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Single-valley engineering in graphene superlattices
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The two inequivalent valleys in graphene are protected against long-range scattering potentials due to their
large separation in momentum space. In tailored /3N x +/3N or 3N x 3N graphene superlattices, these two
valleys are folded into I and coupled by Bragg scattering from periodic adsorption. We find that, for top-site
adsorption, strong intervalley coupling closes the bulk gap from inversion symmetry breaking and leads to a
single-valley metallic phase with quadratic band crossover. The degeneracy at the crossing point is protected by
C3, symmetry. In addition, the emergence of pseudo-Zeeman field and valley-orbit coupling are also proposed,
which provide the possibility of tuning valley polarization coherently in analogy to real spin for spintronics. Such
valley manipulation mechanisms can also find applications in honeycomb photonic crystals. We also study the
strong geometry-dependent influence of hollow- and bridge-site adatoms in the intervalley coupling.
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I. INTRODUCTION

Honeycomb Dirac materials have twofold-degenerate band
structures with inequivalent KK’ valleys [1-5], whose origin
can be traced back to the bipartite nature of honeycomb
lattices (A and B triangular sublattices). This binary valley
degree of freedom has led to proposals of valleytronics
applications [6—12] that leverage the valley pseudospins in a
manner analogous to electron spins in spintronics applications.
A distinct scenario is that of single (odd-number) Dirac cone
in Z, topological insulators [13] where their surface states
are effectively decoupled from each other due to their distant
spatial separation. Therefore, a single Dirac-cone structure is
desirable when we require a Hamiltonian that embodies the
chiral anomaly of Dirac fermions [14] and at the same time is
protected against intervalley scattering.

In this paper, we propose to engineer a single-valley
phase in two-dimensional (2D) honeycomb Dirac materials
through ~/3N x /3N or 3N x 3N superlattices that fold and
couple the inequivalent KK’ valleys into the same I". Utilizing
the w-band tight-binding model and block-diagonalization
method, we show that the effective Hamiltonian for top-site
adsorbed superlattices exhibits intervalley coupling and valley-
orbit coupling mechanisms that resemble the conventional
in-plane Zeeman fields and spin-orbit coupling of the electron
spins [1,2,15-20]. The pseudo-Zeeman field and pseudo-spin-
orbit coupling allow us to control valley polarization coher-
ently, while the latter one further indicates the possibility of
manipulating valley polarization via electric fields. Moreover,
together with the coexisting staggered sublattice potentials,
we find that intervalley coupling can drive a topological
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phase transition from a quantum valley-Hall phase into a
single-valley metallic phase with quadratic band crossover.
We also propose that such intervalley coupling mechanism
and quadratic band crossover can be observed in photonic
crystals. Then, we turn to the hollow- and bridge-site decorated
graphene and find that the intervalley coupling mechanisms are
strongly dependent on the adsorption geometry.

The remainder of this paper is organized as follows. The
intervalley coupling of top-site adsorption and the topolog-
ical phase transition are presented in Sec. II. The possible
applications of the band-crossing phase are then discussed.
The results of hollow and bridge adsorption are shown in
Sec. III and we present the summary in Sec. IV. Appendixes
A and B separately present the methods for calculating the
photonic band structure and the effective Hamiltonians of three
adsorption geometries based on the symmetry analysis.

II. TOP-SITE ADSORPTION

A. Intervalley coupling

Whenthe /3N x +/3N or3N x 3N supercells are tailored
on a honeycomb lattice, KK’ valleys are coupled by Bragg
scattering [21] since they are folded into I" valley, as illustrated
schematically in Fig. 1(b) showing the reciprocal lattices for
both 1 x 1 (red) and V3 x /3 (black) supercells. Here, we
only focus on the top-site adsorption in ~/3 x +/3 supercell
as shown in Fig. 1(a) where the six atoms in each primitive
cell can be classified into three different categories: (i) one
at the adatom site, (ii) three at the nearest-neighbor sites, and
(iii) two at next-nearest sites. We represent the corresponding
site energies as uy, Uy, and u3, and set u3 = 0 as the reference
value. Assuming that the adsorption sites belong to sublattice
“A”, the real-space tight-binding Hamiltonian can be written
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FIG. 1. (Color online) Schematic representation of intervalley
coupling adatom superlattices and their respective Brillouin zones. (a)
and (b) are, respectively, primitive and reciprocal lattices for the top
adsorption in +/3 x +/3 graphene supercells. The red lines represent
the Brillouin zone of pristine graphene.

