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Abstract

Néel-type magnetic skyrmions in perpendicularly magnetized systems have attracted
considerable interest due to their potential in fundamental research on topological objects and
spintronics applications. Various systems have been explored to study Néel-type magnetic
skyrmions, including repeated magnetic multilayers, 2-dimensional materials, and single
magnetic thin-films. Among these, single magnetic thin-films, especially a CoFeB single layer,
offers multiple benefits such as reduced defect energy, high mobility, and easy integration with
existing magnetoresistive random access memory technology. However, optimizing CoFeB-
based skyrmion hosting materials remains challenging and requires further systematic and
comprehensive investigation. In this study, we examine the effect of atomic-scale interface
engineering by inserting a Ta layer between the CoFeB/MgO interface on perpendicular

magnetic anisotropy, saturation magnetization, and Dzyaloshinskii-Moriya interaction.



Moreover, we provide a guideline for engineering material parameters and demonstrate the
validity of atomic-scale interface engineering. Our findings contribute to the development of

optimized CoFeB-based skyrmion hosting materials.



The topologically non-trivial spin configuration of magnetic skyrmions exhibit exotic
phenomena, making them a promising platform for fundamental research on topological
objects as well as spintronics applications'. In particular, the study of Neel-type magnetic
skyrmions in a perpendicularly magnetized system has been the focus of intense research,
aimed at demonstrating topology-related physics phenomena such as the skyrmion Hall effect?,
the topological Hall effect’, and additional topological barrier*. Due to the non-collinear spin
configuration of magnetic skyrmions, the Heisenberg exchange interaction, which favors
parallel alignment of neighbor spins in a ferromagnet, is unable to stabilize them. The energy
of magnetic skyrmions in perpendicularly magnetized systems is determined by the
competition between the perpendicular magnetic anisotropy (PMA), magnetic dipole-dipole
interactions, and the Dzyaloshinskii-Moriya interaction (DMI)°. The PMA energy plays a
crucial role in forming magnetic skyrmions in perpendicularly magnetized systems by
providing a two-fold potential energy configuration. Additionally, it is important to note that
magnetic skyrmions consist of three distinct components: a core, a background, and a domain
wall (DW), as depicted in Figure 1a. The PMA increases the energy of magnetizations in a film
plane, thus contributing to an overall increase in the energy of skyrmions by increasing the
energy of DWs. On the other hand, the magnetic dipole-dipole interaction favors a magnetic
skyrmion state as the dipolar magnetic fields generated by the background magnetizations
lower the energy of the core of a magnetic skyrmion, as depicted in Figure 1b. Additionally,
the Dzyaloshinskii-Moriya interaction (DMI) also favors a magnetic skyrmion due to its
preference for non-collinear spin textures. The DMI also determines the chirality of a magnetic
skyrmion, as described in Figure 1b. Therefore, to achieve a stable magnetic skyrmion in a
perpendicularly magnetized system, it is necessary to decrease the effective PMA energy
density per volume (K ), increase the DMI energy density per area (D), or increase the energy

of the magnetic dipole-dipole interaction (uogMZ2d?), where p, is the magnetic permeability,



My is the saturation magnetization, and d is the thickness of the ferromagnetic layer. To
obtain a skyrmion hosting material, some research has utilized multilayered systems of [heavy
metal/ferromagnet/heavy metal or oxide layer], with more than ten repetition numbers (n) to
maximize the dipole-dipole interaction energy by increasing the total ferromagnetic layer
thickness®’. On the other hand, other groups have employed a heavy metal/CoFeB/MgO
structure, where an atomically thin metal layer is typically inserted between the CoFeB/MgO
layer®. As the PMA in CoFeB/MgO systems originates from the hybridization of Fe 3d/O 2p
orbitals at the interface’, the atomically thin inserted metal layer can manipulate the PMA with
extreme precision. A CoFeB/MgO structure is an essential component of a magnetic tunnel
junction (MTJ)!°, making it easy to integrate with existing magnetoresistive random-access
memory (MRAM) technology. Additionally, compared to multilayered systems, a magnetic
skyrmion in a single and thin (~ 1 nm) ferromagnet system such as a CoFeB/MgO system is
relatively easy to move by electrical current because the total energy to overcome pinning
energy barriers is smaller due to its smaller volume''. Based on these advantages, various
research on magnetic skyrmions has been reported in CoFeB-MgO-based structures. However,
obtaining CoFeB-based skyrmion hosting materials by optimizing the inserted metal layer has
yet to be systematically investigated. In this work, we investigate the effect of atomic-scale
interface engineering using an ultra-thin inserted Ta layer on PMA, DMI, saturation
magnetization, and provide a guideline for engineering material parameters. Furthermore, we

