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Magnetic skyrmions are promising information carriers for dense and energy-
efficient information storage owing to their small size, low driving-current
density, and topological stability. Electrical detection of skyrmions is a crucial
requirement to drive skyrmion devices toward applications. The use of a mag-
netic tunnel junction (MT)) is commonly suggested for this purpose as MT]s
are key spintronic devices for large-scale commercialization that can convert
magpnetic textures into electrical signals. To date, however, it has been chal-
lenging to realize skyrmions in MT]s due to incompatibility between standard
skyrmion materials and highly efficient MT] electrodes. Here, a material stack

1. Introduction

Microelectronic technology can be envis-
aged that will take advantage from the
unique combination of small size, high
mobility, and topological stability that
magnetic skyrmions offer.?l They are
promising as high-density information
carriers, either in conventional low-energy
consumption memory applications>=!
and  voltage-controlled = non-volatile

combining magnetic multilayers, which host 100 nm scale skyrmions, with
a perpendicularly magnetized MT], is reported. The devices are designed so
that the skyrmions in the multilayer are imprinted into the MT)’s free layer
via magnetostatic interactions. The electrical response of a single skyrmion is mion
successfully identified by employing simultaneous imaging of the magnetic
texture and the electrical measurement of the MT] resistance. The results are
an important step toward all-electrical detection of skyrmions.

memory,® or in unconventional applica-
tions, including probabilistic and neu-
romorphic computing.’”~! Following the
first experimental observation of skyr-
s 10U 3 fruitful research program
has revealed many single crystals with
particular symmetries hosting Bloch-type
skyrmions!™ and antiskyrmions,>~"]
as well as Néel-type skyrmions stabilized
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in thin-film heterostructures.'®-28] However, an outstanding

challenge has been the development of an efficient electrical
detection mechanism which will be the key to the develop-
ment of magnetic skyrmion-based technology. A variety of
attempts have proved that it is possible to detect skyrmions
electrically through topological Hall effect,!?%3% tunneling
non-collinear magnetoresistance,?!l anisotropic magnetore-
sistance,?? anomalous Hall effect,***¥ and anomalous Nernst
effect.?>3% The resistivity and voltage changes corresponding
to a single skyrmion are about 20-30 nQ cm when using the
anomalous Hall effect and 90 nV when using the anomalous
Nernst effect (temperature gradient 0.9 K um™). A potentially
efficient alternative read-out mechanism is based on the tun-
neling magnetoresistance (TMR) realized in a magnetic tunnel
junction (MTJ) as proposed theoretically,*”* and explored in
some recent experiments.*2l However, it is challenging to
tailor the state-of-the-art skyrmion materials that host small
room-temperature skyrmions in MT] with an MgO barrier,*!
which is the key to realizing high TMR ratio. Here, we pro-
pose and demonstrate a strategy to combining materials
developed to stabilize and manipulate small skyrmions with a
perpendicularly magnetized MT] stack having a TMR of about
20% at room temperature. This strategy, also applicable to
other materials that host skyrmions, opens a promising route
to realizing skyrmion detection using MTJs. In addition, we
have measured the MTJ resistance change corresponding to
a single skyrmion, having a diameter of 100 nm, combining
electrical transport measurements with direct imaging of mag-
netic texture by magnetic force microscopy (MFM), as shown
in Figure 1.

The materials stack is designed to imprint the magnetic
domain pattern of the multilayer into the MTJ’s free layer
via magnetostatic interactions. The evolution of the mag-
netic domain pattern is revealed by MFM, which shows
that skyrmions can be stabilized in the fabricated MT] with
an appropriate magnetic field. The realization of electrical
reading of skyrmions using an MT] opens the route to all-
electrical skyrmion devices, which is a crucial step for the
development of skyrmionics. The technique reported here
can further advance the simultaneous optimization of the
parameters for skyrmion stabilization and MT] read-out,
thus opening a way to realize skyrmion-based devices such as
racetrack memory,’-°! logic gates,* oscillators, %% detec-
tors,I¥! artificial synapses for neuromorphic computing,*54’]
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Figure 1. A schematic of the detection of skyrmions in a magnetic tunnel
junction (MT]). The bottom reference layer, MgO layer, and free layer con-
stitute the MTJ. The skyrmion layer host room-temperature skyrmions,
which can be imprinted into the free layer through magnetostatic inter-
action. Electrical measurement and magnetic force microscopy (MFM)
imaging were simultaneously performed to determine the magnetoresis-
tive signal of the MT]) corresponding to a single skyrmion.