as

H, = Hy + Mlz/ajai + M2Z, Z bj+5bi+8’ (D
i i 8

where Zi/ runs over all adatom sites and aiT (bj) is the
creation operator of an electron at ith A (B) site. Here, Hy =
—1y ZW)(aiT b;j +H.c.) is the band Hamiltonian of pristine
graphene with £y being the nearest-neighbor hopping energy.

The Brillouin zone of pristine graphene can be represented
through three copies of +/3 x +/3 graphene supercell’s first
Brillouin zone as displayed in Fig. 1(b). The three copies
are set to be centered at K; (j = 1-3) that are, respec-
tively, wave vectors of K, K’, and I' points. Therefore,
the operator a; can be expanded in momentum space as
a;i = ﬁ Dok Zj expli(K; + k) - R;la; x, where Ny is a nor-
malization factor, and k runs over the first Brillouin zone of
V/3 x /3 graphene supercell. Then, the Hamiltonian of Eq. (1)
can be expressed in momentum space as

u u
Hy(k) = Ho(k)+ Y [?‘a},ka,w,k + gzsjj/b},,kbj,k}, 2)
JsJ'

where Hy(k) = —1y Z,-(Xjka},kbj,k + H.c.) describes the ki-
netic energy of pristine graphene with yjx = >, e/ Ki+h-8,
and & =) ¢'®i~K;)8 The last two terms give sublattice
potentials when j = j” which are different for AB sublattices
due to inversion symmetry breaking. When j # j', they give
rise to intervalley coupling through a finite u#; contribution
while the u; contribution vanishes due to the phase interference
(€12 = 0). By block diagonalization, the low-energy effective
Hamiltonian can be further obtained:

A
HE™ = Uy + vp(tkeos + ko)) + A10; + 21+ 001,

3

where Uy = (As +uz)/2 and Ay = (Ay — up)/2 with Ay =
u1/3. T and o are, respectively, Pauli matrices of KK’ valleys
and AB sublattices. The third term reflects the effective
potential imbalance through a mass term of magnitude A;
and the last term describes intervalley coupling through the t,
operator. We note that the coupling between K and K’ valleys
only occurs at “A” sublattice with the coupling amplitude A,
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depending on u; linearly. Such an intervalley coupling acts
on the valley pseudospin as an effective Zeeman field that
can be used to control the valley polarization coherently in
valleytronics devices.

When the nearest-neighbor hopping terms of superlattice
Hamiltonians are allowed to change by 6t =t — fy due to
the influence of the adatoms, the real-space tight-binding
Hamiltonian in Eq. (1) acquires an additional term H' =
Z/(qu.)(St(a}Lbj + H.c.) where the index i runs over “A” sites
right underneath the adatoms and the j sites represent the
three nearest “B” sites. The modified effective Hamiltonian
becomes

H (k) = U + v} (t.kyoy + kyo,) + A1,
A/
+ 72(10 + 07 + V50, (Tyky + Toky),  (4)

where (U, A) have the same forms as (Up, A1) by changing
Ay to be A, =3u;t3/(t + 21p)*, and the Fermi velocity is
modified to be v}, = vp(2t + 15)/(t + 21p). The last term in
Eq. (4) can be identified as a valley-orbit interaction of
strength vs = vp(t — 19)/(t + 2ty) coupled with a sublattice-
flip potential. This term also couples different valleys and
implies the possibility of manipulating the valley degree of
freedom by external electric field in a manner analogous to
the control of electron spin by electrical means via spin-orbit
coupling.

