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Chiral helimagnetic materials have recently attracted much attention for spintronic applications due to their
long-range helical magnetic order, topological spin textures, and potential for hosting skyrmions. Their robust
spin texture would provide a new concept of ultrafast magnetic memory if it can be controlled by an ultrafast
optical pulse. Using time-resolved magneto-optical Kerr spectroscopy, we show that magnetism in the single-
crystalline chiral helimagnet Cr1/3NbS2 can be induced by an ultrafast optical pulse. At low temperatures and in
the absence of magnetic fields, Cr1/3NbS2 exhibits a chiral helical magnetic phase with a long-range helical spin
order, but it contains zero net magnetization. However, after the laser pulse excitation we observe magnetization
forming over tens of picoseconds, far exceeding the duration of the laser pulse. We attribute this peculiar behavior
to a laser-induced phase transition from the chiral helimagnetic phase, with zero net magnetization, to a chiral
conical helimagnetic phase, with finite magnetization. Ab initio density functional calculations provide a detailed
microscopic picture of the mechanism behind the observation. The resonant magnon-phonon coupling with
specific phonons leads to an elastic deformation of the chiral helimagnetic phase. Finally, at finite magnetic
fields, the net magnetization is excited by the laser pulse and precesses around the equilibrium position, leading
to anomalous magnetization precession as a function of the external magnetic field at specific magnetic phases.
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I. INTRODUCTION

In magnetic systems lacking crystal inversion symmetry,
the anisotropic exchange interaction induced by spin-orbit
coupling leads to antisymmetric Dzyaloshinskii-Moriya in-
teractions (DMIs) [1–3]. Competition between symmetric
exchange and DMIs can lead to a screwlike arrangement of
the magnetic moments that induces a number of interesting
phenomena, including chiral helimagnetic spin texture [4],
skyrmion lattices [5,6], and the topological Hall effect [5].
Helical magnetism has been observed in a number of materi-
als, including FeGe [7], MnSi [8], MnP [9], Cu2OSeO3 [10],
Cr1/3NbS2 [11], etc. Among these, Cr1/3NbS2 has attracted
particular attention due to its unique properties, such as its
layered structure, topological spin texture, one-dimensional
solitonic quasiparticles, and uniaxial spin windings [12]. The
crystal structure of Cr1/3NbS2 is formed by 2H-type hexago-
nal two-dimensional layers of transition metal chalcogenide
NbS2, intercalated by Cr ions in the octahedral holes [13].
Without Cr ions, NbS2 layers are coupled via van der Waals
interaction and can be exfoliated into monolayers. However,
with the intercalation of Cr atoms, the bonding is strengthened
due to the charge transfer from the Cr atoms to the Nb atoms,
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which results in substantial changes of the electronic and
magnetic properties of the crystal.

The Cr1/3NbS2 crystal exhibits a complicated phase dia-
gram with multiple exotic magnetic phases depending on the
temperature and applied magnetic fields. The ground state
is chiral helimagnetic and is formed from the ferromagnetic
exchange interaction favoring parallel arrangement of Cr elec-
tron spins in the ab plane and antiferromagnetic interaction
of electron spins between two Cr intercalating layers. These
two competing interactions combined with the isotropic and
anisotropic exchange interactions arrange the spins parallel
in the ab plane and twist them into a helix along the c-axis
with left-handed chirality [11]. The application of magnetic
fields below the Curie temperature (Tc) leads to the formation
of the chiral soliton lattice (CSL) [11,14]. Unlike magnetic
skyrmions, which exist in a narrow range of temperatures and
magnetic fields [5], the CSL is robust and very stable over a
wide range of temperatures. This robust spin structure leads to
interesting phenomena observed in Cr1/3NbS2, including the
ordinary and anomalous Hall effects [15], magnetoresistance
[16], collective excitation modes [17], and magnetic soliton
confinement [18].

