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The valley-polarized quantum anomalous Hall effect (VP-QAHE), which combines valleytronics and
topology in one material, is of significant fundamental and practical importance in condensed-matter
physics and materials science. In previous model studies, VP-QAHE occurs under strong Rashba spin-orbit
coupling (SOC), which is an extrinsic effect. Here, using a low energy k - p model, we propose a different
mechanism of VP-QAHE by introducing an intrinsic staggered magnetic exchange field and develop a
general picture of valley dependent band inversion in honeycomb lattice. Using first-principles calculation,
this new mechanism is further demonstrated in the Co decorated In-triangle adlayer on a Si(111) surface.
This system is equivalent to a ferrimagnetic honeycomb lattice, and the supported adlayer is experimentally
more feasible in synthesis, thus exhibiting advantages over the existing studies based on Rashba SOC and
free-standing sheets. The underlying physical mechanism is generally applicable, opening a new avenue for

exploration of substrate supported VP-QAHE.
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The electronic properties of semiconductors are gov-
erned by the nature of their valence and conduction bands.
Novel physics does emerge when the extrema of valence
and conduction bands lie very close in the Brillouin zone.
The momenta where such local extrema occur are referred
to as valleys. There has been growing interest in semi-
conductors where several such valleys exist in the first
Brillouin zone, as they provide a new effective degree of
freedom, in addition to conventional charge and spin. In a
two-dimensional (2D) honeycomb lattice, when the cen-
trosymmetry (P) is broken, the two inequivalent sublattices
trigger a degenerate but inequivalent pair of valleys that are
well separated in the 2D hexagonal Brillouin zone with
suppressed intervalley interactions. For example, electrons
in two valleys in 2D transition-metal dichalcogenides can
be selectively excited by different circularly polarized light
[1-3]. Resulting valleytronics [4] has potential application
in the next-generation nanoelectronics devices to encode
and manipulate information [5-11].

Other than the real space centrosymmetry P, time-
reversal symmetry 7' that is related to the spin also plays
an important role in today’s condensed-matter physics. For
example, recently discovered topological insulators are
protected by 7, which have dissipationless metallic surface
or edge states and are robust against any kind of weak
disorders [12]. A novel striking topological phenomenon,
the quantum anomalous Hall effect (QAHE), could arise
when 7 is broken in a topological insulator [13-15]. The
QAHE of an insulator is characterized by a nonzero
topological invariant Chern number C=(1/2x) [Q(k)d*k,
where (k) is Berry curvature in the k space [15].
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It is more intriguing when both T and P are broken in a
honeycomb lattice, which could lead to valley-polarized
(VP-)QAHE. The VP-QAHE is characterized by two
nonzero indices: the Chern number C(=Cg + Cy/) and
valley Chern number C, (=Cg — C), where K and K’ are
the two valleys of the honeycomb lattice. For example, in a
pioneering model calculation, Pan ef al. [16] showed that a
strong extrinsic Rashba spin-orbit coupling (SOC) in
silicene can trigger VP-QAHE with C = —1 and C, =3
(under intervalley interaction C, drops to 1 and C remains
—1). This property adds topology into the quantum valley
Hall effect so that it provides the possibility to design and
realize dissipationless valleytronics in a robust way.
However, due to the stringent criteria, most studies are
limited to toy model calculations and freestanding films
[16-22]. It is highly desirable to search for a VP-QAHE
mechanism that is experimentally feasible in 2D materials
supported by a substrate.

In this Letter, we propose a different mechanism to realize
VP-QAHE in honeycomb lattice by introducing a staggered
magnetic exchange field, which is an intrinsic property and
can be easily realized. By applying a low energy & - p model,
we develop a general phase diagram of band inversion at the
K and/or K' valley of the honeycomb lattice under the
intrinsic intra-atomic SOC effect. We show that VP-QAHE
can be expected when the two sublattices (denoted as A and
B) are experiencing a strongly different exchange field
rather than strong Rashba SOC [Fig. 1(a)]. Most remarkably,
based on first-principles calculations, we show that such VP-
QAHE can be realized in a Co decorated In adlayer that is
epitaxially grown on a Si(111)-(2 x 2) reconstructed surface.
Advances in epitaxial growth of heavy atomic layers and
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FIG. 1. (a) Ferrimagnetic honeycomb lattice (blue: sublattice A,
spin-up; red: sublattice B, spin-down). (b) Schematic plot of low
energy band at two valleys before (left panel) and after (right
panel) including atomic SOC. The index in the left panel is ({c,),
(s,)) of each band at the valley. (c) Variation of band gap at the
two valleys E, /Ao with respect to mp/Asq. (d) Topological phase
diagram of mp and Ago (the dashed line is Agg = |mp|).