B. Single-valley metallic phase

Adatom superlattices lead to both intervalley coupling
and inversion symmetry-breaking potentials. It is easy to
understand that each term can independently contribute in
opening a Dirac point gap when they are viewed as uniform
in-plane xy and out-of-plane z contributions to the pseudospin
fields in the Dirac Hamiltonian [22], where the former shifts
the position of the Dirac points in momentum space and the
latter introduces an inversion symmetry-breaking gap in the
Dirac cones. Here, we show that when those effects are present
simultaneously in a superlattice, a topologically distinct single-
valley phase can be engineered. We begin considering for
sake of clarity the top-adsorption configurations neglecting the
modification of the hopping energy in the band Hamiltonian
and setting the site energies at all “B” sublattices to an assumed
constant value (i.e., Ug = u» < 0). When u; = 0, the site
energies at all “A” sublattices are identical, i.e., Uy = 0. This
leads to vanishing intervalley coupling and the imbalanced
sublattice potentials open a quantum valley-Hall gap at the
Dirac points, where the doubly degenerate massive Dirac
cones are folded as a single valley around the I point but
remain distinguishable [see Fig. 2(a)]. When we allow u;
to take negative values, we find a gradual decrease of the
inversion symmetry-breaking induced gap | A | and an increase
of intervalley coupling strength |A,| that lifts the degeneracy
of the conduction bands splitting by a magnitude of 2A, [see
Fig. 2(b)]. The simultaneous presence of both terms breaks
the particle-hole symmetry and leads to a smaller bulk gap
A’ = |2A; + A,|. However, the degeneracy of valence band
edge is also present since it is protected by Cs, symmetry (see
Appendix B).
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FIG. 2. (Color online) Topological transition from a quantum
valley-Hall insulator to a single-valley phase as a function of
the parameters u,. Here, we set u, to be fixed with u; <0
and u3; =0. —2A, corresponds to the local band gap from the
intervalley scattering. A’ measures the bulk (local) band gap from the
competition between intervalley coupling and sublattice potentials.
The progressive decrease of u; leads to a complete closure of the
quantum valley-Hall gap and then transitions to the single-valley
phase by reversing A’.

When u; is even further decreased and reaches a critical
value of u; = 3u,/2, the bulk gap A’ completely closes as
shown in Fig. 2(c). Here we achieve a single band touching
point at I' formed by a Dirac cone centered at the edge of
the parabolic valence band. In this limit where the bulk gap
is closed, the valley-Hall effect is absent and the valleys are
no longer distinguishable. When we allow even smaller values
of uy, the intervalley coupling strength |A,| further increases,
while the magnitude of the staggered sublattice potentials |A |
first decreases to zero then increases again. During this process,
a conduction-valence band inversion happens due to the strong
intervalley coupling and the doubly degenerate valence band
edges are split by a local band gap of A’ = |(2|A{| — |Az])]
as displayed in Fig. 2(d). This band inversion drives the Cs,
protected degenerate valence band edges into a crossing point
between conduction and valence bands producing a valley-
mixed metallic phase with quadratic band crossover.

A detailed analysis of the band crossover at low-energy limit
shows that, when |A,| > |A1], the low-energy Hamiltonian of
the quadratic touching bands can be further simplified as

2
Hteff//(k) — U(/)/ +ak2 _ ﬂ [7[02 (no) } i (5)

which is represented on the basis of “B” sublattice from both K
and K’ valleys. Here, we define U] = Uy — Ay, k2= kf + ki,
o= Alv%/(A% — A%), and 8 = sz%/(Ag — A%). The last
term couples states between valleys K and K’ with 7w =
ky +iky, and gives rise to the quadratically dispersing Fermi
point band structure in analogy to bilayer graphene. However,
an additional term, i.e., ak?, is present due to the inversion
symmetry breaking which breaks the chiral symmetry and
makes the low-energy bands different from that of bilayer
graphene at K or K’ valley.
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C. Quadratic band crossover

