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Two-dimensional (2D) spintronics has emerged as a rapidly growing field due to its potential for
precise manipulation of electron spins in nanoscale devices. In this work, we investigate the magnetic
properties of Janus CrIX (X = Cl, Br) monolayers using first-principles calculations and atomistic
spin simulations. Our study reveals that the magnetic ground state of CrIX is a helical spin spiral
driven by intrachain isotropic Heisenberg frustration. Crucially, the broken inversion symmetry
of the Janus structure induces a non negligible in-plane Dzyaloshinskii-Moriya interaction (DMI)
while the low-symmetry spin-orbit-coupled environment also gives rise to substantial symmetric
anisotropic exchange, which modulate the helical spin texture with a tilted spiral plane. By applying
an external electric field, we demonstrate the ability to modulate these magnetic interactions through
the interplay with the built-in electric field, resulting in a tunable deviation of the spin-spiral plane
angle and wavelength. This direct correlation between the electric field and magnetic order highlights
the magnetoelectric coupling in CrI.X, establishing Janus CrIX as a model 2D platform for studying

electrically tunable noncollinear magnetism.

I. INTRODUCTION

Recently, there has been great interest in multifer-
roic materials that exhibit the magnetoelectric effect [T,
primarily driven by the potential to fine-tune magnetic
properties via an external electric field [2, [3]. Among
these, van der Waals (vdW) two dimensional (2D) mate-
rials possessing multiferroic orders have attracted signif-
icant attention [4]. While type-2 multiferroics are rarer
than type-1, their intrinsic ferroic origins promise sig-
nificantly stronger magnetoelectric coupling. These sys-
tems offer unique opportunities to explore novel coupling
mechanisms in the 2D limit and enable the development
of 2D-material-based nano spintronics [5].

The 2D magnetic semiconductor Crly has emerged
as a particularly promising candidate due to its tun-
able magnetic properties and a variety of exotic phases,
including helimagnetism [6], multiferroicity [7], and
strong Heisenberg-lattice coupling [8]. Although mono-
layer Crly structurally preserves inversion symmetry,
the Dzyaloshinskii-Moriya interaction (DMI) can emerge
when this symmetry is broken through external means
[0, T0]. For instance, in bilayer Crly, DMI becomes ac-
cessible by breaking inversion symmetry through specific
stacking patterns [TIHI3]. Recent reports also suggest
that multiferroicity in Crly can arise from magnetic frus-
tration, which couples spin chirality with electric polar-
ization via generalized spin currents, potentially allow-
ing for the control of magnetic properties through layer
sliding [7]. However, DMI induced by specific stacking
remains inherently weak. Furthermore, fine-tuning via
interlayer sliding remains difficult from a practical device-
application perspective [14].
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To overcome these limitations, we propose CrIX as a
Janus structure [I5], wherein one side of the monolayer is
chemically modified by replacing one set of halogen atoms
with a different species such as CI or Br. This structural
asymmetry intrinsically breaks inversion symmetry and
can significantly enhance spin-orbit-driven interactions.
From a fabrication perspective, the advancement of syn-
thesis techniques allows us to fabricate Janus structures
[16, 17]. In addition, recent synthesis of bulk CrIBr [I§]
motivates the exploration of Janus CrIX (X = Cl, Br)
monolayers as potential hosts for the emergence of mul-
tiferroic properties.

While prior theoretical studies suggested CrIBr and
CrICl might support skyrmionic or bimeronic spin tex-
tures [19], those works neglected the Jahn-Teller (JT)
distortion, which is well-established in the parent Crly
system [7, 20, 2I]. This structural assumption fundamen-
tally limits the allowed magnetic interactions, artificially
suppressing the full anisotropic exchange matrix, includ-
ing the asymmetric DMI and symmetric anisotropic ex-
change, that we identify are essential for a low-symmetry
system such as JT-distorted Janus monolayers. Further-
more, the role of the symmetric anisotropic exchange
could be non-negligible and needs to be examined in the
context of Cr-I interaction [22] 23]. Additionally, since
the Mermin-Wagner theorem prohibits long-range order
in purely isotropic 2D systems [24], evaluating the single-
ion anisotropy (SIA) is essential to understanding the
magnetic stability of Janus CrIX.

