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Magnetic field effects and excitonic selection rules in monolayer palladium diselenide
as a large-gap quantum spin Hall insulator
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Quantum spin hall (QSH) effect, a class of quantum state, is promising for dissipationless transport with
topologically protected helical edge state. Based on first-principles calculations, we theoretically demonstrate
the topological physics of 1H-PdSe2 with a large gap up to 0.24 eV. The band inversion takes place either among
the pz and px,y orbitals of Se atom or due to spin-orbital coupling under compressive strains. The edge modes
exist in the energy gap and can be characterized by an effective edge state Hamiltonian. Based on the derived
two-band k · p model, we demonstrate the profound phenomena induced by the applied magnetic field effects and
optical transitions for chiral fermions, which lead to complicated excitonic selection rules in this topologically
nontrivial two-dimensional material. Our results will pave the way for future theoretical and experimental studies
on PdX2 (X = S,Se,Te) monolayers.
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I. INTRODUCTION

Two-dimensional topological insulators (2D TIs), namely
quantum spin Hall (QSH) insulators [1,2], have attracted
a surge of attention in recent years due to their intriguing
physics and promising applications in electronics and spin-
tronics [3,4]. These insulators can support helical edge states
inside the bulk band gap, which lead to the dissipationless
transport edge channels because of forbidden backscattering
under the time-reversal symmetry [5,6]. Such a state was
first proposed in graphene [7], but its bulk gap opened by
spin-orbit coupling (SOC) is too small [8,9], making its QSH
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effect unobservable. Same limitation was also presented in
HgTe/CdTe [5] and InAs/GaSb [10] quantum-well structures,
which requires ultralow operating temperature (below 10 K).
Therefore, searching for alternative 2D topological materials
with large bulk gaps is important for practical applications.

Recently, many candidates with large band gaps and stable
structures have been proposed: chemically modified mono-
layer honeycomb lattices of Ge [11,12], Sn [13], Bi/Sb
[14], bulk square lattice BiF [14], and functionalized MX-
ene [15,16]; new 2D systems, such as Bi4Br4 [17], α-Sn
(100) film [18], and ZrTe5 (HfTe5) [6], which can be
easily exfoliated from layered bulk materials; and transition-
metal dichalcogenide in 1T′ structures [19–24]. Since the
symmetry-indicator method has been successfully applied in
three-dimensional (3D) TIs [25–27], such a method has also
been used to build 2D TI databases [28,29], which proposes
PdSe2 in the MoS2 crystal structure (1H phase) may be a
promising QSH insulator with large bulk gap. Regarding PdX2
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(X = S, Se, Te), different crystal structures have been re-
ported in several theoretical works: penta-structure with high
stability and interesting thermoelectric performance [30,31]
and buckled honeycomb lattice with superconductivity and
topological states [32]. However, to the best of our knowl-
edge, no efforts have specifically investigated the topological
mechanism in 1H-PdSe2.

In this paper, by using first principles calculations, we
demonstrate that 1H-PdSe2 is a 2D TI with a large bulk gap.
The band gap opened by SOC is 0.24 eV and is enhanced to
0.92 eV within the hybrid Heyd-Scuseria-Ernzerhof (HSE06)
functional [33,34]. The phonon calculation indicates that this
crystal structure is dynamically stable. The band inversion is
found to occur among the pz and px,y orbitals of Se atom.
Topological phase calculations indicate that its Z2 invariant is
1 and helical edge states exist in the bulk band gap. More-
over, we construct the k · p Hamiltonian to investigate the
edge states and apply the radiation and magnetic field on this
Hamiltonian to study the optical properties and the Landau
levels.

II. METHODS

First-principle calculations are performed using the Vienna
ab-initio simulation package (VASP) based on density func-
tional theory (DFT) [35]. The exchange-correlation energy is
described by the generalized gradient approximation (GGA)
in the Perdew-Burke-Ernzerhof (PBE) parametrization. A
plane-wave energy cutoff and energy convergence are set to
be 600 eV and 10−6 eV with the projector-augmented-wave
(PAW) pseudopotential method. We set a 15 × 15 × 1 �-
centered k mesh to carry out the structural relaxation. To avoid
artificial interactions between two adjacent atomic layers, the
vacuum size is larger than 25 Å. In the following calculations,
freestanding PdSe2 monolayer without substrates is under
investigation, and thus the effect of substrate is completely ne-
glected. The electronic band structure is further verified by the
calculations using the hybrid function (HSE06), with the mix-
ing ratio 25% for the short-range Hartree-Fock exchange and
the screening parameter 0.2 Å−1. A machine learning algo-
rithm, named Hiphive, with enhanced constraints of acoustic
sum rule, rotational symmetry, and Born-Huang condition
is used to extract the force constants [36], from which the
phonon spectrum can be plotted within the PHONOPY code
[37,38]. The maximally localized Wannier functions (ML-
WFs) using d orbitals of Pd and p orbitals of Se atoms as the
initial projections are constructed using the WANNIER90 code
[39]. Then the Green’s function method [40] is applied on a
tight binding model based on MLWFs to calculate the edge
state within the WANNIERTOOLS package [41].

