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Realization of Zero-Field Skyrmions in a Magnetic

Tunnel Junction

Bin He, Yue Hu, Chenbo Zhao, Jinwu Wei, Junwei Zhang, Yu Zhang, Chen Cheng,
Jiahui Li, Zhuyang Nie, Yanxiang Luo, Yan Zhou, Shilei Zhang, Zhongming Zeng,
Yong Peng, John Michael David Coey, Xiufeng Han, and Guogiang Yu*

Magnetic skyrmions are topologically protected noncollinear spin textures,
which are regarded as promising information carriers for next-generation
spintronic devices due to their small size and the low current density
needed to drive their motion. Stability of skyrmions in zero external mag-
netic field is important for promoting fundamental studies and device
applications. A few zero-field skyrmion-hosting materials have been devel-
oped, but none of them have been successfully integrated into a magnetic
tunnel junction (MT)), a crucial device for converting skyrmion information
into an electrical signal. Here, a zero-field exchange-biased skyrmion mate-
rial is developed and incorporated into an MT] device. An Ir layer is inserted
between the antiferromagnetic and ferromagnetic layers, which plays a

1. Introduction

Magnetic skyrmions are topologically pro-
tected particle-like swirling spin textures
that have potential applications as infor-
mation carriers in racetrack memory,!
logic,/*? and synaptic computing*’ due
to their nanometer scale and ultralow
threshold driving current.! Skyrmions
have been observed in bulk non-cen-
trosymmetric magnets/™ and thin-film
heterostructures with interfacial sym-
metry breaking.>] The thin-film het-
erostructures formed by stacking layers of

crucial role in prohibiting interlayer diffusion under thermal annealing,
resulting in simultaneous enhancement of exchange bias and thermal
stability. The smallest zero-field skyrmions have a size of 100 nm at room
temperature. The zero-field skyrmion material is then integrated into a
perpendicularly magnetized MT], leading to the first demonstration of zero-
field skyrmions in an MT], which is an important step toward developing

skyrmion-based spintronic devices.

magnetic and non-magnetic metals pos-
sess an interfacial Dzyaloshinskii-Moriya
interaction (DMI), which can create sub-
hundred-nanometer Néel-type skyrmions
at room temperature in cooperation with
dipolar interaction, magnetic anisotropy,
and Zeeman energy.'®2% These material
systems offer a unique platform for the
further development of skyrmion-based
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devices, such as a skyrmion shift device,224 a skyrmion
reshuffler device, ¥ and skyrmion-based artificial synapses.?*
The realization of electrical generation, deletion, shift, and
read-out functions are the basic prerequisites for the appli-
cation of these devices. Up to now, approaches employed for
skyrmion generation and deletion functions include using cur-
rent-induced spin-orbit torque,>?%25-/l magnetic field,["”18-2%
and electrical field®?%) The skyrmion shift function has also
been realized by current-induced spin-orbit torque.[>1719-21,30]
As for skyrmion read-out, topological Hall effect, /3132 anoma-
lous Hall effect,?334 and anomalous Nernst effectl®**®l have
been used to detect skyrmions electrically. However, the elec-
trical signal corresponding to one skyrmion is quite small. A
promising alternative is tunneling magnetoresistance (TMR)
implemented in a magnetic tunnel junction (MT]) due to the
extraordinarily large electrical response when the magnetiza-
tion changes®* and compatibility with the current semi-
conductor processing.! Using an MT]J for skyrmion read-out
seems to be the most promising route to develop skyrmion-
based devices.