and reshuffling devices® with an efficient CMOS compatible
read-out mechanism.3%>%

2. Structural and Magnetic Characterization
of Magnetic Tunnel Junction Films

The device stack is shown in Figure 2a. It consists of Si/SiO,/
Ta (2)/Ru (5)/Pt (2)/[Co (0.28)/Pt (0.16)]o/Co (0.28)/Ru (0.4)/Co
(0.28)/[Pt (0.16)/Co (0.28)]5/Ta (0.2)/CogyFeyByg (0.8, reference
layer)/MgO (2.5)/CoyoFesByg (tcorer = 1.2, 1.3, 1.4, or 1.5, free
layer)/Ta (2)/[Pt (3)/Co (2)/Ta (2)]10/Pt (2) (thickness in nm).
The MgO layer, together with the two adjacent CoFeB layers,
constitute the MT]. The bottom CoFeB reference layer is per-
pendicularly magnetized and pinned by the synthetic antiferro-
magnet (SAF) layers. The top CoFeB free layer is magnetically
coupled to the skyrmion multilayers ([Pt/Co/Ta]), where skyr-
mions are stabilized by competition among the interfacial Dzy-
aloshinskii-Moriya interaction (DMI), perpendicular magnetic
anisotropy, external, and dipolar fields.’'=>3 Figure 2b shows
the transmission electron microscopy (TEM) image of the film
with tcopeg = 1.5 nm, which exhibits a high-quality layered struc-
ture and interfaces. Similar quality is also achieved for different
tcoren- Figure 2c shows the out-of-plane magnetic hysteresis
loop for the MT] film with the representative configurations of
the magnetic layers at different field values. Upon increasing
the magnetic field from a negative maximum (red curve), the
two parallel magnetic moments (blue and grey arrows) pro-
gressively evolve into an antiferromagnetic state at around
—630 mT due to the antiferromagnetic coupling of the SAF
layers. With further increase of the magnetic field, an abrupt
switch is observed at about —130 mT, and then as the mag-
netic field increases the magnetic state of the skyrmion layer
(red arrow) switches to the positive direction via the nucleation
and the spatial evolution of a multidomain state. At the field
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Figure 2. Sample structure and skyrmions in the MT] films. a) A sketch of the MTJ. The skyrmion layer consists of [Pt (3)/Co (2)/Ta (2)]:0/Pt (2) (thick-
ness in nm). The free layer of the MT), that is, the top yellow CoFeB layer (tcores = 1.2, 1.3, 1.4, or 1.5), is magnetically coupled to the skyrmion layer.
The reference layer, that is, the bottom yellow CoFeB layer, is pinned by the SAF. The SAF consists of Pt (2)/[Co (0.28)/Pt (0.16)]s/Co (0.28)/Ru (0.4)/Co
(0.28) /[Pt (0.16) /Co (0.28)]s. The white arrows refer to the magnetic moment of the corresponding magnetic layers in the SAF. b) High-resolution TEM
image of the cross-section of the MT] films. c¢) Magnetic hysteresis loop of the MT] film with tcoreg = 1.2 nm. The inset arrows show the magnetic con-
figurations of the different layers for the magnetic field swept from the negative direction to the positive direction. The red, blue, and gray arrows refer to
the skyrmion layer and CoFeB free layer, the CoFeB reference layer and top magnetic part of the SAF, and the bottom magnetic part of the SAF. d—g) The
evolution of the magnetic domain pattern for the sample with tc re = 1.2 nm, which is captured by Lorentz electron transmission microscopy (LTEM).

