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The impact of local pinning sites in magnetic tunnel
junctions with non-homogeneous free layers
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Pinning at local defects is a significant road block for the successful implementation of

technological paradigms which rely on the dynamic properties of non-trivial magnetic tex-

tures. Here, a comprehensive study of the influence of local pinning sites for non-

homogeneous magnetic layers integrated as the free layer of a magnetic tunnel junction is

presented, both experimentally and with corresponding micromagnetic simulations. The

pinning sites are found to be extremely detrimental to the frequency controllability of the

devices, a key requirement for their use as synapses in a frequency multiplexed artificial

neural networks. In addition to describing the impact of the local pinning sites in the more

conventional NiFe, a vortex-based magnetic tunnel junction with an amorphous free layer is

presented which shows significantly improved frequency selectivity, marking a clear direction

for the design of future low power devices.
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Defect-induced pinning has long been perceived as a sig-
nificant challenge for the real-world implementation of
many potential applications which aim to harness the

dynamical behaviour of complex magnetic textures, the prime
example being the so-called ‘racetrack memory’1,2, where local
pinning strongly affects the mobility of the magnetic texture
under investigation3. Whilst significant study has focussed on the
impact on defects on the mobility of domain walls4–6 and
skyrmions7–9 in nanowire configurations, there remains much
less understanding of the effect of pinning in magnetic tunnel
junctions with free layers that have a non-homogenous magne-
tisation. The most common type of non-homogeneous magneti-
sation texture found in nano-pillars is the magnetic vortex10,
where the exchange and dipolar interactions result in the in-plane
magnetisation forming decreasingly small loops, before
becoming out-of-plane at the central vortex core. Vortex-based
magnetic tunnel junctions (vMTJ) can be simplistically con-
sidered as comprising of three layers, a fixed magnetic layer
whose magnetisation does not change, an insulating tunnelling
layer, and a free magnetic layer, whose ground state is the mag-
netic vortex.

The magnetisation dynamics of magnetic vortices have been
shown optically to be strongly dependent on the pinning sites
created by structural defects in polycrystalline NiFe nano-
disks11–17, however, there remains limited electrical character-
isation of vortex-based magnetic tunnel junctions. Exploring the
influence of the pinning of non-trivial magnetisation textures
electrically is a crucial step for the realisation of many of the
proposed applications which are based on vMTJs, and to this end
the spin-diode effect is a valuable characterisation technique
capable of analysing the resonant frequency of MTJs by simply
applying an rf current and measuring the dc voltage.

Recently, the dynamic properties of MTJs have been attracting
significant interest in the context of designing complex neuro-
morphic architectures18–20, where vMTJs are the most promising
current spintronic technology for such a network due to their
relatively high performance as both the dc to rf and rf to dc
transducers required for the neuronal and synaptic elements.
Although the long term vision of such a system would probably
target operational frequencies beyond those found in the vMTJs
(typically around 0.1 to 1 GHz), vMTJs are currently the most
robust, reproducible and reliable dynamic MTJ technology, and
are an attractive candidate for preliminary testing of such net-
works in hybrid spintronics/CMOS spin chips.

This report focusses on vMTJs in the context of vortex-based
frequency selective rectifiers21,22, where individual nano-devices
operate as tunable rf to dc transducers, with each device operating
at a specific frequency, allowing for a frequency multiplexing
approach, which can be utilised in designing complex neuro-
morphic architectures18–20. The key element in such devices is
the ability to precisely control the frequency of operation of each
of these nano-rectifiers, which is usually achieved by controlling
the geometry of the individual nanopillars.

In this work, we show how the energy landscape induced by
defects in polycrystalline magnetic materials causes the magnetic
vortex to be pinned, resulting in a clear sub-threshold pinned
dynamic behaviour, as well as the super-threshold conventional
gyrotropic motion which is more commonly presented in the
literature. Furthermore, we show how the sub-threshold
dynamics are controlled, not by the device geometry, but by the
local energy landscape of the pinning site. One possible solution
to the local pinning sites is by utilising a soft amorphous magnetic
material, for example CoFeSiB, which is integrated as the free
layer of a magnetic tunnel junction with a significantly reduced
impact of local pinning sites.

