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ABSTRACT

The two-dimensional (2D) magnets provide novel opportunities for under-
standing magnetism and investigating spin related phenomena in several
atomic thickness. Multiple features of 2D magnets, such as critical temper-
atures, magnetoelectric/magneto-optic responses, and spin configurations,
depend on the basic magnetic terms that describe various spins interactions
and cooperatively determine the spin Hamiltonian of studied systems. In
this review, we present a comprehensive survey of three types of basic
terms, including magnetic anisotropy that is intimately related with long-
range magnetic order, exchange coupling that normally dominates the
spin interactions, and Dzyaloshinskii-Moriya interaction (DMI) that
favors the noncollinear spin configurations, from the theoretical aspect.
We introduce not only the physical features and origin of these crucial
terms in 2D magnets but also many correlated phenomena, which may
lead to the advance of 2D spintronics.

Keywords magnetic anisotropy, exchange coupling, Dzyaloshinskii—
Moriya interaction, two-dimensional magnets
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Wanger rigorously proved that both long-range
ferromagnetic (FM) and antiferromagnetic (AFM) order
are prohibited in a 2D isotropic Heisenberg model at
finite temperatures [1]. The exciting breakthrough
happens in 2017 that Huang et al. [3] and Gong et al. [2]
discover the long-range ferromagnetic order in 2D van
der Waals (vdW) crystals, Crl3 and CrGeTe;, with
magneto-optic Kerr microscopy respectively. Crl; mono-
layer is an Ising ferromagnet with Curie temperature (7;)
of 45 K, and CrGeTe; bilayer is a Heisenberg ferromagnet
with T, of 30 K. It is believed that magnetic anisotropy
removes the restriction of Merin—Wanger rules. Specifi-
cally, magnetic anisotropy opens up a spin-wave excitation
gap, which is necessary for occurrence of long-range FM
order at finite temperature. After the discovery of Crls
and CrGeTes, more and more 2D magnets with higher
T, are discovered, such as VSes, MnSes and FesGeTes
monolayers [4-6]. Besides FM systems, long-range AFM
order is also observed in atomically thin crystals of
FePS; and MnPS; [7, 8]. Recently, the 2D-XY magnet
with in-plane rotational symmetry is realized in CrClg
monolayer on graphene/6H-SiC(001), which demonstrates
that the long-range magnetism can survive in two-
dimension without easy axial anisotropy [9]. Advantages
of 2D magnets, such as miniaturization, flexibility, gate
tunability, and high interface quality, can be further
inherited by electronics devices harnessing them. The
intrinsic magnetism in two dimension opens the door
and further provides intensive opportunities for investi-
gating new physical phenomena/applications of spintronics
in atomic thickness. For example, the recorded tunneling
magnetoresistance of 19000% is achieved in vdW
magnetic tunnel junctions constructed by Crls multilayers
[10]; the magnetization of 2D Fe3GeTes can be effectively
switched by spin—orbits torques arising from flowing
current in adjacent heavy metal layer [11]; by fabricating
vdW heterostructure (HS), 2D magnets could give prox-
imity effects to 2D non-magnetic materials, which leads
to the emergence of non-trivial, spin-dependent transport
behavior of electrons, such as quantum anomalous Hall
effects, anomalous valley Hall effect and nonlinear helical
edge states [12-17]; and various topological spin configu-
rations, including skyrmion/antiskyrmion, bimeron,
vortex/antivortex, could originate from the cooperation
of different magnetic parameters and appear in 2D
magnets [18, 19].

All above-mentioned physical properties are closely
hinged on the basic magnetic terms, which describe various
spin interactions and cooperatively determine the spin
Hamiltonian of studied systems. Figure 1 shows the
schematics of three crucial terms, 1i.e., magnetic
anisotropy [Fig. 1(a)], exchange interaction [Fig. 1(b)]
and DMI [Fig. 1(c)], describing the preferred magnetization
direction, symmetric exchange coupling, and antisym-
metric exchange coupling respectively. In this review, we
first introduce the magnetic anisotropy of 2D magnets.

TOPICAL REVIEW
(a) Magnetic (b) Exchange  (c¢) Dzyaloshinskii—Moriya
anisotropy interaction interaction

Fig. 1 The schematics of (a) magnetic anisotropy,
(b) exchange interaction, and (c) Dzyaloshinskii-Moriya
interaction in two-dimensional magnets. (a) When spins are
aligned parallelly, there is always a preferred orientation of
spin vectors, which is referred as the magnetic anisotropy.
(b) Exchange coupling between two spins arises from electr-
ons’ antisymmetric wave function and can be classified as
direct (blue dashed line) and indirect (green and yellow
dashed lines) types. The indirect exchange couplings can be
established through connecting anion (green balls) or itinerant
electrons (yellow balls). (¢) For magnets lacking inversion
symmetry, Dzyaloshinskii-Moriya interaction is allowed
between neighboring spin sites, which favors the noncollinear
spin configurations. The spin tilting is due to the spin—orbit
scattering of the nonmagnetic electrons from the mediated
site (the red ball). Left and middle panel is produced from
Ref. [39].

We focus on its physical relationship with magnetic
order and physical origin of perpendicular magnetic
anisotropy (PMA) of some well-known 2D magnets.
Next, we discuss about the exchange interactions of 2D
magnets, including both bilinear and high order
exchange coupling. In this section, we introduce not only
the definition and physical origin of these exchange
coupling but also their crucial roles in determining
ground or excited states of 2D magnets. Then, we introduce
the DMI in 2D magnets from two aspects which are
unique physical features and role in stabilizing topological
quasiparticles. Finally, we summarize the contents of
this review and challenges that are urgent to be solved
in this flied.

