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Observation of magnetic droplets in magnetic tunnel junctions
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Magnetic droplets, a class of highly nonlinear magnetodynamic solitons, can be nucleated and stabilized in nanocontact spin-
torque nano-oscillators. Here we experimentally demonstrate magnetic droplets in magnetic tunnel junctions (MTJs). The
droplet nucleation is accompanied by power enhancement compared with its ferromagnetic resonance modes. The nucleation and
stabilization of droplets are ascribed to the double-CoFeB free-layer structure in the all-perpendicular MTJ, which provides a low
Zhang-Li torque and a high pinning field. Our results enable better electrical sensitivity in fundamental studies of droplets and
show that the droplets can be utilized in MTJ-based applications and materials science.
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1 Introduction

Magnetic tunnel junction (MTJ)-based spin-torque nano-
oscillators (STNOs) have recently attracted wide interest in
nanomagnetism and spintronics [1-4]. As broadband mi-
crowave signal generators, STNOs are able to generate sig-
nals with frequencies ranging from a few MHz up to a
hundred GHz [5-8], leading to potential applications in radio
frequency electronics and artificial intelligence [9-11].
Nevertheless, achieving high output power is still a challenge

for conventional STNOs [7]. Magnetic and magnetodynamic
structures [12-14], such as vortices [15], bullets [16,17], and
droplets [18], may provide a way to increase power emission
as they maximize the use of available magnetoresistance
thanks to their high precession amplitude. In particular,
magnetic droplets with a central region that exhibits nearly
opposite magnetization to its equilibrium state, with a peri-
meter manifesting 90° precession, are observed in nano-
contact STNOs with strong perpendicular magnetic
anisotropy (PMA) [19,20]. The microwave output power of
the magnetic droplet mode was reportedly 40 times higher
than that of a normal ferromagnetic resonance (FMR)-like
mode related to uniform precession induced by spin-transfer
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torque, whose precession frequency is close to the ferro-
magnetic resonance frequency. This was mainly due to the
large precession angle of the magnetic droplet mode
[7,18,19]. However, all experimental work on magnetic
droplets has, until now, focused on spin-valve (SV) struc-
tures [18,19,21-23] and spin-hall nano-oscillators (SHNOs)
[24,25]. The very low magnetoresistance (MR) (approxi-
mately 1%) in SVs and SHNOs limits power emission and
any further use in STNO-based applications. Comparatively,
magnetic tunneling junctions with strong PMA (pMTJs)
have presented a high tunneling magnetoresistance (TMR),
reaching 249%, especially for the double-CoFeB free layer
(DFL) pMTJ, which has become the main structure in MTJ-
based MRAM [26]. Therefore, one might expect to observe
magnetic droplets in pMTJ-based NC-STNOs. Nevertheless,
our previous experiment shows that it is difficult to form a
stable droplet in a single-free layer (SFL) MTJ [27]. This
may result from the large Zhang-Li torque generated from
the interaction between a uniform electric current density and
a spatially varying magnetization. In contrast, DFL pMTJs
are expected to suppress this large Zhang-Li torque and
benefit the formation of a stable magnetic droplet.
Here we experimentally observe and investigate stable

magnetic droplets in a DFL pMTJ accompanied by power
enhancement with respect to FMR-like mode precession in
the same device. Furthermore, using micromagnetic simu-
lations, we argue that the stable magnetic droplets in MTJs
are mainly due to the combination of the low Zhang-Li
torque and the strong pinning field in the DFL [28]. Our
findings provide a comprehensive understanding of the nu-
cleation of magnetic droplets in MTJs and will pave the way
for further optimizing the use of magnetic droplets in MTJs.

