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We identify a valley-polarized Chern insulator in the van der Waals heterostructure, monolayer
PtoHgSes /monolayer Crls, for potential applications with interplay between electric, magnetic,
optical, and mechanical effects. The interlayer proximity magnetic coupling nearly closes the band
gap of monolayer PtoHgSes and the strong intra-layer spin-orbit coupling further lifts the valley
degeneracy by over 100 meV leading to positive and negative band gaps at opposite valleys. In
the valley with negative gap, the interfacial Rashba spin-orbit coupling opens a topological band
gap of 17.8 meV, which is enlarged to 30.8 meV by adding an A-BN layer. We find large orbital
magnetization in PtoHgSes layer that is much larger than spin, which can induce measurable optical
Kerr effect. The valley polarization and Chern number are coupled to the magnetic order of the
nearest neighboring Crls layer, which is switchable by electric, magnetic, and mechanical means
in experiments. The presence of h-BN protects the topological phase allowing the construction of
superlattices with valley, spin, and layer degrees of freedoms.

Introduction.— The inequivalent electronic band ex-
trema of graphene at K and K’ inspired the development
of valleytronics [1], which encodes information in the val-
ley binary and focuses on its generation, manipulation,
and detection [2, 3]. With breaking inversion symme-
try, the valley contrasting orbital magnetic moment and
valley Hall effect have been demonstrated and material-
ized in transition metal dichalcogenides (TMD) monolay-
ers [4, 5]. In these materials, the generation and manipu-
lation of valley polarization have been realized by optical
or magnetic fields [6-19]. Despite such successes in ex-
periments, these methods are difficult to be scaled, which
limits the potential future application. Electrical control
of valley degree of freedom, which is scalable and more
compatible with the current semiconductor technology,
is thus still highly desired.

The electrical generation of valley polarization can be
achieved, when the valley degeneracy is lifted by breaking
the time reversal symmetry [12-18] that can be achieved
by applying magnetic field or proximity coupling to mag-
netic substrates [20-33]. By using bulk magnetic sub-
strate, valley splitting in TMD layers is observed, but the
magnitude is limited to several meV [23, 24]. Moreover,
to manipulate the valley polarization one needs to switch
the magnetization of the bulk substrate, which is however
very challenging to be achieved by electrical means. In
contrast, recent development on two-dimensional van der
Waals (vdW) magnets [34, 36, 39-42] opens up such pos-
sibility [31-33, 40-43]. Crls monolayer has a very strong
intralayer ferromagnetic order with out-of-plane magne-
tization. The ground state of bilayer Crls has intralayer
ferromagnetic and interlayer antiferromagnetic order [35—
38]. Switching of magnetization of Crls few layers have
been achieved in experiments by applying electric or mag-
netic fields or external strain [36, 39], which allows the

construction of valley-field effect transistor and other de-
vices with interplay between electric, magnetic, optical,
and mechanical effects.

A proper material candidate showing large valley po-
larization induced by Crlj is however still lacking despite
several attempts. In TMD/Crls heterostructure, the val-
ley splitting is limited to few meV due to the band align-
ment faulty [32, 33, 43]. Besides, the energy bands of
Crlj; lie inside the band gap of TMD materials. This al-
ters the intrinsic band structure of TMD layers and can
even close its band gap [43]. In stanene/Crls heterostruc-
ture [44], though the valley splitting energy bands are re-
alized, they show strong overlapping with the substrate’s
bands.

In this Letter, we propose an ideal material sys-
tem, PtoHgSes/Crl;, showing large valley splitting and
nonzero Chern number. In the absence of spin-orbit
coupling (SOC), the interlayer magnetic proximity effect
nearly close the band gap of PtoHgSes. The strong intr-
layer SOC induces energy gaps with opposite signs in K
and K’ valleys leading to large valley splitting over 100
meV. The interfacial Rashba SOC further opens a gap
of 17.8 meV with nonzero Chern number in the nega-
tively gapped valley. In PtoHgSes layer, we identify a
large orbital magnetic moment that is larger than that
from spin, which can induce orbital-magnetization based
optical Kerr effect. We find that the valley polarization
and Chern number are coupled to the magnetism of the
nearest neighboring Crls and are robust against the in-
creasing of the Crls thickness. In the presence of an h-BN
layer, we find that the topological band gap can be en-
larged to 30.8 meV whereas the valley splitting remains
large. The protection provided by hA-BN layer further
allows the construction of superlattices with valley, spin
and layer degree of freedom.



- ---w/o soc
— with soc

N"—0.00—0—00.
&7 . 7N Aof
Q/_";*O :R?PZ*O ;)S‘"‘PO 05

FIG. 1. (a) The structure of PtoHgSes/Crls heterostructure.
The pink, silvery, green, blue and purple balls are for Hg,
Pt, Se, Cr and I atoms, respectively. do represents the op-
timized vdW gap and the two buckled Hg sites are respec-
tively denoted as Hgi, Hge. (b) Band structure of monolayer
PtoHgSes without and with SOC, respectively.

