev, F. G. et al. Spin waves in circular soft magnetic dots at the crossover between vortex and single domain state. Phys. Rev. B 79, 
174433, doi:10.1103/PhysRevB.79.174433 (2009).

 5. Waeyenberge, B. V. et al. Magnetic vortex core reversal by excitation with short bursts of an alternating field. Nature 444, 461–464, 
doi:10.1038/nature05240 (2006).

 6. Nakano, K. et al. All-electrical operation of magnetic vortex core memory cell. Appl. Phys. Lett. 99, 262505, doi:10.1063/1.3673303 
(2011).

 7. Mistral, Q. et al. Current-driven vortex oscillations in metallic nanocontacts. Phys. Rev. Lett. 100, 257201, doi:10.1103/
PhysRevLett.100.257201 (2008).

 8. Pribiag, V. S. et al. Magnetic vortex oscillator driven by d.c. spin-polarized current. Nat. Phys. 3, 498–503, doi:10.1038/nphys619 
(2007).

 9. Rozhkova, E. A. et al. Ferromagnetic microdisks as carriers for biomedical applications. J. Appl. Phys. 105, 07B306, 
doi:10.1063/1.3061685 (2009).

 10. Kim, D.-H. et al. Biofunctionalized magnetic-vortex microdiscs for targeted cancer-cell destruction. Nature Mat. 9, 165–71, 
doi:10.1038/nmat2591 (2010).

 11. Jain, S. et al. Coupled vortex oscillations in mesoscale ferromagnetic double-disk structures. Phys. Rev. B 86, 214418, doi:10.1103/
PhysRevB.86.214418 (2012).

 12. Buchanan, K. et al. Soliton-pair dynamics in patterned ferromagnetic ellipses. Nat. Phys 1, 172–176, doi:10.1038/nphys173 (2005).
 13. Buchanan, K. S. et al. Magnetic remanent states and magnetization reversal in patterned trilayer nanodots. Phys. Rev. B. 72, 134415, 

doi:10.1103/PhysRevB.72.134415 (2005).
 14. Cherepov, S. et al. Core-core dynamics in spin vortex pairs. Phys. Rev. Lett. 109, 097204, doi:10.1103/PhysRevLett.109.097204 

(2012).
 15. Pulecio, J. F., Warnicke, P., Pollard, S. D., Arena, D. A. & Zhu, Y. Coherence and modality of driven interlayer-coupled magnetic 

vortices. Nat. Comm. 5, 3760, doi:10.1038/ncomms4760 (2014).
 16. Stebliy, M. E. et al. High-frequency switching of magnetic bistability in an asymmetric double disk nanostructure. Appl. Phys. Lett. 

104, 112405, doi:10.1063/1.4869024 (2014).
 17. Stebliy, M. E. et al. 3-D architectural approach for manipulation of the micromagnetic configuration in nanodisks. IEEE Trans. Mag. 

48, 4406–4408, doi:10.1109/TMAG.2012.2196269 (2012).
 18. Stebliy, M. E., Ognev, A. V., Samardak, A. S. & Chebotkevich, L. A. Manipulation of magnetic vortex parameters in disk-on-disk 

nanostructures with various geometry. Beilstein J. Nanotech 6, 697–703, doi:10.3762/bjnano.6.70 (2015).
 19. Vogel, A., Drews, A., Kamionka, T., Bolte, M. & Meier, G. Influence of dipolar interaction on vortex dynamics in arrays of 

ferromagnetic disks. Phys. Rev. Lett. 105, 037201, doi:10.1103/PhysRevLett.105.037201 (2010).
 20. Donahue, M. J. & Porter, D. G. OOMMF User’s Guide, Version 1.0, Interagency Report NISTIR 6376, National Institute of Standards 

and Technology, Gaithersburg, MD (Sept 1999).
 21. Kaya, A. & Bain, J. A. High frequency susceptibility of closure domain structures calculated using micromagnetic modeling. J. Appl. 

Phys. 99, 08B708, doi:10.1063/1.2177411 (2006).
 22. Zhang, B., Wang, W., Mu, C., Liu, Q. & Wang, J. Calculations of three-dimensional magnetic excitations in permalloy nanostructures 

with vortex state. J. Magn. Magn. Mater. 322, 2480–2484, doi:10.1016/j.jmmm.2010.03.002 (2010).
 23. Vukadinovic, N. High-frequency response of nanostructured magnetic materials. J. Magn. Magn. Mater. 321, 2074–2081, 

doi:10.1016/j.jmmm.2009.01.049 (2009).
 24. Boust, F., Vukadinovic, N. & Labbe, S. High-frequency susceptibility of soft ferromagnetic nanodots. J. Magn. Magn. Mater. 276, 

708–710, doi:10.1016/j.jmmm.2003.11.257 (2004).
 25. Guslienko, K. Y. & Heredero, R. H. Nonlinear gyrotropic vortex dynamics in ferromagnetic dots. Phys. Rev. B 82, 014402, 

doi:10.1103/PhysRevB.82.014402 (2010).
 26. Sugimoto, S. et al. Dynamics of coupled vortices in a pair of ferromagnetic disks. Phys. Rev. Lett. 106, 197203, doi:10.1103/

