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ABSTRACT

Micromagnetic calculations were performed to study the impact of interfacial Dzyaloshinskii-Moriya
interaction (iDMI) on the magnetization reversal process of thin films presenting perpendicular magnetic
anisotropy (PMA). Systems characterized by low, intermediary or high PMA were explored. As the
parameter that controls the intensity of iDMI is increased, significant modifications in the magnetization
loops may be observed, mainly associated with the emergence of magnetic domains. Analysing the
magnetization spatial distribution, it is verified that the formation of Néel type domain walls and
magnetic skyrmions are favored by iDMI.

Keywords: Magnetization reversal mechanisms; Interfacial Dzyaloshinskii-Moriya interaction; Magnetic
hysteresis; Magnetic skyrmions

RESUMO

SimulagSes micromagnéticas foram realizadas para estudar o impacto da interacdo de
Dzyaloshinskii-Moriya interfacial (iDMI) nos processos de reversao da magnetizacao em filmes finos que
apresentam anisotropia magnética perpendicular (PMA). Sistemas que apresentam PMA fraca,
intermediaria e intensa foram explorados. Conforme o parametro que caracteriza a intensidade da iDMI
aumenta, modificacdes significativas podem ser observadas nas curvas de histerese magnética,
associadas principalmente ao surgimento de dominios magnéticos. Analisando a distribuicdo espacial
da magnetizacdo, verifica-se que a formacdo de paredes de dominio do tipo Néel e de skyrmions
magnéticos é favorecida pela iDMI.

Palavras-chave: Reversdo da magnetizacdo; Interacdo de Dzyaloshinskii-Moriya interfacial; Histerese
magnética; Skyrmions magnéticos
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1 INTRODUCTION

Magnetic materials with perpendicular magnetic anisotropy (PMA) have been
intensively studied in the past few decades, mainly due to their great potential for
technological applications. When compared with materials presenting in-plane
anisotropy, for example, they are far superior for spin valves sensors used for
read-heads of hard disk drives and in magnetoresistive random access memory
devices (Tudu and Tiwari (2017)). Since the observation of magnetic skyrmions in thin
films presenting PMA (Fert et al. (2013); Heinze et al. (2011); Krause and Wiesendanger
(2016); Soumyanarayanan et al. (2017); Woo et al. (2016); Zhang et al. (2015)), the
interest in the topic was further intensified.

A magnetic skyrmion may be described as a local whirl of the spin configuration
in @ magnetic material. They are particle-like spin textures of topological origin, and
promise to revolutionize information and communication technologies (Fert et al.
(2017); Nagaosa and Tokura (2013); Sampaio et al. (2013); Yu et al. (2017)). The
emergence of magnetic skyrmions is associated with multiple mechanisms (Nagaosa
and Tokura (2013)). In non-centrosymmetric magnets, the Dzyaloshinskii-Moriya (DMI)
interaction (Dzyaloshinskii (1958); Moriya (1960)) induced by the spinorbit coupling in
the absence of inversion symmetry in the crystal allows for the formation of a
skyrmion lattice structure when an external magnetic field is applied (MUhlbauer et al.
(2009); Nagaosa and Tokura (2013); Yu et al. (2011,1)). In ultrathin magnetic/heavy
metal bylayers, the breaking of inversion symmetry at the interface and the strong
spin-orbit coupling with the neighbouring heavy metal may induce an antisymmetric
exchange, known as interfacial DMI (iDMI) (Fert et al. (2017)). A delicate balance
between PMA, iDMI, exchange and magnetostatic interactions may lead to the
stabilization of magnetic skyrmions at room temperature, even in the absence of an
applied magnetic field (Brandado et al. (2019); Chen et al. (2015); Wei et al. (2021); Yu
et al. (2018)). From a technological perspective, this is the desired scenario, and several
groups are working on the subject. Current research usually focuses on the spatial
distribution of magnetization, using experimental techniques like element specific
X-ray magnetic circular dichroism photoemission electron microscopy (Boulle et al.
(2016)), magnetic force microscopy (Duong et al. (2019); Tejo et al. (2020)) and

magneto-optic Kerr effect (Yu et al. (2018)) to probe the magnetic configuration. Even
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though the magnetization reversal process is intimately connected to spin textures,
studies on the role of iDMI in such process are lacking.