Apart from the chiral symmetry breaking, the main differ-
ence between this band crossover and that of bilayer graphene
is that here we have only a single parabolic dispersion. This
is of interest because it provides an ideal platform to study
the single Dirac-cone transport phenomena of Z, topological
insulators and allows us to explore the chiral anomaly of
single valley physics that is not compensated by its time-
reversal counterpart. For example, if broken-symmetry gapped
phases are developed in the presence of electron-electron
interactions [23-25], a mass sign-dependent spontaneous
orbital moment will develop per spin valley [25-27]. In
our single-valley phase, it is expected that when the Fermi
surface lies at the crossing point, a quantum anomalous Hall
ground state will develop when both spin components have
the same mass or, alternatively, a quantum spin-Hall state
will be present when the masses for each spin term have
opposite signs [28]. Besides, a superconducting phase can also
be expected when the Fermi surface is shifted away from the
crossing point [29]. Whereas the energetically favored ground
state depends on details of the band Hamiltonian and the
models for the electron-electron interaction, further control of
quantum phase transitions should be achievable by means of
external magnetic fields coupling with the spontaneous orbital
moments. Furthermore, in bilayer graphene, the magnitude of
the gaps predicted in a Hartree-Fock theory without dynamical
screening is on the order of a few tens of meV [25], whereas
experimental gaps turned out to be an order of magnitude
smaller ~2 meV [30] due to the exponentially increasing
screening feedback when the gaps are small. Thus, it is
expected that substantially larger gaps can develop, if flatter
bands can be tailored when the leading parabolic dispersion
coefficients can be made smaller than the one used in bilayer
graphene. Moreover, in the presence of strong magnetic field,
the anomalous Landau-level quantization can also be expected
as that in the bilayer graphene case [31].

D. Photonic-crystal bands

Experimental realizations of periodic graphene superlat-
tices could take advantage of substrates that can generate the
3 x 3- or +/3 x +/3-type superstructure, like EuO(111) [32]
and Ag(111) substrates [33]. There are also other meth-
ods for engineering such kind of superstructures, e.g., sil-
icene on Ag(111) substrate [34], InSb(111) surface [35],
artificial organic molecular lattice [36], or patterned two-
dimensional electron gas with well-established experimental
technique [37]. The applicability of our theory depends on the
degree of the achievable commensurability with the crystal
structure of honeycomb lattices. It is noteworthy that, since our
model is spin independent, it can also apply to bosonic systems
such as cold atoms [38] or photonic crystals [39] in honeycomb
superlattices. One possibility is to use honeycomb photonic
crystals made of silicon columns linked by thin silicon slabs
as shown in the upper panel of Fig. 3, and use electromagnetic
waves with transverse-magnetic modes in the xy plane. The
corresponding site potentials and hopping energies for the
photonic-crystal setup can be controlled through the column
radius r and the link width d. The confinement radii allow
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FIG. 3. (Color online) Upper panel: schematic representation of
honeycomb photonic crystals with a ~/3 x +/3 periodicity. & and &,
denote the primitive vectors. The distance between nearest columns
is set to be a and the slab width is d = 0.1a. r; (i = 1-3) label
the radii of different columns. In our simulation, each column is
chosen to be infinitely long. Lower panel: photonic band structures of
transverse-magnetic modes along high-symmetry lines for different
radii r; = 0.18a (a), 0.23a (b), 0.28a (c), and 0.32a (d), respectively.
Here, we set r, = 0.25a and r3 = 0.18a.

us to tune the concentration of electrical-field energy of the
harmonic modes.

If the columns’ radii are identical and the connecting slabs
have the same width, the two-dimensional photonic band struc-
ture for transverse-magnetic modes (see more details in the
Appendix) obtained from the finite-elements method [40,41]
shows two linearly dispersing Dirac cones, closely resembling
the band structure of pristine graphene [39,42] (also see
the Appendix). To model the +/3 x +/3 graphene supercell,
we first classify the columns’ radii into three categories r;
(i = 1-3) with r;3 = 0.18a as areference, and the link width is
chosen to be d = 0.10a with a being the distance between two
nearest columns. Figures 3(a)-3(d) display the photonic band
structures for different ; = 0.18a (a), 0.23a (b), 0.28a (¢), and
0.32a (d) at fixed r, = 0.25a along high-symmetry lines. One
can observe a topological phase transition from an insulator to a
single-valley metallic phase when ry is progressively increased
(see the highlighted regions) in a way closely similar to the
behavior of the electronic band structure shown in Fig. 2.