III. RESULTS AND DISCUSSION

A. Band inversion and effective k · p Hamiltonian

The optimized crystal structure of monolayer PdSe2 is
shown in Fig. 1(a). Monolayer PdSe2 possesses a hexagonal
structure, with the Pd atoms and Se atoms located in different
layers respectively, similar to the 1H-MoS2 structure, which
can be described by the point group D3h, showing trigonal
symmetry and reflection symmetry with respect to the x-y
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FIG. 1. (a) Atomic structure of PdSe2 in a 3 × 3 × 1 supercell
from side view (upper panel) and top view (lower panel), respec-
tively. Large and small spheres represent the Pd and Se atoms,
respectively. A color coding is used to distinguish the different
atomic species. (b) Phonon spectrum with no imaginary frequency.

mirror plane. The optimized lattice constant is 4.00 Å. The
phonon spectrum possesses no imaginary frequency, as shown
in Fig. 1(b), which indicates the thermodynamical stability
at low temperatures. Recent work reported the experimental
realization of the phase of 2D PdSe2 possessing pentagonal
structure layers with orthorhombic lattice and P21/c sym-
metry [42], and the cohesive energies of both orthorhombic
and hexagonal phases are −3.58 and −3.32 eV/atom at 0 K,
respectively, indicating that these two structural phases are
both chemically stable at low temperatures.

The electronic band structures of monolayer PdSe2 is
calculated by the PBE method with and without spin-orbit
coupling (SOC), as shown in Fig. 2. When SOC is not in-
cluded, monolayer PdSe2 is gapless with the conduction band
(CB) and valence band (VB) touching at the � point on the
Fermi level. The degenerate states are mainly attributed to
px + py and pz orbitals of Se atoms. If SOC is taken into
consideration, a narrow direct band gap of 0.32 eV is opened
up at the � point, with a global indirect band gap as large as
0.24 eV.

To obtain a physical understanding of the topological
phase, we start from atomic orbitals and consider the effects of
crystal field and chemical bonding on the energy levels at the
� point. Actually, Pd d orbitals also contribute to the bands
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FIG. 2. (a) Band structure of PdSe2 without SOC and atomic
orbital weights in the energy bands. The wine and cyan circles
represent px + py and pz orbitals of Se atoms, respectively. The size
of each circle is proportional to the weight of the atomic orbital.
(b) Band structure of PdSe2 with SOC (solid) and HSE06+SOC
(dashed).

155401-2



MAGNETIC FIELD EFFECTS AND EXCITONIC … PHYSICAL REVIEW B 107, 155401 (2023)

px,y
-

px,y
+(E’)

pz
+

pz
-(A’’2)px,y

pz
Se-p E

f

w/o SOC  SOC

A’1

E’’

(a)

Γ M Γ M

E
n

er
g

y
 (

eV
)

Γ M→

(b)

Γ
9

Γ
7

FIG. 3. (a) The schematic illustration of the band inversion mechanism. (b) The energy dispersion obtained from the model Hamiltonian
with four bands (red line) is compared with that from the ab initio calculation (black line).

around the Fermi level but are mostly occupied. According
to the crystal structure, Se atoms align to each other along
the c direction. Intuitively, the intralayer coupling between pz

orbitals of Se atoms will play an important role in topological
quantum effects. Therefore, we just need to take the Se p
orbitals into consideration.