The hysteretic behaviour of magnetization (M) versus applied magnetic field (H)
loops is a fingerprint of irreversible magnetization processes. Even though there is an
infinite number of different ways to reach a given M (H) state, a curve measured after
proper saturation (Harres et al. (2016)), called major loop, may be used to characterize
magnetic materials. Such characterization is based on parameters like the coercive
field (Hc) and the remnant magnetization (Mpz). The shape of M(H) curves is intimately
connected with the system’s magnetic anisotropy, saturation magnetization and
exchange interactions (Coey (2010)).

In the present study, micromagnetic simulations were performed in order to
investigate the magnetic behaviour of thin films presenting PMA and iDMI. We focused
on how the iDMI affects the magnetization reversal in three systems that exhibit low,
intermediate or high PMA (defined by their anisotropy constant). In each case, the
evolution of the M (H) major loops as the parameter associated with iDMI is gradually

increased is analyzed.

2 METHOD

We performed micromagnetic calculations to study magnetization reversal in
polycrystallyne thin films presenting PMA and iDMI. The micromagnetic GPU-based
software package Mumax3 (Vansteenkiste et al. (2014)), which solves the

Landau-Lifshitz equation,

0
S = T {m x Hog +am x (mx Ha)l} 0

was employed. Here, ~ is the gyromagnetic ratio, « the dimensionless damping
parameter, and m the normalized magnetization, that varies in time and space. The
effective field H.g is proportional to the derivative of the energy density e with respect

to m,

(2)
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with M, being the saturation magnetization. The following contributions to ¢ were
considered:  Zeeman, exchange interaction, interfacial Dzyaloshinskii-Moriya
interaction, uniaxial anisotropy, and demagnetizing energy. The effective field term
associated with Zeeman energy is simply the external applied field H. Terms
associated with each of the remaining energies may be written (Leliaert et al. (2014);

Mulkers et al. (2017); Vansteenkiste et al. (2014)), respectively, as follows,

H,, 2;1[:" Am, 3)
2D (Om, Om om om

H _ 2= z z z Y 4

DMI Ms ( a$ ) ay ; a.TJ ay ) ) ( )
2K, 4K o 3

H,. = i (u-m)u+ 7 (u-m)°u, (5)

and

Hdemag = Kij * M. (6)

Here, A, represents the exchange stiffness, D is the iDMI parameter, K, and K, are
the first and second-order uniaxial anisotropy constants, respectively, and u an unit
vector indicating the anisotropy direction. The quantity K is the demagnetizing kernel.
In all calculations, we considered K,» = 0, Aex = 15 pJ/m and Mg = 2.9 MA/m. These
parameters are consistent with those reported for Co/Pd multilayers presenting PMA
(Brandao et al. (2019)). The system was simulated as a 512 x 512 x 1 grid of cubic cells.
The dimensions of each cell were chosen as 3nm x 3nm x 3nm, each edge being always
smaller than the exchange length I., = \/2A../1oM2. Periodic boundary conditions were
considered.