2 Magnetic anisotropy of 2D magnets

2.1 Magnetic anisotropy and long-range magnetic order

The magnetic anisotropy of materials defines the
preferred direction of magnetization. Figure 2(a) shows
the influence of magnetic anisotropy on magnon density
of states in 2D and 3D magnets. For a 2D monolayer
without magnetic anisotropy, there is no spin wave exci-
tation gap. Based on spin-wave theory, the gapless
magnon will cause magnetic order collapsed in one- and
two-dimensional systems. However, the magnetic
anisotropy give rise the non-zero excitation gap [see Fig.
2(a)], which results in stability of long-range magnetic
order at finite temperature. For multilayer system,
magnon density of states (DOS) exhibit the step function
of energy, and for bulk system, magnon DOS is proportional
to the root of energy. Therefore, when thickness of the
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(a) Magnetic anisotropy-induced magnon excited gap
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Fig. 2 (a) Schematics of magnetic anisotropy induced magnon excitation gap for an isotropic Heisenberg model.
(b—e) Four most-widely applied models for describing the two-dimensional magnetism. (b) Heisenberg model: The spin vector
can be along any directions in 3D space. This model is applied for describing ferromagnetism in 2D magnets with weak
magnetic anisotropy, such as CroGesTeg (left panel) and V;Seg (right panel). (¢) Ising model: The spin is either up or down
along a given direction. This model is applied for describing magnetism in 2D magnets with strong magnetic anisotropy, such
as Crls (left panel) and FePS; (right panel). (d) 2D XY model: The spin is constrained in the XY plane due to the in-plane
magnetic anisotropy. CrCls monolayer grown on Graphene/6H-SiC (0001) has been demonstrated as a 2D XY magnet.
(e) Stoner model: Magnets exhibit the metallic feature and ferromagnetic order can be described by Stoner criteria. Stoner
model is applied for describing magnetism in FesGeTe; which even possesses the room-temperature ferromagnetism under
ionic doping (left and middle panels). The left panel is the density of states of FesGeTes applied for calculating the Stoner
criteria. (a) is produced from Ref. [39]. (b) is produced from Refs. [2, 20]. (c¢) is produced from Refs. [3, 7]. (d) is produced
from Ref. [9]. (e) is produced from Refs. [6, 29].

material keeps increasing, higher temperature is required
to ensure enough excitation for destroying magnetic
order. Above theory has been successfully used in
explaining the origin of long-range magnetic order in
some 2D magnets with PMA such as CrGeTes [2], V5Seg
[20], CrIs [3], and FePS; [7].

Ferromagnetism in CrGeTes is observed by scanning
magneto-optic Kerr microscopy [see left panel Fig. 2(b)]
and well described by the isotropic Heisenberg model
including perpendicular magnetic anisotropy [2]. In this
model, the spin vector is allowed to rotate in three-
dimensional space and thus can be written as (S;, Sy, S5).
V;5Ses thin films also possess characteristics of Heisen-

berg-type 2D ferromagnetism as shown in right panel of
Fig. 2(b) [20]. Notably, anomalous Hall effect and X-ray
magnetic circular dichroism are applied for measuring
the magnetism signals in VsSes. Compared with
CrGeTes, ferromagnetism in Crls is also observed by the
magneto-optic Kerr microscopy [see left panel of Fig.
2(c)] but described by the Ising model [3]. For Ising
systems, the spin only has two possible states, spin “up”
and spin “down ”. The hysteresis loops of Crls layers
with the external field perpendicular and parallel to
sample demonstrates the existence of strong PMA.
Besides ferromagnetism, Ising-type antiferromagnetism
has been observed in atomically thin FePS; [see right
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panel of Fig. 2(c)] by Raman spectrum [7].

Despite it is well known that PMA could stabilize 2D
magnetism by lifting the limitations from thermal fluc-
tuation [21-23], recent experiments show that it is not
the essential condition for the emergence of long-range
magnetic order. Magnets possess an easy plane rather
than magnetic anisotropy can be described by the XY
model. For a 2D XY magnet, the magnetic order can be
stabilized under a finite-size limit, and the Berezinsky-
Kosterlitz-Thouless (BKT) transition occurs at a critical
temperature [24-28]. Using X-ray magnetic dichroism,
Pinto et al. [9] observed that the in-plane magnetism in
CrCl; monolayer grown on Graphene/6H-SiC(0001)
exhibits a critical scaling behavior feature of a 2D-XY
system as shown in the Fig. 2(d). The left panel and
middle panel of Fig. 2(e) show the crystal structure and
temperature-dependent magnetization of FesGeTes. T
of pristine FesGeTe, monolayer is around 65 K [6]. Similar
to bulk, FesGeTey monolayer remains metallic [see right
panel of Fig. 2(e)]. The metallic character and non-integral
magnetic moment imply that stoner model should be
applied for understanding the origin magnetism [29]. For
Fe3GeTes monolayer, the stoner criterion is larger than
1, thus satisfying the condition of emergence of itinerant
ferromagnetic order.