demonstrate the validity of atomic scale thickness control.
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Figure 1. Schematics for magnetic Néel type skyrmion configuration and sample
structure. a. A cross section of Magnetic Néel type skyrmion configuration consist of three
parts: background, domain wall, and core. b. Competing interactions presenting in a magnetic
Neéel type skyrmion. c. Investigated sample structures of
Si02(Substrate)/MgO/Ta/CoFeB/W/Ta. d. Schematics of ion diffusion behavior during
annealing process. e. Current-induced magnetic Néel type skyrmion dynamics, ensuring the

Neéel type domain wall configuration. Scale bar, 10 um.

Figure Ic illustrates the investigated structures of Si substrate/SiO> (3000 A)/MgO (10 A)/Ta

(tta A)/CoFeB (12 A)/W (30 A)/Ta (20 A) samples, where tr, is the thickness of an inserted Ta



layer. These samples were fabricated using magnetron sputtering with a base pressure of
~7 x 107° Torr, followed by a post-annealing process at various temperatures under
~5 X 1078 Torr. The post-annealing process at moderate temperature promotes the diffusion
of boron ions from the CoFeB layer into a W layer because the enthalpy of W-B bonding is
less than that of Co or Fe-B bonding'?. The diffusion of boron ions out of the CoFeB layer
results in the rearrangement of the CoFeB-MgO interface and an increase in the formation of
Fe-O vertical bondings, leading to an enhancement in the PMA "3

However, at higher temperatures, the post-annealing process can lead to the diffusion of W or
Ta atoms into the CoFeB layer. This intermixing of W or Ta atoms with the CoFeB layer results
in deterioration of both the PMA and Mg by forming a magnetically dead layer, as shown in
Figure 1d'. In this system, a magnetic skyrmion can be stabilized when the ratio of material
parameters, PMA, Mg, and DMI, is within a specific range. As an example, a Si substrate/SiO>
(3000 A)/MgO (10 A)/Ta (1.10 A)/CoFeB (12 A)/W (30 A)/Ta (20 A) structure with a 270 °C
post-annealing process can host magnetic skyrmions as demonstrated in Figure le, where the
chirality is also confirmed by the skyrmion movement via spin-orbit torque (SOT) as shown in

Figure 1¢°.
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Figure 2. Saturation magnetization and perpendicular magnetic anisotropy features. a.
Out-of-plane magnetic hysteresis loops as a function of the inserted Ta layer thickness followed
by 270 °C annealing process. b-c. MOKE images of magnetic domains of b, a thin (0.5 A)
inserted Ta layer sample and ¢, a relatively thick (1.25 A) inserted Ta layer sample. Scale bar,
10 um. d. Saturation magnetization and e. effective perpendicular magnetic anisotropy field as

a function of the inserted Ta thickness layer with various annealing temperature.