In addition, we have considered the crystalline quality of typical films relevant
for applications. It is well known that epitaxially grown systems are not easily
compatible with typical spintronic technologies. Therefore, polycrystallyne films grown

by sputtering emerge as good candidates for future applications. Aiming at
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reproducing the behaviour of such systems, the grid plane was separated in regions
through Voronoi tessellation (Leliaert et al. (2014)). Each region plays the role of a
grain, being characterized by individual anisotropy parameters. This process is
executed using the function ext_makegrains(). The grain size is defined by the
grainSize parameter, that was kept equal to 12 nm for all calculations. The uniaxial

anisotropy constant of a grain i is determined according to the following expression,

, K
K=K, v 7

being n a function that returns a normally distributed random number [ is obtained
using the Mumax3 command randNorm()]. This distribution has mean value 0 and
standard deviation 1. Anisotropy axis orientations are also randomly distributed,
presenting small deviations from the z axis, that is perpendicular to the film plane. For

a given grain i, we define u; as a vector
w = (16, 75.1) (8)

that is subsequently normalized.

To calculate each hysteresis loop, we first set our system in a saturated state, i.e.,
the magnetization of all cells pointing in the 42 direction. A5 T external magnetic field
is then applied along the z axis and the minimum energy state is obtained using the
built-in function relax (). The magnetic field magnitude is reduced by a small value, and
a new equilibrium state is obtained using the same function. The process is repeated
until a -5 T field is reached. The ascending branch is calculated in an analogous form,
starting from a saturated state where all magnetization vectors pointin the —Z direction.

It should also be noted that the relax() function attempts to find the system’s
energy minimum, disabling the precession term in Eq. (1) and turning off excitations
like temperature, electrical current and time-dependent magnetic fields. The function
advances in time until the total energy cuts into the numerical noise floor, leading the
system to a state close to equilibrium. After that, the torque magnitude is monitored
instead of energy, and the function runs until the torque cuts into the noise floor as well
(Vansteenkiste et al. (2014)).

To study the impact of iDMI on the magnetization reversal process, hysteresis
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loops were calculated for different values of D, keeping other parameters fixed. Three
scenarios were simulated, considering K, = 30 kJ/m3, K, = 60 kJ/m?3 and K, = 90 kJ/m?3.

For the smaller K, value, the effective anisotropy constant

1
Ky=K, — 5qu§ : (9)

is negative, so the effective anisotropy axis is not normal to the system’s plane. We
shall call this a low PMA case. For K, = 60 kJ/m3, K, assumes a small positive value,
and the system presents an intermediary PMA. Finally, when K, = 90 kJ/m3, Ky > 0,
characterizing a high PMA configuration. In each case, D was varied between 0.1 m)/m?
and 2.0 mJ/m?. The complete collection of calculated magnetization curves may be

found in Figs. 5, 6 and 7 of appendix 4.

3 RESULTS

In Fig. 1, representative results obtained for low PMA and (a) D = 1.0 mJ/m?, (b)
D = 1.1 m)J/m? (c) D = 1.6 m)/m? are displayed. The insets show snapshots of the
magnetization spatial distribuition for different applied field values. All snapshots
correspond to states achieved along the curve’s descending branch, that are indicated
by solid circles. In these illustrations, the white color represents sample regions where
M is oriented in +Z direction, and black those oriented in —Z direction. Other colors
represent the magnetization in-plane orientation, also indicated by arrows. The
relation between each color and the associated in-plane direction is given in the color
map illustrated in the inset of Fig. 1(a).

Magnetization loops similar to that illustrated in Fig. 1(a) were obtained when
D < 1.0 mJ/m?. Saturation is achieved for H =~ 0.2 T, which is very close to the average
anisotropy field H, = 2K,/Ms. The M(H) curve is nearly a straight line between +0.2
and —0.2 T, Hc and My being approximately zero. In these cases, magnetization
rotates toward the system's plane as the field is decreased. This fact may be
understood considering that the effective anisotropy K, is negative, therefore the
system’s magnetization presents the tendency to remain in-plane. At same time, the
magnetic moment’s in-plane orientation changes coherently during the process,

indicating that the formation of magnetic domains is not energetically favorable.
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Figure 1 - Representative hysteresis loops calculated considering low anisotropy and
(@ D = 1.0 mJ/m?, (b) D = 1.1 mJ/m?, (c) D = 1.6 m)/m?, along with snapshots of the
magnetization spatial distribuition for different values of the external applied field

