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Abstract
We have deterministically created a stable topological spin texture in magnetic tunnel
junctions (MT]J) by using pulsed or microwave currents. The spin texture is characterized
by a field-dependent intermediate resistance state and a new magnetic resonance.
Micromagnetic simulations show that the observations are consistent with the nucleation
of a single skyrmion, facilitated by a spatially non-uniform stray field. The unique
resonance spectrum is identified as the skyrmion breathing mode and a skyrmion
diameter of 75 nm is estimated. This work shows the possibility to create skyrmions in
MTIJs without the Dzyaloshinskii-Moriya interaction and could lead to non-invasive, on-

chip skyrmion measurement.
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Research on magnetic skyrmions, localized topological spin textures in magnetic
materials, has gained momentum in recent years due to the technological advancement of
magnetic films and the possible application of skyrmions in information storage and
processing. For memory applications, much experimental attention has been given to the
racetrack architecture where skyrmions are shuttled along a thin magnetic film with an
applied current [1]. Moreover, there have been computational studies demonstrating the
use of skyrmions for logic gates [2], artificial synapses for neuromorphic computing [3],
and harboring Majorana bound states for topological quantum computing [4]. Due to low
creation energy, robustness to defects and compact size, magnetic skyrmions have
considerable potential in the field of spintronics.

The majority of experimental research has been restricted to multi-skyrmion states in
thin magnetic films, but there is substantial interest in device settings where individual
skyrmions need to be generated and read out on-chip. A popular design solution for
electrical creation and detection of skyrmions is the magnetic tunnel junction (MTJ) [5]
[6], as MTIJs are arguably the most promising spintronics devices developed in recent
years for data storage, sensing, and logic computation. Tunnel magnetoresistance (TMR)
is an excellent way to sensitively measure the magnetization of an MTJ’s constituent
magnetic layers, and the writing energy required to create or annihilate a magnetic
skyrmion in the free layer of an MTJ has been predicted to be at least one order of
magnitude less than that of state-of-the-art spin transfer torque (STT)-based memory
architectures, at room temperature and with no bias fields or currents [7]. Despite the
promise of high-speed, low-energy skyrmion creation and detection, there is currently no
experimental evidence of skyrmions in MTJs.

One particular challenge in realizing skyrmions in MTJs is the development of
unconventional detection methods. The prevailing technique to identify skyrmion states
is to directly image the magnetic configuration of the device of interest via electron or x-
ray microscopy, ptychography, and magnetic force microscopy [8] [9] [10]. While
imaging techniques give unambiguous measurements of skyrmion size and evolution,
they require the magnetic layer to be exposed to a certain extent, which changes the MTJ
free layer magnetic properties and limits their utility for on-chip, electrically-excited

skyrmion devices. Another challenge in the MTJ approach to skyrmion creation is



engineering the magnetic environment necessary to induce transitions from the
ferromagnetic state to a skyrmionic state in the MTJ free layer, while maintaining the
requisite layer structure in the MTJ to allow for high TMR and electrical manipulation of
the free layer magnetization. Normally, this may be accomplished by introducing a
sufficiently strong interfacial Dzyaloshinskii-Moriya interaction (DMI) to stabilize the
spin texture [11] [12]. However, there is strong evidence that skyrmions can be stabilized
in a confined ferromagnetic environment without the need of DMI [13] [14]. Notably, a
time-resolved study of current-induced switching in MTJs found that a transient magnetic
bubble state is sometimes nucleated during switching and can persist for microseconds
before thermal annihilation [15]. If thermal effects are suppressed, however, it is
reasonable to expect that a single skyrmion can be sustained in the MTJ free layer once it
is created by current-induced spin-transfer torque or voltage-controlled magnetic
anisotropy [16] [17].

In this letter we show evidence that conditions for skyrmion creation inside a
commercially available MTJ can be met at suitably low temperatures, and we
demonstrate the electrical creation and detection of a stable non-uniform state with
concurrent measurements of an MTJ’s steady-state magnetoresistance and spin-polarized
current-induced ferromagnetic resonance. Simulations show that the characteristics of
this state are consistent with single skyrmion creation. We find that the electrically-
detected skyrmion breathing mode [18] in the resonance spectrum provides a non-
invasive means for on-chip skyrmion identification.

