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Electrically controlled layer-dependent localized spin flipping in Janus CrSTe
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Localized control of magnetism is one of the fundamental aspects in the development of spintronic applica-
tions. In this article, we report the observation of electrically controllable layer-dependent unique magnetization
reversal in the ferromagnetic Janus van der Waals material CrSTe with robust perpendicular magnetic anisotropy.
We propose an electrical shielding mechanism based on charge and spin redistribution in the system that
modulates the localized spin flipping restricted to a single magnetic layer. These observations demonstrate the
possibility of a purely electrically controllable, compact, low-power-consuming spintronic device consisting of
a few atomic layers of a single material.
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I. INTRODUCTION

Switching magnetic ordering using electric effects is
highly desirable for advanced spintronic devices, particu-
larly in magnetically active data storage devices. Application
of magnetic field is the conventional technique to achieve
spin flipping in magnetic material. However, this technique
consumes high power. Alternatively, electric-field-based spin
manipulation is a potential replacement and has been im-
plemented by modulating the interfacial magnetoelectric
coupling [1] and reversing the Dzyaloshinskii-Moriya inter-
action (DMI) chirality by voltage pulse [2]. Electrical control
of magnetism reduces the consumption of energy, enhances
the storage capacity, and hosts a rapid data reading-writing
process that leads to higher performance of spintronic de-
vices [1,3–5]. However, these approaches utilized to switch
the global magnetization, or magnetization of specific com-
ponents of a heterostructure, cannot be used for localized
spin switching in a single material. In modern spintronics, to
fabricate compact devices, layer-dependent control of mag-
netism is required. To achieve such localized modulation,
materials that exhibit layer-dependent variation of properties
are required. Transition metal chalcogenide (TMC) materi-
als belonging to the van der Waals (vdW) family provide a
suitable platform to tailor magnetism and related phenom-
ena via different mechanisms [6–14]. The presence of strong
spin-orbit coupling in these materials enables the magneto-
electric effect. With well-defined spin projections, layered
vdW structures, and ease of integration, TMCs become viable
contenders for spintronic applications [15,16]. Nonetheless,
the presence of out-of-plane symmetry and absence of DMI
impede the full utilization of TMCs in spintronics. Addition-
ally, inversion symmetry and the centrosymmetric nature of
TMCs is a barrier to achieving higher magnetic moments,
Curie temperatures, and localized physical properties [17–21].
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By breaking the out-of-plane symmetry in TMCs, these barri-
ers are eliminated, which enables spin manipulation.

Creating structurally asymmetric Janus materials having
distinct surfaces with different components on each side
offers a crucial approach to breaking mirror symmetry in
TMCs [22–28]. This asymmetry enables localized tailored
magnetic characteristics on a single nanostructure, thereby
facilitating layer-dependent variation of magnetism which
is beneficial for high-density data storage, rapid read-write
operations, and efficient spintronic applications [29,30]. For
such rapid, compact, low-power-consuming spintronic ad-
vancement, few-layered Janus materials with strong electrical
modulating flexibility are crucial.

In this article, we investigate the magnetic properties
of Janus CrSTe under electric influence. The CrSTe Janus
structure is expected to demonstrate favorable electrical
adjustability due to the adaptable magnetic behavior and mag-
netoelectric coupling in its parent systems CrS2 [31–34] and
CrTe2 [35–38]. CrTe2 switches magnetic anisotropy based on
stacking and layer number [35], and CrS2 shows phase transi-
tions via electrostatic doping [34]. Here, we have investigated
the magnetoelectric coupling in Janus CrSTe. It possesses
strong magnetic anisotropy and facilitates a unique control-
lable layer-specific magnetization reversal through electrical
means, which has not been reported earlier to the best of our
knowledge. We also propose an electrically driven magneti-
zation reversal mechanism rooted in charge redistribution and
consequential electric shielding.

II. COMPUTATIONAL METHODS

Our first-principles calculations were performed using den-
sity functional theory (DFT) with the projector augmented
wave method implemented in Quantum Espresso [39,40]. The
exchange correlation effects are calculated within the general-
ized gradient approximation of Perdew-Burke-Ernzerhof form
[41–43]. A plane wave basis set with a 90 Ry cutoff energy is
employed. Brillouin zone integration utilized a 32 × 32 × 32
k mesh. Grimme’s DFT-D2 method provides vdW correction
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FIG. 1. Optimized structures and electronic properties. (a) Top
and side views of CrSTe monolayer. The red rhombus represents
the unit cell. (b) PDOS of monolayer CrSTe. (c)–(f) Three bilayers
having S-S, S-Te, and Te-Te atoms in the interface, respectively, and
the trilayer system.