Due to the crystal-field splitting induced by the D3h point-
group symmetry, as shown in Fig. 3(a), the triply degenerate
p orbitals of Se atoms split into doubly degenerate pxy and
singly degenerate pz orbitals, with the energy of pz located
below that of pxy. Moreover, these orbitals form bonding
and antibonding states by the intralayer Se-Se coupling. The
bonding and antibonding states of pz orbitals, denoted by p+

z
and p−

z in Fig. 3(a), transform with the A′
1 and A′′

2 symmetries,
respectively, whereas those from pxy [p+

xy and p−
xy in Fig. 3(a)]

transform with E ′ and E ′′ symmetries with double degeneracy.
The energy splitting caused by chemical bonding states to pz

orbitals of Se atoms lifts p−
z (A′′

2 ), further crossing the energy
of the splitted p+

xy(E ′), and subsequently, a parity exchange
based on the mirror symmetry between occupied and unoccu-
pied bands, forming the so-called band inversion at � point.
The band inversion between the nondegenerate A′′

2 and doubly
degenerate E ′ states not only brings nontrivial band topology
to monolayer PdSe2 but also induces a splitting of the doubly
degenerate states from � to M in the band structure. When
the SOC effect is included, E ′′(�6) splits into two new doubly
degenerate states, i.e., �6

⊗
�8 = �7

⊕
�9, according to the

notations of irreducible representations (irreps) of the double
point group of D3h [43]. Therefore, a small band gap of
320 meV around Fermi level is opened by introducing the
spin degree of freedom, which is also the SOC strength of

Se atoms. The hybrid functional (HSE06) calculation is also
performed to confirm that, the band inversion around the �

point is kept and the direct band gap at the � point is enlarged
to 0.92 eV.

To further investigate the topological physics of monolayer
PdSe2, we derive a simple effective Hamiltonian to character-
ize the low-energy bands around the � point of the system.
We only focus on the low-lying states of the minimum of CB
(CBM) and maximum of VB (VBM) at the � point with the
spin degree of freedom, which possess the irreps of �7 and �9,
respectively. The basis functions of �7 and �9 can be trans-
formed into the |JMJ〉 basis, i.e., | 3

2 ,± 3
2 〉 and | 1

2 ,± 1
2 〉, where

± represents spin-up and spin-down respectively [43]. There-
fore, starting from these four basis, a k · p Hamiltonian can be
constructed according to the theory of invariants [44,45] for
the finite wave vector k. The prime symmetry operations R̂ of
the system are time-reversal symmetry T, mirror symmetry σh,
twofold rotation symmetry C2 along the x axis, and three-fold
rotation symmetry C3 along the z axis, and the representations
D(R̂) of these operations are given by

T = K · iσy ⊗ I2×2, (1a)

σh = iσz ⊗ I2×2, (1b)

C2x = iσx ⊗ I2×2, (1c)

C3z = exp (i(π/3)σz ⊗ τ+) + I2×2 ⊗ τ−, (1d)

where K is the complex conjugation operator, σx,y,z denotes
the Pauli matrices, and τ± = (σz ± I2×2)/2. With the con-
straints of D(R̂)H (k)D(R̂)−1 = H (R̂k) and keeping the k
terms up to the quadratic order, we obtain the k · p Hamil-
tonian for the low-energy bands around � point,

H (k) =

⎛⎜⎜⎝
A + Mk(+)k(−) Ck(+)2 + Dk(−) 0 0
Ck(−)2 − Dk(+) B + Nk(+)k(−) 0 0

0 0 A + Mk(+)k(−) Ck(−)2 + Dk(+)
0 0 Ck(+)2 − Dk(−) B + Nk(+)k(−)

⎞⎟⎟⎠, (2)

where k(±) = kx ± iky. By fitting this model Hamiltonian
with the calculated band structure from the DFT calcula-

tion, the parameters can be determined as A = 0.21 eV, B =
−0.11 eV, C = 38.5 eVÅ2, D = 0, M = −26.1 eVÅ2, and
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FIG. 4. (a) Topological edge states along the armchair direction. (b) Evolution of Wannier charge centers (WCC) in the Brillouin zone.

N = −3.2 eVÅ2. Since M < N < 0, the order of the bands
| 1

2 ,± 1
2 〉 and | 3

2 ,± 3
2 〉 is inverted around the � point (k = 0),

which also confirms the topologically nontrivial nature of
this Hamiltonian model. The fitted energy band is shown in
Fig. 3(b), which is in good agreement with the DFT results
around the � point in the regime kx < 0.05 Å.

B. Topological edge states

The explicit solution of edge states can be obtained by solv-
ing the k · p Hamiltonian equation with an open boundary [4].
For simplicity and without loss of generality, we consider a
semifinite system (y > 0), in which kx is still a good quantum
number, but ky is not. By replacing ky with the operator of −i∂y

and setting kx = 0 in Eq. (2), the 1D Schrödinger equation,
i.e., H (−i∂y)ψ = Eψ , can be solved to obtain two renormal-

ized edge-state wave functions, i.e., ψ↑ = [ϕ0
0 ] and ψ↓ = [ 0

ϕ0
].