Atomic Structures.— We focus on the PtoHgSes-based
heterostructure as displayed in Fig. 1(a). The bulk
PtoHgSes is experimentally demonstrated as a dual-
topological semimetal [45], which can be exfoliated down
to few layers that are expected to be stable under am-
bient condition [46]. The Hg atoms, which contribute
dominantly to the energy bands near the Fermi energy,
form a buckled honeycomb lattice. The electronic struc-
ture of a free-standing PtaHgSes monolayer is plotted
in Fig. 1(b). In the absence of spin-orbit coupling, linear
dispersion exists around K and K’ points by dashed lines.
When the spin-orbit coupling is further included, a large
band gap opens as plotted by solid lines, which indicates
that PtoHgSes can be considered as a Kane-Mele type
topological insulator [47-49].

By placing PtoHgSes on Crlz, the magnetism can
be induced from the proximity effect, which depends
strongly on the atomic wavefunction overlap. Thus, the
two sublattices of Hg atoms are expected to experience
different exchange fields. We denote the sublattice of Hg
near Crls as Hg; whereas the other sublattice is Hgs. In
our calculation, we adopt a 1 x 1 PtaHgSes/Crls unit
cell with a lattice mismatch of 4.5%. As we mainly focus
on the band structure evolutions of PtoHgSes, we stretch
the CrI3 monolayer for the simulation of PtoHgSes/Crls.
We find that the main properties of Crls monolayer are
not substantially changed after stretching [64].

Effective Model of Valley Splitting.— Before demon-
strating detailed first-principles calculation results, the
analysis based on an effective model helps to illustrate
the underlying physics clearly. The electronic structure
of PtoHgSe3 can be described by the Kane-Mele model
of Hy + Hiso, where Hy = hvp(T,0:ky + oyky)so de-
scribes its Dirac dispersion in the absence of spin-orbit
coupling with Fermi velocity term hvp = 1.97 eV /A and
Hiso = A1.0,s, is the intrinsic spin-orbit coupling with
A =81.2 meV. s and o are Pauli matrices for spin, sub-
lattice respectively, and 7, = 41 describes valley index
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FIG. 2. (a) The influence of symmetric and anti-symmetric
exchange field on the band gaps in K and K’ valleys. (b)-(c)
The band structure and orbital magnetic moment around K
and K’ valleys for (b) m1 = 0.6\ and (c) m1 = 1.5, respec-
tively. The inset of (c¢) shows the band near Fermi energy with
inclusion of small Rashba spin-orbit coupling. The red (blue)
color denotes spin up (down) state. (d)-(e) The correspond-
ing orbital magnetization in an unit cell and anomalous Hall
conductance. The hollow (solid) square represent the system
without (with) Rashba spin-orbit coupling.

K/K'.

The presence of magnetic substrate breaks both in-
version (P) and time-reversal (7)) symmetries and leads
to inequivalent exchange fields m; 2 on Hg; and Hgsy,
which can be described by Hgx = myops, + m_o.s,
where my = (m +ms)/2 stand for symmetric and anti-
symmetric parts of the inequivalent exchange fields. The
symmetric part is the Zeeman field splitting of the spin
degree of freedom. The anti-symmetric part together
with Higo give rise to a mass term (m_ 4+ A7, )o.s, where
s, indicates spin-contrast sign of mass leading to, in con-
trast to TMD, a vanishing valley Chern number. The
presence of 7. leads to valley-dependent band gaps as
illustrated in Fig. 2(a). In this case, the spin up and
down bands are still degenerate since the P7T symmetry
remains, which also guarantees a vanishing magnetiza-
tion and anomalous Hall response. When the symmetric
part my is further included, P7T symmetry is broken
that lifts the spin degeneracy and valley-dependent band
gaps. Nonzero orbital magnetization and anomalous Hall
responses can also appear.



By fitting to the first-principles result, we find that
|ma| > |ma| since the Hgs atoms are further away from
the magnetic substrate. We thus set mo = 0 for simplic-
ity. With a moderate exchange field |m1] < A, we plot
the energy bands in Fig. 2(b) in solid lines where one can
find a spin-valley splitting. These valley-splitting energy
bands exhibit large orbital magnetic moment as plotted
in green dashed lines where the magnetic moment of the
valence band maximum can reach about 9.0 up (4.9 up)
around K (K’) point for m; = 0.6A\. When the Fermi
energy lies inside the band gap, finite orbital magnetiza-
tion appears in the order of 0.1 pp per unit cell as shown
in Fig. 2(d) that is larger than the spin magnetization
of Hg atoms. The presence of orbital magnetization sug-
gests the presence of anomalous Hall effect, Kerr effect
etc [50-54].