of 260 mT, another abrupt switch is observed, corresponding
to the flip of the net magnetic moment of the SAF layers. Fur-
ther increasing the magnetic field along the positive direction
leads to the positive parallel alignment of the SAF moments
again. It is noted that the hysteresis loops for different CoFeB
layer thicknesses (1.2-1.5 nm) are very similar (as shown in
Figure S1, Supporting Information), which indicates that the
CoFeB layer is coupled to the skyrmion layer through mag-
netostatic interactions in all these samples, as also confirmed
by micromagnetic simulations and electrical measurements
shown later in the text.

To capture the detailed spin textures of the skyrmion layer
in the MT] films we used Lorentz transmission electron
microscopy (LTEM). We mainly used the Fresnel method to
obverse the skyrmion. LTEM measurements were carried out
at —30.5°. When the magnetic field is zero, a typical maze
domain pattern is formed with a periodicity of about 190 nm
(see Figure 2d). Upon increasing the magnetic field, the stripe
domains are gradually transformed into skyrmions, as shown
in Figure 2e, and eventually the skyrmion phase is stabilized
(see Figure 2f). We highlight that the observed bright and dark
contrasts correspond to skyrmions, as it has been well dem-
onstrated in previous work.’*% The ITEM measurements of
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the skyrmions have also been performed at different tilt angles
30.5°, 0°, and —30.5°. As shown in Figure S2, Supporting
Information, the contrast disappears at 0° and reverses for
opposite tilt angles of the sample, which are the characteristic
features measured of a Néel skyrmion.’”) The film magnetiza-
tion exhibits a single domain state when the field is 230 mT, as
shown in Figure 2g.

3. Electrical and Magnetic Characterization
of Magnetic Tunnel Junction Devices

The films were patterned into MT] devices with a circular cross
section, as shown in Figure 3a, having different diameters (5,
4, 3, and 2 um). For tcopep = 1.2 nm, the MT]Js exhibit a TMR
ratio of about 20% and a similar resistance-area-product (RA),
as shown in Figures S3 and S4, Supporting Information. These
cross sections have been chosen to enable simultaneous elec-
trical measurements and magnetic imaging. The TMR ratio is
defined by TMR = (Rap — Rp)/Rp. The Rpp (Rp) is the resist-
ance of the antiparallel (parallel) state. A typical TMR loop for
a 3 um diameter MT]J is shown in Figure 3b. As expected, the
switching fields in the RH loop are similar to those in the MH
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Figure 3. MFM imaging of skyrmions in the MT). a) Optical microscopy image of the MT] device and junction area. b) Out-of-plane magnetoresistance
hysteresis loop for a MT| with tc,peg = 1.2 nm. The MT) has a TMR ratio of 28.5% and a junction diameter of 3 um. c) The minor resistance hysteresis
loop. At zero field (labeled by @), the skyrmion layer has a maze domain structure. With the increase of magnetic field in the positive direction, the
domain is changed to a skyrmion phase (labeled by @) and eventually to a single domain (labeled by ®). The skyrmion layer remains in a single domain
if the magnetic field is slightly reduced. d-i) MFM images of domain structures in the MT| with the tcreg = 1.5 nm and the diameter of 2 um at dif-
ferent magnetic fields. j-I) Micromagnetic simulations describing the magnetic evolution of the magnetic texture (red/blue indicate positive/negative
z-component of the magnetization) in the CoFeB free layer of the MT], the diameter used for calculation is 1.2 um.

