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Interlayer coupling is of vital importance for manipulating physical properties, e.g., electronic band gap, in
two-dimensional materials. However, tuning magnetic properties in these materials is yet to be addressed. Here,
we found the in-plane magnetic orders of CrS, mono and few layers are tunable between striped antiferromagnetic
(sAFM) and ferromagnetic (FM) orders by manipulating charge transfer between Cr #,, and e, orbitals. Such
charge transfer is realizable through interlayer coupling, direct charge doping, or substituting S with CI atoms. In
particular, the transferred charge effectively reduces a portion of Cr** to Cr**, which, together with delocalized
S p orbitals and their resulting direct S-S interlayer hopping, enhances the double-exchange mechanism favoring
the FM rather than SAFM order. An exceptional interlayer spin-exchange parameter was revealed over —10 meV,
an order of magnitude stronger than available results of interlayer magnetic coupling. It addition, the charge
doping could tune CrS, between p- and n-doped magnetic semiconductors. Given these results, several prototype
devices were proposed for manipulating magnetic orders using external electric fields or mechanical motion.
These results manifest the role of interlayer coupling in modifying magnetic properties of layered materials and
shed considerable light on manipulating magnetism in these materials.
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I. INTRODUCTION

Geometric, electronic, vibrational, thermal, and optical
properties of layered two-dimensional (2D) materials, such
as graphene [1-4], transition-metal dichalcogenides (TMDs)
[5-9], and black phosphorus (BP) [10-15], have received
considerable attention in the past decade. Magnetic properties
were, however, rarely mentioned and are thus of particular
interest. Magnetism in 2D materials could be introduced
by dosing adatoms [16-20], atom substitution [21], creating
vacancies [16,22] or boundaries [23], or constructing atomic
edges [24,25]. Nevertheless, the long-range magnetic ordering
was argued less stable in 2D because of the largely reduced
size in the perpendicular direction according to the Mermin-
Wagner theorem [26]. Therefore, the long-range ordering
could be easily eliminated by thermal fluctuation, leading a
ferromagnetic (FM) or antiferromagnetic (AFM) to paramag-
netic transition. It was very recently reported that magnetic
ordering persists even if the thickness is down to monolayer in
Crl; [27,28]. Another strategy relies on a magnetic exchange
field that stabilizes the long-range ordering with magnetic
anisotropy in a bilayer CryGe,Teg [29]. These two studies
compellingly support the existence of long-range magnetic
ordering in 2D, which may allow surface-sensitive techniques
to measure 2D magnets and improve the feasibility of theoret-
ical models built in 2D for real materials under investigation.
However, the knowledge of manipulating magnetism in 2D is
yet to be revealed.
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Interlayer coupling has been manifested to be of paramount
importance in manipulating physical properties [4,13,14,30—
35] in 2D materials. The layer tunability is a result of
layer-dependent electronic structures caused by strong inter-
layer electronic coupling, named covalentlike quasibonding
(CLQB) [14,32,36,37]. In CLQB-governed 2D layers, the
distance between two or more layers is pushed close enough by
the van der Waals attraction that the wave functions, especially
from p, or d,» orbitals, of two adjacent layers are forced to
overlap, forming bonding and antibonding states. Such hy-
bridization should substantially modify electron distributions
in both layers and thus may change either in-layer or interlayer
magnetic coupling. As evidenced by the layer-dependent in-
terlayer magnetic orderings in Crls, interlayer coupling might
play an essential role in tuning interlayer magnetism. However,
its ability of varying in-plane magnetic ordering is neither
theoretical suggested or experimentally proved. The interlayer
engineering [38] aside, charge doping by, e.g., ionic liquid
gating, has been becoming a popular route to manipulate
electronic properties in 2D. A recent work reported an 0>~ -
ion-doping—induced change of magnetism in Co/SrCoO, thin
films [39]. Nevertheless, the O atom itself, rather than the
charge solely, plays a key role. It still lacks an example for a
purely electron- or hole-doping governed transition of in-layer
or interlayer magnetic orders in layered materials.