Although much research has been done on the magnetic
and structural properties of Cr1/3NbS2 as well as their re-
lated devices [13], little is known about the ultrafast spin
dynamics and ultrafast domain switching in this crystal. Using
optical pulses to manipulate magnetization has recently at-
tracted considerable attention due to their ultrafast time scale,
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FIG. 1. Helical magnetic phases. (a) The Cr1/3NbS2 crystal structure with Cr atoms intercalated between 2H-NbS2 layers. The dashed
rectangle indicates the unit cell. (b) Phase diagram of Cr1/3NbS2 for magnetic fields perpendicular to the helical c-axis. Above Tc = 132.3 K,
the crystal is in the paramagnetic phase (PM). (c) The chiral helimagnetic phase (CHM) in the absence of magnetic fields. (d) The chiral
soliton lattice phase (CSL). In (b) triangles mark the boundary between the linear chiral soliton lattice (L-CSL) and the nonlinear soliton lattice
(NL-CSL) (e) The forced ferromagnetic phase (FFM). In (b), above the circles the crystal is in the FFM phase, where all the spins are aligned
along the direction of the external field. (f) Chiral conical helimagnetic phase (CCHM). On the right, the spin projections on the ab-plane are
shown.

high efficiency, and applications such as sensing technology,
quantum computing, terahertz technology, ultrafast optical
switching, and ultrafast data storage [19]. In this article, we
employ the ultrafast time-resolved magneto-optical Kerr ef-
fect (TR-MOKE) to investigate the ultrafast spin dynamics
of the chiral helical magnet Cr1/3NbS2. We observe peculiar
dynamics, where the magnetization generated by the laser in-
creases far beyond the time duration of the optical pulse, with
an even longer recovery. We theoretically describe this light-
induced magnetism lasting three orders of magnitude beyond
the temporal duration of the optical pulse as transforming
the chiral helimagnetic phase to the chiral conical magnetic
phase. Furthermore, we perform first-principles calculations
within density functional theory (DFT) to understand the
microscopic origin of this phenomenon. These calculations
reveal precisely two phonon modes that intersect with the
magnon spectrum and provide the elastic canting of the spins
along the c-axis, leading to the chiral conical magnetic phase
with a nonzero net magnetization. Finally, with increasing
magnetic fields along the c-axis we map the dynamics across
many different magnetic phases with strikingly different spin
textures.

II. RESULTS

The known magnetic phases of the Cr1/3NbS2 crystal are
shown in Fig. 1, starting with the ground state having zero
net magnetization in the absence of external magnetic fields.
Below the Curie temperature Tc = 132 K and at zero mag-
netic field, the crystal exhibits the chiral helimagnetic phase
(CHM) with the winding period of ∼48 nm [11], whereas at
temperatures above Tc, the crystal is paramagnetic. The appli-
cation of external magnetic fields along the c-axis leads to two
chiral soliton lattice phases, depending on the strength of the
magnetic field. At lower fields the linear chiral soliton lattice
(L-CSL) is observed, whereas at higher fields the nonlinear
chiral soliton lattice (NL-CSL) with a larger ferromagnetic
array forms [20–22]. Further increase of the magnetic field
aligns all spins in the direction of the magnetic field, trans-

forming CSL into the forced ferromagnetic (FFM) state. The
phase boundaries shown in Fig. 1(b) were determined by
measuring the magnetic entropy change and ac susceptibility
as functions of magnetic field and temperature [21,23].

A. Laser-induced magnetization in the absence
of external magnetic fields

Whereas the ultrafast demagnetization of a crystal with
nonzero net magnetization in the ground state has been ob-
served and studied in detail [24–27], the opposite effect,
namely the generation of magnetization with a laser pulse, is
rarely observed and is short-lived, typically in the subpicosec-
ond range [28,29]. Thermal changes in magnetic anisotropy
have been shown to lead to longer-lasting effects of sev-
eral picoseconds [30]. Another method of generating ultrafast
light-induced magnetism and magnetic domain switching in
magnetic materials has been achieved using a circularly polar-
ized laser pulse that acts as an effective magnetic field via the
inverse Faraday effect [31–34]. Although linearly polarized
laser pulses do not carry any angular momentum, they can
generate magnetic fields through the inverse Cotton-Mouton
effect [35], the nonlinear coupling of electric and magnetic
fields of light [36,37], or via the impulsive stimulated Raman
scattering using short laser pulses [38]. The latter crucially
depends on the orientation of the linearly polarized light and
the magnetic structure of the material, including the magneto-
optical susceptibility and the spin-wave polarizability. In the
absence of net magnetization in antiferromagnets, the inertia-
driven spin switching mechanism was proposed to account for
the observed magnetization oscillation, which assumes that
the system is oscillating between two magnetization states at
a time slower than the excitation pulse duration [39].