The MTJ samples were prepared using Avalanche standard MRAM processes [19].
The magnetic layer stack was deposited using PVD and etched into nanopillars with
diameters ranging from 80 nm to 400 nm. For this study we focus on three MTJs with
250 nm, 350 nm, and 400 nm diameters that all displayed qualitatively similar behavior.
The MTJ layer stack and experimental setup are shown in Fig. 1a and d. The MTIJs are
composed of a CoFeB-based free layer, an MgO tunneling barrier and an out-of-plane
pinned synthetic antiferromagnet reference layer [20] [21]. Additionally, there is a thin
MgO capping layer on top of the free layer. Cryogenic testing was performed in a Janis
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Fig. 1b shows a typical out-of-plane hysteresis loop of the magnetoresistance of a
250nm MT]J in the absence of pulsed or microwave current excitation. The free layer is
found to have out-of-plane magnetization at 4.2 K due to perpendicular magnetic
anisotropy (PMA) induced by the MgO/CoFeB interface [22], characterized by a
rectangular hysteresis loop as function of magnetic field B. with sharp transitions
between ferromagnetic states. This loop shows the expected parallel (P) -to-antiparallel
(AP) switching characteristics that are common for MTJ structures. An unexpected
observation is made when a current pulse train, with a pulse width of 10 ns and a
repetition rate of 100 kHz, is superimposed onto the small DC bias current. Instead of the
sharp AP—P transition, an intermediate resistance state (IRS) region emerges. The width
of the IRS region is a function of pulse height and it reaches 30 mT at large pulse heights.
Once created, this new state persists even when the pulse is off. However,
ferromagnetism is recovered when the applied field is stronger than the coercive field B
(about 30 mT). It is important to note that the IRS is not observed for the P—AP
transition.

We find that the IRS can also be deterministically created when a continuous
microwave current /ac is applied at selected range of frequencies fyive. As shown in Fig.
2b, the IRS is observed in the hysteresis loop for 1.3 GHz and 1.7 GHz, for a 350 nm
MTJ. When the frequency is fixed and the microwave power is decreased, the switching
field gets closer to B, and the IRS region diminishes (Fig. 2¢). Fig. 2a displays a phase
diagram of the IRS as a function of fiiv. and B.. These results are reminiscent of the well-
studied microwave-assisted switching in MTJs and spin valves, where the microwave
current-induced STT promotes domain nucleation in the free layer and reduces the
switching energy [23]. Microwave-assisted switching is typically found to be most
efficient when the microwave frequency matches a ferromagnetic resonance (FMR) mode
of the free layer. As in the case with the pulse experiment, initializing the MTJ in the AP
state and then briefly applying the microwave current in a one-second burst to induce the
AP—IRS transition shows that the IRS is a persistent state, rather than dynamically
stabilized (Fig. 2d).

To characterize the dynamics of the MTJ in the ferromagnetic and intermediate

resistance states, we perform homodyne-detected spin-transfer driven magnetic resonance



measurements [24]. An amplitude-modulated /sc is mixed with a small DC current bias
Ipc through a bias tee and applied to the MTJ. The AC component of the MTJ response
Vac 1s measured on a lock-in amplifier locked to the modulation frequency. From the
results with microwave-assisted nucleation, the AP—IRS transition is expected to occur
naturally as a result of the resonant driving current. A key difference between the
nucleation experiment and this setup is that now the frequency is swept from the lower
limit to the upper limit while the field is held fixed, so that we obtain a spectrum for each
magnetic field value. The lower panel of Fig. 3a shows the resonance spectrum of the 250
nm device with Ipc = 20 pA, as a function of B.. At small fields on the left side of the
graph, the MTJ is in the AP state and exhibits standard ferromagnetic resonance
characterized by a linear dependence on external field and the appearance of higher-
frequency spin-wave modes [25] [26]. These modes have been shown to take the form of
Bessel functions [27], and simulations of our devices show that they alternate between
purely radial and purely azimuthal in nature (see Fig. 5b). As the field is swept in the
positive z direction, the microwave current induces domain nucleation and we see a
discontinuity in the spectrum. While some modes appear to discretely shift, others seem
to disappear entirely. At the same time, at least one new mode emerges at a lower
frequency than the fundamental (uniform) ferromagnetic resonance. Increasing the field
further leads to the disappearance of the low-frequency mode and the recovery of the
Kittel-like FMR spectrum, now corresponding to the P state. Repeating the experiment
while initialized in the P state and sweeping the field in the negative z direction shows a
single discontinuity in the FMR spectrum, which is indicative of a simple transition
between uniform ferromagnetic states (Fig. 3b).