On the other hand, an external magnetic field is commonly
required to stabilize the skyrmions, which hampers device appli-
cations due to the increase in complexity needed to implement
a magnetic field in the devices. This difficulty can be overcome
by utilizing interlayer exchange coupling,*” confined geome-
tries, 194 exchange bias (EB),**! and magnetic history control.1*¢!
Among these schemes, use of EB to replace the external magnetic
field shows great potential for device applications because EB
materials have been extensively employed in spintronic devices,
such as the MTJs. In an exchange-biased multilayer, EBI* per-
pendicular magnetic anisotropy (PMA)#! and DMI* can be
finely tuned, and zero-field skyrmions can be stabilized.[**]
Although very promising, there are two challenges to incorpo-
rate the present exchange-biased materials into the devices. On
the one hand, the interfacial DMI of the CoFeB-based exchange-
biased system is relatively weak,[* which hampers the reduction
of room-temperature skyrmion size.*)) On the other hand, the
ferromagnet/antiferromagnet interface usually degrades on high-
temperature annealing ">>! which is detrimental to MT] inte-
gration because post-annealing is needed to improve the TMR.
Because of these difficulties, zero-field exchange bias skyrmion
materials have not yet been employed in MT] devices.

In this work, we develop the exchange-biased stacks, namely
IrMn/Ir(t,)/CoFeB/MgO, in which skyrmion can be stabilized
by the exchange bias at zero field. The thin Ir insertion layer
simultaneously enhances the magnitude and thermal stability
of the EB. By increasing the multilayer repetition number, we
can obtain hundred-nanometer scale zero-field skyrmions.
More importantly, the exchange-biased multilayer is success-
fully integrated into MTJs. Our work may promote the develop-
ment of skyrmion-based devices with MTJs for read-out.

2. Results and Discussion

The sample structure used in this work is as follows:

Sample series I: Ta (3)/IrpMnyg (6.7)/Ir (t,)/CoyFesBao
(1.1)/MgO (1)/Ta (2) (k, = 0-1.0, thicknesses in nanometers, the
numbers in brackets represent the thickness)

Adv. Electron. Mater. 2023, 9, 2201240 2201240 (2 of 8)
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Sample II: Ta (3)/IrMn (6.7)/Ir (0.4)/CoFeB (wedge)/MgO
(1)/Ta (2

Sample series III: Ta (3)/[IrMn (5)/Ir (0.4)/CoFeB (1.4)/MgO
(1)]n/Ta (2) (N=3,5,7,9, and 11, which refer to the repetition
numbers of multilayer)

Sample series IV: Ta (2)/[Ta (1)/Ir (2)/CoFeB (1.1)/MgO
(1)]x/Ta (2)

Sample V: Ta (5)/IrMn (6.7)/Ir (0.4)/CoFeB (wedge) (free
layer, is also skyrmion layer)/MgO (1.3)/CoFeB (1.4) (reference
layer)/Ta (0.5)/[Pt (0.5)/Co (0.5)]s/Ir (0.5)/[Pt (0.5)/Co (0.5)]s
(pining layer)/Ta (2)

2.1. Enhancement of Exchange Bias

A sample stack series I is shown in Figure 1a. The thin Ir
insertion layer is used to enhance the exchange bias coupling
strength and thermal stability. Meantime, the Ir/CoFeB inter-
face possesses a stronger interfacial DMI compared to IrMn/
CoFeB interface, as suggested by the previous research,
which is helpful for stabilizing small skyrmions. The influence
of thermal annealing on the exchange bias was studied first.
Figure 1b shows the out-of-plane magnetic hysteresis (M-H)
loops of the as-grown and annealed samples (see all the hyster-
esis loops in Section S1, Supporting Information). All the as-
grown samples show PMA. However, the PMA and EB vanish
after annealing at temperatures above 250 °C for the sample
without the Ir insertion layer. By contrast, the EB is preserved
for the samples with #;, = 0.6 nm after 250 °C annealing. The
difference in microscopic structure between the samples with
and without the Ir insertion layer is revealed by transmission
electron microscopy (TEM) images and energy-dispersive X-ray
elemental mapping, as shown in Figure 1c,d. For the sample
without the Ir insertion layer, the diffusion of Mn atoms
degrades the IrMn/CoFeB and CoFeB/MgO interfaces and
hence the EB and PMA. On the contrary, for the sample with
t;, = 0.6 nm, the diffusion of Mn is suppressed, and clear, sharp
interfaces are retained, which is the key to sustain the EB and
PMA and reduce the magnetic dead layer (see Section S2, Sup-
porting Information). We further extract the Hy, as a function of
t;, at different annealing temperatures, as shown in Figure le. It
shows a non-monotonic dependence on t;, and has a maximum
at ¢, = 0.4 nm for both as-grown and annealed samples. Such
an enhancement of EB with an appropriate Ir layer thickness
may be a consequence of the change of chemical composition
at the IrMn/Ir interface, which has been demonstrated to have a
significant effect on the exchange bias.’>%3 In addition, the Hy,
disappears when the Ir insertion layer is thicker than 0.8 nm for
the as-grown samples (black curve). However, the H,;, remains
4 Oe when t;, = 1.0 nm for the 250 °C annealed sample. This
may be due to the diffusion of Mn atoms into the Ir layer to
form an IrMn alloy and produce a weak EB.