Results and Discussion
Analysing the local pinning through the spin-diode effect. The
devices under investigation are magnetic tunnel junctions with
a CoFe(2.0)/Ru(0.7)/CoFeB(2.6 nm) synthetic antiferromagnet
(SAF) acting as the pinned layer and a CoFeB(2.0)/Ta(0.2)/X
composite layer as the free layer separated by a thin
MgO(1.0 nm) layer. The soft magnetic material, X, included in
the free layer composite is NiFe(7.0 nm) similar to those dis-
cussed in detail in ref. 23, unless otherwise stated. The patterned
devices undergo an annealing treatment of 330 °C for 2 hours in
a 1 T magnetic field to align the axis of the pinning anti-
ferromagnetic layer and crystallise the MgO. Similar behaviour
was observed for devices with diameters ranging from d= 300-
1000 nm.

The spin-torque diode24 effect is a well-established experi-
mental technique for determining the resonant frequency of the
dynamic modes in vMTJs21,22,25, where applying a radio-
frequency current results in a rectified voltage as the magnetisa-
tion response is transduced into an electrical signal via the
tunnelling magnetoresistance response.

In Fig. 1a, the absolute value of the rectified spin-diode voltage
is presented as a function of the excitation frequency and power
for a vMTJ, where the absolute value of the rectified voltage was
chosen so as to allow a log colour scale, in order for both the
pinned and gyrotropic modes to be visible on the same graph. In
reality, the spin diode response often has an approximate anti-
Lorentz lineshape21, which crosses zero around the central
resonant frequency. The black line which increases as a function
of power (labelled the pinned mode) is therefore the central
frequency of the pinned mode, and is constant over several orders
of magnitude of excitation power, but starts to shift to lower
frequencies as the power is increased.

The spin-diode presented in Fig. 1a shows the presence of a
clear threshold, Pt

rf (illustrated in the figure with a white line),
below which the vortex core is pinned, and above which the core
escapes the pinning sites and enters the gyrotropic mode. This
type of threshold behaviour is consistent with results which have
been previously explored optically on NiFe nano-disks26. The in-
plane magnetic field dependence of the dynamic response is
plotted in Fig. 1b and c, for excitation frequencies above and
below Pt

rf , (i.e. Prf= 10 and 150 µW, respectively).
The frequency of the sub-threshold mode can be seen to vary

strongly as a function of the in-plane magnetic field, whereas the
super-threshold behaviour has a more constant frequency
response, at frequencies consistent with the gyrotropic motion
of the vortex core published in the literature (e.g. refs. 22,27) and
predicted by the modified Thiele equation28.

In fact, the value of the threshold power, Pt
rf , can be relatively

easily determined experimentally and is plotted in Fig. 1d as a
function of the in-plane field. A radio-frequency of f= 115MHz
is applied to the MTJ, corresponding to the gyrotropic mode of
the vortex confined in a d= 500 nm nanopillar, and the power at
which the measured rectified voltage exceeds a critical value (i.e.
Vth= 0.2 mV) is determined. The threshold power can be seen to
vary significantly (from 8 to 100 µW), with the value depending
strongly on the value of the in-plane magnetic field, and therefore
the location of the vortex core.

For the successful implementation of vMTJs as artificial
synapses, the frequency needs to be controlled precisely, and
the standard mechanism for controlling the frequency of the
gyrotropic mode would be by variation of diameter23. Figure 1
shows that at low powers, the resonant frequency of the vMTJ is
not determined by the geometry but rather by the local pinning
sites, which means that for the successful realisation of the
artificial synapse operating at low rf powers (i.e. Prf ~ 1 µW), the
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threshold for escaping the pinning site needs to be substantially
reduced.