III. HOLLOW AND BRIDGE ADSORPTIONS

In this section, we present the intervalley coupling mecha-
nisms for hollow and bridge adsorptions in 3 x 3 honeycomb
supercells as shown in Figs. 4(a) and 4(c). For both cases, the
inversion symmetry is preserved and thus staggered sublattice
potential is absent, which is different from top adsorption.
The corresponding first Brillouin zones for pristine graphene
and graphene supercells shown in Fig. 4(b) in red and black,
respectively, where K and K’ points of pristine graphene are
also folded into I" inducing intervalley coupling.

We first study the hollow adsorption as shown in Fig. 4(a).
By considering only the site energies surrounding the adatoms,
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FIG. 4. (Color online) Primitive cells for hollow-site (a) and
bridge-site (c) adsorptions. ¢; indicates the primitive lattice vectors
for 1 x 1 (inred) and 3 x 3 (in black) graphene supercell. #; denotes
the site energy induced by the adatoms. (b) Reciprocal lattices for
1 x1 (in red) and 3 x 3 (in black) graphene supercell. (d), (e)
Low-energy band structures for hollow- and bridge-site adsorptions.
A indicates the local gap from pseudo-Zeeman field in bridge
adsorption.

the real-space m-orbital tight-binding Hamiltonian is written
as

Hy = Ho+uy _ (ala; + blby), 6)

where Y} runs over six atoms nearest to adatoms with site
energy of u;. Since the Brillouin zone of pristine graphene
can be divided into nine copies of that of 3 x 3 graphene
supercell, the operator a; can be expanded in momentum
space as a; = «/;NT) Dok Zj exp[i(K; + k) - R;]a; x, where K;
(j = 1-9) denotes the center of jth copy and k runs over
the Brillouin zone of 3 x 3 graphene supercell. Therefore, the
Hamiltonian of Eq. (6) in momentum space can be expressed
as

Hy(k) = Hok) + Y 56(a)gay i+ b bjo. (1)
JJ’

In the second term, j = j' gives equivalent AB sublattice
potentials, while j # j’ couples different parts. Although the
direct coupling between valleys KK’ vanishes due to phase
interference, i.e., &, = Y ; ¢/®K)¥ — 0, a band gap opens
at the I' point with four lower-energy bands around the
gap mainly contributed from eigenstates near valleys KK’ as
shown in Fig. 4(d). This suggests that the gap is induced by
intervalley coupling from higher-order effects. By doing a
block diagonalization [43], alow-energy effective Hamiltonian
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with nontrivial contribution from u; can be obtained:

2

+vp(t ko + kyoy) + 9—rxax, ®)

ui uj
fo

H}?ff — 3

where the first term is an energy shift relative to the charge
neutrality point. The last term couples valleys K and K’ where
7, implies a pseudo-Zeeman field in the x direction to induce
a precession of valley polarization. Moreover, the coupling
only occurs between different sublattices, and the resulting
band gap 2u%/9t0 indicates a second-order correction from
site energy u.

Then, we turn to the bridge adsorption case as shown in
Fig. 4(c). Assuming that the adatom only influences the site
energies u; of the nearest two carbon atoms and neglecting
the high-order contribution from I' valley of graphene, the
continuum effective Hamiltonian for four lower bands can be
obtained similar to hollow adsorption, which can be expressed
as follows:

BT = T4 op(tho, + ko) + 5 nle. ()
where the third term represents the first-order intervalley
coupling contributed from the onsite energy, which also acts
as a pseudo-Zeeman field in the x direction yet without a
sublattice flipping. This term shifts the two degenerate Dirac
cones of graphene and opens alocal energy gap A = 2|u;|/9 at
k = 0as shownin Fig. 4(e). The gap is closed at (|u|/9vF,0)
due to the dispersion of energy bands where another two Dirac
cones are formed. It is noteworthy that the results in the
specific 3 x 3 or +/3 x +/3 superlattices can be generalized
to 3N x 3N or /3N x /3N ones indicated by the symmetry
analysis Appendix B.