Figure 2a displays the out-of-plane magnetic hysteresis loops of a Si substrate/SiO> (3000
A)MgO (10 A)/Ta (tra A)/CoFeB (12 A)/W (30 A)/Ta (20 A) structure after a 270 °C post-
annealing process, where the thickness of the inserted Ta layer ranges from 0.50 A to 1.50 A
with an increment of 0.25 A. As the thickness of the inserted Ta layer is decreased (tp, = 0.50
~0.10 A), the out-of-plane hysteresis loops in Figure 2a exhibit a characteristic square shape,
indicating a pronounced PMA property. As the thickness of the inserted Ta layer increases (tt,
=1.25 ~ 1.50 A), the out-of-plane hysteresis loops undergo a transition to a tilted graph shape,
with a corresponding decrease in the remanence magnetization (M. = M(H = 0)/Ms)
approaching zero. To further investigate the detailed domain states, we employed a Magneto-
Optic Kerr Effect (MOKE) microscopy system, as illustrated in Figure 2b and c. The sample
with tr, = 0.50 A, which exhibits a square-shaped hysteresis loop, displays nucleation and
circular expansion of domains. It is commonly observed in films with typical PMA. However,
the sample with tr, = 1.25 A and a tilted hysteresis loop shows a stripe domain state as
depicted in Figure 2c. Therefore, the observed zero M, values are a result of the net zero
magnetic moment of a spontaneously generated stripe domain state at zero magnetic field,
rather than a magnetic anisotropy easy axis transition to an in-plane direction. The stripe
domain state serves as a crucial starting point for the generation of magnetic skyrmions, as the

energy of a stripe domain state is comparable to that of a magnetic skyrmion state!’.



Furthermore, Figure 2d and e illustrate the Mg and the effective PMA field (Hy,) as a function
of the inserted Ta thickness layer in a Si substrate/SiO2 (3000 A)/MgO (10 A)/Ta (tra A)/CoFeB
(12 A)/W (30 A)/Ta (20 A) sample with various post-annealing temperatures. Here, the H),
value is defined by the relation of Ko = puoMgHy /2. It was observed that both the Mg and
H, values decrease with an increase in the inserted Ta layer thickness. This trend can be
attributed to the fact that the inserted Ta layer deteriorates the PMA, as shown in Figure 1d,
and also leads to a thicker magnetically dead layer.

Furthermore, the annealing temperature dependence of the H, and Mg was also
investigated. As shown in Figure 2d, the Mg value is observed to decrease with an increase in
post-annealing temperatures, which suggests that a higher post-annealing temperature results
in a thicker intermixed magnetically dead layer. This trend is likely caused by the fact that Ta
atoms are more mobile than W atoms due to their lower cohesive energy.

Previous studies have established that diffusion of Ta atoms into a CoFeB layer begins at a
post-annealing temperature of 250 °C'%, while diffusion of W atoms commences at 300 °C"°
As a result, the significant decline in saturation magnetization observed at 310 °C in Figure 2d
(blue arrows) can be attributed to the additional diffusion of W atoms. Figure 2e depicts the
H, values at various post-annealing temperatures. The H, values increase as the post-
annealing temperature is elevated, in contrast to the trend observed in the case of saturation
magnetization. During post-annealing at temperatures of 230, 270, and 310 °C, diffusion of B
atoms out of the CoFeB layer increases the Hj values. As the Ta atoms already existing
between the CoFeB-MgO layers inhibit vertical Fe-O bondings, they do not contribute to the
variations in Hj, values observed with changes in post-annealing temperatures. In addition, W
atoms do not impact the H, values in the current study as they only begin diffusing towards

the CoFeB/MgO interface at 310°C.
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Figure 3. Dzyaloshinskii-Moriya interaction energy density. a. Schematics of Brillouin
Light Scattering analysis for estimating Dzyaloshinskii-Moriya interaction energy density. b.
BLS spectra of Stokes and anti-Stokes. ¢. Dzyaloshinskii-Moriya interaction energy density as

a function of the inserted Ta thickness layer with various annealing temperature.