We start our discussion with the induced magnetization in
the sample by a linearly polarized femtosecond laser pulse in
the absence of any external magnetic fields. At zero magnetic
fields, the ground state has zero net magnetization, and a Fara-
day rotation is induced solely by the linearly polarized pump
laser pulse. The TR-MOKE signal at zero magnetic field is
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FIG. 2. Light-induced magnetism at zero field. (a) Schematic of the TR-MOKE measurement. (b) A short time scale of the TR-MOKE
signal for Cr1/3NbS2 at 6 K. The solid curve is the fit using a damping sinusoidal function. The blue arrows mark two maxima in the Kerr
rotation. (c) TR-MOKE signals for different temperatures at zero field.

shown in Fig. 2(b) as a function of the time delay between
the pump and probe laser pulses. The pump pulse perturbs
the spins, whereas the probe pulse tracks the spin dynamics
as a function of time, shown schematically in Fig. 2(a). The
signal tracks variations in the polarization of the reflected
probe pulse caused by the changing magnetization of the
crystal. At the lowest temperature in Fig. 2(b) we observe an
increase of the TR-MOKE signals that lasts up to ∼30 ps,
much larger than the duration of the laser pulse of ∼100 fs.
The time evolution of the Kerr rotation resembles a damped
oscillation between two phases with a second increase that
peaks at around ∼120 ps. The increase in Kerr rotation per-
sists more than three orders of magnitude beyond the laser
pulse duration, in the absence of external magnetic fields.

We interpret this observation as a slow transition between
two phases: the zero net magnetization CHM phase and
a new nonzero net magnetization phase, namely the chiral
conical helimagnetic phase (CCHM) shown in Fig. 1(f). In
Fig. 2(b) we fit the dynamics of this phase transition by a
decaying sinusoidal function. The observed dynamics remains
largely unchanged for temperatures well below Tc = 132 K,
but becomes even slower and weaker for T = 125 K, as the
temperature approaches Tc. The stability of the magnetization
dynamics with temperature below Tc leads to the conclusion
that thermal changes of the magnetic anisotropy are unlikely
to cause the observed behavior [30]. Furthermore, the time
scale spanning over tens of picoseconds to over 120 ps,
much longer than the duration of the pump pulse, makes
optical effects such as light-induced birefringence, changes
in the magneto-optical constant, or generation of magnetic
fields through the Cotton-Mouton effect unlikely [27–29]. The
residual rotation Kerr signal decays on a much longer time
scale of ∼2 ns, obtained by a single exponential fit. It should
be noted that at zero magnetic fields, the crystal is in CHM
phase, which has a long-range spin order but contains no
net magnetic moment. Therefore, the spin polarization in the
present measurement is thought to be induced by the laser
excitation. Laser heating cannot lead to a nonzero net mag-

netization phase as observed in FeRh [40–46], since the only
possible outcome at higher temperature in the phase diagram
is the paramagnetic phase.

To reveal the underlying mechanism behind the observed
behavior, we perform first-principles calculations within DFT
(see the Supplemental Material for details [47]). We build a
spin model for Cr1/3NbS2 and consider the dynamic impact
of the spin-lattice coupling on the orientation of the mag-
netic moments. Our calculations provide a detailed picture
of the magnetic interactions in the Cr1/3NbS2 crystal. The
exchange interaction between Cr ions in neighboring layers
along the c-axis is strongly ferromagnetic, whereas the inter-
action between Cr species that separated by two layers along
the c-axis is antiferromagnetic, with approximately only half
the magnitude of the ferromagnetic interactions. Considering
the Cr-Cr interactions alone, the competing antiferromagnetic
interaction suggests a tendency for antiferromagnetic order
across the unit cell, in which the spin direction alternates
between each layer. Nonetheless, in addition to the Cr-Cr
exchange interaction, there is considerable ferromagnetic ex-
change between the Cr and Nb ions. This ferromagnetic
interaction counters the competing antiferromagnetic ex-
change, resulting in the expected short-range ferromagnetic
order.

However, the isotropic exchange in our model reproduces
the short-range behavior but provides no insights into the
long-range helical order. The calculated anisotropic inter-
actions reveal a symmetric anisotropic exchange oriented
along the ab-plane with a similar magnitude to the isotropic
exchange. Furthermore, there is a small uniaxial DMI compo-
nent oriented along the negative c-axis. The strong anisotropic
exchange causes the spin moments to favor in-plane align-
ment, whereas the uniaxial DMI component leads to the
left-handed rotation along the c-axis. The combined effect
of these interactions results in the chiral helimagnetic ground
state in our model.