In addition to affecting the gyrotropic mode of the vortex core,
the grains also affect the higher order spin wave modes, which
can also be probed via the spin-diode effect25. It has been
suggested previously that defects can alter the nature of these
higher order spin-wave modes29,30. In Supplementary Figure 1,
the spin-diode for the spin wave modes is presented, where it can
be seen that there is a slight variation in the modes as a function
of the pinning site, but less than experienced for the
gyrotropic mode.

Micromagnetic simulations of the energy landscape. Micro-
magnetic simulations can be utilised to better illustrate difference
between the sub-threshold pinned dynamics and the super-
threshold conventional gyrotropic mode. The micromagnetic
simulations were performed using the mumax3 code31 for
500 nm nanopillars with typical NiFe material parameters (Msat

= 740 × 103A/m, Aex= 1.3 × 10−11 J/m, alpha = 0.01). Although
the pinning defects could be caused by other means (i.e.
roughness14), in these simulations the local pinning defects were
introduced by creating a random granular structure17. The
nanopillar was separated into individual grains with an average
size of 20 nm (values of the grain size in NiFe in the literature
vary between 4 and 10 nm in ref. 17, 35 and 85 nm in ref. 11,
30 nm in ref. 13). The lower end of the range of grains sizes was
selected as the free layer in this study is relatively thin (tNiFe =
7 nm) and the grain size tends to increase with thickness14. Local
pinning sites were created by randomly varying the saturation
magnetisation of the grains between Msat and 0.85*Msat and the
inter-region exchange at the boundaries between the grains was
also reduced to 0.85*Aex at the granular interface.

In Fig. 2, the energy landscape has been plotted as a function of
the x and y position within the nanopillar. The simulations were
performed by initialising a magnetic vortex at different lateral
positions (i.e., x and y) and waiting for a short time period (i.e.
~0.1 ns) for the core to stabilise and calculating the subsequent
energy, which comprises of the demagnetising, exchange and
Zeeman component energy terms. In Fig. 2a, the energy of the
whole of the nanopillar is calculated, and results in a standard

parabolic potential minima. Although the granular defects are
very slightly visible, the majority of the energy landscape is
dominated by the edges of the nanopillar, with the in-plane part
of the magnetic vortex typically being > 500 times in size
compared to the vortex core.

In Fig. 2b, however, the energy landscape is again calculated,
except this time only the energy within an area comparable to the
vortex core (i.e. a circle with radius r= 16 nm) is calculated, and
the local energy minima felt by the vortex core is presented. The
impact of the granular defects is now much more pronounced,
with lots of local maxima and minima visible. To illustrate the
sub-threshold and super-threshold dynamics, typical trajectories
of the vortex core when strongly pinned and after escaping the
pinning site (i.e. the gyrotropic mode) are plotted.

In order to validate the micromagnetic simulations with the
experimental data in the sub-threshold regime, in Fig. 3,
the frequency of the pinned mode is determined as a function
of the in-plane magnetic field (both transverse and along the MTJ
easy axis, i.e. Hx and Hy respectively). The frequency was
determined via FFT analysis of the magnetisation aligned along
the easy-axis in the micromagnetic simulations, i.e. the my

component, as the magnetic vortex relaxes over 50 ns. As the
magnetic vortex relaxes towards equilibrium, a clear peak in
frequency can be detected in the FFT of the my component, which
is considered to be the relaxation frequency of the vortex in the
pinned state. In Fig. 3, this data is compared to the experimentally
determined resonant frequency for a low, i.e. sub-threshold,
excitation power of Prf= 10 µW. The experimental resonance
frequency is determined by sweeping the low power rf current,
and extracting the central frequency of the dc voltage response,
corresponding to the resonant frequency.

There is good agreement between the experimentally acquired
spin-diode effect and the micromagnetic simulations, with the
resonant frequency varying strongly as a function of the in-plane
magnetic field, with different regions of similar resonant
frequency corresponding to different pinning sites.

