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Layered magnets have recently received tremendous attention, however spin-exchange coupling mechanism
across their interlayer regions is yet to be revealed. Here, we report a Bethe-Slater-curve (BSC)-like behavior in
nine transition metal dichalcogenide bilayers (MX,, M = V, Cr, Mn; X =S, Se, Te) and established interlayer
spin-exchange coupling mechanisms at their van der Waals gaps using first-principle calculations. The BSC-
like behavior offers a distance-dependent interlayer antiferromagnetic (AFM) to ferromagnetic (FM) transition.
This phenomenon is explained with the spin-exchange coupling mechanisms established using bilayer CrSe,
as a prototype in this work. The Se p, wave functions from two adjacent interfacial Se sublayers overlap at
the interlayer region. The spin alignment of the region determines interlayer magnetic coupling. At a shorter
interlayer distance, Pauli repulsion at the overlapped region dominates and thus favors antiparallel oriented spins
leading to interlayer AFM. For a longer distance, kinetic-energy gain of polarized electrons across the bilayer
balances the Pauli repulsion and the bilayer thus prefers an interlayer FM state. In light of this, the AFM-FM
transition is a result of competition between Pauli and Coulomb repulsions and kinetic-energy gain. All these
results open a route to tune interlayer magnetism and the revealed spin-exchange coupling mechanisms are
paramount additions to those previously established ones.
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Two-dimensional (2D) magnetism has received increasing
attention after demonstrations of ferromagnetism (FM) in 2D
layers [1-7]. While each magnetic few-layer consists of strong
covalently bonded monolayers, their interlayer couplings are
governed by much weaker noncovalent, e.g., van der Waals
(vdW), interactions at their “vdW gaps”, which show even
more interesting and mysterious magnetic behaviors [1,8—10].
Bilayer Crl; is one of the most popular magnetic few-layers,
in which local magnetic moments (3.28 ug/Cr) [10] form an
intralayer FM order below 45 K [1,8]. However, its interlayer
magnetic coupling is variable between FM and antiferromag-
netism (AFM) depending on local stacking geometry, high-
lighting the importance of interlayer magnetic couplings in
2D magnetism [8,10]. There are numbers of previously well-
established spin-exchange coupling mechanisms for classic
magnetism, e.g., superexchange in a linear (AFM) [11] and a
perpendicular (FM) [12] configuration, double exchange (FM)
[13,14], direct exchange (AFM/FM) [15,16], and Ruderman-
Kittel-Kasuya-Yosida interactions (AFM/FM) [17-20]. While
these mechanisms were derived mostly on the basis of cova-
lently and/or metallically bonded bulk solids, knowledge is
still lacking of those for noncovalent interactions at, e.g., vdW
gaps which are yet to be unveiled.
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Strength of interlayer interactions at vdW gaps was previ-
ously thought rather weak but was recently found to be appre-
ciably strong in terms of modifying electronic structures and
related physical properties [9,21-25]. In a significant portion
of 2D layers, interlayer wave functions, as driven by disper-
sion attraction, do overlap and hybridize to release Pauli and
Coulomb repulsions [9,21-25]. Charge redistribution induced
by this interaction is relatively small at the vdW gap of a Crl3
bilayer [10] in comparison with other bilayers like BP [21,22],
Te [23,26], PtSe, [24], PtS, [25], and CtS, [9], suggesting
a limited overlap of interlayer wave functions in the Crls
bilayer. It is exceptional that such a small overlap could even
appreciably affect the interlayer magnetism through direct
exchange between two interlayer I atoms separated by 4.20 A
[10]. A question then arises of how do strongly overlapped
interlayer wave functions affect interlayer magnetism and
whether there are any generalized spin-exchange coupling
mechanisms solely for such a noncovalent interaction.

Here, we found a Bethe-Slater-curve (BSC) [27-30]-like
behavior at the vdW gaps of nine transition metal dichalco-
genide bilayers (TMDC, MX;, M =V, Cr, Mn; X =S, Se,
Te) using density functional theory (DFT) and unveiled two
spin-exchange coupling mechanisms, together with a modi-
fied Hubbard model to understand such behavior. In particu-
lar, each of these bilayers prefers interlayer AFM at shorter
interlayer distances and favors FM at elongated distances.
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(a)

FIG. 1. Atomic structures of CrSe, mono- and bilayers. (a) Top
and side views of a CrSe, monolayer. Dodger-blue, solid, and
semitransparent orange balls represent Cr and top and bottom Se
atoms, respectively. Red and green dashed arrows denote intralayer
spin-exchange parameters J; and J, between Cr sites, corresponding
to lattice constants a and b. (b) Side view of an AA-stacked CrSe,
bilayer. Green and red arrows represent magnetization directions of
Cr atoms. Violet and dark red balls represent Cr and Se atoms in the
bottom layer, respectively. The red dashed arrow indicates exchange
pathway Js. The black arrow represents the interlayer Se-Se distance
dse_se. (c) Top oblique view of bilayer CrSe, explicitly shows three
exchange pathways of J3, J4, and J5 with green, pink, and red dashed
arrows.