In this article, we report a theoretical investigation on the
layer- and doping-dependent magnetism in CrS, few layers.
Monolayer CrS; is in a striped antiferromagnetic order (sSAFM)
[40—43]. It undergoes a sSAFM-to-FM transition if one or more
additional layers is stacked onto the monolayer. Such a tran-
sition is a result of a strong interlayer CLQB, which weakens
the in-plane Cr-S o bonds and transfers electrons from e, to
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partially occupied 1, orbitals of Cr. It is exceptional that the
interlayer spin-exchange coupling parameter of —10.8 meV is
nearly an order of magnitude larger than previously reported
values in other materials [29,44,45]. Layer stacking aside,
we also discussed the roles of sole electron or hole doping
or elemental substitution [46,47] in tuning magnetism in 2D.
These results suggest CrS; is a FM/sAFM switchable 2D layer
and illustrate the ability of interlayer engineering for tuning
either in-layer or interlayer magnetism in layered magnets.

II. METHODOLOGY

A. Density functional theory calculations

Density functional theory calculations were performed
using the generalized gradient approximation for the exchange-
correlation potential, the projector augmented wave method
[48], and a plane-wave basis set as implemented in the Vienna
ab-initio simulation package (VASP) [49]. The energy cutoff for
plane waves of 700 and 600 eV was adopted for calculation
of structural relaxation and electronic structures, respectively.
A 16x10x 1k mesh was used to sample the first Brillouin
zone of the adopted 1x 4/3 x 1 rectangular supercell. A second-
order Methfessel-Paxton smearing method (with a o value
of 0.1eV) and a Bloch-corrected tetrahedron method were
used for structural relaxations and total energy calculations,
respectively. Dispersion correction was made at the van der
Waals density functional (vdW-DF) level, with the optB86b
functional for the exchange potential [50]. All atoms in the
supercell were allowed to relax until the residual force per
atom was less than 0.01eV/A. A 2 x4 supercell was adopted
to calculate the exchange parameters. All configurations were
fully relaxed.

B. DFT+U method

The DFT+U method considers orbital dependence of the
Coulomb and exchange interactions, which gives a qualitative
improvement compared with standard DFT to transition-metal
systems for either magnetic moments or interatomic exchange
parameters [51]. Here, the adopted value was suggested from
the literature [52] where a U value of 0.26 Ry and a J value of
0.053 Ry, equivalent to an effective U value of approximately
2.8 eV, was unveiled in systems of Cr impurities embedded
in metal. Since CrS, is metallic, the Coulomb screenings in
both cases shall be comparable and the choice of 2.8 eV is thus
reasonable for describing the on-site U effect in CrS,.

We have also self-consistently calculated the U value using
a linear response method [53]. The calculated U value is in
a range from 1.5 to 2.5 eV, close to the value reported in the
literature (from 2 to 4 eV) [52,54-57] and the value we adopted
(2.8 eV). In addition, we checked several effective U values
(Supplemental Material, Fig. S1 [58]) and found it is robust to
show the found large interlayer exchange coupling parameter
and the doping-induced sAFM-FM transition. The choice of
2.8 eV is thus reasonable for describing the on-site U effect in
CI‘Sz.

The experimental ground state of CrSe;, an analog com-
pound of CrS;, is magnetic [59,60]. A 2H nonmagnetic ground
state of CrSe, was unveiled in our calculations withouta U term
(0.20 eV more stable than the 1T-sAFM state). If we consider

the U term, an 1T-sAFM ground state was compellingly
suggested with the U value varying from 1 to 5 eV (over
0.41 eV more stable for U = 2.8eV). Given the experiment
magnetic ground state, it thus indicates the U term is paramount
for obtaining the correct ground state of Cr chalcogenides using
state-of-the-art DFT methods.

The agreement of our results with the experiments aside, a
previous calculation [61] also reported the 1T magnetic ground
state of CrSe, using a localized spherical wave (LSW) method.
This method assumes spherical tight-binding wave functions
and fills the space of the lattice using occupied or empty spheres
and predicted the magnetic ground state without U. Here, the
choices of sphere positions/types and the radii of spheres are all
parameters to be determined or fitted. In light of this, we thus
have confidence that our DFT+U method is a state-of-the-art
method for modeling Cr dichalcogenides.

