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Electrical characterisation of higher order spin
wave modes in vortex-based magnetic tunnel
junctions
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NiFe-based vortex spin-torque nano-oscillators (STNO) have been shown to be rich dynamic

systems which can operate as efficient frequency generators and detectors, but with a

limitation in frequency determined by the gyrotropic frequency, typically sub-GHz. In this

report, we present a detailed analysis of the nature of the higher order spin wave modes

which exist in the Super High Frequency range (3–30 GHz). This is achieved via micro-

magnetic simulations and electrical characterisation in magnetic tunnel junctions, both

directly via the spin-diode effect and indirectly via the measurement of the coupling with the

gyrotropic critical current. The excitation mechanism and spatial profile of the modes are

shown to have a complex dependence on the vortex core position. Additionally, the inter-

mode coupling between the fundamental gyrotropic mode and the higher order modes is

shown to reduce or enhance the effective damping depending upon the sense of propagation

of the confined spin wave.
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Spintronics, which is based on the detection and manipula-
tion of the spin of an electron, is a wide-ranging field of
research with many novel nanotechnology solutions for the

increasing challenges encountered by conventional electronic
systems related to miniaturization, power consumption and
device robustness. Two of the main pillars representing emerging
dynamic spintronics technologies are spin-torque nano-oscilla-
tors (STNOs)1–9 and spin-wave-based spintronics or
magnonics10. STNOs typically harness the spin-polarized cur-
rent-induced dynamical behaviour in a ferromagnet/spacer/fer-
romagnet trilayer configuration, where the spacer can be either
metallic (i.e., spin valve1,2) or an insulator (i.e., magnetic tunnel
junction (MTJ)4,5), and which can either be fully confined in
nanopillars1,2,4,5 or have a nanocontact geometry11. Magnonics is
the engineering of the dispersion relation and the control of
propagation of spin waves in ferromagnetic nanostructures12, and
has been proposed for a range of Information and communica-
tions technology (ICT) applications including beyond-
CMOS (Complementary Metal Oxide Semiconductor) computing
and high-frequency signal processing10,13.

There has been some recent study focussed on the overlap
between STNOs and magnonics, and these include relatively
diverse experiments ranging from the spin wave-mediated syn-
chronization of nanocontact oscillators14,15 to the emission of
spin waves by magnetic vortices during vortex core
displacement16,17 and reversal18,19, and the exploration of higher-
order spin-wave modes20–27 associated with magnetic vortices,
the latter of these being the focus of this study.

Several spin-wave modes have been previously associated with
magnetic vortices, having been found to exist along both radial
and azimuthal axes. The azimuthal spin wave is characterized by
a propagating spin-wave mode along the azimuthal axis, which
can either be in the clockwise (CW) or counter-CW (CCW)
sense23–25, with the frequency of the CW and CCW azimuthal
modes shifted due to the coupling with the gyrotropic mode.
Although vortex core switching via spin-wave mode excitation
has been demonstrated on individual nanodots both
optically24,28–32 and via ferromagnetic resonance33,34, these
modes have not been electrically characterized in fully integrated
individual MTJs before, which is an essential step towards the
realization of emerging ICT technologies.

Results and discussion
Dynamic behaviour in magnetic vortices. In this study, we
investigate the dynamics of magnetic vortices resonantly excited
by the application of an rf current, with two excitation config-
urations: direct excitation of the rf current passing across the MTJ
itself (Fig. 1a)35,36 and indirect excitation via an integrated field
line (Fig. 1b)37–39, with more device details presented in the
‘Methods’ section.

There are a variety of dynamic modes associated with the magnetic
vortex, with the fundamental mode, known as the gyrotropic mode,
characterized by an orbital motion of the vortex core around a fixed
point as shown in Fig. 2a, where the magnetization along the z-axis is
presented, as calculated with the Mumax340 code. The polarity
(negative) and chirality of the vortex are kept constant for all
presented micromagnetic simulations. The gyrotropic mode is the
only mode, which has successfully been excited to steady-state
oscillations by the application of a dc current and has been shown to
have the best spectral purity and output power of any STNO41.
Traditionally, the gyrotropic mode in NiFe-based vortex MTJs
operates in the 100–800MHz band, which has the potential for
neuromorphic applications42–46 and local wireless sensor networks,
but limits their impact for conventional wireless communications,
such as WiFi and 5G frequency bands, which operate in GHz

frequency bands. Although recent work in ferrimagnets near the
compensation point show higher frequencies47–49, additional work
remains before this can be integrated into MTJ stacks.