In this work, we conduct systematic first-principles
calculations to investigate the magnetic interactions in
Janus CrIX (X = Cl, Br) monolayers. We analyze
the Heisenberg exchange, anisotropic exchange, and SIA,
demonstrating that CrIX possesses a spin-spiral ground
state originating from Heisenberg frustration. The bro-
ken crystal symmetry leads to a substantial enhancement
of the anisotropy-to-exchange ratio, with the spin spiral
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FIG. 1. (a) Top and side view of Janus CrIX with general Cartesian coordinates. The dashed black line indicates a unit cell.
The M, mirror plane is indicated by a bold black line. The structure exhibits JT-distortion, showing the short (d1) and long
(d2) I-Cr—X bonds that quantify the degree of structural asymmetry. The d2 bond is parallel to the mirror plane My.. (b)
The schematic of magnetic interaction of CrIX. The red double headed-arrows indicate magnetic coupling J that consists of
the isotropic Heisenberg interactions J, DMI D, and symmetric anisotropic interactions K.

resulting from the superposition of isotropic Heisenberg
frustration and DMI. Furthermore, we show that an ex-
ternal electric field provides dual magnetoelectric con-
trol over the spin spiral: the inclination angle 6 is gov-
erned by the modulation of anisotropic coupling, while
an asymmetric field response of the isotropic Heisenberg
exchanges independently tunes the Heisenberg frustra-
tion ratio, shifting the spin-spiral wavelength A. Our
findings establish Janus CrIX monolayers as promising
platforms for 2D magnetoelectric materials and highlight
a viable route toward understanding electric-field control
of frustration-driven chiral magnetism in low-dimensional
systems.

II. COMPUTATIONAL METHODS

We perform first-principles calculations of CrIX us-
ing density functional theory (DFT) with the projector
augmented-wave (PAW) method [25] and the Perdew-
Burke-Ernzerhof (PBE) exchange-correlation functional
[26], as implemented in the VASP code [27]. A vacuum
of approximately 15 A is used to prevent interlayer inter-
actions. A 450-eV plane-wave cutoff energy and a 0.067-
A~! k-mesh are used for the calculations. Lattice and
atomic positions were relaxed until the forces acting on

each atom are less than 0.01 eV/A. Although van der
Waals corrections are not strictly necessary for an iso-
lated monolayer, the DFT-D3 functional by Grimme [2§]
was employed to derive the lattice constant from the bulk
structure and retained in all subsequent electronic calcu-
lations to ensure consistency. We verified that the vdW
correction does not affect the relative energy between the
FM and AFM configurations. To properly describe the
strongly correlated system, the DFT+4U scheme with U
= 5.0 eV is employed based on the Dudarev approach
[29]. The U parameter is validated using the linear re-
sponse method based on perturbation theory [30] within
the supercell scheme (see Supplemental Material S1 [31]).
For simulating the response to an electric field, an exter-
nal electric field is applied along the z-axis by adding a
sawtooth potential to the system. We note that while the
upper limit of the applied electric field is 0.50 V/A [32],
these field values are employed theoretically to clearly
elucidate the underlying mechanisms of the magnetoelec-
tric coupling and to magnify the trends in the magnetic
interactions.

To calculate the magnetic parameters, we employ the
following spin Hamiltonian:

7—[2%2 Z Si'Jn,ij'Sj-i-zi:gi'-Aﬁ'Si, (1)



The first term describes the exchange coupling between

pairs of spins (4, 7) in the n-th neighbor shell. The second

term represents the STA of the Cr atom at each site 7.
The full exchange matrix J can be written as:

Jza: J:z:y J:cz
Jij = | gy Jvy Jy= (2)
Jza: Jzy Jzz

Typically, this matrix can be decomposed as [33]:
Jij = —JijI + Kij + D (3)

Here, the isotropic exchange scalar values are derived
from the trace of the full exchange matrix, J;; =
—3Tr(J ;). The negative sign follows from our conven-
tion that J > 0 for FM and J < 0 for antiferromagnetic
AFM. The second term is the symmetric anisotropic ex-
change interaction, comprising the Kitaev-like or two-ion
anisotropy term K;; = (J;; + .,73;-)/2 + Ji;I [34]. The
last term is the DMI, which originates from the antisym-
metric exchange interaction D;; = (Ji; — J ZTJ) /2 and
yields the three-dimensional 3D DMI vector [9, [I0]. Fur-
thermore, this model provides a more robust treatment
of two-ion anisotropy than the typical approach H%”i =
2259757 [35]. In general, the SIA can be represented
as a matrix, analogous to the J;;. In high-symmetry
systems, it is common to assume that only the A** com-
ponent (corresponding to uniaxial anisotropy along the
z-axis) is significant, with all other elements vanishing
due to rotational symmetry. However, since our system
lacks rotational symmetry, the SIA matrix contains non-
zero off-diagonal and additional diagonal elements, and
thus cannot be simplified to only consider the A*? term.
Therefore, we analyze each element (both diagonal and
off-diagonal) of the SIA matrix to obtain an accurate pic-
ture of the SIA. Since S? = (S¥)% + (5Y)% 4 (S7)?%, we
can express the diagonal part of the SIA matrix as [36]:

HE3 = STA™ " 4+ SYAVYSY 4 §% A**G*
= AIISz + (Ayy _ Axm)(sy)g (4)
+ (AZZ — AII)(SZ)Z

The A;; matrix can now be rewritten as:

0 AY AT?
A, = A — A7 T = | Av® AvY — A*® AY?
Az® AZY A%% — A%z

(5)
Both J and A are 3 x 3 matrices, which capture the
anisotropic nature of the interactions. The elements of
these matrices can be extracted using the four-states
method, which involves mapping the ab initio energies of
specific spin configurations onto the considered Hamilto-
nian [37 [38].

Using the extracted magnetic parameters, atomistic
spin simulations based on Monte Carlo (MC) were per-
formed using the VAMPIRE package [39] to calculate
the ground-state spin texture and the Néel temperature

(Tn). An 81 nm x 81 nm slab model was used, with
periodic boundary conditions applied in the in-plane di-
rections. To determine the low-temperature spin texture,
a randomly distributed spin configuration was used as
the initial state and a zero-field-cooling procedure was
adopted, in which the temperature was gradually de-
creased from 50 K to near 0 K following a Gaussian cool-
ing schedule. A total of 3 x 10° calculation steps were
performed, including 5 x 102 initial equilibration steps.
To determine Ty, a separate temperature-dependent MC
simulation was performed starting from the resulting low-
temperature spin configuration and progressively increas-
ing the temperature from 0 to 30 K in increments of 0.15
K. At each temperature, 2 x 103 MC steps were used for
equilibration, followed by 5 x 10° MC steps for statistical
averaging. The ordering temperature was identified as
the temperature corresponding to the maximum of the
specific heat C,,.

ITII. RESULTS AND DISCUSSION
Geometric and structural properties

Distinct from previous theoretical studies that as-
sumed a highly symmetric Cs, (P3ml) structure for
Janus CrIX monolayers [19], our analysis reveals that the
ground state crystal structure is governed by a JT dis-
tortion as shown in Fig. a), similar to the parent Crly
system [20,[40]. This electronic instability lifts the degen-
eracy of the Cr 3d orbitals, driving a structural transition
to the lower-symmetry monoclinic Cs (Cm). The degree
of bond asymmetry introduced by the JT distortion can
be quantified by AJT = dy — dy, where ds and d; are the
longest and shortest I-Cr—X bond lengths along the in-
trachain direction, respectively. We find AJT(I-Cr—Cl)
=1.22 A and AJT(I-Cr-Br) = 1.15 A, indicating that
CrICl exhibits greater structural asymmetry along the
magnetic exchange path than CrIBr.

We confirm the stability of this distorted phase by
calculating the total energy difference relative to the
non distorted phase as shown in Fig. S2 [31], finding
the C'm structure to be energetically favorable for both
CrIBr and CrICl. Our calculated lattice constants are
a =4.146 A and a = 4.152 A for CrIBr and CrICl, respec-
tively. The optimized lattice constant of CrIBr is in good
agreement with experimental reports for bulk CrIBr [I§].
The distorted phase has a quasi-one-dimensional 1D
atomic chain-like structure along the x-axis.

The crucial consequence of this structural distortion
is its impact on the magnetic interactions. Symmetry
breaking inherent to the C'm space group dictates the
allowed components of the magnetic exchange matrix,
fundamentally enabling the specific DMI and symmetric
anisotropic terms that we analyze in the following sec-
tions.
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FIG. 2. Calculated isotropic Heisenberg exchange parame-
ters (Ji, Jo2, J3) for CrIBr and CrICl. Note the ferromagnetic
Ji and antiferromagnetic J> and Js couplings, which lead to
Heisenberg frustration.

Isotropic and anisotropic magnetic exchange
interactions

We began by analyzing the isotropic exchange interac-
tions for six unique nearest-neighbor pairs using the four-
state method without spin-orbit coupling (SOC), as de-
tailed in Supplementary Material, Fig. S3. [31] Our cal-
culations reveal that further-neighbor pairs, particularly
those not directly bridged by a ligand atom, exhibit neg-
ligible isotropic Heisenberg contributions. Consequently,
in this study, we focus exclusively on the three strongest
interactions: (i) the nearest intrachain pair (J;), (ii) the
second nearest intrachain pair (J2), and (iii) the near-
est interchain pair (J73) as shown in Fig. [[{b). Other
couplings were found to be vanishingly weak and do not
influence the ground state of magnetic order.

