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Chiral spin alignments are critical in modern magnetism, offering fundamental insights and prospects for spin-
tronic applications. The stability of chiral domain walls (DWs) is governed by the interplay among DW anisot-
ropy, Dzyaloshinskii-Moriya interaction (DMI), and Zeeman energies. While the influence of an external
magnetic field applied along the DW normal is well established that of orthogonal in-plane field is less explored.
Here, we theoretically uncover distinct Zeeman energy landscapes that govern the Néel-to-Bloch transition
based on the external field orientation. For a magnetic field normal to the DW), the transition primarily depends
on the DW anisotropy field. In contrast, when a field is applied along the DW plane, significantly large fields
than the anisotropy and DMI-induced fields are required. This nonreciprocity arises from the competing influ-
ences of DMI and Zeeman interactions: in the field along the DW normal, DMI lowers DW energy alongside
the Zeeman term, while in the field along the DW plane, it acts oppositely, increasing the DW energy. These
findings reveal an unrecognized mechanism for field-direction-dependent DW chirality stabilization, offering
new control strategies for chiral spin textures in magnetic nanostructures.
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1. Introduction

Chiral spin alignments have gained considerable atten-
tion owing to their fundamental significance [1-5] and
technological potential [6-11]. The creation of topologi-
cal spin textures, such as Néel-type domain walls (DWs)
[4,6-8,10-15] and magnetic skyrmions [1-3,5,9,10], and
their efficient manipulation through spin- or orbital-cur-
rent-induced torques are focal points in spintronics research
[8,12,13,16-25]. The Dzyaloshinskii-Moriya interaction
(DMI) is essential for stabilizing these chiral spin align-
ments [14,26-35] and for enhancing spin-orbit and orbital
torques driving their current-induced motion [8,12,13,20].
Understanding these chiral spin phenomena relies on the
magnetic DW energy, which comprises contributions
from DW anisotropy, DMI, and Zeeman interactions.

Magnetic DWs generally adopt a Bloch-type configu-
ration, to minimize the total wall energy, primarily deter-
mined by the demagnetizing field [14,31,34,36]. However,
in systems exhibiting broken inversion symmetry and
strong spin-orbit coupling, Néel-type DWs can stabilize,
introducing a preferred orientation—or easy axis—of wall
magnetization [14,26-35]. The energy difference between
the easy and hard axes defines the anisotropy energy.
The influence of a magnetic field applied along the DW
normal (longitudinal geometry) on the DW energy is well
established; in this configuration, the resulting energy
difference corresponds to the DW anisotropy energy
[31,37-39]. However, the influence of a magnetic field
applied along the DW plane (orthogonal geometry) has
been less studied.

Here, we theoretically reveal that this orthogonal geome-
try, the energy difference between the easy and hard axes
no longer reflects the DW anisotropy energy. Unlike
prior models focused on longitudinal field geometry, the
orthogonal geometry provides a fresh perspective on the
interplay between Zeeman and DMI contributions, uncover-
ing hidden energy asymmetries within DWs.

II. Result and Discussion

We first outline the theoretical framework proposed by
Thiaville et al. to describe DW energy in systems with
DMI [14,31]. In perpendicularly magnetized materials,
sufficiently extended DWs adopt a Bloch-type configura-
tion minimizing dipolar energy associated with in-wall
magnetization. Fig. 1(a) illustrates the distinction between
Néel- and Bloch-type DWs. The intrinsic energy differ-
ence arises from the DW anisotropy energy, while DMI
introduces another competing energy. The interplay between
DMI and DW anisotropy energies governs the equilib-
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Fig. 1. (Color online) (a) Illustration of the distinction between
Néel- and Bloch-type domain walls (DWs). The orange arrow
indicates the magnetization at DW. (b) The response of the
DW magnetization to an in-plane magnetic field for two rep-
resentative cases: (1) field is applied along the DW normal
(longitudinal geometry), and (2) field is applied along the DW
plane (orthogonal geometry).

rium spin configuration within the wall, favoring either
Néel- or Bloch-like states.

To examine the response of the DW magnetization to
an in-plane magnetic field, we analyze two representa-
tive cases as shown in Fig. 1(b): (1) field is applied
along the DW normal (longitudinal geometry), and (2)
field is applied along the DW plane (orthogonal geome-
try). In the longitudinal geometry, for an initial Néel-
type DW (where DMI energy exceeds DW anisotropy
energy), Je et al. [31] demonstrated that the Zeeman
energy required to rotate the DW magnetization to a
Bloch configuration under a magnetic field along the x-
axis equals the DW anisotropy energy.

Next, to analyze the orthogonal geometry, we apply an
in-plane magnetic field along the y-axis g/,. The DW
energy opw(oly) can be expressed as

obw(toHy) = 0y + mAKpcos®
— AMspoHpvicos v — mAMsiH siny, (1)

where oy is the energy density of a Bloch-type DW, Kp, is
the DW anisotropy energy density, A is the DW width, M;
is the saturation magnetization, and z4Hpy represents the
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effective magnetic field induced by the DMI. The angle w
defines the azimuthal orientation of the magnetization
within the DW, measured from the +x axis. Minimizing
the DW energy with respect to v (i.e., dopw/Ow = 0)
yields

—2KpCOS WeqSINWeq + MsttoHpmiSIn Yeq
- MsppHcosyeq = 0, 2

where 1, denotes the equilibrium magnetization angle.
Because Eq. (2) is a quartic equation in cos i, obtaining
an analytical solution is intractable. Therefore, g, is
calculated numerically for each applied field z4H,, enabling
the monitoring of the evolution of opw as a function of
foH,

In the examined system, a finite DMI stabilizes an ini-
tial Néel-type DW in the absence of an in-plane field
(toH, = 0 mT). When g4H, increases sufficiently to align
the DW magnetization along the +y direction, the wall
gradually evolves into a Bloch-type configuration, corre-
sponding to e, = /2. Fig. 2(a) presents the equilib-
rium angle 4 as a function of zHy, calculated for o, =
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Fig. 2. (Color online) (a) Calculation of the equilibrium angle yq as a function of in-plane magnetic field along y-direction ziH,.
The parameters for this calculation are oy = 30 mJ/m?, gyHs = 30 mT, A =1 nm, Mg = 1 MA/m, and zHpyg = 50 mT [31,38,40].
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30 mJ/m?, wyHs = 30 mT, A =1 nm, Ms = 1 MA/m, and
toHpyn = 50 mT [31,38,40], where the DW anisotropy
field gHs is defined by the relation Kp = MgunHs/2.