IV. DISCUSSIONS AND CONCLUSIONS

In summary, we presented the theory for the intervalley
coupling mechanisms due to Bragg scattering in +/3 x +/3
or 3 x 3 adatom decorated graphene supercells that act as
in-plane pseudo-Zeeman fields or pseudo-spin-orbit coupling.
Three possible adsorption geometries, i.e., top-, hollow-, and
bridge-site adsorption, are studied and we found that interval-
ley coupling mechanisms are sensitive to the adsorption site as
summarized in Table I. These intervalley coupling mechanisms
can be used to tailor valley pseudospins of honeycomb
lattices and have important implications in valleytronics,
where the coherent control of valley polarization is yet a
grand challenge due to the missing counterpart mechanisms
of spin-orbit couplings or Zeeman fields for spintronics.
Especially, the valley-orbit coupling in top adsorption case
makes it possible to control the valley polarization via electric
means. Moreover, our theory also suggests strategies for

TABLE L. Intervalley coupling mechanisms for different adsorp-
tion sites.

Adsorption site Symmetry Intervalley coupling
TOp C3v (l + Uz)tx
Hollow Cﬁv TxOx

Bridge Cyy 1,
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engineering single-valley electronic structure in conventional
Dirac materials with two inequivalent degenerate valleys by
folding them together. In addition, the single-valley phase for
top adsorption can be manipulated by combining intervalley
couplings and imbalanced sublattice potentials originated
from the inversion symmetry breaking. By increasing the
strength of intervalley coupling from zero, a topological
phase transition can take place from the quantum valley-Hall
phase to a chiral anomalous single-valley metallic phase
with quadratic band crossover that resemble the electronic
structure of a half Bernal-stacked bilayer graphene apart from
a chiral symmetry-breaking term. A concrete proposal for such
a single-valley phase is presented in honeycomb photonic
crystals since a spinless particle is considered in this work.
When the spin degree of freedom is further included in the
honeycomb structure (e.g., silicene [44]), the competition
between valley-mixing and spin-mixing mechanisms will give
rise to a rich variety of topological phases, which is beyond
the scope of this work and will be discussed in the future.

It is noteworthy that Ref. [45] presents similar intervalley
coupling terms. However, the physical origin of intervalley
coupling in our work is totally different from theirs, which
comes from the short-range components of scattering potential
from single adatom on graphene rather than Bragg scattering in
graphene superlattice. In addition, when the supercell slightly
deviates from the perfectly commensurate \/3 X ﬁ supercell,
the two inequivalent Dirac cones are preserved and remain
separate although an intervalley coupling gap can appear at
higher energies due to the coupling between states away from
K and K’ points as discussed in Ref. [46].
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APPENDIX A: CALCULATION OF PHOTONIC BAND
STRUCTURE

In our simulation of photonic band structure, we consider
a honeycomb lattice with /3 x /3 periodicity, which is
comprised of silicon columns linked with thin silicon slabs
in the vacuum background as shown in Fig. 5(a). The columns
are infinite in the z direction and their radii are r; (i = 1-3). In
our calculation, the electromagnetic wave propagates within
the xy plane, i.e., the wave-vector component along the
z direction is k, = 0. Various numerical methods can be
used to calculate the photonic band structure, such as plane-
wave method (PWE), finite-difference time-domain (FDTD)
method, and finite-elements method (FEM) [40,41]. Here,
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FIG. 5. (Color online) Left panel: schematic of honeycomb-
structured photonic crystals. The distance between nearest columns
is set to be a and the slab width is d = 0.1a. r; (i = 1-3) label the
radii of different columns. Right panel: the photonic band structure
with uniform column radii and the slab widths where Dirac cones
are present around the K point and K’ point and the later one is not
shown for clarity of the figure.

FEM is employed, which is much efficient in calculating
structures with extremely small domains needing to be meshed.
The photonic band structure with the uniform column radii
and the slab widths are calculated as shown in Fig. 5(b), where
two Dirac cones in K and K’ points for transverse-magnetic
modes [39,42] are formed, resembling the linear-dispersed
Dirac cones of pristine graphene.

APPENDIX B: SYMMETRY ANALYSIS

In this part, we derive the intervalley coupling mechanisms
utilizing symmetry analysis. We focus on the Hilbert space
spanned by four basis functions: |Ka), |Kg), |K}), and |K})
defined as follows:

L5 ki .
IKa) = —= D ™ pe,i.A),

1 _— .
o) = R i)
l (B1)

1
K\) = —
IK) VN

1 -
|K]/3> = ﬁ ZelK.[R[-’—TB]'pz’i’B)r
i

where A and B represent the A/B sublattices of graphene while

K and K’ represent the two valleys with K(K') = %(i% ,0)

and a being the distance between two nearest carbon atoms.
|p;,i,A(B)) is the p, orbital of carbon atom centered at R; +
T o) denoting the position of the A(B) site in the ith unit cell.