2 Materials and method

2.1 Sample fabrication

The pMTJs were deposited on a thermally oxidized Si sub-
strate (300 nm SiO2) by a Singulus TIMARIS 200-mm
magnetron sputtering machine. The full stacks were com-
posed of thickness in nanometers, from the substrate side,
Ta(3)/Ru(20)/Ta(0.7)/Pt(1.5)/[Co(0.5)/Pt(0.35)]6/Co(0.6)/
Ru(0.8)/Co(0.6)/[Pt(0.35)/Co(0.5)]3/Pt(0.25)/Ta(0.2)/Co
(1.2)/W(0.25)/CoFeB(0.9)/MgO(~0.8)/CoFeB(1.2)/W(0.3)/
CoFeB(0.5)/MgO(~0.8)/Pt(1.5)/Ta(3)/Ru(7). The pMTJ films
were annealed at 390°C for 1 h. The wafer was patterned into
a 10 μm×10 μm structure using optical lithography and
etched to the Ru(20) seed layer using ion beam etching,
where the ground electrode was connected to the seed layer.
Then, the pMTJs were fully covered by SiO2 deposited by
chemical vapor deposition. A nanocontact, 100 nm in size,
was fabricated using electron beam lithography and in-
ductively coupled plasma etch with an optical emission

spectrometer. Finally, a Ti(20)/Pt(200) top electrode was
fabricated using a lift-off process.

2.2 Device characterization

The magnetization of the film was carried out using a vi-
brating sample magnetometer (VSM) instrument. Direct
current (dc) and microwave characterization of the NC-
STNO devices were measured using a custom-built probe
station that was capable of independently controlling the
field magnitude and angle. The dc current was provided by a
Keithley 6221 current source, and voltage was measured
with a Keithley 2182 nanovoltmeter. The generated micro-
wave signals were decoupled from the dc current via a bias
tee, amplified by a low-noise amplifier of the bandwidth
0.1-25 GHz, and analyzed using a Rohde & Schwarz FSU
spectrum analyzer.

2.3 Simulations

Micromagnetic simulations were performed on a graphics
processing unit (GPU)-based tool, Mumax336. An NC-
STNO geometry was modeled in our simulations. The dia-
meter of an MTJ was 240 nm, while that of the nanocontact
above the MTJ was 100 nm (Figure S1, Supporting in-
formation online). Though the size of the simulated device
was much smaller than our sample, we consider it a rea-
sonable simplification to capture the physical picture of our
experiments because the current is roughly distributed within
the nanocontact area, even when the simulated geometry was
enlarged to 1 μm. The free layer was set as 1-nm for the SFL
MTJ. In contrast, the DFL MTJ was represented by two
ferromagnetically coupled magnetic layers, with thicknesses
of 0.5 and 1 nm for the top and bottom layers, respectively.
The spacer between the two layers was omitted. A discrete
mesh of 2 nm × 2 nm × 0.5 nm was used in our simulations.
The magnetization dynamics of each site in the free layer

were numerically calculated using the Landau-Lifshitz-
Gilbert (LLG) equation with spin-transfer torque (STT) and
Zhang-Li torque included (see Supplementary note S1). The
following magnetic parameters were used: a spin polariza-
tion ratio P=0.4, exchange constant A=15 pJ m−1, the sa-
turation magnetization Ms=987 KA m−1 from VSM results,
Gilbert damping α=0.0218, and anisotropy energy density
Ku=0.66 × 106 J m−3 from FMR results. If no pinning effect
is considered, the DMI strength, D, is set to zero, and the
exchange stiffness between the coupled two free layers is set
as 2.5×10−14 J m−1, which corresponds to an interlayer cou-
pling strength of 0.1 mJ m−2. When introducing the pinning
effect, we set D=±0.5 mJ m−2 for the two coupled layers. In
the meantime, the spatial distribution of interlayer coupling
strength, from 0.04 to 0.1 mJ m−2, was set using a Voronoi
tessellation with an average size of 5 nm. The current dis-
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tribution in the free layer was simulated using COMSOL
software (Figure S2) and employed as an input in the mi-
cromagnetic simulations.