C. Carrier mobility estimation

Phonon-limited carrier mobility in a CrS, few layer with a
finite thickness W is expressed as [62—-65]

_ 7'[8714Cﬁ1m F
= —
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Here, m* represents the effective mass along the transport
direction and E; is the deformation potential constant of the
valence band or conduction band maximum [VBM (hole) or
CBM (electron), respectively] along the transport direction,
which is determined by Ei = AV;/(Al/ly). Here AV; is the
energy change of the ith band under proper cell compression
and dilatation (by a step 0.5%), [ is the corresponding
lattice constant along the transport direction, and Al is the
deformation of the lattice constant. The variable Cgy, is the
elastic modulus of the longitudinal strain in the propagation
direction, whichis derived by (E — Ey)/Vy = C(Al/lO)Z/Z; E
represents the total energy and V; represents the lattice volume
at the equilibrium for 2D systems. A crossover function F
bridges the 2D and 3D cases, which is estimated by
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erf(-) represents an error function, and the summation over
integer is due to quantum confinement along the z direction.
The effective thickness of the film (W) is expressed by

1 oo Pl (2) p(z)
= Pi(2)Pp(p)dz =y BN
Wege /—oo (@)Py(2)dz ; NAz NAz <

F

where

Here, P(x) is the electron probability density along the
z direction. We divided the space along the x direction into
n parts by Az. Variable p"(z) is the sum of the number of
electrons in the nth region along the z direction. Here, N is
the total number of valence electrons in the film, and i and f
represent equilibrium and deformed films, respectively.
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FIG. 1. Schematic models of monolayer CrS, and four different magnetic orders. (a), (b) Top and side view of single-layer CrS, in 1T (a)
and 2H (b) phase. The slate-blue, yellow, and orange balls represent Cr, top S, and bottom S atoms, respectively. The intralayer spin-exchange
parameters J;, J,, J; between Cr sites are represented with dashed arrows. The red, green, blue, and purple arrows correspond to lattice constants
a and b, Cr-S bond r; and r,. The two red arcs represent the Cr-S-Cr angles 6, and 6,, respectively. (c)—(f) Schematic representation of four
intralayer magnetic orders used for calculation of exchange parameters. The green and red arrows represent the magnetic moment up and down

on Cr atoms, respectively.

D. Plotted charge densities

The spin charge density shows the distribution of charge
with different spin components. Two sets of data, total charge
density (spin up plus spin down) and magnetization density
(spin up minus spin down), are available in spin-polarized
calculations. The charge density with the spin-up (-down)
component can be extracted by adding (subtracting) the two
sets of data. The atomic differential charge density was plotted
to show the charge redistribution before and after Cr and S
atoms forming a CrS, monolayer, which is determined by
Ap, = po— pq. Here py is the charge density converged
in an electronic self-consistency loop which contains the
interaction between bonded atoms, while p, is obtained by
a non-self-consistent calculation for summing over atomic
charge densities.

E. Implementation of charge doping

Direct charge doping was applied on S atoms with the
ionic potential method [66] to tune magnetic orders and to
understand the role of interlayer couplings. Electrons (holes)
are removed from a 2p core level of S and placed into
the lowest unoccupied band of CrS,. This method ensures the
doped charges being located around the S atom and keeps the
neutrality of the layer. We also plotted the differential charge
density of doped systems using Apy; = ps — po, Where p, is
the charge density of a doped CrS,.

F. Interlayer force constant

The whole layer is regarded as one rigid body in a rigid-
layer vibrational mode [32,67]. The interlayer force constants
were obtained by summing interatomic force constants over
all atoms from each of the two adjacent layers. The matrix
of interatomic force constants, essentially the Hessian matrix
of the Born-Oppenheimer energy surface, was defined as the
energetic response to a distortion of atomic geometry in DFPT

. 2 . .
[68], which reads as D;; = g REB(?. Here, R is the coordinate
iORj

of each atom and E(R) is the ground-state energy.