For top adsorption, the system possesses the symmetry
represented by C3,, point group with the rotation center locating
at the adsorption site assumed as A site. The symmetry
operators in C3, can be classified into three classes. The
first class is the invariant operation labeled by é while the
second class is rotation operation around the z direction
by 27/3 (4m/3) denoted by C3 (C?). The third class is
the mirror reflection about the three planes through rota-
tion center labeled by &, [47]. The generating operators
are set as C‘3 and y-direction reflection 6, which can be
expressed as the following matrices on the basis of |Ka),
|Kg), |K}), and |K}) that form a reducible four-dimensional

Z eiK/~[R,'+TA]|pZ’i’A>’
i
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representation 7:

T1(C3) = diag{l,o,1,0"},

0 0 1 O
. 0 0 0 1
Tl(av) = 1 0 0 ol (B2)
0O 1 0 O
i2rr/3'

where diag indicates a diagonal matrix with w =e
These matrices can be block diagonalized by a uniform
transformation that changes these bases into a new set of bases

|AL) 1/¥V2 0 1/v/2 0\ [IKa)
A9 _|uv2 0o —1/¥2 0 |K1/3> B3)
|Kg) 0 1 0 o] |1Ka)
|Kg) 0 0 0 1/ \IKg)

The corresponding matrix representation of these operators
can be rewritten as

T5(C3) = diag(1,1,0,0%),
1 0 0 O
o 0O -1 0 O
TZ(OU) = 0 0 0 11 (B4’)
o 0 1 0

which indicates that |A;) and |A_) forms two inequivalent
one-dimensional irreducible representations labeled by A
and A, corresponding to the split conduction band edges in
Fig. 2(b). Moreover, {|K3),|Kg)} form a two-dimensional
irreducible representation labeled by E that leads to the
double-degenerate valence band edges or crossing point shown
in Fig. 2.

Based on these three irreducible representations, we can
divide the effective Hamiltonian into nine blocks as follows
according to the invariant expansion method introduced in
Ref. [48]:

Hpny  Haa, Hag
Heff = HAzA[ HA2A2 HAzE k) (BS)
Hga, Hpa, Hgg

where H,g is a Dy x Dg matrix with D, (Dg) being the
dimension of irreducible representation « (8). In order to
obtain the effective Hamiltonian, we list in Table II the
symmetrized matrices for each block and the corresponding
tensor operators composed by momentum operators. Each
block can be obtained by the production of symmetrized matrix
and tensor operators [48]. Therefore, the effective Hamiltonian
of can be expressed as

Ay 0 ! —nur
0 Ay nmum' mam
Heff = * % T E) (B6)
NTw Ny T Az N3
mirt miat o—mr Ay

where m = k, + ik, while A;; and n;; (i = 1-3) are coupling
constants and are complex numbers in general with n}, being
corresponding conjugate number and subscript t indicating top
adsorption. In addition, due to the Hermiticity of Hamiltonian,
N4 = —n3 indicates that n3 is a pure imaginary number.
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TABLE II. Symmetrized matrices and corresponding tensor
operators for each block of effective Hamiltonian for top adsorption
with C;, symmetry. A;, A,, and E represents the irreducible
representations of Cs, point group. M; is a 1 x 2 matrix with M, =
(1,0) and M, = (0,1). Ladder operators o _ = o, £ ioy with o, , ;
being Pauli matrices. A is constant, 7 = k, + ik,, and K= K2 + k2

Symmetrized Tensor
Block Representation matrices operators
HA]A] AIXAIZAl Alll AllAtOI'kz
HA2A2 AzXA2=A1 A1 01 A1 IAtOI'k2
HA[A? AIXAZIAQ Az:l AQZO
HA]E AIXE:E EZ{M[,—Mz} E.'{ﬂ,ﬂr}
Hue A)xE=E E:{M .M} E:{mnn'}
Hgg EXE=A1+A2+E A]Ilzxz A]ZA[Ol'k2
A o, Ay 0
E:{o,,—0o.} E:{mnf}

