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Helicity, one of the degrees of freedom for skyrmions, describing the direction of spin rotation in skyrmions,
is of fundamental importance for skyrmion-based potential applications. However, continuously modulating the
helicity is challenging. Here, we propose an effective method to control the skyrmion helicity by means of the
competition between Dzyaloshinskii-Moriya interaction and exchange frustration in inversion-symmetry-broken
frustrated magnets. In the prototypical case of Janus NiCIBr, we found a nanometer-sized skyrmion with uniform
unconventional helicity of 139°. Moreover, a spin texture phase diagram as a function of strain and out-of-plane
magnetic field was illustrated and, most importantly, an unexpected linear change in the helicity from ~0° to
~50° and from ~120° to ~180° was found in the skyrmion lattice region. As such, the skyrmion Hall effect of
Janus NiCIBr can be reduced under external field for a critical value of the helicity. These results not only give
a feasible method to effectively modulating the skyrmion helicity, but also provide an ideal platform for further

investigations on skyrmion helicity-related phenomena.

DOI: 10.1103/PhysRevB.109.094431

I. INTRODUCTION

Magnetic skyrmions [1] are vortexlike swirling spin tex-
tures which have been widely observed in chiral [2-5],
polar [6-8], and frustrated magnets [9,10] due to competi-
tion among magnetic interactions, such as Heisenberg-like
exchange coupling, Dzyaloshinskii-Moriya (DM), dipole-
dipole, and magnetic anisotropy [11-13]. The unique topolog-
ically protected, nanometer-sized and efficient current-driven
dynamic properties make the skyrmions appealing candidates
for high-stability, low-power, and high-density magnetic data
storage and other spintronic applications [14-20]. Driven by
their potentials, the knowledge in skyrmions has constantly
widened by means of numerous experiments and fundamental
theoretical investigations in the last years [16,21-23].

To define a specific skyrmion, three different degrees of
freedom, namely topological number Q, vorticity w, and he-
licity y, are used to distinguish the multifarious types of
skyrmions. Among them, helicity [24] represents the angle
difference between a spin direction and its radial direction.
Modulating the degrees of freedom for skyrmions is of funda-
mental importance for the development of skyrmion-related
phenomena and applications [25]. Notably, it was proposed
that the helicity could be used to store information for the
skyrmion quantum bit [26,27], and have a direct relevance to
the skyrmion Hall effect [28-30]. Therefore, helicity offers
a rich operation regime for potential skyrmion-based devices
and manipulating skyrmion helicity is in demand.

So far, most of the studies are focused on the
helicity in some specific systems. On one hand, in
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centrosymmetry-broken systems, the DM interaction is con-
strained to certain directions, according to the Moriya rules
[31,32]. As a result, the determined DM leads to a certain
Lifshitz invariant and the helicity is finally fixed to some
conventional value [33,34]. For example, in multilayer mag-
nets with C,, symmetry, the helicity is either O or = and
the corresponding skyrmions are commonly named as Néel-
type skyrmions [6]; Bloch-type skyrmions with y = +m /2
emerge in chiral crystal with D, symmetry [4], and anti-
skyrmions with y =0 or m or +m/2 appear in magnets
with Dy; and S4 symmetry [35]. In general, the skyrmion
diameter of DM-induced skyrmions is in the order of 10? ~
10 nanometers. On the other hand, in frustrated magnets
[36-39], the competing interactions among local spins tend
to produce highly degenerate ground states, therefore, under
some specific conditions, skyrmions with arbitrary helicity
might be generated in frustrated magnets [9,40]. Meanwhile,
the skyrmion diameter in frustrated magnets can be as small
as several nanometers. Besides, via Lorentz transmission
electron microscopy (LTEM) it was observed that chirality
reverses in helimagnets Mn;_,Fe,Ge as the chemical com-
position changes, providing evidence for helicity reversal
[41]. Moreover, due to the surface reconstruction, twisted
skyrmions arise at the surface of chiral magnets, leading the
helicity to gradually change its sign from bottom to top,
as directly observed by using circular dichroism in resonant
elastic x-ray scattering (CD-REXS) [42]. However, to our
knowledge, a homogenous and continuous variation of helic-
ity under external field has not been experimentally achieved
yet, therefore limiting the development of skyrmion helicity-
related phenomena.