surface alloying techniques on the Si(111) surface have
shown the potential to synthesize such a structure.
Specifically, the epitaxially grown In adlayer forms stable
triangular clusters on a Si(111)-(2 x 2) reconstructed
surface, as observed in previous experiments [23-25]
and demonstrated in subsequent theoretical calculations
[26,27]. We show that this system can be viewed as a
ferrimagnetic (FIM) honeycomb lattice, which has a band
inversion at K, consistent with our model. By integrating
Berry curvature, we obtain Cx = —1 and Cg = 0, hence,
c=C,=-1

We start with a four-band & - p model around the K and
K’ valleys to first order in k. The Hamiltonian can be
written as

A 06,4+ 0
N N ~ z 0 A
Hy = vp(16,k, + 6,k,)50 — my 7 5
60_8ZA 5,\ A
—mpg 2 SZ+§GZSO, (1)

where o; and s; (i =0, x, y, z) are Pauli matrices for the
sublattice and spin degrees of freedom, respectively. v is the
Fermi velocity at the valley, and 7 = 41 denotes the valley
index. The first term is the graphenelike band dispersion
[28]. The second and third terms describe the staggered
exchange field on the two sublattices that simultaneously
break 7" and P. Without loss of generality, we assume that
my > 0and |my| > |mg|. We also include the on-site energy
difference between the two sublattices (6). Here, we only
consider the case when & is small (|5 < |my|— |mp|),
because very large & always yields large band gap with
trivial topology. Note that the specified value of 6 does not
change the main physics here, even when 6 = 0.

The solution of the above Hamiltonian yields four spin
polarized bands that can be denoted by a pair index (o, s,)
at the valleys. In the left panel of Fig. 1(b) we plot a

schematic band for the FIM honeycomb lattice (mp < 0).
When mpg > 0, the (—1, 1) and (—1, —1) bands exchange
their energy sequence around the Fermi level, which
corresponds to an already inverted band order at two
valleys. Because my, is larger than mp, the central two
bands mainly belong to sublattice B, i.e., 6, = —1. Hence,
for simplicity we only apply the intrinsic SOC effect on
them. The ad hoc intrinsic SOC effect is given by [3,8]

o (2)

where Agg > 0 is the SOC coefficient. Under basis set
(War,Way. Py Wpy]", we obtain the energy spectra
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This implies that the SOC decreases (increases) the spin-up
(down) band energy at the K valley, while it moves the
spin-up (down) band in higher (lower) energy at K’. The
energy gap E, between the valence and conduction bands is
plotted in Fig. 1(c) as a function of mg/Agq. For the FIM
system (mp < 0), both valleys are topologically trivial
when Agg < |mp|, but their band gaps are different. This
corresponds to a ferrovalley state that has been recently
proposed in a VSe, monolayer [29]. As Agq increases, the
band gap at the K valley closes and re-opens when Agg >
|mp| and the K’ valley remains semiconducting. The
schematic band is plotted in the right panel of Fig. 1(b).
The valence band below the Fermi level shows a Skyrmion
spin texture; i.e., it points along the +z direction (spin-up)
at K and gradually and isotropically flips to spin-down
away from K. This corresponds to a nonzero topological
index and the system would show VP-QAHE. When
mp > 0, small SOC (1gg < mp) does not change the band
inversion feature in both the K and K’ valleys, which is a
ferro-valleytronic QAHE. Large SOC (1gg > mp > 0) flip
back the two bands at K’, which also yields a VP-QAHE
(actually it is different from the FIM case because it also
has a spin Chern number of ~1/2 at K’, as discussed in a
heterofunctionalized Sb monolayer [30]). Based on these
band order analyses, we plot a topological phase diagram in
Fig. 1(d). Note that in all these discussions, a strong Rashba
SOC is not included. However, a Rashba SOC (induced by
centrosymmetry broken) Hp = 70.alg (kys, — ks,) [31]
is still necessary, which would open a finite band gap at

8 (mp + A
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and yield an insulating property with a band gap (according
to degenerate perturbation method) of

ai
Eg N2—R <mA +mB +/150+(3
UF
2(my — mp — Aso)(mp + ﬂso))

+
mA—mB—F@—lSO

(5)

After establishing the staggered exchange field induced
VP-QAHE phase diagram, we carry out first-principles
calculations [32-41] to show that it is achievable in a real
material. Instead of focusing on a freestanding thin film,
which is difficult to synthesize experimentally and whose
topology may vary when depositing on a substrate, we
explore a 2D system supported on a substrate [42,43].
Owing to the experimental success of epitaxial growth of
the In triangle on a Si(111)-(2 x 2) surface [24-28], we
predict that it has the potential to realize VP-QAHE, once
decorated with magnetic Co.