To further explore the different pinning sites and their
consequent effect on the vortex dynamics, two magnetic fields
were identified in Fig. 3b (i.e [Hx, Hy]=−4.2, 3.3 mT and [Hx,
Hy]=−5.4,2.6 mT, labelled 1 and 2 respectively) with very

Fig. 1 Influence of pinning on spin-diode measurements. a Absolute magnitude of the experimentally determined spin-diode voltage as a function of the
excitation frequency and power with the white line showing the threshold power, Ptrf, at which the vortex core escape the pinning site and Ptrf the resonant
frequency of b) the pinned mode (Prf= 10 µW) and c) the gyrotropic mode (Prf= 150 µW). d The threshold radio-frequency power, Ptrf, as a function of the
magnetic field applied along the x- and y-axis for an excitation current of fgyro= 115MHz.
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different resonant frequencies (f1= 220MHz and f2= 1400MHz).
These two fields correspond to a weakly pinned system (i.e.
position 1) and a strongly pinned system (i.e. position 2). The
energy landscapes calculated via micromagnetic simulations of
these two different field values are presented in Fig. 3c and d.
Additionally, the typical trajectories of the sub-threshold pinned
mode are presented for two resonant excitations (f1= 220MHz
and f2= 1400MHz for an excitation current of 1 mA). For position
1, the loosely pinned vortex core has a resonant frequency close to
the global gyrotropic frequency, and the core is excited to relatively
large orbits. This pinning site is spatially larger and is caused by two
grains of relatively low saturation magnetisation being located next
to one another (Supplementary Figure 2). In the case of position 2,
the strongly pinned core can be resonantly excited by applying a
frequency far from the global gyrotropic mode, and results in a
relatively small orbit. This energy minima is caused by the
intersection of multiple grain boundaries which result in a
pronounced yet spatially localised minima (Supplementary Fig. 3).
The origin of the pinning site appears to have a pronounced impact

on the vortex core dynamics leading to the possibility that analysis
of the resonant frequency of the vortex core and subsequent
comparison to micromagnetic simulations may provide an
interesting tool for exploration of the granular structure of
magnetic materials in the future.

Reducing the influence of pinning with amorphous free layers.
Having identified the challenge posed by local pinning sites in
vortex-based magnetic tunnel junctions, we now present two
potential solutions for reducing the impact of these local energy
minima on the vortex dynamics; removing granular defects by
using an amorphous free layer and reducing the impact of the
interface by increasing the free layer thickness. The work pre-
sented in the first half of this report uses a CoFeB/Ta/NiFe
composite free layer, where the polycrystalline NiFe is chosen due
to its magnetic softness, and the CoFeB is selected to ensure good
texture in the insulating MgO barrier, and therefore subsequent
high tunneling magnetoresistance. The CoFeB is amorphous as

Fig. 2 Energy landscape simulations. Energy landscape calculated with micromagnetic simulations considering a) the whole nanopillar and b) a 16 nm
radius around the vortex core. The black dots shows typical trajectories of the sub-threshold pinned mode and the super-threshold gyrotropic mode.

Fig. 3 Frequency variation at different pinning sites. Resonant frequency of the sub-threshold pinned mode as determined a) experimentally via spin
diode effect and via b) micromagnetic simulations, as a function of the in-plane magnetic field (Hx and Hy). Energy landscape as calculated with
micromagnetic simulations for two different in-plane magnetic fields i.e. c) Hx=−4.2mT and Hy= 3.3 and d) Hx=−5.4 mT and Hy= 2.6 mT. The black
line corresponds to the trajectory of the vortex core when excited with an rf signal of 1 mA and a frequency of f1 = 220 MHz and f2 = 1400 MHz.
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deposited, but crystalises into bcc (001) during the annealing
which is an essential step to ensure high TMRs above 100%. The
Ta layer is to ensure a separation of crystalinity between the NiFe
and the CoFeB.