Due to the crystal structure, the components of the
Hamiltonian will be constrained. We propose minimal
model spin Hamiltonian:

3
H:%Z Z [_Jnsi'sj+Dn'(SiXSj)
n=1(i,5)n (6)

The sole mirror symmetry M, of the crystal structure
imposes distinct constraints on the interaction matrices
based on both the local site symmetry and the two-ion
exchange geometry. For the SIA, mirror plane operation
(x — —x) strictly forces the zy and xz off-diagonal ele-
ments of the SIA matrix A;; to zero.

For the two-ion exchange interactions, the antisymmet-
ric exchange matrix D), is expressed as the DMI vector
D, viaS;-D,,-S; =D, - (S; X S;). Because of the intra-
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FIG. 3. Neighbor-resolved components and total magnitudes
of DMI of (a) CrIBr and (b) CrICl, showing that the DMI
vector orientation is strictly constrained by crystal symmetry.

chain bonds (n = 1,2) perpendicular to the M, plane,
their interactions, parameterized by (J,,D,, K,), are
subject to identical symmetry restrictions. Specifically,
the reflection symmetry dictates that the xy and xz off-
diagonal elements of the symmetric anisotropic exchange
matrices K7 and K5 vanish. Furthermore, Moriya’s
rule [I0] confines their DMI vectors to the mirror plane,
strictly requiring DY = D3 = 0.

In distinct contrast, the interchain bond (n = 3) does
not lie on M,,. As a result, its interaction parameters
(J3,Ds3, K3) remain entirely unconstrained by this mir-
ror operation, allowing for all three D3 spatial compo-
nents and a fully populated K3 matrix. These symmetry-
enforced constraints firmly establish the minimal spin
Hamiltonian required to capture the system’s essential
physics, independent of the specific halogen substitution.

To provide a more accurate description of the mag-
netic interactions, we recalculated these parameters by
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FIG. 4. Eigenvalues of the symmetric anisotropic exchange
matrix of (a) CrIBr and (b) CrICl. One unique eigenvalue re-
flects two-ion uniaxial anisotropy for corresponding spin pair.

including SOC. As shown in Fig. [2] the isotropic cou-
pling J; is FM, whereas Jo and Js are AFM for both
CrIBr and CrICl. The AFM nature of J3 suggests an
AFM stripe ground state in the collinear limit, similar to
the magnetic structure of Crlz [8]. This AFM coupling
arises because the direct interaction dominates over the
competing FM superexchange for this pair. The FM su-
perexchange pathway is suppressed by the local symme-
try imposed by the JT distortion, which inhibits d —p—d
hopping. Crucially, the presence of the AFM .J interac-
tion introduces Heisenberg frustration. The magnitude
of the ratio between J; and Jy satisfies the classical con-
dition for a spiral helimagnetic order, |J;| < 4|Jz|, which
is in agreement with experimental observations of spiral
order in CrIBr [I§].

Due to the broken inversion symmetry inherent in the
Janus structure, both CrIBr and CrICl exhibit signif-
icant DMI. This interaction arises from the antisym-

metric components of the exchange matrix, J. The
DMI vector, D, is defined in terms of the matrix ele-
ments as D* = %(Jyz — J#), DY = %(J” — J*¥), and
D? = %(J””y — J¥®). This DMI is expected to further sta-
bilize the spin spiral state initially induced by Heisenberg
frustration. Figures[3|a) and (b) display the component-
resolved DMI vectors and their magnitudes for CrIBr
and CrICl, respectively. The DMI of the nearest in-
trachain interaction D; exhibits a significant in-plane
DMI component, while the second intrachain Do shows
a mixture of out-of-plane and in-plane components. The
interchain interaction D3 makes the smallest contribu-
tion. It is important to note that the D* components for
Dy and Dy are exactly zero, consistent with the mini-
mal symmetry constraint. The consistency of our results
with these symmetry rules also serves as a strong vali-
dation of our DMI extraction method. We observe that
the magnitude of the DMI decreases following the trend
|D1| > |Da| > |D3|. Furthermore, CrIX exhibits asym-
metric DMI (|D1| # |Dsl), a consequence of its crystal
structure. This unique condition is predicted to enable
stable spin-spiral switching driven by spin-orbit-torque
[41].