III. RESULTS AND DISCUSSION

A. Structure and spin-exchange coupling of monolayer CrS,

A striped antiferromagnetic state in the 1T phase [1T-sAFM,
see Figs. 1(a) and 1(c)] is the most energetically favored
(over 23 meV/Cr) state of a monolayer CrS,, rather than the
previously believed nonmagnetic 2H phase [2H-NM, Fig. 1(b)
and Supplemental Fig. S2] [40-43]. The sAFM ground state
persists under six different U values (1—5eV, Supplemental
Fig. S1a [58]). The magnetic moment of each Cr atom slightly
depends on the adopted magnetic order in a range from 2.4
to 2.8 up. These moments reduce by 0.6-0.8 up if the U
term is not considered (Supplemental Table S1 [58]). The
formation of magnetic stripes reduces the threefold structural
symmetry that a Jahn-Teller distortion occurs in the SAFM con-
figuration, namely, a = 3.31 A, b =5.45A, r; = 2.38 A, and
r, =2.36 /°\, 0, = 88.2°, 6, = 84.6°. The smaller 6, prefers
to weaken Hund’s law and thus favoring AFM coupling. In
FM [Fig. 1(d)], however, the symmetry is maintained and 6,
approaches 90° (87.7°), resulting in a shrunk by 0.02 A and b
expanded by 0.25 A.

Spin-exchange coupling parameters were extracted based
on a third-nearest Heisenberg model as follow:

- - - - - -
H=H0+leS,» 'Sj+JZZSi ~Sj+J3Z Si - §;
(ij) (ij» iim

Here, J,, J», and J; represent the first-, second-, and third-
nearest couplings, respectively, as illustrated in Fig. 1(a).
Given the four configurations shown in Figs. 1(c)-1(f), we
derived J; = 47.7meV, J, = —38.9meV, and J3 = 9.6 meV.
The larger | J;| than | J,| and the positive J; are consistent with
the favored sAFM configuration.

B. Magnetic coupling mechanism of monolayer CrS,

Figures 2(a) and 2(b) show the side and top views of the
spin density of a CrS,; monolayer in the SAFM configuration,
which reflects the broken symmetry around S atoms. They
also show localized S p, densities for one spin component and
delocalized p, or p, densities for the other spin component,
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FIG. 2. Electronic structure of sSAFM monolayer CrS;. (a), (b) Spin charge density map of CrS, in sSAFM order, side and top view. The red
and green isosurface correspond to charge with different spin-polarized direction up and down. (c), (d) Atomic differential charge density of
monolayer CrS,, corresponding to the charge accumulation and reduction after Cr and S atoms bonding together, respectively. (e), (f) Schematics
of superexchange and double-exchange mechanism for spin exchange between localized d electrons of Cr and itinerant electrons comprised
of S p state and Cr d states. The up and down arrows represent the electron with different spin components and the dashed arrows correspond
to bonding electrons from Cr and S atoms. The orange arrow in (e) indicates the transferred electrons from layer stacking or doping. (g), (h)
Electronic band structure of the sAFM monolayer. CrS, with different spin component down (e) and up (f). The Fermi energy is zero. The Cr-d
and S-p orbitals are mapped with different colors: Cr-d,,, green; Cr-d,, red; Cr-d,., blue; Cr-d 2, cyan; Cr-d,2_,2, yellow; S-p, magenta.

resulting a nearly canceled total magnetic moment of 0.034 p5.
Atomic differential charge density of the monolayer depicts
charge accumulation residing primarily around S atoms but
varnishing around Cr atoms [Fig. 2(c)]. However, charge
reduction [Fig. 2(d)] occurs mainly in the Crd,>_,» and d.:
orbitals and partially at the interatomic region of S atoms.
An electron transfer is evidenced from S in-plane and Crd e,
orbitals to out-of-plane S orbitals when forming the monolayer.
These out-of-plane orbitals hybridize and develop pipelines
connecting the S atoms in up and down layers, respectively,
which builds an electron network for itinerant electrons. A
superexchange coupling mechanism is thus suggested between
two adjacent Cr atoms.