The valley splitting gradually increases as the inequiv-
alent exchange field increases as plotted in Fig. 2(c).
Meanwhile, the larger m; makes the effective mass
smaller in valley K, resulting in a larger orbital mag-
netic moment that is about 25.2 ug for m; = 1.5\
The corresponding orbital magnetization and anomalous
Hall effect are also stronger as illustrated in Fig. 2(e).
More importantly, when |my| > |m_ — A|, the band in-
version appears between two bands with opposite spins.
In this case, the interfacial Rashba spin-orbit coupling
Hg = Mg (120,8,—0ys;) plays an essential role, which re-
opens a band gap in K valley as shown in the inset, which
harbours the quantum anomalous Hall effect (QAHE)
with a Chern number of C = 1. Such topological prop-
erty is demonstrated by the quantized Hall conductance
and linear dependence of magnetization on chemical po-
tential inside the band gap.

Fully Valley-polarized QAHE in PtyHgSes/Crls.—
The first-principles calculations agree well with our the-
oretical analysis. The valley-polarized QAHE can re-
ally be formed in PtoHgSes/Crls heterostructure as dis-
played in Figs. 3(a) and 3(b), where we plot the elec-
tronic structures without and with spin-orbit coupling,
separately. In the absence of spin-orbit coupling, the
magnetic proximity effect leads to a large spin splitting,
while the valley degeneracy is preserved. The nearly flat
band above the Fermi level arises from the hybridization
with Crls bands, but does not affect the physics described
above [64]. When the spin-orbit coupling is further in-
cluded, a strong valley splitting of 136.3 meV is observed
as shown in Fig. 2(b), where a band inversion appears
at K valley with a band gap of 17.6 meV. The spin pro-
jection in color agrees with our above model, indicating
that the band gap is opened by the Rashba spin-orbit
coupling and is topological nontrivial.

To confirm the band topology, we calculate the Berry
curvature by using maximally-localized Wannier func-
tions [55]. We find that the Berry curvature shows sharp
positive peaks in K valley, whereas becomes vanishingly
small at K’ valley as shown in Fig. 3(c). By integrating
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FIG. 3. (a)-(b) Band structure of PtoHgSes/Crls without
(a) and with (b) SOC. In (a), the red (blue) represents
spin up (down) state. In (b), Ax = —105.5 meV and
Ak = 167.1 meV with valley splitting A = (A, — Ag)/2 =
136.3 meV. The gap with negative sign indicates the presence
of band inversion. (c) The Berry curvature along the high
symmetry lines. The inset shows the Berry curvature in the
first Brillouin zone. (d) The Fermi energy dependence of the
anomalous Hall conductivity. (e) The local density of states
of a semi-infinite zigzag ribbon of PtoHgSes /Crls heterostruc-
ture.

the Berry curvature around K/K’ valleys, we find that
the valley-dependent Chern numbers are Cx = 1 and
Crx = 0. Thus the corresponding total Chern number
is C = Cx + Ckg» = 1 and the valley Chern number is
Cy = Cx — Cxr = 1, indicating the presence of a fully
valley-polarized QAHE. The energy dependence of the
anomalous Hall conductance is plotted in Fig. 3(d), which
shows a quantized value of €?/h in the energy gap. Such
a topological phase is further confirmed by studying the
topological edge states [56, 57]. As shown in Fig. 2(e),
we find two gapless edge modes with positive group ve-
locity at K valley connecting the valence and conduction
bands, whereas one edge state in K’ valley with oppo-
site velocity. The number difference of the left and right
moving edge states in different valleys agrees with the
Chern number as well as the valley Chern number.

Besides the band topology, the first principles calcula-
tions can provide further details about the magnetism in
the heterostructure. The proximity effect leads to differ-
ent magnetic moments at two Hg atoms, i.e., the local
magnetic moment is 0.015 up in “Hg;” that is parallel
to the Crlz, whereas a magnetic moment of -0.017 up
is induced in “Hgy” with opposite sign. It is notewor-
thy that the net spin magnetic moment is three orders of
magnitude smaller than that from orbital contribution,
indicating that the large orbital magnetic moment plays
a crucial role in the PtoHgSes-based system. In addi-
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FIG. 4. (a) Lattice and (b) electronic structures of h-
BN/Pt2HgSes/Crls with SOC. Here, Ax = —113.4 meV and
Ak = 137.4 meV with valley splitting A = 125.4 meV. The
gap with negative sign indicates the presence of band inver-
sion. (c) vdW superlattice consisting of h-BN/PtaHgSes /Crls
multilayer as building blocks to realize abundant topological
phases coupled spin, valley and layer degree of freedoms with
Chern numbers. (d) Valley splitting A and phase diagram as
a function of m1/A.