D= 1.0 mJ/m?
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Snapshots illustrate the whole system area
Source: the authors (2024)
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Figure 2 - Representative hysteresis loops calculated considering intermediary
anisotropy and (a) D = 0.4 m)/m?, (b) D = 0.6 m)/m?, (c¢) D = 1.4 m)/m?, along with
snapshots of the magnetization spatial distribuition for different applied field values

D = 0.4 mJ/m>
Ha —

Note: Snapshots illustrates the whole system area
Source: the authors (2024)
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Interestingly, by increasing D to 1.1 m)/m?, we see that the hysteresis shape is
modified, as shown in Fig. 1(b). Starting from the saturated state, the magnetic
configuration gradually evolves into a maze-like domain structure. Reversed domains
grow, and when H becomes zero, out-of-plane magnetization is also zero. As
saturation is approached in the opposite direction, small circular domains may be
observed. A closer look reveals that these domains are Néel-type skyrmions [see Fig.
4(c)]. A similar behavior is obtained for D = 1.2 and 1.3 mJ/m?2. The necessity to apply
an external field to stabilize skyrmions has been previously demonstrated by an
analytical model that incorporates all the energies into play (Bernand-Mantel et al.
(2018)).

Although My, is zero for curves obtained for both D = 1.0 and 1.1 m)/m?, their
magnetization spatial distribution at H = 0 is completely distinct. In the first case,
magnetic moment’s are parallel to sample’s plane, while in the second the majority of
spins are oriented along the 2 axis, either in +z or —Z directions. This behaviour is
related to the fact that iDMI facilitates the formation of Néel domain walls, what will be
further discussed in Section 4.

A magnetization loop traced for D = 1.6 m)/m? isillustrated in Fig. 1(c). In this case,
the evolution from a saturated state into a maze-like domain configuration is abrupt. As
the external field decreases, reversed domains grow and a My = 0 state is reached.
Increasing the field in the opposite direction leads to a stripe-domain configuration that
corresponds to a plateau in the magnetization curve. Finally, skyrmions are stabilized
close to saturation.

Representative results obtained for intermediary PMA and (a) D = 0.4 m)/m?, (b)
D = 0.6 m)/m?, (c) D = 1.4 mJ/m? are shown in Fig. 2. For D values between 0.1 and 0.3
mJ/m?, the magnetization loops are square shaped, indicating a well defined
out-of-plane easy axis. An abrupt magnetization reversal is observed; the system
evolves from a saturated state in one direction to a saturated state in an opposite
direction whitin an infinitesimal change of the external field. The loop obtained for
D = 0.4 m)/m?, illustrated in Fig. 2(a), is nearly indistinguishable from those traced for
D < 0.3 m)J/m?, but a state where a skyrmion is stabilized is reached after the
magnetization jump. Increasing D to 0.5 m)/m?, a distinguished feature appears in the

loop as a plateau is achieved after the magnetization jump. This plateau, that persists
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within a small external field range, corresponds to a stripe domain. As the field
increases, the stripe eventually vanishes, and after another abrupt variation of M(H), a
Néel-type skyrmion appears and persists for a narrow field range. The magnetization
curve shown in Fig. 2(b), that was traced for D = 0.6 m)/m?, has the same
characteristics.

The appearance of magnetization loops gradually changes as D varies from 0.7
mJ/m? up to 2.0 mJ/m?, acquiring a shape that resembles an hourglass. A representative
curve obtained for D = 1.4 m)/m? is displayed in Fig. 2(c). We observe now that after the
abrupt variation of M, a maze-like domain configuration is achieved. Reversed domains
gradually grow as the external field magnitude is increased, and evolve into a stripe
domain, similar to that obtained for D = 0.6 m)/m?. As in the previous case, a skyrmion
is stabilized for fields close to saturation.