In this manuscript, we propose a method for modulat-
ing the skyrmion helicity by applying strain and magnetic

©2024 American Physical Society


https://orcid.org/0000-0001-5646-6748
https://orcid.org/0000-0002-1316-9783
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.109.094431&domain=pdf&date_stamp=2024-03-22
https://doi.org/10.1103/PhysRevB.109.094431

LIU, YANG, GUO, PICOZZI, AND YAN

PHYSICAL REVIEW B 109, 094431 (2024)

field. Taking the prototype monolayer Janus NiClBr as an
example, an unexpected unconventional homogenous helicity
is observed in the skyrmion lattice due to the induced DM
interaction in this frustrated magnet. Moreover, a rich spin
texture phase diagram is achieved by changing the strain and
magnetic field. Furthermore, a modulation of the skyrmion
helicity is obtained in the skyrmion lattice region; as such,
it might be possible to reduce the skyrmion Hall effect un-
der specific circumstances. Notably, the proposed method to
modulate the skyrmion helicity can be used in future skyrmion
based applications.

II. COMPUTATIONAL METHODS

First principles calculations were performed using the
Vienna ab initio simulation package (VASP) [43]. The
exchange-correlation potential was treated with the Perdew-
Burke-Ernzerhof (PBE) approach [44]. The Liechtenstein’s
method [45] with an effective Hubbard U = 1.8 eV and
J = 0.8 eV was used to correct correlation effects of Ni-
3d orbitals. A plane-wave cutoff energy of 500 eV and a
19 x 19 x 1 I'-centered k mesh were adopted in all the cal-
culations. To avoid the spurious interlayer interaction arising
from the periodic boundary conditions, a 20 A vacuum region
was used. All the atoms were fully relaxed until the force and
total energy difference is less than 0.001 eV/A and 1076 eV
respectively.

We used the four-states approach [46,47] to estimate the
magnetic interaction parameters based on first principles cal-
culations for total energies on various spin configurations.
In particular, we estimated single ion anisotropy (SIA), first-
neighbor and second-neighbor exchange interactions using a
5 x 4 x 1 supercell with k-mesh 4 x 5 x 1 and a6 x3 x 1
supercell with k-mesh 3 x 6 x 1 was used for estimating the
third-neighbor exchange interaction. Such large supercells ex-
clude any significant influence from next periodic neighbors.
Here, we only performed a direct calculation on the magnetic
Ni-Ni pair along one selected direction to evaluate the mag-
netic exchange tensor; in fact, the interactions between the
other five same nearest-neighbor pairs can be obtained via the
mirror and threefold rotation symmetry.

The Monte Carlo (MC) simulations were performed using
the VAMPIRE package [48]. In order to have a better figure ar-
rangement for the spin textures, we change the triangular
lattice to a rectangular lattice [see Fig. 2(a)], and x, y, z co-
ordinates are used. The spin texture was calculated with a
12 nm x 12 nm (1360 spins) system. The in-plane periodic
boundary condition was used and a randomly distributed
spin texture was selected as the initial state. A field cooling
method, in which the calculation temperature starts from 30 K
and gradually decreases to near 0 K, was adopted in all the
calculations. For each simulation, 3 x 10° total calculation
steps were performed. The applied external magnetic field is
considered along the z direction.

III. RESULTS AND DISCUSSION

A. The idea of modulating skyrmion helicity

The skyrmion helicity is identified as y = 8 — Q¢, where
0 and ¢ represent the angles for the spin direction and the
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FIG. 1. Schematic diagram of the competition between DM and
exchange frustration for generating variation of skyrmion helicity.
y* in the middle represents arbitrary helicity in frustrated magnets.
Left panel: DM perpendicular to the connecting line between two
magnetic atoms, DM L r,p, induces two Néel-type skyrmions. Right
panel: DM parallel to the connecting line between two magnetic
atoms, DM/ /r4g, induces two Bloch-type skyrmions.