Figure 2(a) shows the Co decorated In-triangle adlayer
on a Si(111)-(2 x 2) surface. Similar to previous exper-
imental and theoretical works [24-28], three In atoms
cluster together to form a triangle. The relaxed In-In bond
length is 3.11 A. Each In is bonded with two substrate Si
atoms, with In-Si bond length of 2.98 A. The Co atom
saturates the remaining vertical Si dangling bond that
connects the triangular In cluster, with the optimized
Co-In and Co-Si bond lengths of 2.64 and 2.39 A,
respectively. The binding energy of the Co atom, calculated
as Eb = ECO + EIn@Si — ECoIn@Si’ is 2.94 eV. Here, ECO’
Enesi. and Ecoes; are the total energies of a single Co
atom, In-triangle adsorbed on Si, and the whole system,
respectively. This is stronger than when an In atom is
adsorbed on the same position (2.64 eV) as in experiments,
indicating that the structure is experimentally feasible
by surface alloying or epitaxial growth technique.
The 2D deposition pattern of the In-triangle and Co atom
forms a honeycomb lattice, as its layer symmetry group
is P3ml.

For a bare Si(111)-(2 x 2) surface, there are four Si atoms
with unpaired p, orbitals. Each In atom has three valence
electrons, where two of them form an In-In bond and the other
one saturates the Si-p, to form an In-Si bond. Therefore, the
Si substrate only needs one more electron to be stable and
semiconducting. The adsorbed Co contributes that electron
with eight valence electrons left. Because of the Hund’s rule,
these eight electrons fill five spin-up and three spin-down
orbitals, resulting in net magnetic moments of 2 yp. These
analyses agree well with our DFT results: the Co carries a
2.01 pup local magnetic moment. From the spin density
distribution [Fig. 2(b)] we see that the magnetism mainly
comes fromthe d,. and d,; orbitals, with a small portion from
d? due to hybridization with Si-p_. In addition, the In triangle
is slightly spin polarized, carrying —0.13 up magnetic
moment. Interestingly, the spin-down electrons of the In
triangle are localized at the center, rather than on the In atomic

(b)

FIG. 2. (a) The atomic structure of the Co decorated In-triangle
adlayer on Si. (b) Isosurface (0.005 |e|/A%) of spin density with
blue and green color representing the up and down spins,
respectively. (c¢) The first Brillouin zone.

sites. Such a spin density wave shows a well-defined FIM
honeycomb pattern.

The calculated band structure along the high symmetry &
path [Fig. 2(c)] shows a direct semiconducting feature with a
small band gap (~16 meV) [32], similar to that in Fig. 1(b).
The two valleys K and K’ show similar behavior. Hence, we
only discuss the K valley in the following. Near the K valley,
the valence band (VB) and conduction band (CB) belong to
spin-down and spin-up channels, respectively. The VB-1
and CB + 1 are in the spin-up and spin-down channels,
respectively. By calculating the band-decomposed charge of
these four bands at K, we find that the orbital contribution of
VB and CB are the same—mainly from the center of the In
triangle. To be specific, they arise from the In-p,, p,
electrons. Similarly, the orbital contribution of VB—1 and
CB + 1 are the same. They come from the hybridization
between Co-d> and the p. electron of the Si that resides
beneath Co. All of these features agree well with our model
[left panel of Fig. 1(b)] when one takes Co as sublattice A
and the whole In triangle as sublattice B.

The SOC effect lifts the degeneracy between the two
valleys. From Fig. 3(a) we find that consistent with our
model [right panel of Fig. 1(b)], the original spin-up CB at
K moves downward and lies below the spin-down VB at K
(band inversion). We plot a 3D spin texture of this new
valence band around the K valley [32], which shows a
spiral Skyrmion texture, consistent with the model. The
band energy difference between them (at K) is 41 meV. On
the contrary, the K’ valley remains to be trivially semi-
conducting with band gap of 76 meV. We observe that most
states around the two valleys have large out-of-plane spin
texture, indicating a weak Rashba effect [44,45]. The global
band gap is determined near the K valley. As shown in the
enlargements [Figs. 3(b) and 3(c)], the global band gap is
~5 meV along the I' — K path. Note that this band gap can
be furthermore increased by applying an electric field and
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FIG. 3. (a) Band structure (with SOC) with color of each state

representing out-of-plane (s.). (b) and (c) Enlargements of band

structure near the Fermi level along the " - K and K — K’ paths,
respectively. In (b) A denotes the point with the narrowest band gap.

using heavier Tl atom instead of In [32]. By fitting the
model parameters with our first-principles results we obtain
that my =109.7, mp=-7.3, 6=3.6, and A5 = 27.3 meV.
The large positive m, and small negative mp values also
agree with the FIM spin density.