Mixing the DC current with the driving AC current allows simultaneous measurement
of the TMR during the resonance experiment (Fig. 3, upper panels). Although Ipc itself
induces a shift in FMR frequencies, the shift is small enough that it doesn’t qualitatively
impact the spectra or any transitions. Recording the junction resistance during the FMR
measurement confirms that the onset of the IRS exactly corresponds to the drastic change
in spectrum. This result suggests that the IRS is a metastable, topologically nontrivial

spin texture within the MTJ free layer.



To determine the nature of the non-ferromagnetic IRS, we perform micromagnetic
simulations of the free layer magnetization. We first compute the stray field from the
magnetic layers near the free layer. Although the MTJs are designed to minimize the
stray field’s influence on the free layer, there may be significant torque near the
nanopillar edge [28]. Simulations estimate that the free layer experiences a 50 mT out-of-
plane field at the disk edge which quickly drops to less than 5 mT at the disk center. This
stray field cants the spins at the edge of the disk and favors edge spins that are aligned
with the stray field. The existence of this stray field is consistent with Fig. 1b, as the
MT]J displays a preference toward the antiparallel state (loop shifted in the positive B.
direction), indicating an overcompensated reference layer.

Next we simulate the behavior of the free layer when a current pulse or resonant
microwave current is applied (Fig. 4c). When the device is initialized in the AP state, a
10 ns current pulse exerts a torque that begins to rotate magnetic moments about a radial
axis. However, the stray field makes edge spins more resistance to this rotation.
Furthermore, there is no STT at the center of the disk where the spins are completely
parallel to the spin polarization (in the z direction). This results in a ring of magnetic
moments that experience the greatest net force from STT (second snapshot in Fig. 4c),
and these are the first to reverse direction to form two concentric Bloch domain walls
(third snapshot). The inner wall then collapses and the outer wall shrinks to form a single
skyrmion (fourth and fifth snapshots). A calculation of the topological charge ¢ of the
final state confirms that the skyrmion is very nearly quantized (¢ = 0.996, see
supplemental material). Interestingly, the predicted skyrmion is of Bloch type rather than
Néel type; this is consistent with the observation that Bloch domain walls are
energetically favorable over Néel walls in ferromagnetic thin films with PMA and
vanishing DMI [29]. We expect the DMI to be negligible in our devices, since the free
layer is sandwiched between MgO layers. The symmetry of the adjacent materials mostly
cancels out any small DMI that could arise from the MgO/CoFeB interface [30].
Simulating the free layer in the presence of a persistent microwave current tuned to match
ferromagnetic resonance shows a qualitatively similar skyrmion transition.

The magnetic field dependence of the IRS in experiments is consistent with the

skyrmion picture. As the field is swept through the IRS, the initially small skyrmion



(estimated to be 75 nm in diameter at its smallest, near zero field) grows larger and the
average M. is reduced. This leads to a decrease in resistance, until the skyrmion expands
to the boundary of the disk and turns into the P state. Simulations of a skyrmion evolving
in this way are consistent with the observed TMR curve (Fig. 1d), with one discrepancy:
measurements show discrete steps in the magnetoresistance curve. When magnetic
disorder is incorporated into the simulation, the magnetoresistance curve acquires steps
similar to the observed behavior (Fig. 4b, see supplemental information for details) [31].

The dynamics of the skyrmion can be experimentally inferred from the IRS resonance
spectrum. At IRS onset, the ferromagnetic resonance modes vanish and a large negative
peak appears near 1 GHz. Simulations based on material parameters extracted from FMR
identify this mode as the breathing mode, or expansion and contraction of the skyrmion
(Fig. 5a,b). The breathing mode is a ubiquitous characteristic of skyrmions and has a
complex dependence on external fields [18]. If the skyrmion core is aligned with the
reference layer, as is the case in these devices, then a positive (negative) current causes
skyrmion expansion (contraction) and consequently a negative peak in the spectrum. In
further contrast with ferromagnetic resonance lines, which show substantial asymmetry
due to the current-induced field-like torque, the skyrmion breathing mode is mostly
symmetric (Fig. 5c,d). Simulations of the resonant frequency profile agree well with the
observed profiles (Fig. 5c,d insets).

The MTJ can be a powerful tool to create and sense skyrmions in magnetic films.
Our results show that a single skyrmion with a diameter smaller than 100 nm can cause a
change in junction resistance of almost 10%, which is more than sufficient for electrical
detection. We can also conclude that the energy cost for current-induced skyrmion
creation is less than the energy of full ferromagnetic switching since the transition to a
skyrmion state occurs at lower applied field in pulse experiments.