radial direction relative to the horizontal line for one specific
spin in the skyrmion region (see the middle bottom panel
in Fig. 1). Q is the topological number for the skyrmions
(antiskyrmions) in our manuscript Q = 1(—1). To accurately
estimate the helicity, we first find the center of the skyrmion,
then calculate the average value of the helicity for all the spins
in the skyrmion area by y = 1lv Zi (0; — ¢;), where N is the
total number of spins in the skyrmion area. Figure 1 displays
a schematic diagram to modulate the skyrmion helicity. Let’s
focus on an inversion symmetry broken frustrated magnet. On
one hand, for some class of centrosymmetric classic frustrated
triangle lattices [49,50], skyrmions with arbitrary helicity may
appear (see middle skyrmion in Fig. 1 with y*). On the
other hand, the broken symmetry will induce DM interactions,
which will generate conventional helicity in the crystal. Sup-
pose, in some specific polar crystals, the direction of DM to
be perpendicular to the connecting line between two arbitrary
magnetic atoms A and B, i.e., DM_L r4p. An appropriate DM
strength will force the spins to form Néel-type skyrmions with
the y = 0 or =, as shown in the left panel in Fig. 1. Similarly,
for chiral crystals where DM/ /r4p, a moderate DM strength
will generate the Bloch-type skyrmion with y = £m /2, as
shown in the right panel in Fig. 1. In an intermediate situation,
the competition between DM and magnetic frustration might
lead to a helicity in the (0, ) and (—m /2, 7 /2) ranges for
polar and chiral crystals, respectively.

B. Magnetic interactions in prototype nickel halides

Van der Waals (vdW) monolayer nickel halides NiX;
(X = Cl, Br, I) with space point D34, are centrosymmetric
and demonstrated to be strong frustrated magnets [51]. Based
on the prototype NiX,, we construct Janus NiCIBr with space
point C3, [see Fig. 2(a)] to induce DM interaction because
both the mirror and inversion symmetry are broken in Janus
structures. Since the phonon spectrum indicates a monolayer
NiCIBr to be dynamically stable [52], this might be a good
candidate to investigate the competition between DM interac-
tion and exchange frustration. The general spin Hamiltonian
model that describes the magnetic interactions between each
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FIG. 2. Real space atomic structure and spin textures. (a) Top and side views of monolayer Janus NiCIBr, in which silver, brown, and green
balls represent Ni, Br, and CI atoms, respectively. Spin textures of (b) NiCl,, (¢) NiBr,, and (d) NiCIBr at zero magnetic field, and spin textures
of (f) NiCl, at uy;Bz/J1 = 0.06, (g) NiBr, at uy;Bz/J1 = 0.17, and (h) NiCIBr at uy;Bz/J1 = 0.26, respectively. (e) Enlarged spin textures
for the framed regions in Figs. 2(f)-2(h). The blue-red color scale represents the out-of-plane magnetization, whereas black arrows represent

the in-plane spin projections.

local spin pairs is as follows:

1
H= 7 ;Sijijsj + Xi:SiAiSi + Hext,

ey

where, §; and S; are spin operators at sites i and j, J;;
and A; represent the exchange coupling interaction and SIA,
respectively, and H.y represents the external field energy.
All the parameters can be obtained from first principles cal-
culations for Janus NiClBr using the four-states approach.
The antisymmetric DM interaction can be calculated from
the J;; tensor as D, = %%ﬂy(Jaﬂ — Jga), where g4, is the
Levi-Civita symbol. To have a comprehensive understand-
ing on the difference between prototype NiCl,, NiBr, and
the constructed Janus NiClBr, the magnetic parameters of
all three materials are calculated and listed in Table I. The
first nearest-neighbor isotropic ferromagnetic (FM) interac-
tion J1 = (J1,, + J1,, 4+ J1.;)/3 for NiCl,, NiBr», and NiCIBr
are —6.32, —7.49, and —6.56 meV, respectively. Since J1
shows a nearly isotropic Heisenberg-like interaction, only the
isotropic exchange interactions of J2 and J3 are considered in
our calculations. Notably, J3 for NiCl,, NiBr,, and NiCIBr
are antiferromagnetic (AFM) interactions with strengths of
1.98, 3.47, and 2.94 meV, respectively. All the J2 and in-plane
SIA are nearly zero. These results indicate that monolayer

NiCl,, NiBr,, and NiClIBr are classical frustrated magnets, the
corresponding frustration strength |J3/J1| being 0.31, 0.46,
and 0.45, respectively. Most importantly, at variance with
NiCl, and NiBr;, the DM interaction is induced in the Janus
NiCrBr and, following Moriya rules, the DM is in the yz plane
with D, = 0.06 meV and D, = 0.02 meV.