The larger DMI magnitude in CrICl compared to
CrIBr is a direct consequence of the greater bond asym-
metry AJT(I-Cr—Cl) > AJT(I-Cr-Br) established in the
structural analysis, which produces stronger local inver-
sion symmetry breaking along the I-Cr-X exchange path,
dominating over the heavier-ligand SOC advantage of Br.
The robustness of the DMI is highlighted by the ratio
of the DMI magnitude to the isotropic Heisenberg ex-
change, |D/J| [42]. For the first nearest neighbor, we
find |D/J| values of approximately 0.15 for CrIBr and
0.26 for CrICI. This ratio provides a quantitative esti-
mate of the DMI’s ability to perturb the collinear Heisen-
berg order; for instance, a |D/J| value exceeding 0.1 is
typically considered sufficient to introduce spin canting
and stabilize spin spiral formation [43, 44]. Notably,
the |D/J| ratios obtained here are 0.15 for CrIBr and
0.26 for CrICl, which are among the largest reported in
2D Janus magnets, comparable to the large |D/J| pre-
dicted in Janus MnSTe (0.25) [43], and significantly ex-
ceeding those of Janus CrX Te (0.02-0.14) [45], Janus Ni-
halide (0.04-0.10) [46], Janus V-halide (0.04-0.15) [47],
and stacking-induced DMI in bilayer Crly (~ 1073) [11]
(see Table S1 in Supplemental Material [31]). The micro-
scopic origin of this enhancement is different from that in
bilayer Crls. In the bilayer system, inversion symmetry
is broken by the stacking or relative sliding of two oth-
erwise centrosymmetric layers, and the resulting DMI is
associated primarily with comparatively weak interlayer
exchange paths. In Janus CrlX, by contrast, inversion
symmetry is broken intrinsically within each monolayer
by the inequivalence of the two halogen species. The
resulting local bond asymmetry directly affects the dom-
inant exchange paths, leading to much stronger DMI.

The STA matrix elements for the Cr ion in CrIBr and
CrICl, derived from our ab initio energy mapping, are
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FIG. 5. Ground state spin textures in Janus CrIBr monolayers. (a) Top view (zy-plane) and (b) side view (yz-plane) of the
ground state helical spin spiral stabilized by the full Hamiltonian, including isotropic Heisenberg exchange (J), DMI, symmetric
anisotropic exchange (K), and SIA (A). The color gradient represents the out-of-plane spin component (S-). Angle 6 is defined
as the inclination of the spin-spiral plane. (c)-(e) Neighbor-resolved contributions to the spin texture viewed in the yz-plane,
isolating the effects of the first (D1+ K1), second (D2 + K32), and third (D3 + K3) neighbor anisotropic interactions, respectively.
The pronounced tilting of the spiral plane is primarily driven by the anisotropic interaction.

TABLE I. Calculated SIA matrix elements (in meV) for the
Cr site in CrIBr and CrICL. Al; is defined as the difference
between the maximum and minimum eigenvalues of the SIA
matrix.

Material A™ A® A% A" — A®® AYY — A™ A,
CrIBr  0.00 0.00 0.07  -0.08 -0.18 0.21
CrICl  0.00 0.00 0.11  -0.07 -0.25 0.31

presented in Table [l Note that the SIA satisfies these
relations: A®Y = AY® A®* = A** and A®Y = AY*. For
CrIBr, we find the diagonal anisotropy components rel-
ative to the z-axis to be A% — A** = —0.08 meV and
AYY — A** = —(.18 meV. Upon substituting Br with the
more electronegative Cl, the magnitude of the AYY — A**
becomes more negative to —0.25 meV, while the A** —
A*® becomes slightly less negative to —0.07 meV. The
calculated non-zero off-diagonal A*Y term is present in
both compounds, with values of 0.07 meV for CrIBr and
0.11 meV for CrICl. The A* and A™* components are
zero, consistent with the M,. symmetry. In contrast,
the presence of A*Y indicates mixing between the z and

y components, resulting in the magnetic easy axis being
tilted within the y-z plane. By calculating the eigen-
vector corresponding to the lowest eigenvalue of the A7,
matrix, we find that the easy axis of the SIA is parallel
to the elongated bond dy of I-Cr—X [see Fig. [I(a)], while
the hard axis is along x. Thus, the preferred STA direc-
tion is attributed to the Jahn-Teller distortion [48], which
strengthens the anisotropy along the elongation axis. To
quantify the scalar strength of the SIA, we define the
anisotropy coupling as As; 4 = €max — Emin, Where € rep-
resents the eigenvalues of the matrix A},

We next address the symmetric anisotropic exchange,
represented by the traceless symmetric matrix K;;, as
shown in Table E Since the K;; matrix contains both
two-ion anisotropy and the Kitaev term, the preferred
anisotropy direction depends on the relative alignment
of the spins. When spins S; and S; are parallel, the
term SZTKWS] behaves analogously to SIA (SZTA,”S),
favoring the direction corresponding to the lowest eigen-
value of K;;. Conversely, when spins are antiparallel,
the interaction favors the direction of the highest eigen-
value [33]. Using the same procedure as for calculat-
ing the SIA, the eigenvalues of this matrix are plotted



in Fig. @ We denote these eigenvalues as kg, kg, and
K+, which encompass the combined effects of two-ion
anisotropy and the Kitaev term [49]. We identify «., as
the unique eigenvalue corresponding to the bond direc-
tion, while ko &~ kg. The negligible difference between £,
and kg indicates isotropic plane governed by correspond-
ing eigenvectors. Consequently, we define the effective
symmetric anisotropic contribution as K = k., —k, where
R = (Ko +Kg)/2.