3 Results and discussion

Figure 1(a) shows a schematic and stack information for our
NC-STNO device. The film stack is composed of a [Co/Pt]-
based pinned layer (PL), a CoFeB reference layer (RL), and a
CoFeB/W/CoFeB coupled DFL, both with strong PMA.
Figure 1(b) shows the out-of-plane (OOP) and in-plane (IP)
magnetization hysteresis loops of a corresponding un-
patterned film. The IP hysteresis loop shows a typical hard-
axis response, while the OOP hysteresis loop exhibits three
distinct switching fields, each corresponding to the switching
of the RL, DFL, and PL. TheMs of the DFL is about 987 kA/m.
The PMA field (μ0Hk) is 120.9(8) mT (Figure S1). A TMR
ratio of 12.6% was measured in the fully processed STNO
(Figure 1(c)). The measured low TMR of nanocontact de-
vices mainly comes from the two-probe measurement
method. Meanwhile, the current shunt of the nanocontact and
Ta-pillar hard mask further decrease the obtained TMR ratio.

After confirming the static behavior, we study the mag-
netodynamics in Figure 2. At a moderate external magnetic
field, sweeping from 100 to 25 mT with the direction θext=
30°, a significant high-frequency signal is observed. This
signal is shown in Figure 2(a) and corresponds to the or-
dinary FMR-like mode. When the field is swept back to
lower than 20 mT, a new mode appears. The frequency
abruptly drops to approximately 1 GHz (see details from
PSD spectra in the inset of Figure 2(b)), and the microwave
power increases from 2 to nearly 600 pW. Simultaneously,
the resistance jumps to an intermediate state between anti-
parallel (AP) and parallel (P) states (pink line in Figure 2(a)).
An approximately 1 GHz dynamic signal with an enhanced
power emission accompanied by the intermediate resistance
state is also observed in the angular-dependent measure-
ments in Figure 2(c) and (d). Another significant feature of
the droplet soliton is the low-f noise, as shown in Figure 2(a),
which is caused by drift instability and subsequent re-
nucleation [29]. We found that the low-f noise and weak
dependence of field and current present an obvious peak at
approximately 200 MHz, which is far from the 1/f noise
caused by STT-induced incoherent precession [30,31]. All of
these observations indicate that the observed new dynamic

Figure 1 (Color online) (a) Schematic of the pMTJ STNO device. An external magnetic field, H, is applied at an angle θext. (b) Magnetization hysteresis
loops of the film normalized to the saturation magnetization, Msat. (c) TMR loops measured at I=−0.1 mA. Positive current flows from the source to the
ground.
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structures are fully consistent with the nucleation of the
magnetic droplet solitons.
Considering that the breath of skyrmions, the reference

instabilities of MTJs, or domain wall dynamics may also
generate an oscillation signal of a few GHz, we further dis-
cuss the possible alternative explanations. First, the structure
symmetry of CoFeB/W/CoFeB results in a weak Dzya-
loshinsky-Moriya interaction (DMI) [28], indicating that the
skyrmion should be difficult to stabilize in our device at
room temperature. Second, the reference-instability-induced
oscillation only occurs during magnetization switching from
P to AP states. As a comparison, signals of a few GHz are
observed in both the P to AP and AP to P switching processes
in this work. Due to the current shunt in our MTJ, the current
density in the RL is approximately 1 MA cm−2, which is not
sufficient to induce RL instabilities. Third, the approxi-
mately 1 GHz signal, low-f noise, exists until −50 mT for
−2.4 mA and 40 mT for 2.4 mA (Figure S4) with an angle of
60°, at which the magnetization of the free layer is supposed
to be saturated. Figure 2(e) shows the perpendicular field-
swept resistance measurements at different negative cur-
rents. As the dashed lines show, the saturated magnetic fields
for DFL should be larger than 25 mT or less than −20 mT.
However, it is obvious that the STT torques could form in-
termediate resistance states under saturated magnetic fields,
which are always accompanied by the low-f noise shown in
Figure 2(g). Due to the collinearity between FL and RL
magnetizations under perpendicular fields, no high-

frequency signals are expected [29]. Moreover, the inter-
mediate resistance state boundaries (nucleation boundaries)
show a linear dependence on both current and field in Figure
2(e), which is similar to the droplet boundary in SVs [21].
Since the saturated magnetic fields could suppress the do-
mains rather than the droplets, we conclude that this ob-
served dynamic structure is more likely a magnetic droplet.
Future studies using scanning transmission X-ray micro-
scopy at a synchrotron facility could potentially determine an
intuitive image of the observed magnetic droplets.
Upon further characterization, we found another state that