In Fig. 2a, we expand upon the other high-frequency modes,
which can be resonantly excited by direct spin-polarized current
or an in-plane magnetic field (note that the radial spin-wave
modes can only be directly excited by a perpendicular rf magnetic
field50, which is not present in our system). As discussed
previously, there is the azimuthal spin-wave mode, where a spin
wave propagates in the body of the vortex around the vortex core.
This behaviour can be clearly seen by constructing the FFT
amplitude mode profile achieved with micromagnetic simulations
(see Fig. 2b). This is achieved by exciting a specific mode via the
application of a high-frequency in-plane magnetic field of 10 µT
and performing a Fourier transform of each cell as a function of
time. The power of the high-frequency in-plane field has been
chosen so as to be sufficiently low that no displacement of the
vortex core is observed. For the propagating azimuthal mode, the
FFT mode profile can be seen to be more or less continuous

Fig. 1 Device layout. Schematic diagram of the high-frequency a direct spin
diode and b indirect field excitation of the magnetic tunnel junction (MTJ),
excited using a variable high-frequency source (VS) and measured either
by a voltmeter (V) or a spectrum analyser (SA).

Fig. 2 Dynamic modes in magnetic vortices. a The different modes present
in magnetic vortices depending upon the position of the vortex core. Images
show the magnetization along the z-axis, mz, calculated with micromagnetic
simulations at four different times during the mode excitation and b the fast
Fourier transform (FFT) amplitude of the respective modes.
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around the vortex core. The region around the core has been
removed for the sake of clarity.

If the vortex core becomes displaced from the centre of the
nanopillar via the application of an in-plane magnetic field or
during gyrotropic motion, the spatial profile of the mode becomes
altered and there is an emergence of clear nodes and antinodes
(see “Hybrid” in Fig. 2). The hybrid mode has both the node and
anti-node modes characteristic of a standing wave, while
retaining a sense of rotation. When the core is displaced further
to the edge of the pillar, the mode profile more closely resembles
that of a conventional edge mode51, with no clear sense of
rotation (see “Edge” in Fig. 2), with the upper edge 180° out of
phase with the lower edge.

The variation of the spin-wave modes as the vortex core is
shifted is discussed in more detail in Fig. 3, where the simulated
resonant frequency is plotted as a function of the in-plane
magnetic field. Unlike Fig. 2, where only the FFT amplitude was
plotted, in Fig. 3 we show the bivariate FFT amplitude and phase
images to give a better understanding of the nature of the modes.
At Hy= 0 mT, three modes can be seen corresponding to the
azimuthal propagating modes in both the CCW (labelled 1 at 5.5
GHz) and CW (labelled 2 at 6.3 GHz) directions, and at higher
frequencies the hybridized azimuthal and radial spin-wave mode
(labelled 3 at 9 GHz).

At an intermediate in-plane magnetic field, (Hy= 12 mT), the
available spin-wave modes have both azimuthal and standing
wave characteristics, similar to the “hybrid” example discussed in
Fig. 2. It is still possible to separate the modes with a CCW
(labelled 4 at 5.3 GHz) and CW (labelled 5 at 5.6 GHz) senses of
rotation; however, the frequencies of these two modes are starting
to converge. At higher frequencies, there is an emergence of
higher-order standing wave harmonics with four (labelled 6 at
6.1 GHz), six (labelled 7 at 6.8 GHz) and eight (labelled 8 at 7.5

GHz) antinodes visible. At even higher frequencies (labelled 9 at
8.3 GHz), there is a mode which has radial, azimuthal and
standing wave characteristics. As the in-plane field is increased
further (i.e., Hy= 24 mT), the two azimuthal spin-wave modes
with opposite senses of rotation have almost fully converged such
that there is mostly just one mode discernible, corresponding to
the standing spin-wave edge mode (labelled 10 at 4.95 GHz).

Rectification effect with higher-order modes. In order to
experimentally verify the behaviour of the higher-order modes in
vortex-based MTJs, an rf current is passed across the MTJ (shown
schematically in Fig. 1a), resulting in the so-called spin-torque
diode effect52, where the applied rf current results in a rectified dc
voltage if there is a corresponding resistance oscillation at the
same frequency. In Fig. 4a, the measured rectified voltage as a
function of the incoming frequency is shown for five different
static in-plane magnetic fields applied along the y-axis, which is
collinear to the pinning direction of the synthetic anti-
ferromagnetic (SAF) layer. The dc voltages presented in Fig. 4a
have been offset for clarity. The resultant rectified voltages are
similar in magnitude to that observed for the gyrotropic mode,
which has been extensively discussed in the literature35,36, and an
example of which can be seen in the Supplementary Results (Fig.
SI1) for comparison.