Whilst the CoFeB/Ta/NiFe composite layer has shown good
results for large power excitations, the polycrstaline nature of
the free layer results in additional pinning sites. In order to
avoid this, an amorphous soft magnetic layer has been selected
to replace the NiFe, namely CoFeSiB. Co67Fe4Si14.5B14.5 is an
interesting candidate for magnetic tunnel junctions as it is
amorphous after standard annealing processes32 and has been
previously investigated in micron-sized AlO-based magnetic
tunnel junctions where lower switching fields were
observed33–35. Figure 4a and b shows the x-ray diffraction
measurement of two thin films, NiFe and CoFeSiB respectively,
after annealing at 330 °C. A clear peak associated with fcc (111)
is observed for the polycrystalline NiFe, whereas no peak is
observed for the CoFeSiB.

As well as being amorphous in unpatterned thin films, in
Fig. 4c and d the cross sectional transmission electron microscopy
(TEM) is presented for two patterned magnetic tunnel junction
devices, with c) CoFeB/Ta/NiFe and d) CoFeB/Ta/CoFeSiB free
layers. By analysis of the Fast Fourier Transform (FFT), the NiFe
image is shown to be consistent with a orthorhombic crystal with
111 zone axis, whilst the CoFeSiB appears amorphous after
patterning and annealing.

Having identified CoFeSiB as an amorphous free layer, even
after annealing, nano-devices were patterned and their resonant
frequency was investigated via the spin diode effect (similar to
Fig. 1b) with an rf current of Prf= 1 µW. As seen in Fig. 5a, the
CoFeB(2.0)/Ta(0.5)/NiFe(7.0 nm) shows the sub-threshold beha-
viour discussed in Fig. 1, with a drastic variation of the resonant
frequency as a function of the in-plane magnetic field, as the core
moves from one pinning site to another, each with markedly
different energy landscapes and therefore resonant frequencies.
When the NiFe is replaced with CoFeSiB(7 nm), shown in Fig. 5b,
the resonant frequency is seen to still vary significantly as a
function of the in-plane magnetic field but with the impact being
reduced by the amorphous nature of the CoFeSiB. Whilst there
still exists a variation in frequency, this can be seen to be between
0.1 − 1 GHz (relative to the 0.1 – 2.5 GHz of the NiFe), the fact

that the vortex continues to be in the sub-threshold pinned
regime even with an amorphous free layer suggests that the
impact of interfacial roughness and the polycrystalline CoFeB are
still playing an important role in the energy landscape. In Fig. 5c,
the thickness of the CoFeSiB is increased to 40 nm and the
variation in resonant frequency can be seen to drastically reduce,
with the spin diode response being observed mostly between 0.5

Fig. 4 NiFe and CoFeSiB crystallography comparison. x-ray diffraction pattern of a) NiFe and b) CoFeSiB annealed thin films as well as cross sectional
TEM images of two patterned magnetic tunnel junction devices with c) CoFeB/Ta/NiFe and d) CoFeB/Ta/CoFeSiB free layers.

Fig. 5 Frequency variation reduction in amorphous free layers. The
measured resonant frequency as a function of the in-plane magnetic field
for the magnetic tunnel junctions of 400 nm diameter, with a free layer
comprised of a) CoFeB(2.0)/Ta(0.5)/NiFe(7 nm), b) CoFeB(2.0)/Ta(0.5)/
CoFeSiB(7 nm) and c) CoFeB(2.0)/Ta(0.5)/CoFeSiB(40 nm).
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and 0.6 GHz, demonstrating a substantial reduction of frequency
variation due to the local pinning sites.

The reduction of the frequency variation as a function of in-
plane magnetic field for the amorphous CoFeSiB free layer is
important in the context of rf-based artificial synapses, but the
significance goes beyond this particular case, and has more wide-
ranging implications. The frequency variation can be considered
as a measurement of the pinning sites and, therefore, the thick
amorphous CoFeSiB shows reduced pinning in general, making it
an interesting candidate for further study for a range of
technological implementations, for example, racetrack memory
or magnetic field sensors. Further study is needed to accurately
extract the material parameters of CoFeSiB (e.g. damping and
exchange constant), and one potential drawback with using such
thick free layer materials is that the critical current for steady state
oscillations will depend on the thickness of the material28, so that
observing the dc to rf transduction may not be possible with such
thick layers.