[44]. The 15 Å along the z axis prevented periodic image
interaction. Energy convergence criterion is set to 10−10 Ry.
Magnetoelectric effects are studied by considering spin-orbit
coupling.

III. RESULTS AND DISCUSSION

The optimized Janus CrSTe monolayer where the transition
metal atom Cr is sandwiched between two chalcogen atoms
S and Te is illustrated in Fig. 1(a). Geometric optimization
reveals that the most stable configuration is attained with a
unit cell where a = b = 3.45 Å, which is in good agreement
with existing literature [45,46]. The optimized lattice param-
eter for the Janus CrSTe falls between those of CrS2 and
CrTe2 [47]. There are no imaginary frequencies in the phonon
dispersion, which demonstrates the dynamical stability of
the system. The phonon dispersion of the system is shown
in the Supplemental Material (Fig. S1) [48]. The chemical
stability of CrSTe is evaluated by calculating cohesive en-
ergy using the formula Ecoh = (ECr + ES + ETe − ECrSTe)/3
where ECrSTe, ECr, ES, and ETe are the energy of the 2D CrSTe
unit cell and isolated atoms of Cr, S, and Te, respectively
[49]. The cohesive energy of CrSTe is Ecoh = 3.72 eV/atom,
which favors the formation of CrSTe from the binary
analog.

Figure 1(b) illustrates the system’s magnetically active
and electrically conductive characteristics through the spin-
polarized projected density of states. The intrinsic electric
potential difference arising due to Janus structure implies

differing behavior on different sides under electrical per-
turbation. Moreover, the Janus structure’s diverse elemental
composition allows for multiple bilayer stacking possibili-
ties, leading to three distinct bilayers of CrSTe denoted as
BLS−S, BLS−Te, and BLTe−Te (with S-S, S-Te, and Te-Te
interfacial atoms, respectively) as shown in Figs. 1(c)–1(e).
Optimized structural parameters are depicted in the respective
Figs. 1(c)–1(e).

The Janus monolayer displays a ferromagnetic (FM)
ground state, determined through exchange energy calcu-
lations. The process of calculation of exchange energy is
shown in the Supplemental Material (Fig. S2, Sec. II) [48].
Although the presence of structural asymmetry introduces
the Dzyaloshinskii-Moriya interaction (DMI) into a system,
a report suggests that the DMI in this system is not suffi-
cient to affect the ferromagnetic ground state of Janus CrSTe
[45]. Moreover, our micromagnetic simulation of the ground
state of the magnetic atoms in the Janus CrSTe monolayer
also reveals that the system is ferromagnetic in nature. The
spin texture of the monolayer Janus CrSTe is shown in the
Supplemental Material (Fig. S3). In this system, central Cr
atoms are the primary magnetic contributors, with a local
magnetic moment of 2.35 μB. In contrast, chalcogen atoms
S and Te exhibit negligible local magnetic moments and are
antiferromagnetically coupled to Cr. Thus, Cr dominates the
spin polarization [Fig. 1(b)]. Exchange energy calculations
also confirm ferromagnetic interlayer magnetic orientations
across all bilayer systems as depicted in the Supplemental
Material (Table I) [48].

Magnetic anisotropy is a critical factor dictating the sta-
bility of magnetic orientation in 2D materials, which is
quantified by magnetic anisotropic energy (MAE). This en-
ergy reflects the effort needed in the transition of magnetic
moments between the easy axis and hard axis of magneti-
zation. Greater MAE values correlate with heightened 2D
magnetic stability. Our investigation delves into the magnetic
anisotropy of monolayer CrSTe and its bilayer systems. Vari-
ation of MAE with polar and azimuthal angle is represented
in the Supplemental Material (Fig. S4) [48]. By exploring
how MAE evolves with polar and azimuthal angles, we deter-
mine that monolayer CrSTe displays a perpendicular magnetic
anisotropy (PMA) with an easy axis of magnetization. Bilayer
systems also exhibit PMA with varying strengths. Calculation
yield MAE values of 6.647 meV/nm2, 11.071 meV/nm2,
8.33 meV/nm2, and 11.87 meV/nm2 for monolayer, BLS−S,
BLS−Te, and BLTe−Te, respectively. The monolayer’s signif-
icantly elevated MAE, compared to CrS2 and CrTe2 [33],
facilitated greater magnetic stability and a higher Curie tem-
perature (303 K) in the Janus CrSTe. The calculation of Curie
temperature is depicted in the Supplemental Material (Fig. S5,
Sec. V) [48]. Furthermore, bilayer formation enhances MAE
and thus strengthen the ferromagnetic properties in stacked
CrSTe bilayers.