Another critical parameter for determining skyrmion stability is DMI, which serves to reduce
domain wall energy and stabilize the swirling spin texture, including a skyrmion. In our
structure, DMI is known to originate from both the W/CoFeB and CoFeB/MgO interfaces.
Therefore, the complicated intermixing ions after post-annealing process can modify the DMI
values. To conform the DMI values, we utilized a Brillouin Light Scattering (BLS) system as
shown in Figure 3a. The Damon-Eshbach mode of spin waves propagates at the upper and
lower interfaces of a ferromagnetic thin-film. It is well known'® that the presence of interfacial
DMI by symmetry breaking at the interface of a magnetic thin-film induces nonreciprocity of

the Damon-Eshbach spin wave mode as below:

yD
foe = fo +—k



Here, D represents the interfacial DMI energy density in J/m? units. Therefore, the frequency
difference between Stokes (+k) and anti-Stokes (-k) is

af =22
f_T[MS

Employing the aforementioned equation, the DMI energy density can be derived from the
measured Af as shown in Figure 3b. With the measured Mg and k (0.87 X 10 A/m and
0.0167 nm™1), D values are determined as a function of the inserted Ta thicknesses and the
post-annealing temperatures, as presented in Figure 3c. DMI values approaches to zero with
increasing the inserted Ta thickness regardless of the post-annealing temperature. It indicates
that the reduction of DMI is attributed to the CoFeB/MgO interface modulation by inserting
Ta layer, rather than a change in the W/CoFeB interface because W atoms do not diffuse under

lower annealing temperature such as 230 °C.

We systematically investigated three critical parameters, PMA, Mg and DMI, as a function
of the inserted Ta thickness following a post-annealing process under various temperatures.
The skyrmion stability is determined as a function of stripe domain width under zero-field,

which can be expressed'”:

(o)
1« e\HoMsd
, where o, represents the domain wall energy density. In the presence of DMI, the Néel-
type domain wall energy density can be described as follows:
ow = 4 AKg — 1D

4,.[AK g —D

Consequently, skyrmion stability can be determined by vZd
0™s

, Where all parameters

4[AK g —D

have been measured in the previous experiments. Figure 4a illustrates a plot of PR
0™s

a function of the inserted Ta thickness with various annealing temperatures. Note that the



results of continuously varying thickness samples after 230 °C annealing process have been
added to Figure 4a, providing a detailed change in domain structures. Figure 4b-f present

4.[AK o —D

MOKE images of five samples with various >
HoMgd

values, under zero and a particular

H, field. Figure 4b shows a clear circular domain expansion under zero H, field after domain

4[AK g D

nucleation because the sample has a high 5
HoMgd

value, indicating a large stripe domain

width. It is worth noting that the stripe domain width is exponentially proportional to a

4.[AK o —D

omZa value. Figure 4¢ presents higher domain wall roughness than that in Figure 4b due
oMs

to the reduced domain wall energy, which favors small stripe domain width. Figure 4d presents

4.[AK of —D

PR value of about 9.5 induces the
0™s

a spontaneously stripe domain structure because a

stripe domain with small width to be more stable. However, applying a H, field cannot yet

generate any skyrmion due to high energy barrier to transform stripe domains into a skyrmion

4.[AK of —ID

state as shown in the bottom image of Figure 4d. Samples with smaller values of TR
0™s
than 9 also show a spontaneously generated stripe domain structure under zero H, field. In

addition, applying particular H, fields generate a bunch of skyrmions as shown in Figure 4e

and f. This is because the energy barrier to transform stripe domains into a skyrmion state is

. ) L L . . 4, [AK g —1D
proportional to the stripe domain width, which is exponentially proportional to #“.
oMs
4 [AKep —TD . . . .
Therefore, we can conclude that a value of #’fzdn in a perpendicularly magnetized thin-
oMs
4,[AK of —1D

film can be a guideline for optimizing CoFeB-based skyrmion host materials. A vZa
oMg

value from 8 to 10 can spontaneously generate stripe domains under zero H, field, but cannot

4,/AK g —tD

3 value below 9 can also
HoM§d

generate skyrmions only by applying a H, field, while a

create skyrmions by cutting stripe domains under a particular H, field.
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Figure 4. A new parameter for optimizing CoFeB-based skyrmion hosting materials. a.
Plot of a newly adopted parameter of all investigated samples, and additional wedged samples.
b, Magnetic Néel type skyrmion configuration consist of three parts: background, domain wall,
and core. b-f. MOKE images under zero-field (top) and a specific perpendicular magnetic field
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(bottom), as a function of varying values. b-c. Scale bar, 40 um. d-f. Scale bar, 10

um.