The AFM-FM transition was found to be determined by a
competition between Pauli (Coulomb) repulsion at the inter-
layer region and kinetic-energy gain across the entire bilayer.
This behavior and the explanation are general for different
chalcogen and/or transition metal atoms.

We use CrSe, as a prototypic TMDC in this work. Its
monolayer takes a hexagonal 1T structure with the P-3M1
space group [Fig. 1(a)], which is an analog of the strongly
interlayer-coupled CrS, layers [9], but offers better synthetic
feasibility [31,32]. Computational details can be seen in the
method part of the Supplemental Material [33] (see also
Refs. [21-25,34-48] therein). Its FM order is metastable with
an optimized lattice constant of a = 3.42A and magnetic
moment of M = 3.09 ug/Cr (Fig. S1 and Table S1 of the Sup-
plemental Material [33]). The ground state is, however, striped
AFM (sAFM-ABAB, Fig. S2¢ [33])ina 1 x+/3 orthorhombic
lattice with slightly expanded a = 3.50 A, largely shrunk b =
5.63 A, and nearly unchanged M = 3.02 ug /Cr; see Table S1
[33] for details. Competition of in-plane spin-exchange pa-
rameters J; = —2.32meV and J, = —0.91 meV leads to the
SAFM-ABAB ground state. In a CrSe; bilayer, the AA stack-
ing [Figs. 1(b) and 1(c)] is over 13.9 meV /Cr more stable than
the AB stacking (Fig. S3 and Table S2 [33]) and was chosen
for further discussion. It undergoes an intralayer sAFM-to-FM
transition in the bilayer (/1 = 7.70 meV and J, = 1.60 meV),
ascribed to the strong interlayer wave-function overlap in-
duced Cr eg-to-tp; charge transfer and its resulting intralayer
double-exchange mechanism [9]. This strong coupling is con-
firmed by a reduced monolayer thickness of ~0.2 A, a ~
0.1 up/Cr enhanced magnetic moment, and a large interlayer
binding energy E, = —0.32 eV /formula unit(f.u.) (see Table
S1 [33]). While bilayer CrS, shows interlayer FM, interlayer
AFM configuration in bilayer CrSe, is 1.16 meV/Cr more
favored than the interlayer FM. This unexpected interlayer

AFM is determined by parameters J3 — Js5 [Figs. 1(b) and 1(c)
and Table S1 [33]). Although parameter J; has the nearest
interlayer Cr-Cr distance of 5.67 A, the farthest (8.31 A)
parameter Js = —1.25eV, however, yields the strongest AFM
coupling strength while J3 = 0.95eV and J; = 0.90eV show
weaker FM couplings. All these results suggest the CrSe;
bilayer deserves a closer examination.

The interlayer magnetism of the CrSe, bilayer strongly
depends on vertical sliding, while laterally sliding in a Crl
bilayer allows tuning its interlayer magnetism between AFM
and FM [10,49,50]. Figure 2(a) plots the interlayer AFM-FM
energetic difference as a function of the interlayer Se-Se
distance [dse.se, Fig. 1(b)], which shows a Bethe-Slater-curve
(BSC)-like [27-30] behavior at the vdW gap. The BSC was
used to explain different magnetic orderings of metals, e.g.,
Cr [51], Ni [52], Fe [53]. All considered functionals and vdW
correction methods [38-40,42-47] exceptionally show that
interlayer AFM and FM are favored at shorter and longer
distances, respectively, although different functionals slightly
affect the AFM-FM transition distance (dt) (Table S5 [33]).
Particularly, PBE predicts dr = 3.45 A while HSE06 defers
it by 0.05 A. Spin-orbit coupling (SOC) reduces the energy
difference by 1-2 meV/Cr but keeps dr nearly unchanged
[Fig. 4(a) and Table S5 [33]). Effects of magnetic anisotropy
energies (MAEs) were also considered that are one order
of magnitude smaller than the AFM-FM energy differences,
which unlikely influence the ground state of a certain bilayer
(Table S6 [33]).