The effective Hamiltonian for edge states can be derived by
projecting the bulk Hamiltonian onto these two edge modes.
For the leading order kx term, the 2 × 2 edge Hamiltonian
defined by Hαβ (kx ) = 〈ψα|H (k)|ψβ〉 can be derived as

Hedge(kx ) =
(

A + M+N
2 k2

x + iDkx 0
0 B + M+N

2 k2
x − iDkx

)
.

(3)

This analytical result shows that the edge state at the �

point is not a linear Dirac cone but manifests parabolic shape,
which agrees well with the ab initio calculations from the
WANNIERTOOLS package [41], which is based on the max-
imally localized Wannier functions (MLWFs) constructed
from WANNIER90 code and the use of the surface Green’s
function method.

As shown in Fig. 4(a), the topologically protected con-
ducting edge states connect the bulk valence and conduction
bands, confirming the topologically nontrivial nature of
monolayer PdSe2. By tracing the evolution of the Wannier
charge centers (WCC) during time-reversal pumping [46],
the Z2 invariant, which is counted by the odd number of the
crossings between WCC (gray lines) and the reference line
(red line) as shown in Fig. 4(b), is equal to 1, confirming
the QSH phase of monolayer PdSe2. We further check the

topological invariant by the using the state-of-art SYMTOPO

code [47], and the calculated symmetry-based indicator is
Z3 = 1, which confirms that monolayer PdSe2 is QSH with
the mirror Chern number equal [48] to 1.

C. Strain-engineering topological phase diagrams

It is well known that the physical properties of 2D materials
can be effectively tuned by strain. Herein we demonstrate
that strain can induce interesting multiple topological phase
transitions in the 1H-phase PdSe2 monolayer. We introduce
the hydrostatic strains to present the energy levels of p+

xy and
p−

z orbitals as shown in Fig. 5(a), which can also expound
the band inversion process. From compressing to stretching
the lattice, as the distance between the Se atoms along the
vertical direction increases, the intralayer coupling between
pz orbitals of Se atoms decreases, pushing the p−

z state upward
with respect to p+

xy state. An energy level crossing point occurs
at a critical strain of around −1%, leading to a parity exchange
restricted by the mirror symmetry between occupied and un-
occupied bands, and a topological phase transition takes place.
We further investigate the evolution of electronic structures
with SOC against an external strain. As shown in Fig. 5(b),
the SOC strength of p−

xy state is insensitive to the strain but
decreases slightly with the lattice expanding. While the in-
direct gap exhibits a sudden change under the compressive
strains, since the p−

z state shifts downward with respect to the
Fermi level. Therefore, the system turns to a semimetal with
the increase of compressive strains.

As mentioned above, the band inversion in 1H PdSe2 is
not due to SOC but caused by the intralayer coupling, so the
topological nature should be sensitive to the external strains.
However, our topological invariant calculations show that the
QSH state always survives in response to the external strains
in the range of ±6%, not in accordance with the mechanism
of band inversion analyzed before. It can be understood that
the p−

xy state at the � point splits to P1
2

(�9) and P3
2

(�7) due
to SOC, while the P3

2
state locates lower than the p+

xy under
the compressive strains larger than 2%, inducing the other
band inversion at the � point. Therefore, when applying com-
pressive strains larger than 2%, 1H PdSe2 transforms from
QSH insulator to QSH semimetal. The topological edge states
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FIG. 5. (a) The energy levels p+
xy and p−

z of 1H-PdSe2 at the � point under different hydrostatic strains, from compress strains to tensile
strains. (b) The calculated bulk gaps of 1H-PdSe2 with SOC under different hydrostatic strains. The gap opened by SOC in the p−

xy state is
also demonstrated. The nontrivial QSH states survive under all strain conditions. (c) Topological edge states under compress strain of 2%.
(d) Topological edge states under tensile strain of 2%.

under different strains have also been plotted in Figs. 5(c)
and 5(d) to prove the QSH phase. The diagram of complete
quantum phases versus strains of monolayer PdSe2 has been
plotted in Fig. 5(b).