After capturing the static spin interactions using our the-
oretical calculations, we proceed with the dynamic magnetic
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FIG. 3. Calculated phonon-magnon coupling. (a) The magnon spectrum for the isotropic and anisotropic Cr-Cr interactions is overlaid
against the phonon spectra. The circle marker highlights the crossing that drives the emergent conical phase, corresponding to the frequency
7.15 THz at the zone center. (b) Displacement of the coherent phonon mode at the zone center. The arrows depict the direction of each
individual atom. This mode is primarily characterized by the displacement of the Cr and Nb atoms along the c-axis. (c) Schematic of the
Cr spins, where the blue arrow represents the unperturbed spin on the ab-plane, and the red arrow shows the canted spin along the c-axis.
(d) The equilibrium spin configuration for Cr1/3NbS2 in the absence of the ∼ 7.15 THz phonon. (e) The equilibrium spin configuration after
introducing the normal mode displacements along the c-axis at ∼ 7.15 THz. The projection of the spin orientations averaged over 4.5 ps onto a
unit sphere is shown in (d) for the structure without displacements, and in (e) including the displacement by the 7.15 THz phonon. Comparing
the spin configurations between the two cases reveals a propensity for the resonant phonon to reverse the chirality of the spin spiral, lengthen
the spiral, and drive an emergent magnetic moment along the c-axis. In each plot, the lengths of the spinors are normalized to 1. The color
gradient in (e) and (d) qualitatively represents the angle above or below the Sx-Sy plane.

properties and calculate the full magnon spectra. We further
calculate the full phonon spectra and examine the dynamic
spin-lattice coupling by comparing the magnon and phonon
dispersions, shown in Fig. 3(a). The strongest spin-lattice
coupling would occur when the fluctuations are coherent,
which happens when the magnon and phonon bands inter-
sect. By overlapping and carefully examining the magnon and
phonon dispersions, two intersections near the zone center
stand out. First, the low-lying magnon band related to the
isotropic exchange crosses with an acoustic phonon mode
and a low-frequency optical phonon mode. This intersecting
phonon mode involves the rigid displacement of the Nb-S
layers in the ab-plane. The normal mode displacement re-
duces the DMI component along the c-axis and increases
the ab-plane components of the DMI of the interlayer Cr-Cr
interactions. Thus, it leads to broadening and softening of
the magnon bands associated with the anisotropic interactions
near �, which reduces the energy barrier needed for magnetic
excitation.

Furthermore, a second intersection occurs at the magnon
band related to the anisotropic exchange, which overlaps with

the optical phonon branch at ∼7.15 THz at the zone cen-
ter. The point of intersection is marked by a red circle in
Fig. 3(a). This phonon mode displaces the atoms in a manner
that reduces the Cr-Cr DMI along the c-axis and increases the
Cr-Cr Jzz exchange interactions. The combined effect leads to
a canting of the spins along the c-axis, shown in Fig. 3(c). This
displacement minimally impacts the interlayer anisotropic ex-
change, and thus the magnetic structure retains the helical
order in the ab-plane, but the canting of the spins along the
c-axis leads to a conical chiral helimagnet (CCHM) phase,
schematically shown in Fig. 1(f). The laser pulse efficiently
excites the 7.15 THz phonon mode, which in turn leads to a
phase transition between the two CHM and CCHM phases.

B. The spin dynamics under finite external magnetic fields

With our results on the laser-induced magnetism and ob-
servation of a phase transition to the chiral conical phase at
zero magnetic fields, we proceed by investigating the spin
dynamics under magnetic fields. At finite external magnetic
fields, a nonzero net magnetic moment is generated by the
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FIG. 4. Spin precession spanning over all phases at 6 K. (a) TR-MOKE signal at different magnetic fields. The numbers indicate the applied
magnetic field in Oe. The data are offset for clarity. The thicker lines at 1150 and 1500 Oe mark phase-transition boundaries. (b) Schematic
of the spin precession following the LLG motion. (c) Fourier transform of the data shown in (a). The red curve at 1150 Oe has two distinct
frequencies. (d) Spin precession frequencies as a function of magnetic field obtained from (c). The blue area indicates the FFM phase. The
error bars reflect the uncertainty from the Fourier transform. The solid curves are the fits using the Kittel equation for the FFM phase only. (e)
Zoom-in plot of (d) at lower fields in the CSL phase showing a frequency onset at 9.1 GHz. There is an abrupt change of the frequency at the
phase boundary between the L-CSL and the NL-CSL phases. (f) Spin textures for L-CSL and NL-CSL contain small and large ferromagnetic
arrays, respectively.