Figure 2(b) plots the U dependence of distance-dependent
FM-AFM energy differences and Table S7 [33] summarizes
the dependence of dr and magnetic moments. A smaller
U value of 2.0-4.0 eV shortens dr, however a larger U
value of 5.0-6.0 eV entirely eliminates the FM region and
enlarges the energy difference by 2.01 meV /Cr and magnetic
moment of 0.05 ug/Cr at the equilibrium distance (dg). Al-
though dr depends on the U value, the transition behavior
is well reproduced by the HSEO6 functional [green circles
in Fig. 2(a) and purple stars in Fig. 2(b)], which is usually
believed to better predict magnetic properties than DFT+U
methods do. Here, the linear-response method [48] deriving
U =4.5eV gives the upper limit of U. We are thus confi-
dent to claim the BSC-like behavior in the CrSe, bilayer.
This U-value dependent dr suggests the transition is, most
likely, relevant with Coulomb and Pauli interactions and elec-
tron kinetic energy because of their U dependence in DFT
calculations.

While the in-plane orbitals of Se primarily determine the
intralayer magnetism, the out-of-plane Se 4p, orbitals may
play a paramount role in interlayer magnetism. We thus focus
on the role of Se 4p, orbitals. In the CrSe, bilayer, two
interfacial Se 4p, orbitals overlap and hybridize into one
bonding and one antibonding state (Fig. S4 [33]). We mapped
the wave-function norm of this bonding state on the atomic
structure in Fig. 3(a) where an explicit overlapped region (OR)
is evidenced at the interlayer area, which could be effectively
considered as an area accumulating appreciable shared charge
from the two interfacial Se sublayers.

In the interlayer FM configuration [Figs. 3(b)-3(f)], in-
terfacial Se (Se_it, Se_ib) 4p, orbitals significantly overlap
[denoted by curved short-dashed lines in Figs. 3(b) and 3(c)],
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FIG. 2. Bethe-Slater-curve-like behavior in bilayer CrSe,. (a) Total-energy differences between the interlayer AFM/FM configurations as
a function of interlayer Se-Se distance ds._s. [marked with black arrow in Fig. 1(b)] for the CrSe, bilayer calculated using different functionals.
Here, PBE and HSEOQ6 energies were compared based on optB86b-vdW relaxed structures. Energy differences for the PBE-dDsC+UJ and the
HSEO6 results are plotted with scaling factors of 1/2 and 1/5, respectively. (b) FM-AFM energy differences evolution with different on-site U
values with a constant J value of 0.6 eV. The HSEOQG6 results were plotted for reference.

leading to charge transfers of the spin-1 (up) component from
interfacial Se 4p, to Cr t,, [indicated by curved red solid ar-
rows in Fig. 3(b)]. As aresult, the third Cr_bot (top) #,, orbital
becomes partially occupied [Fig. 3(c)] and the averaged local
magnetic moment of Cr enlarges by 0.05 ug, see Table S1
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[33], which lead to the intralayer sAFM to FM transition from
monolayer to bilayer through Cr-Cr double exchange, similar
to the CrS;, case [9]. Those charge transfers are supported
by differential charge density (DCD) plots (Fig. S5 [33]).
In addition, the transferred spin-1 (spin-up for simplification

FIG. 3. Spin-exchange coupling mechanisms of the CrSe, bilayer. (a) Side view of bilayer CrSe, with indicative of spin-exchange coupling
Js and mapped with the wave-function norms of the Se 4p, bonding state where an overlapped region (OR) was identified. Atoms at different
positions are marked with different colors. Panels (b) and (g) are schematics of the interlayer charge transfer and wave-function overlaps and
(c) and (h) illustrate spin-exchange mechanisms of the interlayer FM (b), (c) and AFM (g), (h) configurations, respectively. Spin-up and -down
electrons are represented by red straight-up and blue straight-down arrows, the length of which qualitatively represents the amount of spin-
polarized electrons. Red (spin-up) and blue (spin-down) curved arrows indicate the charge transfer (solid), wave-function overlap (dashed), and
electron hopping (dotted), respectively. Spin densities of the both configurations were plotted in (d) and (i), respectively, with an isosurfacevalue
of 0.0004 ¢/Bohr?. Red and blue contours denote spin-up and -down, respectively. The maximum value of the spin density is 0.6 ¢/Bohr?,
locating at the Cr site. Panels (e), (f) and (j), (k) visualize the wave-function norms of the spin-down (e), (j) and -up (f), (k) components
of the interfacial bonding states for both interlayer FM (e), (f) and AFM (j), (k), respectively. An isosurface value of 0.0015 ¢/Bohr® was

used.
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hereinafter) charge of Se p, to Cr leaves the spin-2 (spin-down
hereinafter) component predominated at the OR, as shown in
Figs. 3(e) and 3(f) and illustrated in Fig. 3(c).