In Fig. 4b, we present the time averaged product of the
magnetization component along the y-axis and the applied rf
current found using the micromagnetic simulations. There is
good overall agreement between the micromagnetic simulations
and the experimental data in terms of the lineshape of the
frequency response with respect to various in-plane magnetic
fields. For 0, 12 and 24 mT, the modes are labelled from 1 to 10
corresponding to the modes discussed in Fig. 3.

At zero in-plane applied magnetic field, the spin-torque diode
rectified voltage and the corresponding simulations show a
relatively small response, with the simulations showing two peaks
corresponding to the two senses of rotation of the azimuthal
modes. The mode labelled 3 was not observed, probably due to
insufficient rf excitation of the mode located at such relatively
high frequencies. As the static in-plane applied magnetic field is
increased (Hy= 12 mT), multiple peaks in the spin diode can be
seen, which the simulations reproduce corresponding to the
higher-order hybrid modes discussed previously. For a stronger
static in-plane magnetic field (Hy= 24 mT) the rectified spin-

Fig. 3 Higher-order mode field dependence. a In-plane field, Hy,
dependence of the various spin-wave mode frequencies, f, present in the
nanopillar calculated with micromagnetic simulations and b bivariate fast
Fourier transform (FFT) phase and amplitude images at selected
frequencies and field.

Fig. 4 Rectification of higher-order modes. a Experimental rectified
voltage, V, and b the product of the magnetization along the y-axis, my, and
the applied current density, J, as found with micromagnetic simulations as a
function of excitation frequency, fsource, for different static in-plane
magnetic fields. The y-axes are offset by 20 µV for clarity.
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diode voltage for the lowest-order peak becomes the largest, as the
azimuthal modes converge and corresponds to the excitation of
the standing wave edge mode.

In Fig. 4, the lineshape of the resonant response can be seen to
change sign depending on the static in-plane field, which is
discussed in more detail in Fig. 5, where the lowest frequency
peak has been fit with an anti-Lorentzian lineshape. For a positive
static in-plane magnetic field (i.e., Hy= 24 mT), the spin diode
has a positive lineshape and for negative static in-plane magnetic
fields (i.e., Hy=−24 mT) it has a negative lineshape. The sign of
the anti-Lorentzian lineshape is plotted in Fig. 5a and has a quasi-
linear field dependence, with a change of the sign of the lineshape
at an in-plane field of Hy=−6 mT. When analysing the
micromagnetic simulations, there are three possible radio-
frequency excitation mechanisms, the anti-damping Slonczewski
(ST) and field-like (FLT) spin torques and the radial Oersted field
(Oe).

To clarify the nature of these excitation mechanisms, in Fig. 5b
the lineshape as a function of field for each excitation mechanism
is presented. The ST spin torque results in a relatively small
radiofrequency response, due to the anti-damping spin torque
acting predominantly on the core rather than the body of the
vortex36. The FLT acts to efficiently excite the higher-order
modes relatively constantly for all values of static in-plane
magnetic field. The radial OE field has a quasi-linear field
dependence, as the excitation of the higher-order modes is related
to the net magnetization, which is not collinear with the radial OE
field (i.e., at Hy= 0 mT, the radial OE field and the magnetization
are collinear across the whole of the vortex and no excitation of
the spin-wave modes occurs). The change in sign for the OE field
can be seen in Fig. 5c, where the magnetization component as a
function of time is presented for several static in-plane magnetic
fields. The phase of the resultant magnetization displacement for
the FLT torque is constant regardless of the in-plane field, but the
phase changes by 180° for the radial OE field. An analogous effect
can be seen for the different chiralities at similar static in-plane
magnetic fields, where the lineshape also changes sign, as shown
in the Supplementary Results (Fig. SI2). The lineshape is

independent of polarity (Figs. SI3 and SI4). The combination of
the FLT torque and the radial OE field leads to the zero field
offset and the quasi-linear field dependence.

To summarize the different excitation mechanisms, the radial
OE field will not excite the ‘pure’ azimuthal spin-wave modes
only found when the vortex is fully centred at Hy= 0 mT;
however, it is the dominant excitation mechanism of the edge
modes. The FLT torque efficiently excites the ‘pure’ azimuthal,
hybrid and edge spin-wave modes with similar efficiency, and
the ST torque can be neglected for excitation of all spin-
wave modes.