2.2. Evaluation of Gilbert Damping
We also evaluate the Gilbert damping constant o of the

exchange-biased samples because it is a crucial factor in
determining the performance of skyrmion-based devices3% and

© 2023 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 1. Enhanced exchange bias and ST-FMR measurement. a) The experimental sample structure: Ta (3)/lr;;Mnzg (6.7)/1r (£,)/CoyoFegoBao (1.1)/
MgO (1)/Ta (2). b) Out-of-plane magnetic hysteresis loops of different ¢, for the as-grown and 250 °C annealed samples. Energy-dispersive X-ray
elemental mapping of Ir, Mn, Co, and Mg and a scanning transmission-electron-microscopy image of a cross section of the sample obtained in
a high-angle annular dark-field imaging mode. c) Sample without Ir insertion layer annealed at 250 °C. d) Sample with t,, = 0.6 nm annealed at
250 °C. All scale bars: 10 um. e) Enhanced exchange bias field as a function of #,, for the as-grown sample and the samples annealed at 200 and 250 °C.

f) Gilbert damping constant & as a function of ¢,.

it is usually correlated with the exchange bias.’*>*l Here we use
spin-torque ferromagnetic resonance (ST-FMR) to study the
dynamic magnetic properties of the enhanced EB system[*® (see
the details of ST-FMR setup in Section S3, Supporting Informa-
tion). Figure 1f shows « as a function of #;, for IrMn-based and
W-based systems. The structure of the W-based system is W (3)/
CoFeB (1.1)/MgO (1)/W (2) and designed as a control sample
due to its lack of exchange bias coupling. We observe that o
is smaller in the W-based sample than that of the exchange-
biased sample with the same thickness of Ir insertion layer even
though the spin pumping-induced damping increase should be
more significant because of the large spin Hall angle of W.[>8l
On the other hand, « of the IrMn-based sample exhibits a sim-
ilar variation trend to the EB. These behaviors indicate that the
increase of ¢ in the exchange-biased system is closely related to
the exchange bias coupling.’*>% Despite the increase of & due to
the EB, we want to emphasize that the studied exchange-biased
system is suitable as MgO-based MT] ferromagnetic electrodes.

2.3. Zero-Field Skyrmions

Based on the developed exchange-biased system, we further
design the zero-field skyrmion samples, including sample II,