TABLE II. Calculated symmetric anisotropic matrix elements
(in meV) for the Cr—Cr exchange pair in CrIBr and CrICL

Material K** K% K** K" K" KY* K=kKky—k

CrIBr K -0.07 0.10 -0.03 0.00 0.00 -0.13 0.27
K> -0.01 0.00 0.00 0.00 0.00 -0.01 0.01
K3 -0.02 0.05 -0.03 0.05 0.09 -0.05 -0.21

CrICl1 K -0.08 0.09 -0.01 0.00 0.00 -0.14 0.28
K> 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K3 -0.01 0.04 -0.03 0.04 0.07 -0.04 -0.17

Our analysis reveals significant symmetric anisotropic
exchange for the Janus CrIX monolayers. We find
substantial values for the first intrachain neighbor Kj
(0.27 meV for CrIBr; 0.28 meV for CrICl) and the in-
terchain neighbor K5 (—0.21 meV for CrIBr; —0.17 meV
for CrICl), whereas the second intrachain neighbor term
K5 is remarkably small (about 0.01 meV). The opposite
signs of K1 and K3 should be interpreted together with
the corresponding magnetic correlations. The sign differ-
ence reflects the bond-dependent nature of the symmetric
anisotropic exchange. For the FM J; interaction, neigh-
boring spins tend to align parallel, such that the symmet-
ric anisotropic exchange favors the eigenvector associated
with the lowest eigenvalue. Since K; = k,—F& > 0, the kq
and kg eigenvalues lie below ., and the preferred spin
orientation is therefore associated with the corresponding
a—3 subspace. In contrast, J3 is AFM, for which antipar-
allel spin alignment reverses the energetic preference and
favors the largest eigenvalue. Since K3 < 0, ko and kg
lie above .. Therefore, despite the opposite signs of K
and K3, their anisotropic contributions can favor simi-
lar spin-orientation tendencies because they act on FM-
and AFM-correlated bonds, respectively. This behavior
is consistent with the magnetic-order-dependent charac-
ter of Kitaev-like anisotropy [50].

Furthermore, the magnitude of K, is comparable to
the DMI D,, with |K7|/|D1| ratios of approximately 0.9
for CrIBr and 0.6 for CrICl. This indicates that the
symmetric anisotropic exchange is a significant factor
in determining the magnetic ground state and cannot
be neglected in favor of DMI alone. The strong con-
tribution from symmetric anisotropic exchange is likely
due to significant Kitaev coupling, similar to the case of
Nil, [33] B51].

Spin texture and thermal stability
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FIG. 6. The MC calculated specific heat as a function of
temperature for Janus monolayers of (a) CrIBr and (b) CrIClL.

Using the calculated magnetic coupling parameters, we
determine the magnetic ground state of the Janus mono-
layers via atomistic spin simulations. Figures [f|a), [p[b),
and S4 [31] show the spin texture of CrIBr and CrICL
The ground state is identified as an antiferromagnetic
helical spiral. This helical spin originates primarily from
Heisenberg frustration, specifically the J; — Jy competi-
tion, rather than DMI-induced spin canting, as indicated
by the ratio |J2/Ji| > |D1/J1|. The spin textures re-
sulting from pure Heisenberg frustration and combined
Heisenberg-DMI frustration are compared in Fig. S5 [31].

The coplanar helical ground state of CrIBr is char-
acterized by a propagation vector ¢ = (0.216,0,0) A~!
(¢ = (0.285,0,0) A=! for CrICl). Tt should be noted
that the periodic boundary conditions of the finite Monte
Carlo simulation cell mathematically enforce a quantized
g-vector, approximating the intrinsic period driven by the



isotropic Ji — Jo frustration. We validate that the overall
magnetic trends are robust against this finite-size quanti-
zation, as confirmed by the cell-size convergence shown in
the Supplemental Material Fig. S9 [31]. The spin spiral
propagates along the intrachain direction, similar to the
reported observation in bulk CrIBr [I8]. Interestingly,
the spin spiral in CrIBr does not lie flat but stabilizes
in a tilted plane € as shown in Fig. b), a feature simi-
lar to that reported in materials with strong anisotropic
exchange [46] [52].