Coupling between the gyrotropic and higher-order modes.
Having identified the FLT torque as an efficient mechanism for
the excitation of all the spin-wave modes present in the vortex-
based STNO, in Fig. 6 we replace the direct excitation mechanism
shown in Fig. 1a for the indirect excitation mechanism shown in
Fig. 1b, where the rf current is passed through an adjacent inte-
grated field line, producing an rf in-plane field collinear to that of
the FLT torque. There are several advantages to the use of an
integrated field line over direct current excitation, including easier
impedance matching and greater breakdown current, allowing
significantly higher excitation powers than are achievable with
direct excitation, due to MTJ barrier degradation at higher rf
powers.

Although we have previously demonstrated the excitation of
the spin-wave modes directly, in Fig. 6 we show how the
excitation of the spin-wave modes can indirectly affect the
dynamic behaviour of the gyrotropic mode. There is a strong
inter-mode coupling present in magnetic vortices, which has been
previously shown optically to enable vortex core switching in
individual nanodots29. This inter-mode coupling between the
gyrotropic mode and the higher-order spin-wave modes is
demonstrated in Fig. 6a, where the critical dc current necessary
for the observation of a high-frequency voltage at the frequency
of the gyrotropic mode (i.e., 190MHz) is strongly modified by the
excitation of the spin-wave modes.

Fig. 5 Resonant excitation mechanism. a Lineshape amplitude, Amp, of the anti-Lorentz component of the lowest frequency peak as a function of static in-
plane magnetic field for both experiment and micromagnetic simulations, b individual excitation mechanisms (i.e., Slonczewski (ST, blue), field-like (FLT,
red) spin torques and radial Oersted field (Oe, green)) and c magnetization along the y-axis, my, as a function of time, t, for in-plane magnetic field, Hy=
−24, 0 and 24mT.
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The measurements were performed on a device with a
diameter of d= 300 nm and the excitation strength was Pantennarf

= 4 dBm. In the absence of a high-frequency magnetic field, the
critical current is IC= 1.45 mA. When the spin-wave mode with
an azimuthal sense of rotation contrary to the motion of the
vortex core is excited (i.e., CCW= 5.1 GHz) the critical current
necessary for gyrotropic motion of the core is significantly
increased to IC= 2.5 mA. This can be clearly seen in the spectra
presented in Fig. 6b, measured at a constant dc current of IMTJ=
1.9 mA, where the gyrotropic motion is suppressed when the
mode at 5.1 GHz is excited. There is an opposite effect when the
spin-wave mode with an azimuthal sense of rotation similar to
the gyrotopic mode (i.e., CW= 6.1 GHz). In this case, the critical
current is reduced and steady-state gyrotropic oscillations can be
observed at a dc current as low as 0.6 mA. This effect is clearly
demonstrated in the Fig. 6b, where a dc current of IMTJ= 1.3 mA
is applied and the spectra is only measured around 6 GHz.

The effective damping of the gyrotropic vortex motion is
therefore enhanced or reduced due to the coupling between the
higher-order spin-wave modes and the gyrotropic mode depend-
ing upon the sense of propagation of the spin wave. This effect
can be reproduced by the micromagnetic simulation, by a slight
increase or decrease in the alpha damping term, shown in the
Supplementary Results (Fig. SI5). As the vortex core is being
excited to gyrotropic motion, it will be neither exactly at the
centre or exactly at the edge of the pillar, and as such the mode
being excited will be a hybridized azimuthal/edge mode, with
standing wave nodes and antinodes, yet clearly it retains a sense
of rotation as shown by the enhancement and reduction of the
critical current for gyrotropic steady-state motion.

This modification in the critical current of the gyrotropic mode
is further demonstrated in Fig. 7, where the power of the peak at
the fundamental gyrotropic frequency (Pgyro) is plotted as a
function of the frequency (fsource) and power (Pantennarf) of the
signal applied to the field line for a sub-critical (IMTJ= 5 mA) and
super-critical (IMTJ= 8 mA) dc current on a d= 500 nm device.
In Fig. 7a, when the current is sub-critical (i.e., IMTJ= 5 mA), the

dc current is not enough to overcome the damping and generate
steady gyrotropic motion, and there is no peak for low rf
excitation powers. When a sufficiently strong rf signal is applied
to the field line with the frequency of one of the spin-wave modes
rotating with a CW sense of propagation, the effective critical
current is reduced and the vortex core starts to enter a steady
gyrotropic orbit, which results in a peak in the MHz range (i.e.,
Pgyro > 0). This effect can be seen to occur at several different
excitation frequencies, which have been labelled from 1CW to
5CW. There is a general trend whereby the higher the frequency of
the modes, the more rf power is required to produce a peak in the
MHz range, which may relate to a reduction in the inter-mode
coupling between the specific mode and the gyrotropic mode as
the frequency difference increases.