Here, Cr** adopts a p3sd” hybridization that two e
orbitals, i.e., d2_> and d» are involved in forming o bonds
with S p orbitals. The two remaining d electrons are thus filled
into three nearly degenerated f,, orbitals [Fig. 2(e)], leading

to a metallic CrS; monolayer with partially filled d, and d,,
orbitals [Figs. 2(g)-2(h)]. We may regard it as a highly p-doped
semiconductor because of an unfilled bandgap of 0.77 eV
sitting 1.1 eV above the Fermi Level (E). Orbital decompo-
sitions were mapped on the band structures [Figs. 2(g)-2(h)].
All five d orbitals are unoccupied and grouped together for the
spin-down component; however, they split into two groups for
the spin-up component. It confirms the p®sd® hybridization
picture and shows the o bonding (~3eV below Ep) and
antibonding (~2 eV above Ef) states (green and cyan dots).
Spins of the two d electrons filling the #,, orbitals, together with
back-donated electrons from the Cr-S o bonds, are all parallel
aligned [Fig. 2(e)] owing to the Hund’s rule, which results
in a local magnetic moment of 2.8 . Spin-orbit coupling
does not qualitatively change the band structure but further
splits the two spin components by 74 meV (Supplemental
Fig. S3 [58]). The superexchange mechanism might be
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FIG. 3. Bilayer CrS,. (a) Perspective view of AA-stacked bilayer CrS,. Exchange parameters are marked with dashed arrows connected
between Cr atoms. (b)—(i) Schematic representation of eight magnetic orders used for the calculation of exchange parameters in AA-stacked
bilayer CrS,. The green and red balls represent the magnetic moment up and down on Cr atoms, respectively. (j) Differential charger density
(DCD) of bilayer CrS, with an isosurface value of 0.0005 e/Bohr?. Light-rose and green isosurface indicates charge accumulation and depletion
after layer stacking, respectively. (k) A zoomed-in plot around Cr atom of DCD of bilayer CrS; in (j). (1) Electronic band structure of the FM-FM
bilayer CrS, with different spin components. Red: spin up; blue: spin down.

suppressed by transferring additional electrons into the 1,
orbitals. In that case, the mixed-valence states of Cr*t and
Cr** promote the double-exchange mechanism favoring a FM
long-range ordering [Fig. 2(f)].

C. Manipulation of magnetic ordering by additional CrS, layers

Interlayer coupling of multilayers could redistribute charge
density at the interlayer region [32,69]. We thus examined a
CrS; bilayer shown in Fig. 3(a) where the AA stacking was
found to be 0.34 eV more stable than the AB stacking (Sup-
plemental Fig. S4 and Table S2 [58]). Spin-exchange coupling
parameters [marked in Fig. 3(a)] were extracted by calculating
the total energy differences of eight magnetic configurations
[Figs. 3(b)-3(i)] based on the Heisenberg model. The energy
contributed by magnetic interaction in these magnetic orders
in a unit cell is expressed as

N? 1

E, = T E(6Jl +6J, +6J3+ Jy + 6J5 4+ 6J5)
N? 1

EC = T X 5(—2.]1 +6J2—2J3+J4_2J5 _2J6)
N2 1

E; = 7% 5(211 =20, =21+ Js+2J5s — 2Je)
N2 1

E, = =% E(—Jl+212—J3+J4—15+16)

2
1

E; = T X 5(6.]1 +6J, +6J5 —Jy —6J5 —6J¢)
N? 1

Eg = T X E(—ZJI +612 —2]3 — J4+215 +2J6)
N2 1

Eh = T X 5(2.]1 — 2.]2 — 2.]3 — J4 - 2J5 +2J6)
N2 1

E;, = T X E(_Jl +2—J3—Js+Js — Jg),

where N represents the unpaired spins on each Cr atom, which
is treated as 2 in our exchange parameter calculations.