For precisely obtaining the magnitudes of magnetic
anisotropy, the first-principles calculations based on the
density functional theory (DFT) are employed. The
magnetic anisotropy energy can be obtained by comparing
the energy difference between the system with in-plane
and out-of-plane magnetization. Notably, strong PMA of
1.60 and 1.56 meV/unit cell is reported in Crlz and
Fe3GeTey monolayers respectively [29-33]. With a spin
Hamiltonian such as: H = -3, . Ji;(S;-S;) — >, A(SE)?
where J and A represents the magnitude of exchange
coupling and PMA, one can obtain the energy dispersion
of magnon by performing the Holstein-Primakoff trans-
formation of spin operators [34]. The first-principles
calculations show that compared with CrCls monolayer,
the magnetic anisotropy of CrWClg monolayer is signifi-
cantly enhanced from in-plane —0.08 meV /unit cell to
out-of-plane 2.14 meV/unit cell [35]. Therefore, the
energy gap (Egp = 2AS, A and S represents magnetic
anisotropy and total spin quantum number) emerges at
I' point and the optical branch is shifted to the much
higher energy level in the resolved magnon spectrum,
which responds for larger enhancement of T,. Notably,
PMA-induced energy gap of magnon spectrum is also
reported in the MnBiyTes monolayer [36].

2.2 Perpendicular magnetic anisotropy in 2D magnets

Next, we discuss about the physical origin of PMA in
some well-known 2D magnets. For Crls monolayer, the
DFT Hamiltonian can be defined as: Hppp = Ho+
arHi* + ac, H¢ where H, and Hsoc represents the non-

relativistic and relativistic terms respectively [30]. The
magnetic anisotropy energy is dominantly contributed
by non-magnetic I atom. This interesting result is
further confirmed by the second-order perturbation
theory [32]. Specifically, the dominant contribution to
PMA of Crlz monolayer comes from the hybridization
between occupied spin-up p, and unoccupied spin-up p,
states of I atom. The strength of spin-orbit coupling of
5p orbitals in I is much stronger than that of 3d orbitals
in Cr. Similar feature is also reported in CrGeTe;
cmonolayer where the dominant contribution to PMA
comes from Te atom [37]. Above scenario clearly shows
that magnetic anisotropy could be modulated by electronic
states of outsides non-magnetic atoms with strong SOC.
By tuning interlayer distance of vdW HS, graphene/Nily,
the PMA of Nil; increases over 100% [38]. This enhance-
ment also arises from the variation of electronic states of
I. Meanwhile, it is believed that in CrGeTes; monolayer,
spin transition of 3d orbitals play crucial role in determining
magnetic anisotropy [39]. Spin-conserving (-converting)
transition between conduction and valence bands
contributes negative magnetic (positive) anisotropy
energy. DFT results show that by increasing U,y of Cr
to lower the energy level of majority spin in valence
bands, the spin-conserving transition is largely weakened,
resulting in that magnetic anisotropy energy of Cr is
tuned from —100 to 200 peV. For metallic FesGeTes,
strong PMA is intimately related with the electronic
states of Fermi surface. Thus, the magnetic of
anisotropy of FesGeTey can be effectively modulated by
electron/hole doping due to the Fermi level shifting [40,
41]. Moreover, the manipulation of perpendicular magne-
tization of 2D magnets via electrical approaches shows
the promising for the future spintronic devices. We note
that the field-free perpendicular magnetization switching
of FesGeTe, is already achieved under the assistance of
orbit-transfer torque in WTey/Fe3GeTe, heterostructure
[42]. By measuring the magnetization as a function of
magnetic field, Seo et al. [43] found that PMA of
(Feyr ,Co;)4GeTey could be tuned to be IMA when the
content of Co increases. Room-temperature PMA reaching
to 4.89 x 10° erg/cm? is confirmed in few-layer CrTey
by superconducting quantum interference device [44].
Interestingly, strong PMA is experimentally
observed in 2D magnets with layered metal-organic
frameworks, where ligand-to-metal charge transfer gives
rise that of anisotropy of magnetic atom [45].

even

3 Exchange coupling of 2D magnets

3.1  Bilinear exchange coupling

Now, we discuss about the exchange coupling between
two spins that arises from electrons’ antisymmetric wave
function. Bilinear exchange coupling can be simply written
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as: J;;(S; - S;), where J;; represents exchange coupling
strength. Since §; - S; = SWSJI + Sinjy + Siszz; J”(SZ . Sj)
only describes the system with isotropic and diagonal
exchange coupling terms. The bilinear exchange coupling
can be further defined as: ;- .J -S;, where J represents a
3 x 3 matrix containing not only diagonal but off-diagonal
symmetric terms. This matrix is written as

Jl‘m Jazy Jzz
J= me Jyy Jyz (1)
Jacz Jyz Jzz

Normally, off-diagonal terms are much smaller compared
with diagonal terms. By diagonalizing the matrix .J, one
can obtain its eigenvalues. The exchange terms in spin
Hamiltonian thus could be rewritten according to these
eigenvalues and specific crystal structures. When off-
diagonal terms in Eq. (1) cannot be neglected, there
could be sizable Kitaev interactions [46, 47]. Notably,
strong Kitaev that characterizes the
anisotropic contribution to exchange coupling emerges in
2D magnets with magnetic atom arranging in honeycomb
lattice, such as CrGeTe; and RuCl; monolayers [37,
48-58]. Moreover, it is rigorously proved that the ground
state of the 2D Kitaev model of honeycomb lattice is
quantum spin liquid with Majorana fermion excitations
[46, 47, 59]. Such states are hopefully applied in quantum
computing. For extracting magnitudes of exchange
coupling, energy mapping method is the most widely
used calculation algorithm [60]. All terms in j matrix
[Eq. (1)] could be easily obtained by comparing the
energy difference of supercells with various spin configu-
rations.