Controlling magnetic ordering in low-dimensional ma-
terials is pivotal for spintronic applications. To achieve a
low-power-consuming spin-flipping mechanism in Janus ma-
terials for efficient spintronics, we explore CrSTe’s response
to an electric field, because electrically driven spin modulation
consumes far less power than traditional magnetic reading
and writing methods. Electric fields are simulated in positive
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FIG. 2. Variation of magnetic properties with electric field. (a),
(b) Application of perpendicular electric field in positive and neg-
ative z directions. The red and blue arrows represent the direction
of electric field. (c)–(f) Magnetic moment variation of Cr atoms in
monolayer, BLS−S, BLS−Te, and BLTe−Te with electric field. (g)–(j)
Variation of MAE of monolayer, BLS−S, BLS−Te, and BLTe−Te with
electric field. (k), (l) Variation of magnetic moment of Cr atoms of
trilayer and four-layer systems. The inset shows an enlarged view of
the magnetic moment variation.

and negative z directions as shown in Figs. 2(a) and 2(b)
to examine magnetic modulation in the designed systems.
Electric field magnitudes range from ±0.1 V/Å to ±0.5 V/Å.
Application of an electric field to the CrSTe Janus monolayer
induces changes in magnetic moment. Under positive z di-
rection of electric fields, directed toward the S atom, the Cr
atom’s magnetic moment remains constant despite increas-
ing electric field strength. Conversely, the magnetic moment
gradually increases under negative bias as the electric field
strength rises. This variation of magnetic moments is shown
in Fig. 2(c).

Figure 2(c) illustrates the anisotropic nature of magnetic
moment variation with electric fields in the monolayer. In one
electric field polarity, the magnetic moment remains steady,
while in the other, it changes. Bilayer systems also exhibit
intriguing behaviors when their magnetic characteristics are
assessed in the presence of electric fields. Figure 2(d) depicts
magnetic moment variation in BLS−S, where Cr magnetic
moments mostly remain constant, displaying only minimal

changes. In BLS−Te [Fig. 2(e)], under positive electric fields,
the upper Cr atom’s (Cr1) magnetic moment gradually de-
creases, while the other Cr atom’s (Cr2) magnetic moments
remain nearly constant, except for a small initial enhance-
ment. Under negative biasing, both Cr atoms’ magnetic
moments remain constant. Figure 2(f) outlines the magnetic
moment profile of BLTe−Te, revealing that the two Cr atoms’
magnetic moments respond in opposite directions to changing
electric fields in the two biasing modes. These magnetic mo-
ment variations underscore distinct magnetic behaviors of Cr
atoms based on their locations within the system.

Furthermore, the MAE of the studied systems also changes
with varying electric fields as illustrated in Figs. 2(g)–2(j).
Figure 2(g) displays the MAE variation of the monolayer
CrSTe with electric field. Notably, MAE remains relatively
constant under positive biasing and gradually decreases un-
der negative biasing. Intriguingly, despite these variations,
the magnetic orientation consistently remains perpendicular
across the entire range of applied field, emphasizing the ro-
bustness of the PMA in the CrSTe monolayer. Additionally,
the MAE variation across all bilayer systems is favorable
for application purposes. Their MAE increases with elec-
tric field, signifying enhanced ferromagnetic stability. This
strengthened resistance of PMA to electrical perturbation
makes this system a strong contender for electric field-driven
applications.