C. Spin textures in prototype nickel halides

Based on first principles calculations, our atomistic spin
simulations are performed with the Monte Carlo method.
Figures 2(b)-2(d) illustrate the spin textures under zero ex-
ternal magnetic field uy;Bz/J1 = 0 for NiCl,, NiBr;, and
NiClIBr, respectively, where wy; = 2.00up represents for the
magnetic moment of Ni in NiCl,, NiBr,, and NiCIBr. Due to
the strong |J3/J1| > 0.25, helicoid spin textures are present.
The not-very-regular helicoid structure in NiCl, arises be-
cause the frustration strength is |J3/J1] = 0.31, i.e., near the
crossing region between forming skyrmions and spin spiral
textures [49,53]. Considering that the skyrmion phase is usu-
ally not the ground state, an out-of-plane magnetic field Bz
was applied to the three systems. As seen from Figs. 2(f)—
2(h), the spin textures are totally different. The frustrated
magnet NiCl, generates both skyrmion [enlarged blue frame
in Fig. 2(e)] and antiskyrmion [enlarged light blue frame in

TABLE I. Exchange coupling interactions for first-nearest neighbor J1 tensor, isotropic second-nearest neighbor J2, isotropic third-nearest

neighbor J3, and single ion anisotropy (SIA). All the units are meV.

I i1, i1, I, I, i1, I, Il i1, » 13 SIA
NiCl, —6.31 —632 —6.32 0.00  0.00 0.00  0.00 0.00 000  —0.11 198  0.00
NiBr, -755 722 -7.39 000 000 —0.18 0.0 000  —0.18  —023 347 005
NiCIBr  —6.64  —648  —655 —002 006 -010 002 -006 —0.10 —0.18 294 00l
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FIG. 3. Exchange parameters as a function of strain ¢. (a) Ex-
change coupling interactions J1,,, J1,,, J1_., (black curves) and J3
(red curve) as a function of strain. (b) D,, D, (black curves) and
frustration strength [J3/J1| (red curve) as a function of strain. The

black dashed horizon line indicates the case of DM = 0.

Fig. 2(e)] with unconventional helicity at uy;Bz/J1 = 0.06.
The calculated skyrmion helicity for the labeled skyrmion and
antiskyrmion in Fig. 2(f) is 47° and 146°, respectively. Heli-
coid spin textures emerge in monolayer NiBr; at uy;Bz/J1 =
0.17 [Fig. 2(g) and enlarged green frame in Fig. 2(e)].
Interestingly, a skyrmion lattice (SkL) is present in Janus
NiCIBr under uy;Bz/J1 = 0.26 even with small in-plane STA
[Fig. 2(h) and enlarged yellow frame in Fig. 2(e)]. Moreover,
consistently with our proposed hypothesis in Fig. 1, the helic-
ity of the SkL has a uniform unconventional value of 139° in
the frustrated monolayer NiCIBr. Furthermore, the diameter
of the skyrmion is only 2.8 nm, which is comparable to that in
frustrated magnets. In order to find the origin of this uniform
unconventional y in Janus NiCIBr, we artificially removed the
DM interaction and found that the SKL is absent, no matter
how large is the applied Bz. Besides, if the dipole-dipole
interaction is included, SkL also emerges at uy;Bz/J1 = 0.26
and the skyrmion helicity slightly changes to 144°. Mean-
while, artificially changing the in-plane SIA = 0.01 meV to
out-of-plane SIA = —0.01 meV also generates similar SkL
spin textures and the corresponding skyrmion helicity slightly
changes to 138°. Therefore, we conclude that the DM interac-
tion plays an important role in the uniform unconventional y
in this frustrated magnet.