Here, the nearest interlayer parameter J; was derived
—10.8 meV, considerably favoring FM, while J; and J, re-
duce to 16.3 meV and —19.4 meV, respectively. Nevertheless,
another three parameters are negligible (<1 meV). It is excep-
tional that J4 is over an order of magnitude larger than those
of CryGe,Teg [29], RuCl; [44], and Mnl, [45], which is also
robust under different U values, i.e. 2.0, 2.8, and 4.0 eV (see
Supplemental Fig. S1b [58]). Unlike the monolayer case, the
bilayer exceptionally undergoes a transition from the intralayer
SAFM order in the monolayer to a both intra- and interlayer
FM order, with at least 8 meV/Cr energy gain in bilayer
and thicker layers (Supplemental Tables S2 and S3 [58]).
This FM-FM configuration offers the shortest interlayer S-S
distance of 3.18 A, 0.04 A smaller than the second-shortest
distance among all configurations. After this transition, the
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FIG. 4. Manipulation of in-plane magnetic ordering and electronic structure by electron and hole doping. (a), (b) Differential charge density
of electron- or hole-doped monolayer CrS,, respectively. (c) Energy difference between FM and sAFM intraplane magnetic orders with different
doping concentrations. The blue and red symbols correspond to relative energy in mono- and bilayer, respectively. Doping a negative member
of electrons represents doping a corresponding amount of holes. (d)—(g) Band structures of FM monolayer CrS, with different hole/electron
doping concentrations: 0.20 /S (d), 0.45¢/S (e), 0.50¢/S (f), and 0.60 e/S (g). (h) Top and side views of CrSCI Janus monolayer in the 1T
phase. The light-green balls represent Cl atoms. (i) Electronic band structure of the CrSCI monolayer in the ferromagnetic ordering, showing

an intrinsic FM semiconductor with an energy gap of 2.11 eV.

threefold symmetry is restored and the Cr-S bond lengths are
all 2.38 A.

The bilayer contains four S sublayers and two Cr layers.
Figure 3(j) shows an interlayer differential charger density
(DCD) with an isosurface value of 0.0005e/Bohr?. This
value is over twice those used in plotting PtS, and MoS, in
Ref. [32], suggesting a rather strong electronic hybridization
between the second and third S sublayers (balls in orange).
Apparent charge reduction (green) was found near these two
sublayers, and charge accumulation (light-rose) occurs around
the middle region of them (marked by the blue rectangle). It
shows that a considerable portion of electrons are shared by
those two S sublayers, weakening the existing intralayer Cr-S
bonding. As a result, a noticeable charge transfer from e, to
I, orbitals is observable [Fig. 3(k)], resulting in a mixture

of Cr** and Cr*" in the bilayer, as schematically shown in
Fig. 2(f). This state, together with delocalized S p orbitals
and their resulting strong interlayer S-S hopping, favors the
double-exchange mechanism, giving rise to a large J, and J4
for ferromagnetic coupling.

The magnetic anisotropy energies (MAE) of 1L to 4L
were considered by comparing the total energies with the
magnetic moments parallel to five different vectors, a, b, ¢, P,
and I (Supplemental Table S4 and Fig. S5 [58]). The found
SAFM-FM transition is still valid in these noncollinear spin
calculations. The easy magnetization axis oscillates between
out- (odd number of layers) and in- (even) plane directions,
although the differences among vectors b, I, and P are even
smaller than 0.01 meV and are thus indistinguishable in 2L.
Nevertheless, either I or P direction could be regarded as a
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FIG. 5. Schematic drawing of a spin-logic application of few-layer CrS,. (a), (b) Manipulation of mono- or bilayer CrS, flakes transiting
between SAFM and FM states with sliding the top layer. (c) Spin-dependent transfer field-effect transistor controlled by injected charge from
electric gates. (d) Magnetic logic array with every CrS, domain controlled by the corresponding electric gate.

tilted in-plane direction. Such oscillations most likely result
from a confined quantum well state formed between top and
bottom layers [70,71], as reported in Co few layers [72]. The
band structure of the bilayer shows a metallic feature, but
the Ef is slightly shifted by ~0.1 eV [Fig. 3(1)] compared to
the monolayer case. In addition, the interlayer force constant
of the bilayer was derived as 52.6x 10'® and 33.7x 10'8 N/m?3
for the breathing and shear modes, similar to the values of the
breathing mode of PtS, [32] and the shear mode of MoS,; [73],
respectively. In light of these results, CrS, appears as strongly
electronic and magnetic but moderate mechanical interlayer
couplings, which implies the feasibility of a tuning magnetism
by electrically controlled charge manipulation.