PhysRevLett.106.197203 (2011).
 27. Lee, K.-S., Jung, H., Han, D.-S. & Kim, S.-K. Normal modes of coupled vortex gyration in two spatially separated magnetic 

nanodisks. J. Appl. Phys. 110, 113903, doi:10.1063/1.3662923 (2011).
 28. Shibata, J., Shigeto, K. & Otani, Y. Dynamics of magnetostatically coupled vortices in magnetic nanodisks. Phys. Rev. B 67, 224404, 

doi:10.1103/PhysRevB.67.224404 (2003).

Acknowledgements
Work at Argonne National Laboratory was supported by the U.S. Department of Energy (DOE), Office of 
Sciences, Basic Energy Sciences (BES), under Grant No. DE-AC02-06CH11357. This study was partially 
supported by the Russian Ministry of Education and Science under the state tasks (3.5178.2017 and 3.4956.2017) 
and the Russian Foundation for Basic Research (grant 15-02-05302 А). The work was supported by Act 211 
Goverment of the Russian Federation, contract № 02.A03.21.0011. The support of the Ministry of Education and 
Science of the Russian Federation in the framework of Increase Competitiveness Program of NUST «MISiS», 
implemented by a governmental decree dated 16th of March 2013, N 211 is gratefully acknowledged.

Author Contributions
M.E.S., A.S.S., A.V.D., E.V.S., L.A.C., and J.P. fabricated and characterized the samples. M.E.S., A.G.K., J.D., S. J., 
V.K., and V.N. performed broadband microwave measurements and micromagnetic simulations. A.S.S., A.V.O., 
and V.N. formulated the experimental approach and performed the general supervision of the study. M.E.S. and 
S.J. co-wrote the first draft of the manuscript. All the authors discussed the obtained results and commented on 
the manuscript.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-01222-4
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

http://dx.doi.org/10.1016/j.jmmm.2006.10.903
http://dx.doi.org/10.1103/PhysRevB.79.174433
http://dx.doi.org/10.1038/nature05240
http://dx.doi.org/10.1063/1.3673303
http://dx.doi.org/10.1103/PhysRevLett.100.257201
http://dx.doi.org/10.1103/PhysRevLett.100.257201
http://dx.doi.org/10.1038/nphys619
http://dx.doi.org/10.1063/1.3061685
http://dx.doi.org/10.1038/nmat2591
http://dx.doi.org/10.1103/PhysRevB.86.214418
http://dx.doi.org/10.1103/PhysRevB.86.214418
http://dx.doi.org/10.1038/nphys173
http://dx.doi.org/10.1103/PhysRevB.72.134415
http://dx.doi.org/10.1103/PhysRevLett.109.097204
http://dx.doi.org/10.1038/ncomms4760
http://dx.doi.org/10.1063/1.4869024
http://dx.doi.org/10.1109/TMAG.2012.2196269
http://dx.doi.org/10.3762/bjnano.6.70
http://dx.doi.org/10.1103/PhysRevLett.105.037201
http://dx.doi.org/10.1063/1.2177411
http://dx.doi.org/10.1016/j.jmmm.2010.03.002
http://dx.doi.org/10.1016/j.jmmm.2009.01.049
http://dx.doi.org/10.1016/j.jmmm.2003.11.257
http://dx.doi.org/10.1103/PhysRevB.82.014402
http://dx.doi.org/10.1103/PhysRevLett.106.197203
http://dx.doi.org/10.1103/PhysRevLett.106.197203
http://dx.doi.org/10.1063/1.3662923
http://dx.doi.org/10.1103/PhysRevB.67.224404
http://dx.doi.org/10.1038/s41598-017-01222-4


www.nature.com/scientificreports/

7Scientific RepoRts | 7: 1127  | DOI:10.1038/s41598-017-01222-4

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://creativecommons.org/licenses/by/4.0/

	Vortex dynamics and frequency splitting in vertically coupled nanomagnets
	Results and Discussion
	Summary
	Methods
	Sample preparation. 
	Simulation parameters. 

	Acknowledgements
	Figure 1 (a) SEM image of the vertically coupled nanomagnets placed on the CPW’s signal line.
	Figure 2 (a) Simulated spectral dependencies of the imaginary part of magnetic susceptibility for HDC = 0 for the vertically coupled system with V + V and V+ Single Domain states.
	Figure 3 Simulated absorption spectrum as a function of HDC for a single BD is shown in (a) and for a coupled system with single-domain configuration of the SD is shown in (b).
	Figure 4 Simulation results of initial magnetization configurations and corresponding spatial distributions of magnetic susceptibility for HDC = +200 Oe (a) and −200 Oe (b).
	Figure 5 Simulated absorption spectra of the coupled system for α = 135° are shown.