D. Modulation of skyrmion helicity in NiCIBr

Considering the exchange integrals to be strongly sensitive
to interatomic distances, to further modulate y, we applied
strain ¢ = (a — ap)/ag, where a(agp = 3.60 A) denotes the
NiClIBr lattice constant with (without) strain, to monolayer
NiCIBr. As shown in Fig. 3(a), the isotropic FM J1 and
AFM J3 gradually decrease as the tensile strain increases.
The monotonous decrease of the magnitudes of J1 and J3
upon increasing strain is due to the decreasing superexchange
integral as the distance between two Ni atoms increases. In
order to obtain an intuitive understanding of the DM and
frustration in monolayer NiCIBr, we plot the strain depen-
dence of Dy, D,, and frustration strength [J3/J1| in Fig. 3(b).
The |J3/J1]| ratio keeps decreasing from compressive strain
to tensile strain. While the DM interaction is small in the
strain region of —2% < ¢ < (0%, its magnitude increases as
the tensile or compressive strain increase. SIA keeps lying
in-plane with a small value under strain. The variation of the
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FIG. 4. Skyrmion helicity under strains. (a) Phase diagram of
monolayer NiCIBr as a function of strain and magnetic field
uniBz/J1, in which blue, green, and red regions represent helicoid,
skyrmion lattice, and FM spin textures, respectively. (b) Variation
of skyrmion helicity with strain (Insets show the real-space isolated
skyrmions at different strains. The shadowed region indicates the
“DM-free” region where mainly frustration is at play).

magnetic parameters indicates that competition between DM
and magnetic frustration exists under strain and may further
modulate the skyrmion helicity in monolayer NiCIBr.

To further shed light on the helicity variation under strain,
all of the J;; and SIA at different strains need to be ob-
tained. For the J;;, we fit them as a function of strain with
the data as shown in Fig. 3 by using a quadratic function;
since SIA is nearly absent at all strains, we set SIA = 0.
Using the obtained magnetic parameters, we calculated the
spin texture phase diagram as a function of uy;Bz/J1 and
strain by MC simulations, as displayed in Fig. 4(a). Due to
the strong frustration and DM interaction at large compres-
sive strain, helicoid spin textures are present under magnetic
field un;Bz/J1 < 0.5 [blue region in Fig. 4(a)]. As un;Bz/J1
increases, spins rotate along the Bz direction, generating the
skyrmion and SkL. At larger tensile strains, where weak
frustration exists, a magnetic field uy;Bz/J1 > 0.2 constrains
the spins to align out of plane, forming the FM state [red
region in Fig. 4(a)]. The spin textures change from helicoid
to “helicoid and skyrmion” [Hel and Sk, light blue region in
Fig. 4(a)], SKL [green region in Fig. 4(a)], isolated skyrmion
[IS, green and yellow region in Fig. 4(a)], and finally to
FM states, when the tensile strain and Bz gradually increase.
The formation of skyrmions is highly dependent on the spe-
cific value of the external magnetic field. We note here that
the DM interaction is very small in the shadowed region
(—1.75% < ¢ < —0.25%); therefore, due to strong frustra-
tion effects, skyrmions display different helicities, thus no
homogenous SkL is observed in the shadowed region [see
Fig. 5(a)]. Simultaneously, if the in-plane DM, D,, which can
rotate the spins to out of plane, is absent (¢ ~—1%), and
when keeping D, to a finite value, no matter how large the
applied magnetic field, no skyrmions appear, but only helicoid
or conoid spin textures are observed [see Fig. 5(b)]. We extract
the helicity at the SkL region along the black dashed curve in
Fig. 4(b), in which the insets show isolated skyrmions in the
SkL at different strains. It is clear that in the region where
the DM interaction and frustration are comparable, i.e., ex-
cept the nearly “DM-free” region (shadowed area), y linearly
changes from ~0° to ~50° for —2.44% <& < —1.88% and
from ~120° to ~180° for —0.24% < ¢ < 0.20%. Moreover,
when the strain is large enough, the DM interaction forces the

094431-4



MODULATION OF SKYRMION HELICITY BY ...