Adv. Electron. Mater. 2023, 9, 2201240 2201240 (3 OfS)

sample series III, and control sample series IV. Here, sample II
is used to facilitate the zero-field skyrmions. Sample series III
and IV are used to further reduce the skyrmion diameter and as
control samples, respectively. In the exchange-biased samples,
the Ir insertion layer of #;, = 0.4 nm is chosen because it leads
to the largest H,,. A wedged CoFeB layer in sample II is used to
tune PMA to facilitate skyrmion formation. Thereafter, sample
IT is annealed at 250 °C with an out-of-plane field to enhance
PMA and introduce a uniform EB. Figure 2a shows the hyster-
esis loop of sample II, which is measured in a polar magneto-
optical Kerr effect (p-MOKE) microscope. The p-MOKE images
of sample II in Figure 2b—d depict the evolution of magnetic
domain patterns with the out-of-plane magnetic field. A stable
skyrmion phase appears when the magnetic field decreases
from negative maximum to zero, as shown in Figure 2b. The
diameter of the skyrmion marked by the red dotted circle in
Figure 2b is 520 + 15 nm. We note that the size of skyrmions
is mainly distributed in a wide range of 500 nm-2 pum, which
may be due to the inhomogeneity of film thickness, impurities,
defects, and EB. On increasing the magnetic field to 32 Oe,
the skyrmions expand and transform into a multidomain struc-
ture (Figure 2c). When the magnetic field decreases from a
positive maximum to 39 Oe, skyrmions with opposite polarity
appear, as shown in Figure 2d.

© 2023 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 2. Zero-field skyrmions. a) The hysteresis loop of Ta (3)/IrMn (6.7)/Ir (0.4)/CoFeB (wedge)/MgO (1)/Ta (2) measured by p-MOKE. The colored
arrows represent the different sweeping directions of the magnetic field. b-d) P-MOKE images at different out-of-plane magnetic fields. The skyrmion
diameter marked by the red dotted circle is 520 £ 15 nm. The bright (dark) areas represent M, <0 (M, > 0).

2.4. The Effect of Dipolar Interaction on Domain Periodicity

The skyrmion size is usually decreased by increasing dipolar
interaction.®! Here the sample series III was first annealed
in the absence of a magnetic field to exclude the influence of
EB. The M-H loops indicate that all samples exhibit a strong
PMA signal (see Figures S4 and S5, Supporting Information).
Figure 3a—c show the zero-field Lorentz transmission electron
microscopy (LTEM) images at a tilt angle of 30° for the sam-
ples series III with N = 3, 7, and 11 after AC demagnetization
in an out-of-plane field, respectively (for other LTEM images,
see Figure S6, Supporting Information). All images show a
typical labyrinth domain structure. The domain periodicity is
extracted as a function of repetition N, as shown in Figure 3d
(see Figure S9, Supporting Information for the method of
getting domain periodicity from LTEM images). The domain
periodicity first shows a slight decrease and then an increase
with the increase of N in IrMn-based samples, which is mainly
a result of the variation of dipolar interaction. By contrast, the
dependence of domain periodicity on repetition N exhibits a
trend of decrease in the Ir-based multilayer, allowing to realize
an even smaller skyrmion size. The domain periodicity will
likely reach a minimum point and then increase like the IrMn-
based multilayer, as suggested by previous work.”>-®!l The dif-
ference in the smallest skyrmion size and the corresponding
repetition number between the two samples is likely due to the
difference in the dipolar field between the two samples since
different CoFeB layer thicknesses are used. This fact also sug-
gests that one may further reduce the skyrmion size by modu-
lating the dipolar interaction.

2.5. Hundred-Nanometer Zero-Field Skyrmions

We choose the sample of series III with N = 3 to pursue the
zero-field skyrmion because the skyrmion size does not vary
obviously when N is larger than three (see Figure 3d) and the
required magnetic field for stabilizing skyrmion is small for
small N (see Figure S5, Supporting Information). Here we
note that the sample of series III with N = 3 is annealed at an
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out-of-plane magnetic field to introduce a uniform EB.
Figure 3e—g shows the corresponding zero-field LTEM images
at different tilt angles —30°, 0°, and 30°, respectively. Obviously,
the contrast asymmetry of the skyrmion with the green dotted
circle reverses depending on the sign of the tilt, and it disap-
pears at zero tilt, which demonstrates the existence of Néel-type
skyrmions in this system.[%2l The corresponding line profiles are
shown in Figure 3h, showing that the skyrmion has a diameter
of 148.4 £ 5.3 nm. We notice that stripe domains gradually
appear in the films, which may be due to the domain structures
in the EB system being sensitive to the electron beam.[63]