fields. Figure 4(a) shows the Kerr rotation at 6 K across differ-
ent phases, as the in-plane magnetic field is increased. Upon
optical excitation, the magnetic moment is perturbed and de-
flected from its equilibrium direction, schematically shown
in Fig. 4(b). The magnetization M experiences a torque and
precesses around the effective magnetic field Heff, following
the Landau-Lifshitz-Gilbert (LLG) equation as given by [48]

∂M
∂t

= γ M × Heff − α

M

(
M × ∂M

∂t

)
, (1)

where α is the phenomenological damping constant, γ =
2.8 ∗ π ∗ g MHz/Oe is the gyromagnetic ratio of the electron,
and g is the Landau splitting factor. The first term describes the
magnetization precession, and the second term, also known as
the Gilbert’s term, leads to damping. At low temperature and
at magnetic fields above 1500 Oe, the Cr1/3NbS2 crystal is
in the FFM phase. In this magnetic phase, the magnetization
precession persists longer at lower fields, whereas stronger
damping is observed at higher fields, as can be observed in
Fig. 4(a). At 1500 Oe the oscillations persist beyond 800 ps,
whereas at 6000 Oe no oscillations can be observed beyond
∼400 ps. This behavior could indicate stronger magnetic
rigidity at higher magnetic fields. Upon switching the direc-
tion of the magnetic field, we observe a 180◦ phase change of
the oscillations.

However, on decreasing the magnetic field from 1500 to
400 Oe, the crystal undergoes multiple magnetic phase trans-
formations, from FFM, to a nonlinear chiral soliton lattice
(NL-CSL), to a linear chiral soliton lattice (L-CSL), respec-
tively. The Fourier transform of the spin precession data is
shown in Fig. 4(c), and it yields a main frequency peak that
spans from 9 to 30 GHz, accompanied by a higher-frequency
shoulder with a lower amplitude. At the boundary between
L-CSL and NL-CSL phases, which occurs at ∼1150 Oe (red
line), the Fourier transform shows two distinct frequency
peaks making an abrupt change in the frequency. In the FFM
phase, where the magnetization is more uniform, the preces-
sion frequency as a function of the in-plane magnetic field can
be described by the Kittel equation [49,50]:

f = γ

2π

√
H (H + 4πMs), (2)

where H is the magnetic field and Ms is magnetization. In
Fig. 4(d), the precession frequency is plotted as a function of
the magnetic field together with curves fit using Eq. (2) for
the two observed frequencies. In the FFM phase, at magnetic
fields higher than 1500 Oe, the experimental data can be well
described by the Kittel equation. However, at lower magnetic
fields between the L-CSL and NL-CSL phases, we observe a
discontinuity of the precession frequency that deviates from
the behavior described by the Kittel formula. In Fig. 4(e)
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we plot the precession frequency of the main resonance as
a function of the external magnetic field at lower fields. We
not only observe a discontinuity at the phase boundary be-
tween the L-CSL and NL-CSL phases, but the precession
frequency plateaus at around 9 GHz instead of decaying to
zero. At lower magnetic field, the L-CSL phase contains part
of the ferromagnetic phase mixed with helical spins, as shown
in Fig. 4(f). As the magnetic field increases further to the
NL-CSL phase, the ferromagnetic spin component increases
further until the FFM phase dominates above 1500 Oe. The
mixed spin texture of the L-CSL and NL-CSL phases is
thought to be the underlying cause of the deviation of the
precession frequency with magnetic fields from the prescribed
Kittel formula [14,17,51,52]. To further investigate the role
that spin-phonon interactions may play, we plot the spin pre-
cession frequencies as a function of the external magnetic
field at various temperatures. At high temperatures (125 and
130 K), the spin precession can only be observed at magnetic
fields above 1000 and 2000 Oe, respectively. As is the case
for 6 K, the data exhibit a plateau at low fields with an
onset that depends on the temperature. However, the plateau is
less distinct and has a lower frequency value with increasing
temperature, indicating that phonons are likely destroying the
intrinsic spin ordering. Finally, the precession frequency in the
FFM phase for three magnetic fields, 2000, 4000, and 6000
Oe, together with the magnetization saturation, is obtained
through fitting, and it is in good agreement with the expected
ferromagnetic resonance behavior, in which the precession
frequency decreases with the increasing temperature (data
available in the Supplemental Material [47]) [53].