Finally, we can express this effective Hamiltonian in the basis
of |Ka), |Kg), |K4), and |K}) as following by a unitary
transformation:

A Utﬂ'T Anat —UstTT
Hteff _ v Ap¢ V5T nart . ®
Aaac UatﬂT At —UWT
—vg‘[nT N —vt*rrT Apt
where A= (A + A2)/2, Apr = Az, Aaar= (A —

A2)/2, ve = (i + n2)/~/2, and vs, = (10 — 120)/~/2. This
Hamiltonian has the same form as Eq. (4).

For hollow adsorption, the system has C¢, symmetry with
the rotation center locating at the adsorption site. For this case,
we find that the four basis functions can be reconstructed
into two two-dimensional irreducible representations as
follows:

) = (IKg) — |K’>>/f
Ima) = (1Ka) — 1Kp))/+/2,
Ip1) = (IKs) + |K’ >)/f
|p2) = (1K) + |Kp)/V2,

where the former (latter) two bases give rise to an irreducible
representation that is odd (even) under rotation of 7. Therefore,
we can divide the effective Hamiltonian into four blocks and
each block is a 2 x 2 matrix that can be written as follows in
the first order of momentum:

nh(kxax kyay)> ’ (B9)

AU ENY)

|my

(B8)

Anlaxe
Her = ( "
r]h(kxax - kyay)

where the diagonal terms lead to two double-degenerate energy
levels which are separately conduction and valence band edges
split by a gap of |A, — Ay,| with subscript representing
hollow adsorption. This Hamiltonian can be expressed on the
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basis of |Ka), |Kg), |K4), and |K}) as follows:

0 vt gt Ay
Heff An + Ao VpTT 0 An UshTT
2 V5T Ap 0 — UL TT
An vt —uprt 0
(B10)

where Ay, = Aoy — A, vp = 2Re(nn), and v, = 2i Im(ny,)
with Re (Im) indicating the real (imaginary) part of a complex
number. Itis noted that there is no staggered sublattice potential
here due to inversion symmetry.

For bridge adsorption, we can also obtain the effective
Hamiltonian similarly. However, this effective Hamiltonian is
very complex since the symmetry of this system is lower than
the previous ones. For simplicity, we divide the system into two
parts where the first part is effective Hamiltonian of pristine
graphene with Dg;, symmetry and the second part accounts for
the effects of adatoms with Cy, symmetry. The second part is
treated as perturbation with only the lowest-order contribution
being included. We find that the four degenerate basis functions
in pristine graphene can be reconstructed into four one-
dimensional presentations with the corresponding basis are

Imm) = (IKg) — 1K) — |Ka) + |Kp))/2,

|pm) = (1K) + |K}) — |Ka) — |Kg))/2,

Imp) = (IKs) — |K}) + |Ka) — |K3))/2,

lpp) = (IKB) + |K},) + [Ka) + |K5))/2,
where the left (right) m or p indicates that the wave function
is odd or even under rotation of 7 (y-direction reflection). We

can obtain the effective Hamiltonian in the zeroth order of
momentum that can be written as

Hegy = diag{A v, Aoy, Asp, Agp)

(B11)

(B12)

where A;p (i = 1-4) are constants with subscript b indicating
bridge adsorption. Then we express the effective Hamiltonian
as follows under the basis of |K), |Kp), |K}), and |Kg):

A

Ht?ff = vF(fzkax + kyay) + — 14><4

0 Aoy Az Ay

11A 0 A A
11 Az 41b aw [ (B13)
41 A3, A 0 AUSIS
Ay Az Ay O
where A = Zi Ajpy with i =14, Ayp=—Ap —

Aoy + Azp + Agp,  Azip = A — Agp — Azp + Ay, and
A4lb = _Alb + AZb — A3b + A4b~ Here, the staggered
sublattice potential is absent similar to hollow adsorption and
Azp corresponds to the onsite potential induced intervalley
coupling while Asjp41p are induced by the hopping term
modification that is neglected in Sec. IV.
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