Figure 3 brings representative magnetization curves calculated considering high
PMA and (@) D = 1.1 mJ/m?, (b) D = 1.7 mJ/m?, (c) D = 2.0 m)/m2. For D values ranging
from 0.1 up to 0.9 m)/m?, we observe square-shaped hysteresis loops similar to those
obtained for K, = 60 kJ/m? and low values of D. Since the anisotropy constant was
increased compared to the previously presented cases, the anisotropy energy term
dominates the magnetic behaviour, and the iDMI contribution begins to become
important only for D > 1.0 mJ/m?. For D = 1.0 and 1.1 m)/m?, calculated curves still
present the same square shape, as illustrated in Fig. 3 (a), but after the abrupt
variation of M (H), a magnetic state with skyrmions is obtained. Further increasing the
iDMI parameter will lead to the appearence of a plateau in the magnetization curve, as
shown in Fig. 3(b) for D = 1.7 mJ/m?. In such state, we may observe interconnected
stripe domains that slowly fade as the external field magnitude is increased until
another abrupt magnetization variation occurs. Differently from the case of
intermediary PMA, no skyrmions are stabilized after this second jump. Finally, for
D = 1.9 and 2.0 mJ/m?, a maze-like domain state is reached after the magnetization
jump. This state evolves into a stripe domain configuration as the external field is
increased, as shown in figure Fig. 3 (c). Further increasing H, we see an abrupt
variation of M and a plateau appears. As was the case for K, = 30 and 60 kJ/m?, this

feature is associated with a state presenting a single stripe domain.
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Figure 3 - Representative hysteresis loops calculated considering high anisotropy and
(@) D = 1.1 mJ/m?, (b) D = 1.7 mJ/m?, (c) D = 2.0 mJ/m?, along with snapshots of the
magnetization spatial distribuition for different values of the external applied fiel

D= 1.1 mJ/m?

@)

mJ/m?

L

| ‘I
0.5 1.

10 -05 00
toH (T)

Note: Snapshots illustrates the whole system area
Source: the authors (2024)
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4 DISCUSSION

The shape of magnetization curves and it's associated domain structure results
from a competition between various energy terms. The PMA tends to align the
magnetization in a direction normal to the film plane, while exchange interaction
favors parallel alignment of neighbouring spins. A saturated state along the z-axis,
however, sets up magnetic poles at the top and bottom surfaces of the film, increasing
the magnetostatic energy. The creation of magnetic domains may decrease the
magnetostatic energy, but add domain wall energy (Malek and Kambersky (1958)).
Finally, the iDMI induces a relative tilt between neighbouring spins. It may facilitate the
formation of domains by lowering the domain wall energy (Heide et al. (2008); Woo
et al. (2016)), and stabilize magnetic skyrmions (Fert et al. (2017)). This is what is
observed as iDMI is increased in our calculations. For low PMA and D < 1.0 mJ/m?,
even though the average uniaxial anisotropy axis is oriented out-of-plane, the
anisotropy constant is too small and the magnetostatic energy term dominates,
pushing the magnetization to the plane for a low value of H. The exchange interaction
guarantees that magnetization evolves coherently, without breaking up into domains,
resulting in curves like the one shown in Fig. 1(a). For both intermediary and high PMA,
exchange and anisotropy terms dominate when D is small, leading to square-shaped
hysteresis curves illustrated in Figs. 2(a) and 3(a). The system abruptly transits from a
saturated state in one out-of-plane direction to a saturated state in the opposite
direction, as the formation of magnetic domains is not energetically favourable.