According to the Goodenough-Kanamori-Anderson
(GKA) rules [61-63], the superexchange coupling
between two nearest-neighboring (NN) magnetic cations
through intervening nonmagnetic anion is FM when the
bonding angle of metal-ligand—metal is close to 90°. On
the contrary, the direct exchange coupling between two
NN magnetic cation is AFM. The competition between
indirect FM and direct AFM couplings decides the final
magnetic arrangement. Importantly, two conditions
must be satisfied if above analysis works for 2D magnets.
The first one is that octahedral crystals enforce d
orbitals split into #, orbitals with low energy level and
e, orbitals with high energy level; and the second one is
that d orbitals are partly occupied. The left panel of Fig.
3(a) shows the schematic of exchange coupling between
two Cr atoms in Crls monolayer [64]. The e, +> p < ta,
superexchange allows FM coupling where the energy
difference between p and d orbitals is defined as the
virtual exchange gap [see right panel of Fig. 3(a)]. By
engineering the d orbitals splitting to lower this gap, the
energy barrier of electron hopping in the superexchange
process is consequently reduced, thus resulting the
significant enhancement of ferromagnetism [see Fig.

interaction

3(d)]. For magnetic atom with high spin configuration
(S = 5/2), indirect exchange coupling should be weakly
AFM [65-67]. Interestingly, intralayer ferromagnetism of
MnBiyTey contradicts to GKA rules due to the strong
hybridization between empty p orbitals of Bi and bridging
Te atom [68].

Under tetrahedral crystal field, d orbitals split into e
orbitals with low energy level and % orbitals with low
energy level. Tight-binding model shows that e +» p <+t
superexchange prefers FM coupling, however, the e < e
and t, <> to direct exchanges prefer AFM coupling, and
the strength of e <+ e is much less than that of ¢, < ¢,
[69]. This situation is quite similar with GKA rules
where e, <> p > to, superexchange and e, «» e, /ta, ¢ ta,
direct exchange prefers FM and AFM coupling respec-
tively. It is expected that strong AFM exchange
coupling emerges when 3d orbitals are no less than half-
filled, otherwise, strong FM coupling is achieved. This
result has been further demonstrated in various 2D
magnets with pdm2 crystal symmetry [70]. Obviously,
both direct and indirect exchange coupling between
magnetic atoms is intimately related with electron occu-
pation of outside orbitals. Therefore, different ground
states could emerge under various Uy that describes the
electronic correlation effects. One interesting example is
Hf;VCoFy MXene. As Uy of V increases from 0 to 4 eV,
HfVCsFy MXene is  tuned from metal without
magnetism to semiconductor with 120° noncollinear
AFM ground state [71]. This noncollinear magnetism
state arises from the spin frustration effect that is later
observed in Nils monolayer [see Fig. 3(b)]. The first-
principles calculations show that the NN J; reaches to
7.0 meV favoring FM coupling while the third-nearest-
neighboring (TNN) J; reaches to —5.8 meV favoring
AFM coupling [72]. The cooperation of spin frustration
and anisotropy of short-range symmetric exchange
coupling stabilize the triangular lattice of antibiskyr-
mions appear in Nil, monolayer [see Monte Carlo simu-
lations-obtained spin textures in Fig. 3(e)]. By applying
the generalized Bloch theorem, the energy of spin system
can be calculated as the function of spin spiral vector
[73]. Notably, the minimized energy does not appear at
I' point rather than one position in '—M direction,
corresponding to noncollinear spin states. Importantly,
spin helical states in Hf;VCoFs or Nily could generate
electrical polarization that is perpendicular to the helical
plane, which is called as type-II multiferroics [74-76].
The ferroelectric polarization could arise from different
mechanisms such as spin current and inverse DMI. Very
recently, electrical polarization [see Fig. 3(f)] and chiral
magnetic ground state in Nilp monolayer has been
detected by birefringence and second-harmonic-generation
measurements and circular dichroic Raman measure-
ments, which confirms the existence of multiferroelectri-
city [77].

Besides the bilinear

exchange coupling between

Qirui Cui, et al., Front. Phys. 18(1), 13602 (2023)
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Fig. 3 Bilinear exchange coupling in 2D magnets. (a) Ferromagnetism in 2D magnets with octahedral crystal field, such as
Crl3, normally arises from the indirect exchange coupling. Via tuning energy splitting between ty, and e, orbitals to decrease
the electron hopping barrier, the FM exchange coupling could be obviously enhanced resulting in the enhancement of Curie
temperature as shown in (d). (b) Some 2D magnets, such as Nil, monolayer, possess strong spin frustration that the first-
neighboring and second (third)-neighboring exchange coupling has the similar magnitude but opposite sign. Spin frustration
could give rise the noncollinear spin configurations as shown in (e). (f) Moreover, the ferroelectricity probably originates
from the specific noncollinear spin configurations, which thus makes system possess multiferroelectricity. (c¢) For vdW
magnets, the bilinear exchange coupling also emerges between magnetic atoms in different layers, in other word, determining
the interlayer magnetism. (g) Therefore, changing stacking configurations to modulate electron hopping path can results in
the interlayer ferromagnetism-antiferromagnetism phases transition. The phenomena have been observed in Crlz and CrBrs
bilayers by the spin polarized STM. (a) is produced from Ref. [64]. (b, d) is produced from Ref. [73]. (c¢) is produced from

Ref. [8

intralayer magnetic atoms, interlayer exchange coupling
also plays crucial role in determining magnetic properties
of 2D magnets. For example, interlayer exchange
coupling of Crls bilayer can be transferred from AFM to
FM states by applying bias voltage or external magnetic
field [10, 78-84]. Based on the first-principles calculations
and tight binding model, Xu et al. [85] elucidated that
the AFM-to-FM phase transition arises from the electric
field-induced energy splitting between electronic states
of the top and bottom layers. The interlayer magnetism
also intimately correlated with the stacking configurations
[86-91]. Using first-principles calculations, Sivadas et al.
[86] showed that FM interlayer exchange coupling in
bilayer Crlz with AB stacking (low-temperature phase)
could be tuned to be AFM in bi-Crls with AB’ stacking
(high-temperature phase). They propose that interlayer
exchange coupling is dominated by super-super-exchange
through Cr-I-I-Cr, and the stacking variation influences
the interlayer exchange paths and numbers between two
Cr atoms [see Fig. 3(c)]. As shown in Fig. 3(g), the
stacking-dependent interlayer magnetism is further
demonstrated in bi-CrBrs by spin-polarized scanning
tunneling microscopy [88]. Moreover, Wang et al. [92, 93]
reported the interlayer distance-dependent magnetism in

6]. (e) is produced from Ref. [72]. (f) is produced from Ref. [77]. (g) is produced from Ref. [88].