tion, the local magnetic moment of Cr is also increased
by 0.5 pp comparing to that in pristine Crls monolayer
(3.0 up/Cr) [58]. As a result, the Heisenberg exchange
constant increases to Jyp = —5.23 meV that corresponds
to a Curie temperature of 91 K [64]. Therefore, the mag-
netism can be enhanced in the heterostructure, benefit-
ing the realization of high-temperature valley-polarized
QAHE.

h-BN/Pty HgSes /Crls as a Building Block.— To study
the scalability of the heterostructure, we investigate the
influence of h-BN on the topological phase since h-BN
is widely used in experiments as a dielectric layer, which
is atomically flat, stable in air and high temperature,
and can protect the vdW layers from contamination and
degradation [59, 60]. By considering the trilayer system
as illustrated in Fig. 4(a), we plot the energy bands with
spin-orbit coupling in Fig. 4(b), where the large valley
splitting remains and the topological band gap is nearly
doubled to 30.8 meV, larger than the one without h-BN.
The increase of topological band gap is considered as the
results of sublattice potential 6 changes [64]. The effect
of sublattice potential changes is also reported in a re-
sent work [61] in which h-BN is used to tune the band
gap of bilayer PtoHgSes.As the electrical control of the
magnetism of Crls is experimentally found in its bilay-
ers, we also studied the PtoHgSes/Crls bilayer structure
and find similar results [64], which greatly improves the

application potentials of the vdW layers studied here.

The enhanced valley-polarized QAHE by encapsulated
h-BN layer and its robustness with increasing Crlg thick-
ness not only make the QAHE achievable at higher
temperature, but also make the h-BN/PtoHgSes/Crls
a perfect building block to realize multi-functional elec-
tronics. By reversing the stacking order from h-
BN/PtyHgSes/Crl; to Crls/PtaHgSes/h-BN, one can
change the valley polarization without changing the
Chern number. Moreover, with the stacking order fixed,
the valley polarization and Chern number can be simulta-
neously reversed by reversing the magnetization. There-
fore, by changing the stacking orders and magnetization
directions, one can control the spin, valley, and layer de-
gree of freedoms with Chern number in a superlattice
structure as illustrated in Fig. 4(c). Rich structures with
different functionalities in the spin- and valleytronics are
expected.

As shown in Fig. 4(d), we plot the phase diagram and
valley splitting as a function of m;/A. We can see that
the valley-polarized quantum anomalous Hall effect can
be achieved when |mi/\g| > 1, and valley splitting can
still be there as long as mi/\ is not zero. Therefore,
the valley-polarized QAHE is expected in other material
candidates in PtoHgSes family [48, 62, 63] with suitably
choosing of magnetic substrates.

Summary.— We propose the vdW heterostructure
PtoHgSe3/Crls as an ideal material system to realize
topological valleytronics with interplay between electric,
magnetic, optical, and mechanical effects. The imbal-
anced proximity exchanged field and the intrinsic strong
SOC of PtoHgSes lead to a large valley splitting over
100 meV. In the valley with band inversion, the inter-
facial Rashba SOC leads to a Chern insulator with a
band gap of 17.8 meV, which can be enlarged to 30.8
meV in the presence of h-BN. The valley-encoded dissipa-
tionless edge states benefits the realization of low-energy
consumption topological devices. Large orbital magne-
tization and negligible spin magnetization are identified
in PtoHgSes, which can lead to orbital effect dominated
optical Kerr effect and anomalous Hall effect. This not
only benefits the electrical and optical detection of the
valley index but also provides the opportunity to switch
the magnetism and valley polarization via electric current
at finite doping.

The valley polarization and Chern number are coupled
to the magnetism of the nearest neighboring Crls and are
robust against the increasing of the Crlg thickness. The
experimentally demonstrated switching of the magnetism
in Crl3 few layers by electric, magnetic, or mechanical
means opens up the possibility to realize valleytronic de-
vices controlled by these methods. Particularly, the elec-
trical switching of the magnetism lays the foundation of
its application in electrically controllable valleytronics,
e.g., the valley-field effect transistor, which can combine
the advantage of nontrivial band topology and dissipa-



tionless kink states at the domain walls. Moreover, the
robustness of the topological phase in the presence of an
h-BN layer opens up the possibility to construct super-
lattices with valley, spin and layer degrees of freedom.

Besides Crls, we find that other magnetic insulators,
e.g., Mnly, can also be used as substrate materials to
realize the valley-polarized QAHE in PtoHgSes-based
vdW heterostructures [64]. Considering the continu-
ously growing family of vdW layers with different func-
tionalities, e.g., magnetism, large-gap dielectric materi-
als, large-gap Zs topological insulator in jacutingaite-
family [48, 62, 63], our results suggest a way to search
material candidates with novel physics and application
potentials in topological valleytronics.
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