Unlike the prevailing imaging techniques, pure electrical detection only provides
indirect evidence of a skyrmion state. It is therefore critical that the magnetoresistance
and the magnetic resonance spectrum are mutually consistent to discriminate skyrmions
from other spin textures. As demonstrated in supplemental figure S3, the
magnetoresistance curve of a single skyrmion is qualitatively similar to the

magnetoresistance that would arise from the formation of a generic magnetic bubble.



However, the skyrmion breathing mode frequency is expected to be an order of
magnitude higher than the fundamental mode of a bubble, which emphasizes the need for
resonance measurements. In addition to theoretical considerations, our experimental
observations are qualitatively distinct from other published work on domains and defects
in magnetic nanostructures [32] [33].

To conclude, we have experimentally demonstrated the deterministic electrical
switching of a MTJ free layer from a ferromagnetic state to a nontrivial spin texture.
Micromagnetic simulations, using our device parameters, strongly suggest that this
texture is a single skyrmion created in the free layer, facilitated by the reference layer
stray field that favors spins at the pillar edge to be canted away from the bulk
magnetization. This work could lead to purely electrical creation, detection, and
characterization of skyrmions in MTJs for memory and computational applications.

This work was supported by FAME, a STARnet center and the NSF under grant #
DMR-1809155.
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FIG. 1. (a) MTJ layer structure. Arrows denote average magnetization of each layer at zero applied field.
The positive z direction is taken to be parallel to the reference layer magnetization. (b) Out-of-plane
hysteresis loop in the absence of pulsed or microwave current excitation, showing a completely
perpendicular free layer magnetization. (c) Out-of-plane RH loop in the presence of a repeated pulse of
width 10 ns. A transition to an intermediate resistance state (IRS) appears when the pulse height exceeds
100 pA. The P—AP switching field is reduced due to the presence of spin torques. (d) Circuit diagram
for magnetoresistance measurements. (e¢) Magnetic field dependence of the IRS with no applied
excitations following initialization at 24 mT (red line) and comparison to simulations of a single
skyrmion (dotted black line). Right side: snapshots of the stable skyrmion configuration at 5 mT (upper)
and 15 mT (lower).
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FIG. 2. (a) Inducing a transition to IRS in a 350nm device by sweeping
magnetic field with the application of constant microwave current /5c. Field
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(b) A cross-sectional view of (a) including the field sweep from negative to
positive values to complete the hysteresis loop. (c) Microwave power
dependence on AP—IRS transition at fixed frequency fuive = 1.7 GHz. (d)
Stability of the IRS is demonstrated by applying a 1-second /¢ burst (pulse
applied in gray region) to transition from AP to IRS and allowing the free
layer to reach static equilibrium. Static magnetic field was held at 20 mT
and RF frequency firive = 1.6 GHz.
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transition when initialized in P.

13



1.4

A B
20}
| 1,2] |
_ g
= °
~ o
& 5 1
< )
@ B
[}
v
0.8 |
|
L
0.6 ==
-100 -50 0 50 100 -50 0 50
R (nm) B, (mT)
C
Ons 525 ns 545 ns 5.6 ns

.

dive

didddnewe ddddnwery
ey AP
e - =

——
X

_,,_“

sy
=

£

AN

CONNN W
-
-
Cvy
R
e

-
e

s fP Y

11l

-
P

prre
ide
Yidirrere

¢
o o o

e

iddawreee
i

't
1
'
i
»
-
S
.
AAEAREPIRY

7
o
=
.
&
AnanEPIRY
rrre
idd
ssbiie,
1]
X
P e

FIG. 4. (a) Simulated stray field z-component (red) and x-component (dotted
black) seen by the free layer, along a diametric cut. Inset: spatial profile of
the z component of the stray field. (b) Magnetic field dependence of the IRS
(dotted red) and comparison with simulated skyrmion evolution with
disorder (blue). The addition of magnetic disorder creates discontinuities in
the magnetoresistance that match the observed behavior. (c) Snapshots of
skyrmion formation via current pulse.
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FIG. 5. (a) The magnetic resonance landscape of the 250 nm device from Fig. 3
(colored symbols) and comparison to simulations (solid black lines). (b)
Corresponding spatial profiles of ferromagnetic spin-wave mode amplitudes
showing alternating radial (blue diamonds, yellow squares) and azimuthal (green
circles) modes. Also shown is the skyrmion breathing mode (red triangles).
Profiles for the FM (skyrmion) states were obtained from the Fourier transform of
my (m;) dynamics for each cell in the simulation. (c) Frequency profile of the first
FMR mode taken at 5 mT in the AP state. (d) Frequency profile of the skyrmion
breathing mode taken at 20 mT. Insets are simulated profiles.
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