D. Manipulation of in-plane magnetic ordering
by charge doping

Direct charge doping using an ionic potential method [66]
efficiently tunes magnetism in few-layer CrS, that n doping
leads to an explicit e, to f,, charge transfer, as illustrated
in a doping DCD of a monolayer [Fig. 4(a)]. A p-doping
case shows an opposite pattern [Fig. 4(b)], implying that a
FM-to-sAFM transition in the bilayer is inducible by p doping.
Figure 4(c) plots the relative energies of SAFM and FM as
a function of doping level for both mono- and bilayers. It
shows p doping is always prone to make the SAFM ordering
more favored, while n doping plays an opposite role. In the
monolayer, an n-doping level of 0.13 ¢/S leads to both con-
figurations being energetically degenerate. The largest energy
differences of 25 and 54 meV are achieved at 0.35 and 0.25 ¢/S
for mono- and bilayers, respectively. After these doping levels,
the difference decreases and nearly vanishes at 0.5—0.6¢/S.
These results, again, support the mixed-valence picture for
double exchange. Ideally, the 0.25 /S doping corresponds to
the half-Cr3* and half-Cr** case, which maximizes the double-
exchange strength. For the level at 0.5 ¢/S, however, all Cr**
were reduced to Cr", which suppresses the double-exchange
coupling. Charge doping also shifts the Er which changes
the monolayer from a heavily p-doped sAFM semiconductor

to a half-metal, then an FM semiconductor with a band
gap of 2.24 eV, and eventually to an n-type semiconductor
[Figs. 4(d)—4(g)]. The bilayer shows a similar trend as shown
in the Supplemental Material, Fig. S6 [58]. Another practical
charge doping route lies in elemental substitution of S by Cl, as
inspired by the recently synthesized Janus monolayers [46,47].
Figure 4(h) shows a CrSC1 Janus monolayer where all S atoms
in a sublayer are entirely replaced by Cl atoms. It is an intrinsic
FM semiconductor with a band gap of 2.11 eV [Fig. 4(1)]. The
FM state is energetically favored by at least 85 meV /Cr.

Since charge doping could tune both the mono- and the
bilayers from heavily p-doped to n-doped semiconductors, we
estimated phonon-limited mobilities for both hole and electron
in CrS; mono- and bilayers (Table I). The hole mobilities of the
two in-plane directions in both 1L and 2L are in hundreds of
cm? /V s, comparable with those of BP. The electron mobilities
are generally larger than hole mobilities, especially the electron
mobility of 2L CrS, of over 10000 cm?/V s in both in-plane
directions. The conduction band of CrS; layers is comprised of
Cr d, orbitals, which is less affected by the in-plane structural
deformation. This feature, therefore, leads to a rather small
deformation potential for electrons, giving rise to high electron
mobilities.

E. Proposed devices

In light of this discussion, there are diverse possibilities to
manipulate CrS, few layers transiting between sAFM and FM
states, which could be employed in magnetic data recording
and information processing with the manipulation by, e.g., slid-
ing of the second layer [Figs. 5(a) and 5(b)] and electric field
[Figs. 5(c) and 5(d)]. As illustrated in Figs. 5(a) and 5(b), the
stacking of an additional CrS; layer could, most likely, main-
tain the FM ordering locally. The sSAFM and FM states, distin-
guishable with or without net magnetic moment, could be em-
ployed for datarecording or processing, i.e., SAFM standing for
bit “0” and FM for “1”. In Fig. 5(a), we assume three bits which
reads “100.” However, they change to “010” if the second layer
was moved from the left to the middle position by, e.g., an
atomic force microscopy tip. Another route for charge doping
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TABLE I. Phonon-limited electron/hole mobility of CrS, in 2H/1T phase, compared with MoS,, PtSe, [37], and black phosphorus [12].
Here, m? and m}; are carrier effective masses along the x and y directions, respectively; E;((Eiy), Cx 2p(Cy op), and pc_op(ity—op) are the
deformation potentials, 2D elastic modulus, and the mobility along the x (y) direction, respectively.