Now we explore the reason why the In triangle only
contributes one electron to the low energy bands. The little
group of the valley includes threefold rotation C; and the
two valleys are related by mirror reflection. For the In
triangle, the In-p, orbitals are saturated by the substrate Si
so that the basis function forming the three In-In bonds are

lof.) = (1/v2)(|p.) + it|p,)). The nearest neighbor hop-
ping #;, among them yields its local Hamiltonian,

0 1 1
I:IIn = tln 1 O 1 . (6)
1 10

By symmetrizing it, we obtain the eigenvalues and their
corresponding eigenstates,

1
€1 =21y, 1/11:%[1’1’1]T§
1 T 1 T
& 3=—In, 1//2:\/5[1,0’—1] ) %:\/6[1’_2’1] . (7)

The eigenstate y, is perpendicular to the xy plane and
resides at the triangle center. Its energy is higher than that of
the 5p, orbital and is similar with Co-3d orbitals, giving
small on-site energy difference 6. The degenerate y, and
w3 are energetically far lower from it [46]. Thus, the band
structure of the whole system can be reduced to a
honeycomb lattice. The intra-atomic SOC form under v,
also yields Eq. (2).

We calculate the Berry curvature [47] from the first-
principles wave function to explore its topology,

Q(k) _ Z ZZIm<l//nk‘@x|l//rnk> <l//mk|f}y|l//nk> ’ (8)
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FIG. 4. (a) Berry curvature along the high symmetry k path.

(Inset) Schematic plot of VP-QAHE with their edge conductance.
(b) k-resolved Berry curvature. (c) Anomalous Hall conductance
variation of chemical potential.

where p is the chemical potential and 9, , is the velocity
operator. The calculated Berry curvature is shown in
Figs. 4(a) and 4(b), where we observe a sharp negative
peak in the vicinity of K, but very small around K'.
Integrating the Berry curvature over the 2D k space gives
the Chern number C = —1. Actually, the integrations in
the triangular regions centered at K and K’ valleys whose
area is equal to half of the first Brillouin zone give
Cx =—1 and Cyx = 0. Thus, the valley Chern number
C, = —1. This confirms the topological feature of our FIM
VP-QAHE model. The integrated spin Chern number is
zero, which also agrees with our model.

By varying the chemical potential, we calculate the
anomalous Hall conductance ¢ = C - ¢*/h. As shown in
Fig. 4(c), a clear plateau of ¢ = —e?/h can be observed
around the Fermi level, and it increases back to small value
as the chemical potential lies outside the band gap. The
nearly flat terrace of ¢~ —2e?/h at u~—0.01eV is
attributed to band inversion around the I', which arises
from the Zeeman splitting and is not protected topologically.

In general, a topological property is robust and stable
against any kind of sufficiently weak disorder [12,15,22].
In our calculations, the structure, based on the experimental
observation, is well ordered. Thus, the two valleys are well
separated and intervalley scattering is absent. In the
presence of short-range disorder, invervalley scattering
would appear. Especially, when the periodicity is increased
to (3n x 3n) where n is an integer, the valleys K and K’ are
folded into the I" point, resulting in a significantly enhanced
intervalley interaction. However, while the K valley has a
spin-polarized metallic edge state (Cx = —1), the K’ valley
is insulating when the system is cut into a 1D strip [inset of
Fig. 4(a)]. Thus, the backscattering is suppressed and VP-
QAHE is expected under weak short-range disorders. In
addition, a previous study showed that random distribution
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of adatoms on a honeycomb lattice (which induce mag-
netization and SOC) can weaken the intervalley scattering,
but the magnetization and SOC are not affected. The
topological features (QSHE and QAHE) still remain
[48]. Therefore, in our case, we expect that neither weak
disorder nor small perturbations will affect its topology.

In summary, we predict a VP-QAHE mechanism by
introducing a staggered magnetic exchange field to the
honeycomb lattice model. Furthermore, we suggest a
feasible material realization of this model in the Co
decorated In-triangle adlayer supported on the Si(111)-
(2 x 2) substrate, which can be reduced to a FIM honey-
comb lattice. The QAHE only occurs at the K valley, while
the K’ valley remains normal insulating. This substrate-
supported collinear FIM material also holds the potential to
realize the fascinating VP-spin Nernst effect [49].
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