We then focus on its interlayer spin-exchange coupling
mechanism for Js, as depicted in Fig. 3(c). The third 1,
orbitals of both Cr_top and Cr_bot are spin-up polarized and
partially occupied. The spin-up electrons of Cr_bot t,,, for
example, could hop into the Se_ib 4p, orbital and then reach
the OR upon excitation because they are spin-down polarized
and still allow spin-up electrons to occupy. Given the same
reason, the electron could go further from the OR to Cr_top
f¢ through Se_it 4p,, as denoted by the wavelike red dotted
arrow; this substantially lowers the kinetic energy of spin-up
electrons across the bilayer. This process is similar to double
exchange but is mediated by multiple sites. We thus termed
it “multi-intermediate double exchange.” However, we should
notice that the OR are effectively filled with two spin-down
fractional electrons, which violates the Pauli exclusion law
if OR is a real atomic site, giving rise to an appreciable
Pauli repulsive interaction (P). We used a modified interlayer
Hubbard model to describe it as follows:

H=- Z l‘,‘j(C;;Cja +H.c.)+ Z U,-n,-an
i,jo={,1 i

+ Z P(rnor_t,(rnor_b,(n
o=,

where the first and second terms are hopping and on-site
Coulomb contributions of the conventional Hubbard model
and the third term represents Pauli repulsion at the OR (more
strictly, between the two p, orbitals of Se_it and Se_ib).
Here, i and j span all four atomic sites, i.e., Cr_top (bot)
and Se_it(b), while the Pauli term is for the OR solely and
Ror t(or_b).c Tepresents spin-dependent occupation at the OR
contributed from Se_it (ib), see Supplemental Material Note
1 [33] (see, also, Refs. [54,55] therein) for details. In other
words, the third Pauli term accounts for the Pauli repulsive
energy between the overlapped p, wave fucntions of Se_ib
and Se_it. Because the CrSe, bilayer is metallic for the
interlayer direction (Fig. S7 [33]), it was usually believed that
t > U. If Pauli repulsion P could be further surmounted by
hopping ¢, the interlayer FM configuration is still favored,
otherwise, an interlayer AFM configuration is suggested.

The AFM bilayer also has the stacking induced charge
transfer and the interfacial wave-function overlap, but both
spin components are involved [Fig. 3(g)]. Thus, the over-
lapped wave function at the OR is composed of both spin
components [Figs. 3(h)-3(k)]. Charge transfers occurring in
the bottom and top CrSe, layers [denoted by solid arrows
in Fig. 3(g)] give rise to more strongly polarized Cr_bot and
Cr_top 1y, orbitals, antiparallel polarized Se_it and Se_ib 4p,
orbitals, and the nonpolarized OR, respectively, as illustrated
in Fig. 3(h) and depicted by spin density in Fig. 3(i) and
spin-dependent wave-function norms in Figs. 3(j) and 3(k).
Figure 3(h) shows two major differences for the AFM spin-
exchange coupling mechanism from the FM one. The spin-
nonpolarized OR indicates that Pauli repulsion P is largely
eliminated, which substantially lowers the total energy of the
bilayer. However, such configuration shortens the range that
a spin-polarized electron can move across the bilayer. We use

a spin-down electron of Cr_top #, (in blue) as an example.
It could hop into the Se_it 4p, site and then to the OR,
similar to the FM case, but further hopping to the Se_ib 4p,
site is forbidden because its spin-down component is fully
occupied; this appreciably lifts up the kinetic energy. Again,
if the lowered potential energy by eliminating Pauli repulsion
overcomes the risen kinetic energy, AFM is thus preferred as
the interlayer magnetic ground state.