Ciop Cy Ei, Ey, x—2D Hy—2D
Carrier type ~ Number of layers mi/mg  m/mg my (J/m?) (eV) (10° cm?/Vs)
2H-CrS, 0.90 0.84 0.87 117.57 11791 4.28 4.57 0.17 0.17
1T-CrS, 1.15 0.72 0.91 73.43 63.84 0.71 2.23 2.31 0.53
1L MoS, 0.47 0.47 129.93 135.34 5.57 5.55 0.41 0.43
e PtSe, 0.26 0.48 66.95 66.82 2.20 0.72 3.25 16.25
BP 0.17 1.12 0.44 14.5 50.8 2.72 7.11 0.56 0.04
2H-CrS, 0.74 0.74 0.74 234.28 234.20 4.16 4.55 0.51 0.43
2L 1T-CrS, 0.33 0.49 0.40 93.82 92.02 1.05 0.70 16.46 16.71
BP 0.18 1.13 0.45 28.74 97.31 5.02 7.35 0.30 0.07
2H-CrS, 0.90 0.84 0.87 117.57 117.57 241 2.14 0.53 0.78
1L 1T-CrS, 0.76 0.28 0.46 73.43 63.84 2.23 8.90 0.54 0.22
h BP 0.15 6.35 0.98 14.47 50.80 2.50 0.15 0.33 7.71
2H-CrS, 2.74 2.40 2.57 234.28 234.20 1.43 1.31 0.29 0.46
2L 1T-CrS, 0.76 2.23 1.30 93.82 92.02 1.71 1.40 1.15 0.19
BP 0.15 1.81 0.52 28.74 97.31 2.45 1.63 1.30 0.82

lies in electric field applied to shift chemical potentials of
samples. Figure 5(c) shows a schematic diagram of a magnetic
field-effect transistor where the gate voltage could tune the
CrS, few layers switching between sAFM and FM states. Spin-
polarized current thus flows differently in this device through
two spin components if it maintains the FM state. In line with
this idea, an array could be built as illustrated in Fig. 5(d). This
array could be used as a datarecording where each gate controls
each bit switching between the FM (1) and sAFM (0) states.

IV. CONCLUSION

In summary, we show that intralayer magnetism is tunable
by interlayer engineering, direct charge doping, and elemental
substitution, as illustrated in CrS, few layers. In particular,
an in-plane SAFM-to-FM transition occurs when the thickness
increases from mono- to multilayers, where the interlayer cou-
pling strongly favors FM (J4 = —10.8 meV). The coexistence
of Cr** and Cr®* induced by interlayer charge sharing favors
the FM in-plane coupling via a double-exchange coupling
mechanism, which is confirmed by our calculations of the
doped CrS; mono- and bilayers. The CrSCI Janus monolayer,
an example of substitutional charge doping, was predicted to
be an intrinsic FM semiconductor. Our results manifest that the
interlayer coupling could, exceptionally, tune magnetic proper-
ties, in addition to its tunability of electronic [4,30-32,34], me-

chanical [4,30], vibrational [14], and optical [ 13,33] properties.
This opens diverse possibilities to manipulate CrS, few layers
transferring between sAFM and FM states, which could be em-
ployed in magnetic data recording and information processing,
as proposed in prototypical devices (Fig. 5). Here, either layer
stacking or charge doping changes intralayer magnetism, sug-
gesting the magnetic interactions in both intra- and interlayer
directions are still coupled even in the bilayer limit of CrS;, a
strong electronic coupling material. We would expect that the
magnetic interactions may be decoupled for both directions in
more weakly interacting bilayers. All these results allow us
to manipulate magnetic long-range ordering through various
routes, e.g., external electric gating, in two-dimensional mate-
rials, which shall boost magnetic applications of 2D materials
in nanoelectronics, spintronics, and optoelectronics.
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