2.6. Skyrmions in the MT)

Finally, we discuss the integration of the zero-field skyrmion
material with the MT] devices. The MT] device stacks V is
shown in Figure 4a. Figure 4b shows the M—H loop of the MT]
film, which exhibits a clear antiferromagnetic coupling of the
synthetic antiferromagnet (SAF) layers. The inset of Figure 4b
is the minor M—H loop, which corresponds to the flip of the
magnetic moment of the free layer. Figure 4c,d shows the zero-
field p-MOKE images for different sweeping histories of the
MT] film. The domain patterns at other magnetic fields are
shown in Figure S7, Supporting Information. First, we saturate
the film using a magnetic field of 3 kOe and then scan the field
in the range from —200 Oe to 200 Oe. A stable skyrmion phase
can be observed in Figure 4c when the magnetic field increases
from —200 Oe to zero, which has a similar size distribution to
Figure 2b. In contrast, a multidomain state is formed when the
magnetic field returns from 200 Oe to zero (Figure 4d). The
fuzzy domain structures in Figure 4c,d are mainly because the
covering layers on top of the CoFeB layer reduce the contrast of
the magnetic textures.

The TMR loop and corresponding magnetic configuration
of magnetic layers are shown in Figure 4e. With decreasing
field from 2 kOe (see black curve), the two parallel magnetic
moments of SAF layers (see blue and yellow arrows) gradually
evolve to antiferromagnetic coupling, corresponding to a little
abrupt jump in the black curve. With further changing the
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Figure 3. The effect of dipolar interaction on domain periodicity and hundred-nanometer zero-field skyrmions. a—c) The zero-field domain pattern cap-
tured by LTEM after AC demagnetization in an out-of-plane field for Ta (3)/[IrMn (5)/Ir (0.4)/CoFeB (1.4)/MgO (1)]n/Ta (2), N=3 (a), N=7 (b), and N
=11 (c), respectively. d) The domain periodicity of Ta (3)/[IrMn (5)/Ir (0.4)/CoFeB (1.4)/MgO (1)]n/Ta (2) (red dot) and Ta (2)/[Ta (1)/Ir (2)/CoFeB (1.1)/
MgO (1)]n/Ta (2) (blackdot) (N=3, 5,7, 9, and 17) extracted from LTEM images as a function of repetition number N. e-g) LTEM images of Ta (3)/[IrMn
(5)/Ir (0.4)/CoFeB (1.4)/MgO (1)]3/Ta (2) with tilt angles of —30°, 0°, and 30°, which were obtained at zero field. The green dotted circle indicates the
skyrmion at zero field. h) Line profiles (colored points) and fitted curves (colored lines) of a skyrmion with a diameter of 148.4 nm extracted from (e—g).

magnetic field to —1 kOe, the free layer is progressively flipped,
and a parallel state is obtained. Hence, the resistance gradu-
ally drops and eventually reaches the low-resistance state. We
note that the magnetic moments of SAF layers are still aligned
antiparallel since the external field (1 kOe) cannot overcome
the antiferromagnetic coupling of SAF, which is consistent
with Figure 4b. After reversing the field (see red curve), the
reversal of the free layer occurs at 30 Oe, leading to the increase
of the resistance. The TMR is about 22.6%. We note that the
low TMR when the field is swept from the positive direction
to zero is likely due to the imperfect antiparallel magnetic con-
figuration. Similarly, the low TMR appears when the magnetic
field is swept from 2 kOe to zero (see Figure S8, Supporting
Information).