MX; (M =V, Cr, Mn; X = S, Se, Te) bilayer where the
exchange coupling is determined by the spin alignment
of interlayer region. For bilayer with shorter interlayer
distance, Pauli repulsion favors antiparallel arranged
spins leading to interlayer AFM coupling, while for
bilayer longer distance, Pauli repulsion is balanced by
the kinetic-energy gain thus leading to interlayer FM
coupling [92].

3.2 High-order exchange coupling

The high-order exchange coupling, such as biquadratic
interaction, also plays crucial roles in determining
magnetic properties of 2D magnets. In a non-Heisenberg
spin Hamiltonian:

H=- Jij
2o
- Z , Fis (S-S5 )7
where J;; represents bilinear exchange coupling, A repre-
sents magnetic anisotropy and K;; represents

biquadratic exchange interaction [94, 95]. This high-
order interactions arises from two electrons hopping

Z A(S?)?
(2)
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between different magnetic atoms as shown in Figs. 4(a)
and (b) [96]. Specifically, there are two electrons
hopping between spin sites with 3d valence electrons,
and the corresponding biquadratic exchange is mediated
by non-magnetic atoms with p valence electrons [see Fig.
4(b)]. By rotating spin orientation, the total energy can
be written as: EF = —JS?cosf — KS%cos’0 — Ey, where 6
represents the angle between two spin vectors. Then, the
explicit value K of biquadratic exchange interaction is

determined by fitting energy dispersion of ¢ [96]. Figure
4(e) shows the normalized magnetization versus temper-
ature T for Crls monolayer whose K reaches 0.21 meV.
One can see that a higher T, is expected when K is
considered in Monte Carlo simulations. Moreover, by
comparing with experimental data [3], it is proved that
non-Heisenberg model gives a better description of
temperature-dependent magnetism. Furthermore, DMI
is considered in spin Hamiltonian as

High-order interactions (e
Tov=45K
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Fig. 4 High-order exchange coupling indicates that the superexchange process through the non-magnetic atom and the
Coulomb repulsion at neighboring spin-sites involving more than one electron. (a, b) Biquadratic exchange coupling, which
is also called as two-body fourth order interactions, belongs to two involving two electrons hopping between M and My sites.
(¢, d) Besides two-body fourth order interactions, three-body and four-body fourth order interactions also play crucial roles
in determine magnetic features of materials such as Fe3GeTe; monolayer. (e) Sizable biquadratic exchange coupling could
favor the collinear spin configurations. For Crls monolayer, the model without considering the biquadratic underestimate the
Curie temperature. (f) Monte Carlo simulations show that in NiCly monolayer, strong biquadratic exchange coupling transform
the spin spiral ground state into the uniform ferromagnetic state. (g) Four-body fourth order effectively increase the energy
barrier of skyrmion collapse, thus favoring the formation of non-collinear magnetism. (h) The high-order interactions, including
two-body, three-body, and four-body interactions, play crucial roles in stabilizing topological magnetism in FesGeTes mono-
layer. (a, b, e) are produced from Ref. [96]. (¢, d, h) are produced from Ref. [105]. (f) is produced from Ref. [73]. (g) is
produced from Ref. [102].
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_ _ Z)?
H==3" i (508)) = 3 A(S)
_Z 5 i (S -S;)” Z(i,ﬂDU-(Siij),

where D;; represents the DMI vector between spin site ¢
(S;) and j (S;). Despite the NN DMI vanishes due to
inversion symmetry, the next-nearest-neighboring (NNN)
DMI is non-negligible as inversion symmetry breaking.
Using Holstein—Primakoff transformations [34], magnon
dispersions are calculated based on Eq. (3). Notably,
spin Hamiltonian containing biquadratic exchange inter-
action and DMI captures entirely most profiles of
magnon dispersions measured by inelastic neutron scat-
tering [97, 98]. Moreover, Wahab et al. [99] reveald that
chiral domain wall with hybrid characteristic of Neel
and Bloch types could arise from the cooperation of
magnetic interactions shown in Eq. (3) and quantum
rescaling effects. In all NiXy (X = Cl, Br, I) monolayers
[see Fig. 3(b)], NN and TNN J have opposite signs,
implying that NN and TNN J favors FM and AFM
order respectively. spin frustration-induced
nonlinear magnetism is only observed in NiBry and Nily,
and ground state of NiCl, turns to be linear ferromagnetism
[100, 101]. Ni et al. [73] applied the machine learning
methods to construct spin Hamiltonian and find that
NiCly possesses giant K (~0.54 meV). NiCly clearly
exhibits linear FM behavior rather than noncollinear
magnetism as K is included in spin Hamiltonian [see
Fig. 4(f)).