loop of the MT] films, again indicating that the CoFeB layer
is nicely coupled to the skyrmion layer because the RH loop
is only sensitive to the magnetization of the CoFeB layer. The
magnetic coupling can also be directly reflected by the dif
ference between the RH loops of the studied sample and the
control sample without a skyrmions layer (see Figure S5, Sup-
porting Information). Considering the minor RH loop shown
in Figure 3¢, the CoFeB free layer is flipped within this field
range because it is magnetically coupled to the skyrmion layer.
The low (high) resistance corresponds to the parallel (antipar-
allel) state. Under the magnetic field of =200 mT, the MT]J is
in a high resistance state, corresponding to the antiparallel
state of the free and reference layers. The high resistance state
remains with the increase of the magnetic field up to =50 mT.
When the magnetic field is further increased, the MT] resist-
ance jumps down suddenly, corresponding to the transition
from a single domain state to a multidomain state. Once the
magnetic field is close to zero, a typical maze domain pattern
is formed (Figure 3d), similar to what has been found in the
continuous film (Figure 2d). In this state, the up and down
domains have nearly equal areas, resulting in a resistance in a
range between R,p and Rp. With the increase of magnetic field
along the positive direction, the MT]J resistance continuously
decreases, corresponding to a reduction of the down domain
area (see Figure 3e). This evolution of the magnetic domains
is revealed by MFM imaging. Consistent with the unpatterned
films as imaged by the LTEM, as the field increases some stripe
domains gradually transformed into skyrmions (Figure 3f), and
finally a skyrmion phase is stabilized, as shown in Figure 3g. A
further increase of the field leads to a reduction of the skyr-
mion density and a shrinkage of their diameter (see Figure 3h).

Adv. Electron. Mater. 2023, 9, 2200570 2200570 (4 of 8)

For magnetic fields larger than 170 mT, all the skyrmions are
annihilated and a single domain is stabilized (see Figure 3i).
The experimental results on the field evolution of the mag-
netic texture are quantitatively confirmed by micromagnetic
simulations (see Experimental Section for numerical details).
Figure 3j-1 show snapshots of the CoFeB free layer for a direct
comparison (red/blue is positive/negative magnetization) with
the experimental observations at 0, 773, and 123.6 mT. The
configuration is stabilized in this layer via the magnetostatic
interactions, and the imprinted chirality is the same as that
in the adjacent layer of the skyrmion-generating stack. The
skyrmions exhibit a hybrid profile along the sample thickness
direction (see Note S1 and Figure S8b,c, Supporting Infor-
mation) where the bottom and top ferromagnetic layers host
a Néel skyrmion with radially outward and inward-pointing
spins, respectively, due to magnetostatic interactions.>"528 In
addition, micromagnetic simulations show that this profile is
slightly dependent on the presence/absence of the free layer
(not shown).

4. Electric Detection of Skyrmions in an MT]

We next focus on extracting the electrical signal for a single
skyrmion by combining MFM imaging and electrical meas-
urement on an MT] with a diameter of 3 pm. Similar results
have been achieved for MTJs with other diameters. Figure 4a—g
shows a series of magnetic domain states as a function of the
out-of-plane field. We note that the MFM image of the MT]
junction area is slightly distorted due to the influence of the
magnetic field on the probe holder. The distortion has been
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Figure 4. Electrical detection of magnetic skyrmions in the MT). a—g) MFM images of domain structures in the MT] junction with tc,reg = 1.5 nm and
junction size of 3 um at different magnetic fields. h) MFM phase data for the skyrmion #2 in (f) and the analytical skyrmion profile obtained from
Equation (3). i) The resistances of the MT) corresponding to MFM images in (a—g). The resistance plotted is obtained by averaging the resistance
measured before and after the MFM imaging. The dashed line indicates the resistance for the single domain state at a magnetic field of 110 mT (state d).