III. CONCLUSIONS

In the absence of external magnetic fields, we have shown
that an elastic distortion leading to spin canting in the chiral
helimagnet Cr1/3NbS2 can be generated by an ultrafast laser
pulse. The canting of the spin structure is due to the efficient
spin-magnon coupling with specific phonon modes obtained
theoretically. The canting of the spins leads to a slow phase
transition from zero net magnetization to a nonzero magne-
tization. At finite external magnetic fields we also observed
magnetization precession, which at higher magnetic fields in
the FFM phase follows the Kittel formula of ferromagnetic
resonance. However, at lower external magnetic fields, as the
crystal enters the CSL phase, we observe clear deviations from
the Kittel formula.

IV. MATERIALS AND METHODS

The single crystal of Cr1/3NbS2 was synthesized by a
chemical vapor transport using iodine as the transport agent
[54] with the H-T phase diagram under the perpendicular
magnetic field to the c-axis as presented in Fig. 1. Magneti-
zation versus temperature (M-T ) and magnetic field (M-H)
measurements were performed using a quantum design phys-
ical property measurement system (PPMS) with a vibrating
sample magnetometer (VSM) option. The TR-MOKE was
performed using a 1 kHz regenerative amplifier laser system
(800 nm, 100 fs, Spectra Physics Inc.). A linearly polarized

laser beam at 800 nm was split into two parts; a small portion
was sent to a delay stage for the probe, and the other portion
was up-converted to 400 nm using a BBO crystal for use as a
pump beam. The pump and probe beams were focused on the
sample with diameters of 1 mm and 200 μm, respectively. The
pump and probe powers were 2.5 mW and 90 μW, respec-
tively. The pump fluence was kept low in the linear regime
where the dynamics do not change with the pump fluence.
A half-wave plate was used to rotate the polarization of the
reflected beam. The probe beam was split to equal amounts
of σ - and π -polarized beams by the Wollastone polarizer
and detected by a balanced photodiode detector. The sample
was kept inside a nonmagnetic variable temperature microstat
(6–300 K), and the sample within the tail of the microstat was
placed between the poles of an electromagnet. The magnetic
field was measured at the sample using a Hall device.

We employed first-principles calculations within density
functional theory [55,56] (DFT) as it is implemented in
VASP [57,58] (version 5.4.4), using the projected augmented
wave (PAW) method [59]. The exchange correlation func-
tional was approximated with the PBEsol48 generalized
gradient approximation (GGA) functional. The pseudopo-
tentials included 11 electrons from Nb, 6 electrons from
S, and 12 electrons from Cr with the electron configura-
tions Nb : 4p65s14d4 (version Nbpv 08Apr2002), S : 3s23p4

(version S 06Sep2000), and Cr : 3p63d54s1 (version Crpv

02Aug2007). The plane-wave basis was expanded up to a
cutoff of 500 eV, and the Brillouin zone was sampled on
a 6 × 6 × 3 Monkhorst-Pack mesh grid such that the total
energy was converged to 1 meV/at. The atomic relaxation was
performed using a 12 × 12 × 5 Monkhorst-Pack mesh grid
until the interatomic forces were no larger than 1 meV/Å. The
phonons were calculated using the frozen core method within
a 3 × 3 × 1 supercell in conjunction with PHONOPY [60]. For
the phonons, the van der Waals interaction was included using
the DFT-D3 [61] Grimme method with Becke-Jonson damp-
ing [62]. The magnetic exchange coupling parameters were
calculated from the Heisenberg Hamiltonian, written as

E = −
∑

i

KiSi · Si −
∑

i j,i �= j

[
J iso

i j Si · S j

+ SiJ
ani
i j S j + Di j · (Si × S j )

]
. (3)

Here, Ki is the single-ion anisotropy, Ji j is the symmetric
exchange, Di j is the DMI vector, and Si is the spin, which
is normalized to 1. The exchange parameters were calculated
using the TB2J [63] python package, which calculates the
exchange integrals directly from a projected tight-binding
Hamiltonian [64,65]. We used WANNIER90 [66] to create the
tight-binding model in which the Kohn-Sham orbitals were
projected over Wannier functions for the Cr d-orbitals, Nb
d-orbitals, and S p-orbitals. The initial projections were con-
sidered to be maximally localized when the difference of the
spread functional between iterations was less than 10−10 Å2.
The Monte Carlo simulations were performed as implemented
ab initio [67,68], using the output files generated by TB2J
[69].
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