Collectively, the figures and analyses reveal signatures of
layer-dependent variation of magnetism. In certain systems,
specific Cr atoms’ magnetic behavior remains impervious
to electric fields. This prompts us to propose a hypothesis
that during electric field application, a mechanism shields
these particular Cr atoms from electric effects. To validate
this proposition, we explore more extended S-Te interface
structures involving three and four layers of CrSTe. Trilayer
and four-layer systems adopting S-S and Te-Te stacking ar-
rangements are omitted due to symmetric magnetic moment
variations under opposite electric field biasing, as our focus
rests on asymmetric variations of magnetism. The trilayer
structure is depicted in Fig. 1(f), while the four-layer system
is presented in the Supplemental Material (Fig. S6) [48].
Magnetic moment data for the trilayer and four-layer sys-
tems under positive and negative electric biases show that
Cr atoms positioned within the systems (Cr2 for trilayer,
Cr2 and Cr3 for four-layer) remain unaffected by electric
fields. This observation substantiates the presence of a shield-
ing effect upon electric field application. Figures 2(k) and
2(l) highlight unique behaviors in magnetic moment vari-
ation for the trilayer and four-layer systems. Remarkably,
the magnetic moment of the upper Cr layer (Cr1) changes
magnetic alignment after reaching a specific electric field
value (−0.3 V/Å for trilayer and −0.2 V/Å for four-layer).
Furthermore, the bottom Cr atoms (Cr4) in the four-layer
system shift magnetic orientation after 0.3 V/Å of electric
field. This discovery is particularly intriguing in our study.
The observed magnetization reversal signifies a transition
from interlayer ferromagnetic to antiferromagnetic alignment
in specified magnetic layers in trilayer and four-layer systems.
This transition of magnetic alignment is also evident in the
variation of interlayer magnetic exchange energy with elec-
tric field as shown in the Supplemental Material (Table II)
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FIG. 3. Variation of localized spin polarization. Variation of spin
polarization percentage of Cr1, Cr2, Cr3 with negative [(a)–(c)]
and positive [(d)–(f)] electric bias in trilayer. (g), (h) Schematic
representation of the unaltered magnetic orientation and magnetiza-
tion reversal in trilayer under positive and negative bias of electric
field, respectively. Blue/green arrows represent up/down magnetic
orientation.

[48]. In the trilayer system, change of sign in exchange en-
ergy value from positive to negative signifies the transition
from interlayer ferromagnetic to interlayer antiferromagnetic
alignment of magnetic moments. Interestingly, the interlayer
exchange constant J23 between the Cr2 and Cr3 layers is not
much affected by electric field while J12 between Cr1 and Cr2
changes significantly and changes sign under application of
electric field as depicted in the Supplemental Material (Ta-
ble III). From this variation of interlayer exchange constant,
it is evident that the layer-dependent variation of interlayer
exchange constant leads to spin flipping in the system. Hence,
the profound magnetization reversal in the multilayerd system
arises from the spin-polarized electron spin flipping under
electric field as shown in Figs. 3(a)–3(f). However, this re-
versal is confined solely to a single surface layer, as the other
interior layers remain unaffected by electric fields due to the
proposed shielding mechanism. Importantly, this magnetic
reversal transpires under negative biasing in the trilayer and
under both biasings in the four-layer system.

Figure 3 illustrates the atomically resolved spin polar-
ization percentage variation of Cr atoms within the trilayer
system under both electric biasings. These figures distinctly
reveal that local spin polarization of the Cr1 atom [Fig. 3(a)]

FIG. 4. Charge redistribution profile of bilayers and trilayer
under electric field. (a)–(h) Charge redistribution BLS−S, BLS−Te,
BLTe−Te, and trilayer under positive and negative bias. The red end
and blue end of the scale represent charge accumulation and charge
depletion, respectively. Positions of the atoms are shown by dotted
line.

flips from positive to negative after an applied electric field
of −0.4 V/Å, while the spin polarization of the other two Cr
atoms remains positive. Intriguingly, there is no spin polariza-
tion flip under positive bias. This outcome is schematically
depicted in Figs. 3(g) and 3(h). Figure 3(g) portrays un-
changed magnetic orientation across all three layers under the
entire range of applied positive bias, while Fig. 3(h) illustrates
the magnetization switch in the upper layer after −0.4 V/Å of
negative electric bias. Furthermore, Figs. 3(a)–3(f) showcase
substantial spin polarization variations in certain Cr atoms
(Cr3 in both biases and Cr1 under negative bias). Conversely,
electric effects minimally impact spin polarization in other Cr
atoms (Cr2).