In short, competition between the interlayer hopping (¢)
across the bilayer and the Pauli (P) and Coulomb (U) re-
pulsions at the OR determines the interlayer magnetism of
CrSe;,, resulting in the BSC-like behavior (Fig. 2). This phe-
nomenological picture is supported by the calculations of the
interlayer-distance dependent exchange-splitting (Coulomb),
bandwidth (hopping), and spin-polarized electron-density
(Pauli) of the interfacial Se p, orbitals (Fig. S6 [33]). At
shorter distances, the FM state shows largely reduced ex-
change splitting of the p, orbital, increased density of the
same spin component at the OR, and slightly enlarged band-
width of the interlayer bonding state. All these results prefer
the AFM state. Nevertheless, it is prone to favor FM with
increasing interlayer distance. An enlarged U value localizes
electrons and thus reduces the role of kinetic energy but
enhances that of Pauli repulsion, more preferring interlayer
AFM, consistent with our results shown in Fig. 2(b). At dr
of bilayer CrSe,, the more predominant Pauli repulsion finds
the interlayer AFM ground state with 0.05 A shorter interlayer
distance and 0.01 eV larger interlayer binding energy.

We extended our discussion to CrS, and CrTe, bilay-
ers. Figure 4(a) plots the energy-distance relations of CrX,
(X =S, Se, Te) revealed using HSE06(-SOC), each of which
follows the expected BSC-like behavior with different dr
values. The dr of 2.74 A for CrS, is 0.46 A shorter than
its dg of 3.20 A, at which it nearly yields the largest energy
difference, consistent with the strong FM in the literature
[9]. Although dy of CrTe, depends on the functional or U
value adapted or whether SOC was considered [Fig. 4(b) and
Table S8 [33]], the smallest predicted dr is 4.22 A, much
larger than its dg of 3.62 A, implying the interlayer AFM
in a broad spectrum of distance. Competition between Pauli
and Coulomb repulsions results in this element-dependent
transition-equilibrium distances relation, the details of which
are discussed in Figs. S7 and S8, and Tables S3 and S8 [33]
(see, also, Refs. [56-60] therein). We further generalized the
BSC-like behavior to VX, [6] and MnX, [4,61] bilayers, all
of which follow our expectation [Figs. 4(c) and S8 [33]).
The BSC-like behavior maintains even when a monoclinic
1T phase [60], as a special case, was considered for VTe,
(Fig. S9 and Table S4 [33]), suggesting the robustness of this
behavior.

In summary, we proposed a modified Hubbard model to
explain the interlayer FM and AFM ground states for nine
MX, M =V, Cr, Mn; X =S, Se, and Te) bilayers at dif-
ferent distances. Each of these bilayers contains an inter-
layer wave-function overlapped region. Competition between
Pauli and Coulomb repulsions at this region and kinetic-
energy gain across the bilayer leads to the BSC-like be-
haviors, i.e., distance-dependent AFM-FM transition, in all
considered MX; bilayers. Differently from the BSC behavior
in 3D magnetic materials, only a 0.05 A increase of inter-
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FIG. 4. Generalization of Bethe-Slater-curve-like behavior. (a) Distance dependent FM-AFM energy differences revealed with HSE06 for
CrS; (black), CrSe; (red), and CrTe, (blue) bilayers. Equilibrium positions of CrS,, CrSe,, and CrTe, are marked with black, red, and blue
dashed vertical lines. (b) Comparison of the BSC-like curves revealed with different on-site U values with the HSE06 ones for bilayer CrTe,.
All SOC results were shown in dashed lines while results without SOC are represented by solid lines. (c) AFM-FM energy differences for M X,
(M =V, Cr,Mn; X =S, Se, Te) bilayers calculated with PBE-dDsC+U]J (see Table S9 [33] for structural details).

layer distance, with an energy cost of tens of meV, could
induce the AFM to FM transition, illustrating the feasibility
of tuning magnetism by changing interlayer distance. While
“multi-intermediate double exchange” was termed for the
interlayer FM coupling, for the interlayer AFM coupling,
we could regard the X_it-OR-X_ib group as a superorbital
and M_top and M_bot atoms couple through this “superor-
bital mediated superexchange” mechanism. We can infer that
these two interlayer magnetic coupling mechanisms also work
for other strongly electronic coupled 2D magnetic layers in
which S, Se, or Te atoms sit between their vdW gaps, like
Fe;GeTe, and MnBi,Te4. In addition, these mechanisms also
suggest a giant magnetoelastic effect in 2D layers where
a small interlayer vertical displacement changes the total
magnetism.

Note added. Recently, we became aware that an extended
superexchange mechanism was proposed to address the mag-
netism in bulk CazLiOsOg [62], which is essentially similar to

our proposed superorbital mediated superexchange. We thank
Dr. Y. Guo for bringing this reference to us.
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