When a super-critical current is applied (i.e., IMTJ= 8 mA), the
opposite behaviour is observed as shown in Fig. 7b, where at
certain GHz excitation frequencies (labelled 1CCW to 6CCW) the
MHz peak completely disappears (i.e., Pgyro= 0) when the spin-
wave modes corresponding to a CCW sense of propagation are
sufficiently excited. The frequencies of the corresponding CCW
modes are slightly lower than the corresponding CW modes,
which is consistent with the behaviour expected for the hybrid
azimuthal mode, discussed in Fig. 6.

Conclusion
In conclusion, magnetic vortex-based spin-torque oscillators are a
rich dynamic system with many different accessible high-frequency
modes, the nature of which is highly dependent on the location of
the vortex core, shifting from a ‘pure’ azimuthal mode to a standing
edge mode. These modes are experimentally investigated directly
via the spin-torque diode effect, where it is found that the FLT
torque is the dominant excitation mechanism when the vortex core
is located at the centre of the pillar, but with the OE field becoming
increasingly dominant as the core approaches the edge of the
nanopillar. In addition, the inter-mode coupling between the
higher-order modes and the fundamental gyrotropic mode is

Fig. 6 Gyrotropic critical current modified by higher-order mode
excitation. a Critical current, Icrit, necessary to observe gyrotropic motion
and b example spectra showing measured frequency, fMTJ, vs. excitation
frequency, fsource, for a super-critical (IMTJ= 1.9 mA) and a sub-critical
(IMTJ= 1.3 mA) dc current of a magnetic tunnel junction, MTJ, with
diameter d= 300 nm. The circular arrows indicate the sense of propagation
of the spin-wave mode.

Fig. 7 Power dependence of the mode coupling. The measured power of
the magnetic tunnel junction, MTJ, emission at the gyrotropic frequency,
Pgyro, as a function of the rf excitation frequency, fsource, and power passed
across the field line antenna, Pantennarf, for a a sub-critical (IMTJ= 5mA) and
b a super-critical dc current applied to the MTJ (IMTJ= 8mA) for an MTJ of
diameter, d= 500 nm. The red and blue lines show the presence of modes
with counter-clockwise (CCW) and clockwise (CW) sense of rotation of
the spin-wave mode, respectively.
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explored, where the sense of rotation of the higher-order mode has
been shown to control the effective damping of the gyrotropic mode
for six different spin-wave modes. The ability of these devices to
acts as rectifiers or to modify the gyrotropic current demonstrates
the potential of super high-frequency applications utilizing vortex-
based MTJ devices, which have long been considered limited to the
sub-GHz frequency range.

Methods
Device details. The devices under investigation are MTJs with a CoFe(2.0)/Ru
(0.7)/CoFeB(2.6 nm) SAF acting as the pinned layer and a CoFeB(2.0)/Ta(0.2)/
NiFe(7.0 nm) composite layer as the free layer separated by a thin MgO(1.0 nm)
layer37,39. For diameters greater than d > 300 nm, the magnetic ground state of the
free layer is the magnetic vortex, where the in-plane component of the magneti-
zation forms a closed loop, whereas the magnetization of the central region of the
vortex, i.e., the vortex core, tilts perpendicular to the plane. Nanopillars from 300 to
1000 nm in diameter were investigated and similar behaviour was observed.

Excitation mechanism. The magnetic vortex is resonantly excited by an applied rf
current, with two excitation configurations: direct excitation of the rf current
passing across the MTJ itself (Fig. 1a)35,36 and indirect excitation via an integrated
field line (Fig. 1b)37–39. For the direct excitation configuration, there are three
potential excitation mechanisms, the OE field produced by the current, and the
anti-damping and the FLT spin-torque terms7. For the integrated field line, the
coupling between the current and the magnetic vortex occurs as the current
induces an in-plane magnetic field, which is felt by the vortex, located ~300 nm
below the field line. The field produced by the indirect field line excitation con-
figuration is collinear to the FLT spin-torque produced by the direct current
configuration, i.e., collinear to the pinning axis of the SAF37.

Data availability
The data that support the findings of this study are available from the corresponding
author upon request.

Received: 30 October 2020; Accepted: 30 March 2021;
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