We now focus on the minor TMR loop, in which only the
CoFeB free layer is flipped, as shown in Figure 4f. The switching
polarity depends on the initial magnetization state of the reference
layer because of the different orientations of the reference layer.
We notice that the two different minor loops have different H,. It
is —55.8 Oe (H,p) after saturation in 3 kOe (see black curve) and
—39.1 Oe (Hgpy) after saturation in —3 kOe (see red curve). The
difference in EB of the minor R-H loops is most likely caused by
the dipolar field |Hy| of the reference layer. The direction of Hy is
downward (upward) when the saturation field Hy equals 3 kOe
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(-3 kOe). Note that the direction of Hy, is downward. There-
fore, the H,, due to the exchange bias can be expressed as H, =
Hg,; — Hy for a saturation field of 3 kOe and H,, = Hg,, + Hy for
a saturation field of —3 kOe. We find that |Hy| and Hy, is about
8.4 Oe and —475 Oe, respectively. The magnitude of Hy, in the
MT] device is consistent with the result of thin films.

3. Conclusion

We have demonstrated that a thin Ir insertion layer between
CoFeB and IrMn can enhance not only the EB but also the
thermal stability. ST-FMR measurement indicates that the
increase in exchange bias is accompanied by an increase in
damping. LTEM images demonstrate the existence of hundred-
nanometer scale zero-field skyrmions. By tailoring the repeti-
tion number, the domain periodicity and skyrmion size can be
further modulated in an appropriate way. The most important
thing is that we successfully integrate the zero-field skyrmion
material system into the MTJs, which solves the difficulty of
compatibility between zero-field skyrmion material and MT]J.
This work may lead to a superior material system for skyrmion
read-out and promote the development of skyrmion-based race-
track memory in spintronics.
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Figure 4. Skyrmions in the MT]. a) The structure of MT) films. From top to bottom layers are: [Pt (0.5)/Co (0.5)]s/Ir (0.5)/[Pt (0.5)/Co (0.5)]s (pinning
layer), CoFeB (1.4) (reference layer), MgO (1.3) (barrier layer) and IrMn (6.7)/Ir (0.4)/CoFeB (wedge) (free layer, is also skyrmion layer), respectively.
The white arrows represent the magnetic moment of the corresponding magnetic layers. b) Out-of-plane magnetic hysteresis loop of the MT] film. The
inset shows the minor loop, which corresponds to the flip magnetic moments of the free layer. c,d) Zero-field magnetic domain structures captured by
p-MOKE at different sweeping directions of the magnetic field after saturation in =3 kOe. e) Out-of-plane resistance hysteresis loop for the MT) with
a junction diameter of 5 um. The inset arrows refer to the magnetic configurations of the different layers at the different magnetic fields as labeled by
numbers ©, ®, ®, @. f) The minor resistance hysteresis loops for the MT] with a TMR of 22.6%. The black (red) dotted line corresponds to the satura-

tion field of 3 kOe (-3 kOe).

4. Experimental Section

The samples were grown on silicon nitride membranes and a Si/SiO,
substrate using a DC and RF magnetron sputtering system. The base
pressure was less than 8 x 10~ Torr. The Si/Si;N, membranes and Si/
SiO, wafers were used as substrates for carrying out LTEM and MOKE
measurements, respectively. The deposition pressure of the Ar gas was
9 mTorr for CoFeB and 3 mTorr for others, respectively. For the annealing
sample, an out-of-plane field of 8 kOe was applied at 250 °C under
3 % 107° Torr for 30 min. The LTEM images were acquired in a FEI Titan
Cs Probe TEM in Lorentz mode (the Fresnel imaging mode) with an
acceleration voltage 300 kV. All images were obtained at a tilt angle 30°
(unless mentioned), and defocus value was set as 600 um. The direction
of the magnetic field was parallel to the microscope’s objective lens.
The MT] pillars were fabricated by means of standard photolithography
and subsequent Ar ion milling. A SiO, (50 nm) layer was deposited to
provide electrical insulation between the top and bottom electrodes.
Finally, the electrodes with Pt (10)/Au (80) were deposited as the top
and bottom electrodes using the lift-off process after photolithography.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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