has an intermediate resistance but no low-f noise. To further
clarify the nature of this apparently non-dynamical state, we
measured frequency spectra under perpendicular field
sweeps at I=−1.6 mA and current sweeps at a field of μ0H=
−15 mT, with an angle of θext=30°, as shown in Figure 3(a)
and (b), respectively. When the field is swept in the negative
direction, the magnetization of the DFL stays AP to the RL’s
magnetization from 30 to 5 mT without STT, as shown in
Figure 1(c). However, since the STT from the negative ap-
plied current favors the AP state, the magnetization instead
tends to maintain the original AP state underneath the na-
nocontact area, while only the DFL area outside of the na-
nocontact switches to the P state. This partial switching of
magnetization induces an intermediate resistance state,
which is slightly higher than the resistance of the droplet and
is completely void of any accompanying low-f noise. Hence,
this novel partially reversed state is not a precessing droplet

Figure 2 (Color online) Dynamical properties of magnetic droplets. Power spectral density (PSD) (left) and resistance (right) as functions of (a) magnetic
field applied at an angle of 30° and I=2 mA, and (c) angle at µ0H=20 mT and I=−1.6 mA. The pink solid lines give the resistance curves. The corresponding
integrated powers as functions of (b) magnetic field and (d) angle. The red vertical dotted lines display the critical points in the dynamic and static properties.
Insets in (b) and (d) show the PSD under different magnetic field values and different magnetic field angles, respectively. A frequency drop can be clearly
observed during the transformation from FMR-like mode to droplet mode. (e) Perpendicular magnetic field-swept resistance measurements at different
negative currents. The dashed white lines marked the unsaturated fields for DFL. (f) The corresponding magnetoresistance plots under −0.1 and −2.2 mA. (g)
PSD as a function of the perpendicular magnetic field with I=−2.2 mA. The low-f noises are accompanied by the intermediated resistance states marked by
the circles in (e).
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but more likely a “static magnetic bubble” with a reversed
core. This is similar to SV-based NC-STNOs [32,33], where
the current density is not sufficient to maintain the droplet in
a state of precession. The bubble state remains stable until
the external magnetic field is swept down to −14 mT. By
increasing the fields, the pressure on the static bubble makes
it shrink until it again transforms into a precessing droplet
with a step-like decrease of resistance and the reappearance
of low-f noise. The transformation from a static bubble to a
precessing droplet may result from the STT becoming strong
enough to again compensate for the damping torque as the
magnetic field pushes the bubble perimeter into the nano-
contact region. The field sweeping from negative to positive
shows a similar property.
As for the current sweep in Figure 3(b), the P state

switches into a droplet state with a low-f noise and the step-
like increase of the resistance at a threshold current of Ith=
−1.57 mA. The approximately 1 GHz signals that the mag-
netic droplet could also be observed during the current
sweep, as shown in Figure 3(b). The magnetic droplet is
stable while the current is further decreased to −2.2 mA.
When the current is swept back, the droplet still exists even
though the current is much lower than the threshold current,
Ith, of droplet nucleation. As the low-f noise damps out at
around −0.9 mA, the dynamic droplet starts to slow down
and turns into a static bubble at a lower current with the
disappearance of the approximately 1 GHz signal. The ob-
vious hysteresis indicates the different magnitude of stimulus
that is required for droplet nucleation and annihilation [19].
We note that the threshold current density of droplet nucleation

in our devices can be as low as approximately 5 MA cm−2

with a magnetic field of approximately 20 mT, which is quite
less than that in the SVs (approximately 130 MA cm−2 under