corrected based on the circular shape of the MTJ device. The
original images are shown in Figure S6, Supporting Informa-
tion. The profile of skyrmion #2 is shown in Figure 4h, which
fits well with the theoretical model (see Experimental Section).
The average radius of the skyrmion extracted from MFM data is
Ty = 70 nm. The corresponding resistance is obtained by aver-
aging the measured MT] resistance before and after the MFM
imaging experiment. The applied current for reading the resist-
ance is 0.1 pA. The resistances before and after the imaging
procedure are almost identical, and the averaged resistances for
each state are shown in Figure 4i. To obtain the electrical signal
originating from a single skyrmion, we compare the resistances
between the skyrmion phase and single-domain states, such as
b and d as well as f and d. The MT]J resistance in the skyrmion
phase has a higher value as compared to that of a single domain
state because the core area of the skyrmion has the magnetiza-
tion antiparallel to that of the reference layer. The total resist-
ance increase compared to state d is 492 Q, which is due to the
existence of 13 skyrmions that causes the increase of the area
of antiparallel magnetization. Therefore, the resistance change
for each skyrmion is about 38 Q, assuming the skyrmions are
all in the same size. For the f state with 9 skyrmions, the resist-
ance increase is 598 Q. Therefore, the resistance change for
each skyrmion is about 66 Q (again, assuming the skyrmions
are the same in size). The difference in the skyrmion resist-
ance between the states b and f is likely because there is some
difference in diameter and profile for different skyrmions (see
Figure S7, Supporting Information), which may originate from
the different field sweeping history.

Considering a simple model, for a given skyrmion diameter
the change of resistance per unit area can be estimated using

the following equation: AR = TMR A;‘Z} Rp, where Ag and Ay

Adv. Electron. Mater. 2023, 9, 2200570 2200570 (5 of 8)

are the areas for a single skyrmion and the MT], respectively.
Considering the radius of rgqy =70 nm, ryr; = 1.5 um, and the
TMR ratio of 26.7% for the minor loop of the MT] are shown
in Figure 4, the AR is determined to be 29 Q, which is reason-
ably close to the experimental results (38 or 66 Q). We can also
estimate the change of resistance per single skyrmion from the
micromagnetic simulations for a skyrmion in the CoFeB free
layer and top Co layer of Figure 31, respectively, as a function
of the external field, of the number of repetitions of the [Pt/Co/
Ta],, as well as of the MT] diameter (see Note S1, Supporting
Information).

It is important to compare the electrical response of a
single skyrmion obtained via MT] and those obtained with
other techniques. In this work, using the MT] with a TMR
ratio of 26.7%, the resistance change corresponding to a single
skyrmion is in the range from 38 to 66 Q. This is significantly
larger than the resistance change achieved with the AHE for
skyrmion reading (in the range of mQ).’*3% For skyrmion
readout using the anomalous Nernst effect,*>3 where a
3 mA current is used to generate the thermal gradient, the
voltage change for a single skyrmion is 90 nV. In our case, the
reading current is 0.1 uA, the voltage change corresponding to
the resistance change is in the range of 3.8 to 6.6 WV, which
is also larger than using the anomalous Nernst effect. Except
for the enhancement of the read-out signal, the two-terminal
reading configuration is more convenient for device applica-
tions, and there is still room for improvement considering
that the state-of-the-art MTJs have a TMR ratio that can reach
more than 200%.5°% The perpendicular magnetic anisotropy of
the reference layer, the annealing processing, and the thick-
ness of the layer can be further optimized to increase the
TMR ratio.
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5. Summary and Conclusions

We have demonstrated the electrical read-out of magnetic skyr-
mions using an MT] device combining a multilayer hosting
skyrmions and an MT] in the same stack. The skyrmion phase
stabilized in the skyrmion multilayer is imprinted onto the
free layer of MT] and then read out via the TMR. The electrical
signal corresponding to a single skyrmion is in the range from
38 to 66 Q, which is significantly enhanced compared to the
anomalous Hall effect and anomalous Nernst effect. This work
not only demonstrates the feasibility of reading skyrmions
using an MT], but it also enables the development applications
where it can be reduced area occupancy and/or power con-
sumption by using skyrmion-based devices as compared to the
microelectronic technology.