PHYSICAL REVIEW B 109, 094431 (2024)

(a) NI NI BNy

FIG. 5. Spin textures of NiCIBr when uy;Bz/J1 =0.26 at
(a) e = —1.5% and (b) e = —1.0%.

generation of Néel-type skyrmions with helicity ~0° (~180°)
when & < —2.44%(e > 0.20%). Therefore, it is demonstrated
that such an induced variation of homogenous helicity in
SkL by competition between frustration and DM can be
achieved in monolayer NiCIBr by applying strain and mag-
netic field, and the underlying mechanism is consistent with
the schematic diagram shown in Fig. 1. At the same time, we
find that the skyrmion diameter keeps a value in the nanometer
scale, slightly changing from 1.7 nm at ¢ = —5% to 3.1 nm
ate =5%.

E. Skyrmion Hall effect

Due to the Magnus force, the skyrmion Hall effect drives
a transverse motion of skyrmions under an applied electric
current (J,), which might destroy the skyrmions in race-track
memory devices as shown in Fig. 6. The Hall angle (Ggan)
of skyrmions can be expressed as Oy, = tan~!(—Q/a D),
where Q is the topological number, « is the damping con-
stant, D = 72d /8Yaw represents the dissipative tensor, d is
the skyrmion diameter, y;, = +/A/K represents the width of
domain wall, and A and K are the exchange stiffness and mag-
netic anisotropy, respectively [15]. Therefore, the skyrmion
Hall angle can be rewritten as

Opan = tan~' (—80/A/K Jam?d). )

Taking the dipole-dipole interaction into consideration and
using o = 0.01, the calculated Oy,; ~ 84° is estimated
for unstrained NiCIBr. When strain changes from —3% to
3%, the Oy, changes from 84° to 86° in the skyrmion lat-
tice regions. The real deflection angle of the unconventional
skyrmion can be calculated as 05 = Oy — ¥ [28]. Unfortu-
nately, such 6y, in NiClIBr is out of the range for continuous
variation of y from ~0° to ~50° for —2.44% < ¢ < —1.88%
and from ~120° to ~180° for —0.24% < & < 0.20%. There-
fore, the skyrmion Hall effect cannot be eliminated in
NiCIBr. However, the deflection angle can be reduced to
~34° when & ~ —1.88%. Still, there might exist some other
noncentrosymmetric frustrated magnets, where the DM and
frustration induced y is similar to its Hall angle 6y,;. As a

FIG. 6. Schematic diagram of skyrmion motion under electric
current J, for y =0, y = y,, and y = 7 on a device, in which the
noncentrosymmetric frustrated magnets like NiCIBr are placed on
top of piezoelectric materials.

result, the skyrmion Hall effect could be eliminated in this
magnet.

In order to achieve the skyrmion helicity modulation in
experiments, both the magnitude and sign of strain need to be
controlled. We design a device, in which the noncentrosym-
metric frustrated magnets like NiCIBr are placed on top of
piezoelectric materials, as schematically shown in Fig. 6. The
bias voltage applied to piezoelectric materials results in an
out-of-plane electric field, which will lead to an in-plane strain
in magnets like NiCIBr. The induced strain almost linearly
changes with the bias voltage, and the sign of strain reverses
when the applied bias voltage changes its direction [54].
Based on this device, the skyrmion helicity in NiCIBr could
be modulated from ~0° to ~50° and ~120° to ~180° by the
variation of applied bias voltage.

IV. CONCLUSION

In summary, using first principles calculations combined
with Monte Carlo simulations, we proposed that the com-
petition between DM interaction and exchange frustration
can induce a homogenous helicity in the prototypical Janus
NiCIBr monolayer. Moreover, we demonstrated that strain
is an effective way to modulate the skyrmion helicity from
0 to . As a result, the skyrmion Hall effect can be reduced
by changing the helicity. These results not only provide a
powerful method in modulating the skyrmion helicity, but also
give a platform for diverse applications based on skyrmion
helicity.
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