Besides enhancing ferromagnetism, high-order interac-
tion could play crucial roles in stabilizing noncollinear
spin configurations. We next introduce other high-order
terms into spin Hamiltonian as

H=-Y"17; (88

Z A(S7)?
(i.5)

— Y Yiu(Si-8;)(8;-S,)
)

— E Tijkl(si'sj)(sk'sl)*g D;;-(8;x8;),
(i,4,k,1) (i,5)
(4)

where Y, and T;; represents the amplitude of three-
site and four-site four spin interactions respectively. In
transition metal multilayers, four-site four spin interaction
enhance the energy barrier [see Fig. 4(g)], thus avoiding
the collapse of skyrmion/antiskyrmion into the FM state
[102]. Interestingly, both Neel- and Bloch-type
skyrmions are observed experimentally in FezGeTes
multilayers although the DMI is prohibited due to inversion
symmetry [103, 104]. Figure 4(c) shows the side view of

(3)

However,

— " Ki;(S:-S;)

(i,9)

sin [kp (|Ry| + |Ryj| + |Ryj) +

Fe3GeTey where different types of Fe atom are detailly
labeled [105]. Xu et al. [105] elucidated all possible
fourth-order interactions of FesGeTe; [see dashed circles
of Fig. 4(d)] and demonstrate that Neel-, Bloch- and
mixed-type chiral spin configurations can be stabilized
in pristine Fe3GeTey monolayer [see Fig. 4(h)] when
these interactions are considered in spin Hamiltonian.

There could be intensive interaction terms between
various spin sites in real magnets besides bilinear and
high-order exchange coupling, which makes calculation
of these terms very complicated and time-consuming.
For solving this challenge, Li et al. [106] proposed a
machine learning approach combined with first-principles
calculations to generate the realistic Hamiltonian which
includes all important interaction terms in realistic
materials. Furthermore, Yu et al. [107] proposed that an
artificial neural network and a local spin descriptor
could be applied to construct appropriate spin Hamiltonian
for any magnets, even for magnets with topological
ground states.

4 DMI of 2D magnets

4.1  Microscopic origin of DMI

As a fundamental magnetic parameter, DMI, also known
as antisymmetric exchange coupling, has gained intensive
attention in the last two decades due to its critical role
magnetic skyrmions. In 1958,
Dzyaloshinskii [108] first proposed this interaction to
explain the origin of weak ferromagnetism in some AFM
crystals, such as a-FesO3, MnCOg3, and CoCOs. Specifi-
cally, an asymmetric term should be included in the free
energy of these AFM crystals and is written as:
Epyr =D - (Si x S;). Contrary to the Heisenberg
exchange coupling arranging spin collinearly, DMI drives
spin to be perpendicular to each other. The competition
between these two interactions finally results in tilting
of spin from the collinear direction and generating the
weak ferromagnetism in AFM crystals. In 1960, by
extending Anderson’s superexchange interaction theory,
Moriya [109, 110] further proved that DMI arises from
the joint effects of superexchange between spins and
SOC in magnetic insulator with inversion symmetry
breaking. He also gave the specific relationship between
DMI vector and crystal symmetry termed as Moriya
rules. In 1980, Fert and Levy elucidated that in CuMn
spin-glass alloy, DMI between two magnetic atoms arises
from the spin—orbit scattering of conduction electrons by
nonmagnetic impurities [111, 112]. The resultant DM
vector is read as

in formation of

D;j; (R, R;j,R;;) = -V

|Ru|’| Ry’ | Ry

(m/10) Za) (Rui - Ryj) (Rii X Ryj) (5)
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where Ry, R;; and R;; are the corresponding distance
vectors between magnetic atoms and nonmagnetic impu-
rities, and V; is a SOC-governed material parameter and
proportional to the SOC strength of impurity d orbitals.
One can see that in Fert-Levy model, DMI depends on
the relative positions of magnetic atoms and nonmagnetic
impurities, and significant DMI is expected when impurities
possess strong SOC. In 2015, Zhang et al. [113] proposed
that DMI mediated by spin-polarized conduction electrons
could arise from Rashba SOC termed as Rashba-type
DMI.

4.2 DMI-induced topological quasiparticles

The DMI plays crucial role in stabilizing various types
of topological quasiparticles in real space like skyrmion,
skyrmionium, and bimeron [114]. Due to possessing
multiple advantages including miniaturization, stable
morphology, and current tunability, etc., magnetic
skyrmions are promising for applications in the next-
generation spintronic devices with high density and low-
energy consumption. The earliest discovery of skyrmion
is in the non-centrosymmetric B20 crystals such as MnSi
[115], FeCoSi [116] and FeGe [117]. In the past decades,
many efforts have been devoted to achieving strong DMI
in ferromagnetic metal/heavy metal multilayers which
can host room-temperature topological magnetism
[118-121]. By combining cobalt and 2D materials
(graphene/boron nitride) to fabricate HS, Rashba-type
DMI is achieved at the interface due to potential gradient
[122-125]. Recently, the 2D magnets arise intensive
attention due to their appealing physical properties, and
they hopefully replace the traditional bulk magnets or
magnetic multilayers and lead to the development of
ultracompact spintronic devices. Interestingly, both
experimental and theoretical works have demonstrated
that sizeable DMI and topological magnetism can be
realized in 2D magnets and their HSs. Liang et al. [126]
showed that very large DMI is achieved in Janus 2D
magnets without inversion symmetry [see left panel of
Fig. 5(a)]. They found that isotropic DMI of MnSeTe
and MnSTe monolayers [see orange arrows in left panel
of Fig. 5(a)] reaches to 2.14 and 2.63 meV, respectively
[126]. These values are even comparable to those state-of-
the-art ferromagnetic metal/heavy metal HSs, such as
CoPt [120] and Felr [127, 128]. The Monte Carlo simula-
tions further elucidate that due to the competition of
DMI, FM exchange coupling and magnetic anisotropy,
chiral domain wall appears in MnSeTe and MnSTe and
is further turned into Néel-type skyrmion particles via
applying external magnetic field [see right panel of Fig.
5(a)]. Notably, isotropic DMI and it-favored various
types of topological magnetism has also been predicted
in many stable 2D Janus magnets, such as Cr(I, X)3 (X =
Cl, Br), CrTeX (X = S, Se), CrGe(Se,Te);, 1T-VXY
(X# Y, X, Y=S5, Se, Te), MnBiy(Se, Te)y, CrInX; (X =