At 1H, = 0 mT, the DW exhibits a Néel-type orienta-
tion (yeq = 0). However, a sufficiently large 1of, drives
Weq —> £72, signifying a Bloch-type wall. Interestingly,
even when y4H, reaches £30 mT (red dashed lines) or
+50 mT (green dashed lines), corresponding to zpHs and
Holpmi, respectively, yeq remains significantly below full
alignment at =772 (inset of Fig. 2(a)). Even when 1H,
exceeds 200 mT, well above oHs and tyHpyy, the equi-
librium DW angle ., remains below +a/2. Extending
the field range reveals that y, reaches £77/2 only at H,
= 5.712 T, nearly two orders of magnitude larger than
MoHs and ihHpyy, underscoring the strong field required
to achieve full Bloch-type configuration. We denote this
critical field as uH, (orange arrow in Fig. 2(a)).

To elucidate the origin of iH, relative to sHs and
HoHpwmi, we examined the evolution of opy as a function
of wH, (Fig. 2(b)). As M, increases, opw decreases
monotonically, following the trend of the Zeeman energy
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The orange arrow indicates the field that requires to achieve full Bloch-type configuration, called the critical field as zHy . (b) Evo-
lution of opw and Gbw,zeeman = TAMspipH SN Yq as a function of Hy. (¢) Chwan = 7AKpcos? Weq and Opwomi = ZAMs tHpMICOS Yeq
as a function of xH,. Orange dashed lines represents |H,y| = poHy. (d) Plot of the combined contribution of the Bloch-type DW
energy density, anisotropy energy, and DMI-related term (0bw = Oy + Obwani — Obwomr) as a function of HoH,. Orange dashed lines

represents |uoHy| = toHy.
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contribution, defined as Opw zeeman = AAMspH,SIN Y.
This correspondence indicates that the Zeeman interaction
primarily governs the overall reduction in DW energy.
Additionally, we analyzed the DW anisotropy and DMI
contributions, denoted as Opwanm = 7AKpcos? Weq and
obwpomi = TAMsihHpyicosye (Fig. 2(c)). As  poH,
increases, Opwan gradually decreases, contributing to
overall DW energy reduction. Conversely, opwpwm tends
to increase the total DW energy with increasing .
Notably, opwpwm consistently exceeds opwan throughout
the examined field range, but eventually converges and
matches Opw.ani at |tofy| = ,uOHy* (orange dashed lines in
Fig. 2(c)).

Fig. 2(d) plots the combined contribution of the Bloch-
type DW energy density, anisotropy energy, and DMI-
related term (opw = oy + Obw.Ani — Obw.,pmr) as a func-
tion of 1H,. As previously noted, the DMI contribution
continues to raise o py until 4H, approaches s4H, (orange
dashed lines in Fig. 2(d)), where Opw.an and opwpmi
become balanced. Beyond this point, opw saturates to a
constant value, corresponding to the intrinsic Bloch-type
DW energy density op.

This behavior implies that mitigating the DMI-induced
energy increase is essential for achieving yeq = +7/2,
suggesting a direct correlation between DMI magnitude
and critical field zH,. Using the same parameters (o =
30 mJ/m?, wHs = 30 mT, A =1 nm, and Mg = 1 MA/
m), we evaluated the dependence of ,uoHy* on iHpy, as
shown in Fig. 3. The results affirm that the DMI-induced
increase in DW energy critically determines oHy, lead-
ing to a substantially larger Néel-to-Bloch transition field.
Despite the relatively small zHpy; magnitude, aligning
the DW magnetization along the y-axis requires an unex-
pectedly large external field, underscoring the strong
resistance of the chiral DW configuration to transverse
reorientation.
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Fig. 3. (Color online) Plot of wH, with resepct to tHpy.
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III. Conclusion

In summary, this study uncovers distinct Zeeman energy
contributions governing the Néel-to-Bloch transition based
on the in-plane magnetic field orientation. When the exter-
nal field is applied along the DW normal (longitudinal
geometry), the DW anisotropy field primarily determines
the transition. Conversely, when the field is applied along
the DW plane (orthogonal geometry), the transition occurs
at a much higher field than those dictated by DW anisot-
ropy or DMI-induced fields. In both cases, increasing the
field aligns the magnetization toward the field direction,
reducing DW anisotropy and overall DW energy. How-
ever, the role of DMI differs in the longitudinal case, DMI
acts as an effective shift field, reducing the total DW energy
through its cooperative interaction with the Zeeman term.
Conversely, in the orthogonal case, DMI competes with the
Zeeman interaction, increasing DW energy as the magneti-
zation deviates from the DW plane. This interplay between
DMI and anisotropy explains the substantially larger Néel-
to-Bloch transition field observed when the magnetic field
is oriented along the DW plane. These findings uncover a
hidden nonreciprocity in the field-driven energetics of chi-
ral DWs, offering a novel approach to stabilize and manipu-
late DW chirality through directional magnetic-field control.
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