0.25 T) [21]. Such low current density could be associated
with (1) slightly lower damping (0.02 for CoFeB here, 0.03
for [Co/Ni] multilayers [21]), (2) different spin-torque effi-
ciency, and (3) different device structures inducing different
current distributions, and so on. We would also like to em-
phasize here that the lower threshold current density for
droplets is critical in MTJs with a power emission of up to
600 pW, providing an approximately 300 times enhancement
(compared with the FMR-like mode signal), which is more
advantageous than that in SVs or SHNOs (Table S1, Sup-
porting information online).
In contrast to our previous work on an SFL MTJ [27],

magnetic droplets are successfully observed in a DFL MTJ
here. To clarify the essential difference, we performed mi-
cromagnetic simulations to further analyze the stability of
the magnetic droplets. Usually, the size of the droplet is
determined by a combination of factors, such as the external
magnetic field, the Zhang-Li torque induced by realistic
lateral current spreading [21], and the pinning field of the
free layer. For comparison, we calculated the current dis-
tribution in free layers of an SFL MTJ and an SV using
COMSOL. The lateral current spread, −Jx, is much higher in
MTJs than that in SVs [21] due to the existence of the MgO
barrier. Such high −Jx induces a larger Zhang-Li torque in the
free layer. Consequently, it further hinders the observation of
stable droplets in MTJs. To explain the reason for stable
droplets in our DFL MTJ, we conducted the same current
distribution calculation and a micromagnetic simulation as
shown in Figure 4. In contrast, the −Jx in DFL (usually with a
MgO capping layer (CL) [26]) is near half of that in the SFL
MTJs. It is associated with current shunting at the MgO in
the CL before entering the free layer, although this may
consume a bit more current in the CL. For this reason, it

Figure 3 (Color online) Frequency spectra and resistance as functions of (a) external perpendicular magnetic field (I=−1.6 mA) and (b) current (µ0H=−15 mT,
θext=30°). The models on the right represent possible magnetic states: P state, Droplet, Bubble, and AP state, named 1, 2, 3, and 4, respectively, and
corresponding to the MR and PSD results for the NC-STNO.
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should be easier to obtain and stabilize the magnetic droplets
in a DFL than in an SFL. Figure 4(b) shows the magneti-
zation evolution of SFL and DFL MTJs. The magnetization
at the edge of the dynamics is mostly in the same direction,
indicating that this structure should be a droplet rather than a
skyrmion. Moreover, the evolution of droplet nucleation or
annihilation in SFL and DFL MTJs is displayed in Figure
4(c) and (d). The region for a stable magnetic droplet is
apparently wider in the DFL (−J=4.18-8.31 MA cm−2) than
that in an SFL (−J=3.5-4.3 MA cm−2).
Moreover, an inhomogeneous and thin W insert layer be-

tween double-free layers can cause local DMI and nonuni-
form RKKY distribution, which induces a much higher
pinning field [28] compared with SFL MTJs. To determine
the influence of this pinning field, we performed a simulation
for a DFL MTJ with the RKKY distribution and DMI in
Figure 4(e). The range for nucleation of magnetic droplets
becomes wider, indicating that the higher pinning field in our
DFL MTJ highly stabilizes the observed magnetic droplets.

4 Conclusions

A magnetic droplet is experimentally observed in a nano-
contact pMTJ-STNO with DFL structures. Due to the in-
troduction of the DFL, the low Zhang-Li torque and high
pinning field have been identified to be responsible for the

stabilization of the magnetic droplet. The relatively high
TMR of MTJs, compared with the low MR of SVs, enables
one order of magnitude smaller current density to induce a
comparative power emission. Furthermore, experimental
results reveal the transformation from a static magnetic
bubble to a precessional droplet by tuning the magnetic field
and the STT. Droplet implementation in MTJs provides a
comprehensive understanding of nucleation and stabilization
of magnetic droplets in MTJs and launches an alternative
path toward exploring applications of spintronic devices.
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Figure 4 (Color online) (a) Distributions of current in the free layers of SFL and DFL MTJs. (b) Comparison of magnetization evolution under selected
time between SFL and DFL where the current density is −7 MA cm−2. (c)-(e) Plots of current magnitude vs. time for the nucleation of magnetic droplets in
SFL MTJ, DFL MTJ, and DFL MTJ with RKKY and DMI distribution. The horizontal arrows present the current range for stable magnetic droplets. All
simulations were performed at −10 mT and 300 K. The initial state for the device is the P state.
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