The distinctive layer-dependent variations in magnetic
properties have prompted the concept of a shielding effect
emerging under electric fields. To validate this concept and
understand observed behavior, we explore charge redistribu-
tion profiles in the studied systems. Figures 4(c) and 4(d)
show charge redistribution in BLS−Te under a ±0.5 V/Å elec-
tric field in positive and negative biases. Notably, substantial
charge redistribution occurs at Te surface sites and the farthest
Cr atom from the Te site. In contrast, atoms inside these
two extremities and the S atom on extreme surfaces remain
unaffected. Te exhibits more significant charge redistribution
than S due to its lower electronegativity compared to S.
Figures 4(a)–4(b) and Figs. 4(e)–4(f) depict charge redis-
tribution in BLS−S and BLTe−Te bilayers under positive
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and negative electric biases. In BLS−S, charge redistribution
predominantly occurs around Te surface atoms, effectively
shielding inner atoms. This results in relatively constant mag-
netic moments for both Cr atoms [Fig. 2(d)]. Conversely, in
BLTe−Te, the surface S atom fails to shield against electric
field effects, while charges around Cr atoms just beneath it
redistribute and shield interior atoms. This leads to gradual
magnetic moment changes [Fig. 2(e)] in BLTe−Te. A simi-
lar charge redistribution profile is observed for the trilayer
[Figs. 4(g) and 4(h)] and four-layer system as shown in the
Supplemental Material (Fig. S6) [48]. Notably, electric field
does not affect charge distribution in middle-layer Cr atoms.

Our analysis of magnetic moment variations and charge
redistribution profiles reveals that electrically induced charge
redistribution triggers a shielding effect within the Janus sys-
tem. When the applied electric field is pointed toward the
Te surface, charge depletion takes place at Te sites, and
charge accumulates at the farthest side from the Te site. This
results in an electrostatic potential difference between Te
sites and the opposite extreme site. This potential difference
generates an intrinsic electric field that counteracts the ap-
plied field’s effects. Similar effects occur when the electric
bias is reversed. Our observations indicate that the magnetic
moment of Cr atoms is enhanced/suppressed where charge
accumulates/depletes under the influence of electric field.
Furthermore, Te atoms on the surface shield electric field
effects, whereas S atoms lack this behavior, regardless of their
location or exposure to electric perturbation. This shielding
property ensures minimal impact on magnetic moment of Cr
atoms positioned just below Te atoms and greater influence on
magnetic moment of Cr atoms at the S side.

The observed magnetization reversal specifically occurs in
Cr atoms where charge accumulation is witnessed. This selec-
tive reversal in magnetization, confined to a solitary surface
layer, aligns with the charge redistribution mechanism. Our
analysis indicates that the electric field’s impact is counter-
acted solely by the redistributed charges around the surface Te
atom and the distant Cr atoms. In cases where charges around
Te atoms are redistributed, there is slight charge redistribution
around Cr atoms positioned just below those surface Te atoms.
However, no charge redistribution is observed in interior Cr

atoms. Consequently, solely the Cr atoms engaged in either
shielding or sharing charges with surface Te atoms experi-
ence spin polarization flipping. This mechanism underpins the
intriguing layer-dependent magnetization reversal in both the
trilayer and four-layer Janus structures.

This intriguing discovery of electrically controllable transi-
tions between interlayer ferromagnetic and antiferromagnetic
phases in Janus materials holds significant promise for spin-
tronic applications. This Janus system stands as a strong
candidate for magnetic tunneling junctions (MTJs). In a mul-
tilayered structure, one of the Janus layers can be substituted
by a magnetically inactive electrical insulator and magnetic
orientation of one of the magnetic layers could be flipped
between FM and AFM coupling with the other layer by ap-
plying an external electric bias. In this way, by switching the
electric field on and off, the MTJ can switch between high and
low resistance states, presenting a novel approach to writing
a magnetic state. This underscores the potential application of
our multilayer hybrid Janus system in spintronic devices.

IV. CONCLUSION

In summary, our study reveals an electrically driven,
layer-dependent, localized magnetization reversal mechanism
facilitated by shielding through charge redistribution in Janus
CrSTe. This technique of localized magnetization switching
holds significant promise in advancing single-material-based
spintronics. The confinement of spin flipping to a single
layer of Cr atoms, coupled with the nondestructive, ro-
bust perpendicular magnetic anisotropy (PMA) observed in
multilayer stacking under electric fields, positions Janus ma-
terials as formidable contenders for advanced, compact, and
low-power-consuming spintronic devices with a few atomic
layers’ thickness.
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