To elucidate the microscopic origin of this tilting, we
analyze the neighbor-resolved anisotropic contributions
to the spin texture [Figs. [5{c) to [5[e)]. When consid-
ering the isotropic Heisenberg interaction alongside spe-
cific anisotropic terms, we observe distinct behaviors: the
strong in-plane DMI D; favors an out-of-plane spiral ro-
tation [Fig. c)]7 whereas the second-neighbor interac-
tion Ds + K5 introduces a complex mixing between out-
of-plane and in-plane components (Fig. d)) Finally,
the third-neighbor interaction is dominated by the sym-
metric anisotropic term K3, further stabilizing the tilted
plane [Fig. e)].

With the ground-state magnetic texture established,
we evaluate the thermal stability of the helical phase by
calculating the specific heat capacity C, as a function of
temperature using MC simulations. As shown in Fig. [6]
the C, exhibits a pronounced peak at Tny =~ 14.2 K
for CrIBr (13.1 K for CrICl), corresponding to the Ty
of the phase transition from the helical spiral to the
paramagnetic state. Our predicted T is slightly higher
than the experimental value of ~ 12 K reported for bulk
CrIBr [I§].

We note that this comparison between the monolayer
Tn and the bulk experimental value is justified because
bulk CrIBr is a layered van der Waals material with
weak interlayer magnetic coupling, meaning the ordering
temperature is predominantly governed by the in-plane
exchange interactions. This small overestimation is ex-
pected, as our classical spin model neglects quantum fluc-
tuations, which are known to suppress the ordering tem-
perature in low-dimensional magnetic systems [53, [54].
Additionally, the simulation assumes a pristine crystal
lattice, whereas experimental values are inevitably re-
duced by structural defects [55]. Considering these fac-
tors, the close agreement between our theoretical predic-
tion and the experimental result validates the accuracy
of the calculated exchange parameters.

Magnetoelectric effect

Since the anisotropic coupling is a relativistic effect
driven by spin-orbit coupling, an external electric field
can effectively modulate the magnetic exchange param-
eters, thereby tuning the spin spiral. Given the similar
trends in magnetic coupling between CrIBr and CrICl, we
focus on CrIBr as the representative system. Figure a)
illustrates the evolution of the magnetic coupling coeffi-
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FIG. 7. Electric-field control of magnetic interactions and
spin texture. (a) Variation of the anisotropic (Dﬂ,Kl,Kg)
and isotropic (Ji,J2,J3) exchange coupling coefficients as
a function of the external electric field E.. (b) De-
pendence of the anisotropy-to-isotropic interaction ratios
(|Dﬂ/J1|,|K1/J1|,|K3/J3|) and isotropic ratio |J2/Ji|. (c)
The plot of inclination angle 6 (in degrees) and wavelength A
(in Cr-Cr intrachain distance L = 0.378 nm), demonstrates
dual control of the spin spiral.

cients in CrIBr under a perpendicular electric field F,.



This high field regime is primarily of theoretical interest
to establish the physical trend and the continuous modu-
lation of the anisotropic coupling. We neglect the effects
of Do, D3, and Ks, as they are insignificant compared
to the other anisotropic couplings. The nearest-neighbor
isotropic exchange J; is robustly modified by the electric
field, changing significantly more than J, and J3 because
it relies heavily on the superexchange mechanism medi-
ated by ligand bonding orbitals, where the hopping inter-
action is strongly perturbed by the external field. This
is similar to the behavior observed in VI [56]. Addition-
ally, the in-plane DMI component decreases slightly as
the field increases due to the external field opposing the
intrinsic Janus polarization. The symmetric anisotropic
terms K7 and K3 also show clear modulation. In this
case, under an electric field, the DMI D and symmetric
anisotropy K exhibit opposite trends due to an inter-
ference effect [57]. Specifically, a negative electric field
E. < 0 promotes DMI at the direct expense of symmet-
ric anisotropic coupling, indicating that these two inter-
actions are coupled and cannot be independently maxi-
mized.

Figure b) quantifies the modulation through the ra-
tios of anisotropic to isotropic coupling. The Heisenberg
frustration ratio |J2/J1]| is robustly modified by the elec-
tric field due to the imbalanced response between Jy
and Jy, and these ratios increase under positive elec-
tric field. The ratio of anisotropic coupling to isotropic
also shows similar behavior, indicating the interplay be-
tween Heisenberg frustration and anisotropic interactions
is continuously tuned by the electric field.