Finally, we discuss the validity of the ultra-thin thickness variation in the inserted layer.
When considering the inserted Ta layer thickness ranging from 1.25 to 1.50 A, island growth
becomes evident as the thickness is either less than or comparable to the interatomic radius of
Ta atoms, corresponding to an ideal Ta monolayer thickness of approximately 1.25 A. In
magnetic thin-film systems, the magnetic exchange length (lo) plays a crucial role, as it
represents the distance over which spins are uniformly aligned, behaving as a single spin due
to the Heisenberg exchange interaction, as depicted in Figure 5a. As a result, local effects of

island atoms on individual spins are evenly distributed among all magnetic moments within



the exchange area, which is equivalent to the square of the magnetic exchange length (%) as

in Figure 5b. To determine the magnetic exchange length, we apply the well-known equation'®:

= A
™ (.UoMsg/Z)

, where 4 is the exchange stiffness. Using the previously reported exchange stiffness value

for a one nm-thick CoFeB layer (12 plJ/m) "

and the measured magnetization
(0.87 x 10° A/m), we calculated the magnetic exchange length (I ) as 9.40 nm. Furthermore,
we can define the effective thickness of the inserted layer as the average inserted thickness on
the exchange area. For example, when a perfect Ta monolayer covers the entire exchange area,
the effective thickness of the Ta layer is equal to the interatomic radius (7,), or the monolayer
thickness. In contrast, if just one Ta atom exists within the exchange area, the effective

thickness of the Ta layer is the interatomic radius divided by the total number of magnetic

atoms in the exchange area, as described in Figure 4c. This model can be clarified from the

experimental results. Using the PMA energy density equation of Ky = % uoMsHy = Ky —

%,uOMSZ, when K, is zero, Hy equals to —Mjs. Figure 5d shows a plot of the Hj values as a

function of the Ta interlayer effective thickness. The linear fit reveals that the Ta thickness
corresponding to Hy = —M is 1.55 A, which is almost identical to the reported Ta
interatomic radius. Additionally, based on the calculated exchange length, we estimate that
approximately there are approximately 1,000 Fe (or Co) atoms in the exchange area. Then, one
Ta atom corresponds to the effective thickness of 0.00125 A, which is considerably smaller

than the thickness variation step in our experiment, thus validating our experimental approach.
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Figure 5. Validity of the atomic-scale interface engineering experiment. a. Concept of the
magnetic exchange length. b. Schematics of the role of defects, taking into account the
magnetic exchange length in a thin-film system. ¢. Schematics of the effective thickness

concept. d. Estimation of the effective thickness of an ideally covered monolayer Ta layer.

In conclusion, we systemically investigated material parameters of PMA, Mg, and DMI with

atomic-scale interface engineering of a Ta layer between the CoFeB/MgO interface under

4[AKog D

HoMgd ’

various post-annealing temperature. Then, we introduced a new parameter of

which can be used as a guideline for optimizing materials parameters to obtain a CoFeB-based

4./AKef —TC

. . . D ) .
skyrmion hosting material. Under a o i2d value below 9, magnetic skyrmions can be
0™s

spontaneously generated just by applying a perpendicular magnetic field. Finally, we have
demonstrated the validity of the atomic-scale interface engineering in a magnetic thin-film by
introducing the concept of a magnetic exchange length and the effective thickness. We believe
that our work paves the way for fabrication of improved CoFeB-based skyrmion hosting

materials, promoting skyrmion-based research.
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