When D is increased to 1.1 m)/m? for low PMA, the iDMI becomes relevant,
lowering the domain wall energy and allowing a labyrinthine structure to take place.
The magnetization curve becomes skewed, and hysteresis is present for intermediary
fields, as shown in Fig. 1(b). Calculated loops resemble experimental curves obtained
for Pt/Co/Fe/lr multilayers presenting iDMI and thicknesses compatible with that
considered in the present paper (Ang et al. (2021)), or thicker (Duong et al. (2019)). The
simulated evolution of magnetization spatial distribuion is also coherent with data
presented in Fig. 1(c) of reference (Ang et al. (2021)). Similar magnetization curves may
also be observed for Co/Pt (Hellwig et al. (2007)) and Co/Pd (Brandao et al. (2019))
samples, where the iDMI should be absent, or small (Hrabec et al. (2014)), due to the

symmetrical interfaces. In such cases, though, skewed curves occur for thicker films.
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Figure 4 - Representative regions of the magnetization spatial distribution obtained for
K, = 30kl/m3, H =0, (@) D = 1.1 mJ/m? and (b) 1.6 mJ/m?. (c) A Néel type skyrmion
observed for K, = 60 kJ/m? and D = 0.4 mJ/m?

SN

A

-z

Z77
z77
797
7714

/4

Source: the authors (2024)

Considering D > 1.4 mJ/m?, the skewed shape of M (H) persists, hysteresis is enhanced
and a plateau associated with a stripe domain configuration may be observed, as
depicted in Fig. 1(c). Most of these features are present in experimental curves
obtained for thin films presenting PMA (Davies et al. (2004); Hellwig et al. (2007)). The
hourglass-like shape obtained for intermediary PMA and high iDMI may also be
observed in real systems (Brandao et al. (2019); Skorokhodov et al. (2021); Yim et al.
(2004)).

Most of the characteristics aquired by the magnetization loops as D is increased
may also be observed in systems where iDMI is absent. Therefore, we were not able
to identify any signature of interfacial Dzyaloshinskii-Moriya interaction in these curves.
An exception may be the plateau associated with a single stripe-domain state, observed
in Figs. 1(c), 2(b) and (c), and 3(c). We found no report of experimental magnetization
loops presenting that feature. Our hypothesis is that the simulated system dimensions
are too small, and even though such domains occurs in real samples, they might be too

scarce to have an impact in the measured M (H) curve. In such case, the plateau would
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be less pronounced or even invisible. See, for example, figure 2(g) in reference (Davies
et al. (2004)).

Finally, let us briefly discuss the nature of the magnetic structures obtained in
our caculations. Figures' 4(a) and 4(b) depict representative regions of the
magnetization spatial distributions illustrated in Figs. 1(b) and 1(c) for H = 0. As may be
seen, iDMI favors Néel type domain walls (DW), i.e., the magnetization rotates in a
cycloidal mode, with the DW normal contained in the magnetization rotation plane.
The same behaviour is observed for high PMA. This result is in accordance with the
model introduced by Heide, Bihimayer and Bllgel (Heide et al. (2008)), and expanded
by Thiaville et al. (Thiaville et al. (2012)). They have shown that Néel DW are more likely
to form in thin films presenting iDMI. Figure 4(c) shows that the circular structures
observed in the inset of 2(a) is, indeed, a Néel type skyrmion, where spins rotate in the
radial planes from the core to the periphery. Skyrmions observed for other
parameters are of the same type.

In summary, we studied the impact of iDMI on magnetization reversal processes
in thin films presenting PMA via micromagnetic calculations. Three distinct scenarios,
characterized by low, intermediary or high perpendicual anisotropy were explored. We
observed in all of them that the energy landscape shifts as D is increased, allowing the
stabilization of skyrmions, stripe and/or maze-like domains presenting Néel DW. The
magnetization loops shape is significantly modified, and distinct features appears for

the different K, values considered.
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Appendix - Hysteresis loops

Figures 5, 6 and 7 display the full collection of magnetization loops calculated,

respectively, for the low, intermediary and high PMA scenarios.

Figure 5 - Hysteresis loops obtained for low anisotropy
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Figure 6 - Hysteresis loops obtained for intermediary anisotropy
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Figure 7 - Hysteresis loops obtained for high anisotropy
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