Te, Se), and ACrX, (A =Li, Na; X =S, Se, Te) monolayers
[129-135]. Besides topological magnetism, 2D Janus
magnets provides a fertile platform for realizing other
intriguing spintronic phenomena, such as half-metallic
electronic states, gate/strain/stacking-tunable magne-
tism, colossal PMA, and spontaneous valley polarization
[136-141]. Notably, anisotropic DMI [see orange arrows
in left panel of Fig. 5 (b)] can also be achieved in 2D
magnets with PZm2 symmetry like AX, [142] and
ACuX; [143] monolayers (A = 3d transition metals, X=
VI-A or VII-A elements). Right panel of Fig. 5(b) shows
the antiskyrmion particles stabilized by anisotropic
DML

One crucial task for practical application of topological
spin textures is searching or developing electric method
that can effectively manipulate these spin textures.
Compared with traditional methods such as spin-polarized
current, thermal excitation, and external magnetic field,
electrical field is a much more energy-dissipationless
method for controlling magnetism [144-147]. Due to
integrating ferroelectricity, magnetism, and inversion
symmetry breaking, multiferroic monolayer provides an
ideal platform for realizing electrical field-controlled
topological magnetism mediated by the DMI chirality
reversal. Xu et al. [148] attested that the electrical field
can flip the in-plane polarization of VOI, monolayer,
resulting in the reversal of DMI vector. MC simulations
further show that topological charge of the bimeron in
VOI; monolayer is switched due to the reversal of DMI
vector. Simultaneously, Liang et al. [149] demonstrated
that out-of-plane electric polarization reversal in multi-
ferroic monolayers such as CrN, CuVPsSes, and
CuCrP,Seg can reverses the chirality of DMI as shown in
left panel of Fig. 5(c). Accordingly, they define multiple
skyrmion states based on the chirality and magnetization
directions of skyrmion core [see right panel of Fig. 5(c)].
Furthermore, Shao et al. [150] showed that multiferroic
monolayer can be built by intercalating magnetic atoms
into nonmetallic transition-metal dichalcogenide bilayers
[see left panel of Fig. 5(d)], which provides additional
material candidates for electrical field-controlled
skyrmion chirality as shown in Fig. 5(d).

VAW materials are easily stacked together to
construct homo/heterostructures without considering
lattice mismatch. Due to proximity effects or interfacial
charge transfer, coupling 2D magnets to other nonmag-
netic/magnetic vdW materials could modify their
magnetic characteristics. Moreover, the inversion
symmetry is naturally broken in the HSs, thus allowing
the emergence of DMI. Notably, a large DMI energy of
1 mJ/m? is realized in in WTey/ FesGeTey HS, which
leads to the formation of Neel-type skyrmion and chiral
domain wall [151], and the Neel-type skyrmion and
skyrmion crystal have been observed in Fe3GeTes multi-
layers where the oxide interface gives rise DMI as shown
in Fig. 5(e) [152]. The left panel of Fig. 5(f) shows the
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13602-9



/)

/P FRONTIERS OF PHYSICS TOPICAL REVIEW

DMI-favored magnetic skyrmion

(a) 2D Janus magnets 2D multiferroic

(¢) Multiferroic monolayer

5.0 4.6
-~ | P P
< £ my g 0
5 0.0 2 A+ C.
g S o
= 0O O
3 QOO

-0k : J-46

0.5 0.0 05
U (V/A)

(d) Multiferroic materials based on TMDsT
P

PLMT

vdW heterostructures

(e) Oxidized-Fe,GeTe,/Fe;GeTe, HS
OTe OFc ©Ge 00 LTEM-resolved spin textures
B.=0mT

(f) Cr,Ge,Tey/Fe,GeTe, HS

(g)

Dirac Topological
magnon magnon [/ 0] (rLu) [h h] (rlu.)

Fig. 5 DMlI-induced topological quasiparticles. (a) The inversion symmetry breaking in 2D Janus magnets allows the
isotropic DMI between neighboring spin sites as indicated by orange arrows. The Monte Carlo simulations show that topological
magnetism, such as skyrmion lattice, is stabilized by the DMI. (b) P4m2 symmetry results in the anisotropic DMI as indicated
by orange arrows. This anisotropic DMI could favor the formation of novel topological quasiparticles such as antiskyrmion.
The inversion symmetry breaking and electric field-controllable magnetic properties in (c¢) multiferroic monolayer and
(d) multiferroic materials based on transition-metal dichalcogenides open the opportunities for using electric field to manipulate
the topological magnetism. The skyrmion particles is experimentally observed in vdW heterostructures based on the 2D
magnets, (e) oxidized Fe3GeTez/FezGeTes heterostructure and (f) CroGesTeg/FesGeTes heterostructure, by Lorenz transmission
electron microscope and topological Hall effects, where noncollinear magnetism is stabilized by the interfacial DMI. (g) The
next-neighboring DMI as indicated in (h) opens the non-trivial gap in magnon spectrum, which thus gives rise the topological
magnon. (i) The non-trivial magnon gap is first observed in vdW magnets Crl3 by neutron-scattering microscopy. (a) is
produced from Ref. [126]. (b) is produced from Ref. [142]. (c¢) is produced from Ref. [149]. (d) is produced from Ref. [150].
(e) is produced from Ref. [152]. (g) is produced from Ref. [153]. (g) is produced from Ref. [163]. (h, i) are produced from
Ref. [97].
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schematic of DMI in CrGeTe3/Fe3GeTey HS. Since there
are two types of DMI in different FM layers, two kinds
of skyrmion particles are measured by the topological
Hall effects as shown in right panel of Fig. 5(f) [153].