6. Experimental Section

Experimental Details: The samples consisting of Si/SiO,/Ta (2)/Ru
(5)/Pt (2)/[Co (0.28)/Pt (0.16)]s/Co (0.28)/Ru (0.4)/Co (0.28)/[Pt (0.16)/
Co (0.28)]5/Ta (0.2)/CogoFeqoByo (0.8)/MgO (2.5)/CozoFesoBa (tcores =
1.2,1.3,1.4, or 1.5)/Ta (2) /[Pt (3)/Co (2)/Ta (2)]10/Pt (2) (thickness in nm)
were deposited on a semi-insulating Si substrate with 100 nm thick
thermally formed SiO, layer by a magnetic sputtering system. For the
LTEM measurement, the films were grown on the 20 nm thick Si;Ng4
electron transparent membranes. The pressure of the Ar gas was 0.4 Pa.
The base pressure was lower than 2 x 107 Pa. The LTEM measurements
were performed in a FEI Titan Cs Probe TEM in Lorentz mode (the
Fresnel imaging mode) at 300 kV. The images were obtained at a tilted
angle and a defocus of 600 um. The MFM measurements were carried
out in a Dimension ICON probe microscopy system (ICON, Bruker,
USA) and a scanning probe microscopy (MFP-3D, Asylum Research)
at room temperature. The magnetic fields were applied by a self-built
Helmholtz coil. The magnetic response was studied using standard
magnetic Co/Al-coated cantilevers (SSS-MFMR, Nanosensors, 2.8 N m™
spring constant) in-phase mode and with a lift height of 30 nm. The
transport measurements of MT) were performed in the PPMS or the
MFM that is upgraded with electrical measurement equipment.

Micromagnetic ~ Simulations: The micromagnetic computations
were carried out by means of a state-of-the-art micromagnetic solver,
PETASPIN, which numerically integrates the Landau-Lifshitz—Gilbert
(LLG) equation by applying the time solver scheme Adams—Bashforth:*°]

d d
£=—(mxheﬁ)+ac(mx£) Mm

where o is the Gilbert damping, m = M/M;, is the normalized
magnetization, and 7= Mt is the dimensionless time, with 7, being
the gyromagnetic ratio and M, the saturation magnetization. heg is
the normalized effective magnetic field, which includes the exchange,
interfacial DMI, magnetostatic, anisotropy, and external fields.[2°]

The skyrmion layer CoFeB/Ta/[Pt/Co/Ta]y, by 1 layer of CoFeB with
thickness 1.25 nm, 10 repetitions of a 2.5 nm thick Co ferromagnet
separated by a 5 nm thick Ta/Pt non-magnetic layer, was simulated.
Each ferromagnetic layer was coupled to the other ones by means of
the magnetostatic field only (exchange decoupled). We used the same
parameters for the CoFeB (similar to the previous study on Ta/CoFeB/
MgOP2) and Co ferromagnets due to different thicknesses, namely
saturation magnetization M; = 1200 kA m™', uniaxial perpendicular
anisotropy constant K, =0.91 MJ m=3 (for Co, this had been selected after
a systematic study to fit the experimental skyrmion diameter), exchange
constant A=10 p) m™, and interfacial DMI constant D = 0.4 m) m~2 (for
Co, this was in agreement with refs. [60,61]). A discretization cell size
of 3 nm x 3 nm x 1.25 nm was used, and a system with a diameter of
1.2 um, was simulated.
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Analytical Skyrmion Profile: The polar angle ©q(r), that describes the
skyrmion profile, is obtained from the following equilibrium equation

VZGO=(§2+l2)sin®0cos®0—gsin2®0+hsin®0 (2)
r

that is calculated from the minimization of the energy functional.l®
In Equation (2), £2=Q—1=2K, /ugM? =1, h = H,u/M,, r=p/l,, is the
reduced polar coordinate, and d = |DJl,,/A, where [,, =+J2A/uoM? is the
exchange length. An approximated solution of Equation (2) can be found
by using the following ansatz:162

tan 2001 _ 1 ern) 3)

2 r
where ry = Ry/l,, is the reduced equilibrium skyrmion radius, defined

as my,(rg) = 0, in correspondence of the energetic minimum. For these
parameters, &= 0.156 and Ry =70.07 nm.
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