To further explore the reduction in pinning for thicker
CoFeSiB, in Fig. 6 the absolute value of the rectified spin diode
voltage measured at zero applied magnetic field is presented as a
function of the rf power and frequency (equivalent to Fig. 1a), for
four different CoFeSiB thicknesses. The free layer consists of
CoFeB(2.0)/Ta(0.5)/CoFeSiB(X nm), where X= 3, 7, 20 and
40 nm for a, b, c and d, respectively. For the thinnest CoFeSiB, the
pinning threshold is around Prf= 100 µW, similar to that
observed in NiFe (although this threshold varies strongly as a
function of the local pinning sites). This threshold reduces to
around 20 mW and 4mW for X= 7 and 20 nm respectively. For
the case of X= 40 nm, there is no clear threshold visible and the

gyrotropic mode is accessible even down to Prf= 100 nW, which
is therefore a gain of around three order of magnitude over the
relatively thinner X= 3 nm.

Conclusion
In conclusion, the impact of local pinning sites is explored in
vortex-based magnetic tunnel junctions, where the pinning of the
magnetic vortex core results in a threshold in the excitation
power, which must be overcome before large orbit gyrotropic
motion is observed. In these pinned states, the resonant frequency
of the nano-device is strongly impacted by the local energy
landscape leading to a drastic variation in the resonant frequency.
These pinning sites represent a significant challenge for the
implementation of vortex-based frequency selective rectifiers,
however by using an amorphous free layer, namely CoFeSiB, the
impact of the vortex core pinning is significantly reduced. The
integration of amorphous materials as the free layer of magnetic
tunnel junctions with non-trivial magnetic textures offers a
potentially ‘pinning-free’ system, which can dramatically improve
device performance in the low-power regime.

Methods
Device Fabrication. The NiFe-based magnetic tunnel junctions
have the following stack 6.0 IrMn/2.0 CoFe30/0.7 Ru/2.6
CoFe40B20/0.8 MgO/2.0 CoFe40B20/0.2 Ta/7.0 NiFe (thickness
in nanometers), and for the devices identified as the CoFeSiB,
the NiFe was replaced with Co67Fe4Si14.5B14.5. The devices were
patterned using ebeam and optical lithography techniques and are
annealed at 330 °C for 2 hours in a 1 T magnetic field to align the

Fig. 6 Pinning threshold reduction with CoFeSiB thickness. a) Absolute magnitude of the experimentally determined spin-diode voltage as a function of
the excitation frequency and power with the white line showing the threshold power, Ptrf , at which the vortex core escape the pinning site for a free layer of
CoFeB(2.0)/Ta(0.5)/CoFeSiB(X nm), where X= a) 3 nm, b) 7 nm, c) 20 nm and d) 40 nm. GM signifies the gyrotropic mode and PM represents the
pinned mode.
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axis of the pinning antiferromagnetic layer and crystallise the
MgO.

Spin-diode measurements. The spin-diode measurements were
performed by using a standard bias tee, with a voltameter con-
nected to the dc port and an rf source connected to the ac port.
The in-plane magnetic field was swept either with a solenoid or
by applying a dc current to an integrated field line located directly
above the MTJ which can create a local in-plane magnetic field.

Transmission electron microscopy. Transmission electron
microscopy (TEM) imaging of the samples were carried out with
a double corrected FEI Titan G3 Cubed Themis equipped with a
Super-X EDX detector, operated at 200 kV. The samples for TEM
analysis were prepared by a dual-beam FEI Helios focused ion
beam (FIB) following the standard lift-out procedure. In order to
not destroy the formed oxide layer on the samples by Ga+ ions
during the milling steps, two Pt layers were deposited: ∼200 nm
by electron (e-) beam and ∼2 μm by ion (i-) beam. 30 kV ion
beam was used for the bulk milling, and thereafter the lamella was
thinned down to 100 nm in thickness. Finally, a 5 kV ion beam
was used to remove the surface amorphization layer.

Data availability
The data supporting this scientific work are available from the corresponding author
upon reasonable request.
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