Figure c) demonstrates dual control of the spin-
spiral inclination angle 8 and wavelength A. Further-
more, we clarify the correlation between the anisotropy-
to-isotropic interaction ratios and the inclination angle
0, indicating that 6 is regulated by anisotropic coupling
similar to the case of Janus NiICl [46]. However, in the
case of CrlX, as the spin spiral is primarily driven by the
J1 — Jo frustration, modulation of J; by the electric field
has a significant impact on the wavelength. Additionally,
we validate these two distinct origins of the tuning of the
spin-spiral 6 and A by artificially varying the Heisenberg
matrix in Fig. S7 [31]. We also confirm that the effect of
STA is negligible in controlling the inclination plane (Fig.
S8 [31]). Hence, tuning of # and A demonstrates precise
magnetoelectric control over the spin spiral.

The maximum field considered here, 0.50 V/A, should
be regarded as an upper-bound theoretical value used to
clearly reveal the microscopic trends. Specialized dual
ionic-liquid gating has generated perpendicular fields of
approximately 4 V/nm in monolayer 2D materials [58],
indicating that fields approaching the regime considered
here may be experimentally attainable in appropriately
designed devices. Nevertheless, the lower-field points in
Fig. [7] already exhibit the same continuous trends. We
therefore expect the proposed tuning mechanism to per-
sist at experimentally accessible fields, although with
correspondingly smaller changes in the magnetic inter-

actions. Experimentally, the associated change in the
spin-spiral wavelength could, in principle, be identified
from a shift of the magnetic propagation vector mea-
sured by neutron scattering, as field-induced changes
in the helical pitch have been directly resolved using
small-angle neutron scattering [59]. Similarly, changes
in the spiral-plane orientation could be resolved using
polarized-neutron diffraction, which has been employed
to determine the orientation and reorientation of helical
spin planes in noncollinear magnets [60].

While our electric field calculations do not reveal a
magnetic phase transition within the explored range, the
demonstrated sensitivity of the exchange couplings to
other external perturbations such as strain or chemi-
cal doping points to multiple avenues for further con-
trol. A comprehensive exploration of the magnetic phase
diagram as a function of these parameters remains an
important direction for future research.

IV. SUMMARY

We present a comprehensive first-principles study of
Janus CrIBr and CrICl monolayers, focusing on the inter-
play between frustrated magnetic interactions and struc-
tural asymmetry. Our calculations reveal that a JT dis-
tortion stabilizes a monoclinic C'm crystal structure, fun-
damentally dictating the magnetic Hamiltonian including
the specific forms of DMI and symmetric anisotropic ex-
change allowed by the system.

The magnetic ground state is an antiferromagnetic he-
lical spin spiral, primarily driven by intrinsic Heisen-
berg frustration (J; — Jo competition) rather than DMI-
induced canting. Through a detailed analysis, we ex-
tract the DMI and symmetric anisotropic exchange pa-
rameters, alongside SIA. The DMI is enabled by the bro-
ken inversion symmetry of the Janus structure, whereas
the symmetric anisotropic exchange and STA reflect the
low-symmetry spin-orbit-coupled crystal environment.
These significant anisotropic interactions, quantified by
substantial |D/J| ratios and comparable symmetric ex-
change, are crucial in determining and stabilizing the
unique tilted spiral plane geometry of the magnetic
ground state. These results are confirmed by atom-
istic spin simulations that predict a Néel temperature
Ty =~ 14.2 K for CrlIBr, in reasonable agreement with
experimental reports for the bulk limit.

We demonstrate that the magnetic order is tunable un-
der an external electric field. The inclination plane angle
# is controlled through modulation of anisotropic cou-
pling. Interestingly, the nearest-neighbor isotropic cou-
pling J; is more sensitive to electric field perturbation
than Js. This imbalance directly tunes the frustration
ratio |Jo/J1|, shifting the spin-spiral wavelength A with-
out any change in the underlying crystal symmetry. Con-
sequently, the electric field can control not only the incli-
nation plane but also control the spin-spiral wavelength.
Thus, both 8 and A are governed by distinct microscopic



mechanisms, providing dual control over the spin-spiral
properties.

Our findings highlight that the interplay between
Janus asymmetry and JT distortion offers a broadly ap-
plicable strategy for engineering magnetic frustration in
two-dimensional magnets. This mechanism and analysis
should extend to any Janus monolayer derived from a JT-
active parent compounds. These results establish Janus
CrIX monolayers as a promising platform for explor-
ing frustration-driven chiral magnetism and provide mi-
croscopic insight into electric-field manipulation of non-
collinear JT-active Janus magnetic spin textures in 2D
magnets.
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