Magnetoelectric effects in multiferroic vdW HSs
constructed by 2D magnets and 2D opens novel oppor-
tunities for electrical field-controlled topological
magnetism [154-159]. For example, Sun et al. [154]
reported that the creation and annihilation of bimerons
can be achieved in LaCl/InsSes HS by switching polar-
ization direction of InsSe;. The inversion symmetry
breaking of HS gives rise the in-plane DMI between La
atoms, and the topological magnetism is controlled by
the polarization-dependent magnetic anisotropy. More-
over, Cui et al. [133] proposed a kind of FE-controlled
topological magnetism strategy in Janus-magnet-based
multiferroic HS MnBiy(Se, Te)4/IngSes. They demonstrate
that various topological spin textures, including loops of
vortices and antivortices and skyrmions, can be realized
in this HS, and switching the direction of FE polarization
of InySes induces the transformation between different
topological phases.

Besides above introduced topological spin configurations
in real space, DMI can induce topological quasiparticle
in reciprocal space. The magnon is a collective spin exci-
tation in crystal lattice, which can be considered as a
quantized spin wave. Topological magnon spectrum can
emerges in a simple model where spin vectors arrange in
the honeycomb lattice. When the spin Hamiltonian only
contains Heisenberg exchange coupling, two Dirac cones
appear at K and K’ points in magnon spectrum [see left
panel of Fig. 5(g)]. By introducing the DMI vector
perpendicular to the lattice plane between the next as
shown in Fig. 5(h), non-trivial magnon gap is achieved
[see right panel of Fig. 5(g)] which leads to the quantized
Chern number and chiral edge state [160-163]. We note
that gapped magnonic topological insulating phases have
been observed by inelastic neutron scattering [see Fig.
5(1)] in vdW layered magnets such as Crls, CrSiTe; and
CrGeTes [97, 98, 163].

5 Summary

In summary, we introduce physical features and origin
of the magnetic anisotropy, exchange coupling, and DMI
in 2D magnets and overview the correlated physical
phenomena. Despite strong PMA favors robust ferro-
magnetism or antiferromagnetism, long-range magnetic
in materials with “easy-plane ”
anisotropy. The magnetic ground state is normally
dominated by spin exchange coupling that can be
divided into bilinear and high-order exchange coupling.
Particularly, spin frustration effects and high-order
exchange coupling could generate nonlinear spin configu-
rations, further leading to novel magnetoelectric effects.

order can survive

The DMI, favoring the spin spiral, have been demonstrated
to be able to stabilize various topological quasiparticles
in both real and reciprocal spaces. As we can see, realizing
effective manipulation and cooperation of magnetic
anisotropy, exchange coupling, and DMI in 2D magnets
can open novel opportunities in the formation of exotic
spin configurations and pave the pathway for discovery
of new physics in spintronics.

Finally, it should be noted that there are still challenges
in calculations of magnetic parameters in realistic mate-
rials. For explicitly obtaining values of interaction terms
in spin Hamiltonian, we need to calculate the DFT
energy of a supercell with different spin configurations
and resolve corresponding equations. However, this
method requires us to first assume important interactions
in spin Hamiltonian, meaning that some crucial high-
order terms or long-range interactions may not be
considered. Despite significant progress have been made
under the assistance of machine learning algorithm,
tremendous DF'T energies of supercell is necessary. Also,
it is still hard to calculate spin interactions in realistic
systems of large scale and/or with strongly correlation
effects. Therefore, the development of novel computational
approaches combining low computational cost and high
accuracy is urgently expected for overcoming these prob-
lems.

6 Outlook

2D magnets provide a fertile and intriguing platform for
investigating condensed matter physics [164, 165]. Since
it can be easily stacked with various disimilar vdW
materials, many spin-related phenomena, such as
magnetoelectric/magnetoptic effects and topological/
quantum matter phases, are hopefully achieved in
several atomic thickness. Despite some important
progress have been achieved, there are several possible
research directions in future. (i) Exploring unexpected
phenomena. As we mentioned before, combining 2D
magnets with other vdW materials leads to the discovery
of novel physicsl phenomena. However, many important
matter states in real/reciprocal spaces, such as AFM
skyrmion in synethic antiferromagnets and domain-
controlled quantum anomalous Hall effects, have not
been invesitgated in 2D magnets-based systems. (ii)
Exact dynamic properties of topological magnetism in
2D magnets. It is well known that the ISB-induced DMI
could stablize topological magnetism. However, the
dynamic properties, such as spin-polarized current-
driven motion speed and trajectory, of topological
magnetism in 2D magnets are still unclear. If topological
magnetism is considered as information carrier in future
electronic devices, the current-driving behavior have to
be clarified. (iii) Specific structures of spintronic devices.
After figuring out the physical phenomena, we need to
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design some protypes of spintronic devices that can
make full use of advantages of 2D materials and judge
its performance by comparing with traditional and
commercially used devices such as STT-MTJ, which
thus provides direct guidance for experimental and
industrial research.
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