D. Magnetic field effects

Another commonly used experimental manipulation is
the application of a magnetic field, so we also investi-
gate the Landau levels (LLs) of this 2D QSH insulator in

a uniform magnetic field along the z axis. First, to ac-
count for the magnetic effect, the wave vector in the k ·
p Hamiltonian should be modified, i.e., k → −i∇ + eA/h̄
[49]. In Landau gauge, the vector potential satisfies A =
(−μ0Hy, 0, 0). Therefore kx remains a good quantum num-
ber. Then we introduce a pair of ladder operators, i.e.,
a = (lBkx − y/lB − ∂ylB)/

√
2, a† = (lBkx − y/lB + ∂ylB)/

√
2,

and [a, a†] = 1. The magnetic length is represented as
lB = √

h̄/eμ0H . Finally the low-energy Hamiltonian can be
derived as

H (k) =

⎛⎜⎜⎜⎝
A + M̃(a†a + 1/2) C̃a†2 + D̃a 0 0

C̃a2 − D̃a† B + Ñ (a†a + 1/2) 0 0
0 0 A + M̃(a†a + 1/2) C̃a2 + D̃a†

0 0 C̃a†2 − D̃a B + Ñ (a†a + 1/2)

⎞⎟⎟⎟⎠, (4)

where M̃ = 2M/lB
2, C̃ = 2C/lB

2, D̃ = √
2D/lB, and Ñ = 2N/lB

2. Based on the following Fermion basis functions,

(| + 1/2, n + 1〉, | + 3/2, n〉, | − 1/2, n〉, | − 3/2, n + 1〉)T , n � 1, (5a)

(| + 1/2, 0〉, 0, 0, | − 3/2, 0〉)T , n = 0, (5b)
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FIG. 6. (a) Landau levels in a magnetic field μ0H along the z axis. The dashed and solid lines represent n = 0 and n � 1, respectively.
(b) Momentum-resolved circular polarization for spin-up (black) and spin-down (red) electrons.

where j = 1
2/ 3

2 denotes the spin quantum number, ± denotes spin up/down, and n (n = 〈a†a〉) is the Landau level quantum
number, the energies of LLs can be given by solving the eigen equations

En, s(n � 1) =
{

1
2 [u1 + v1 + s

√
(u1 − v1)2 + 4C̃n

√
n(n + 2)]

1
2 [u2 + v2 + s

√
(u2 − v2)2 + 4C̃n

√
n(n + 2)]

, (6a)

E0(n = 0) =
{

A + M̃/2
B + Ñ/2

, (6b)

where u1 = A + M̃(n + 3/2), v1 = B + Ñ (n + 1/2), u2 =
A + M̃(n + 1/2), v2 = B + Ñ (n + 3/2), and s = ±1 denotes
the CB and VB, respectively. The calculated LLs in a
magnetic field are shown in Fig. 6(a). The degenerate LLs
of n = 0 are highlighted. Without considering electron-hole
symmetry, the cyclotron frequency for LLs of CB is larger
than that of VB, so that the LLs of n = 0 will cross at a
critical magnetic field, which confirms the QSH state in a
weak field [49].

E. Optical properties and excitonic selection rules

The emergence of the nontrivially topological nature of
PdSe2 as a QSH with a large band gap also offers a practi-
cal platform to explore the optical properties induced by the
excitonic behaviors. The eigen energies and wave functions
of excitons as the bound electron-hole pairs, which contribute
dominantly to the optical properties in two-dimensional ma-
terials due to the enhanced reduction of Coulomb screening
effects, can be written according to the Bethe-Salpeter equa-
tion (BSE) as follows [50–52],

AS
cvk(Eck − Evk ) +

∑
k′

AS
cvk′ 〈cv, k|Keh|cv, k′〉 = �SAS

cvk,

(7)

where AS
cvk and �S are the envelope function and eigen energy

for the Sth exciton, and Ecv denotes the eigen energies of
|ck〉 and |vk〉, respectively. Keh is the two-particle electron-
hole interaction, including the direct electron-hole attractive
screened Coulomb interaction term and the repulsive ex-
change bare Coulomb term. The excitonic wave function for

the Sth exciton can be written as |S〉 = ∑
k AS

cvk |cv, k〉. The
contribution from the Sth exciton to the optical properties can
be determined by its oscillator strength OS , which is written
as

OS = 2
∣∣ ∑

k AS
cvke · 〈ck|p̂|vk〉∣∣2

�S
, (8)

where e and p̂ denote the polarization unit vector of pho-
ton and momentum operator, respectively. For photoexcited
excitons, the center-of-mass momentum of excitons can be
neglected, and the envelope function AS

cvk can be expanded
in the isotropic-model approximation as

AS
cvk = Ãm(|k|)eimφk , (9)

where m is the angular momentum and φk is the angle of
k with respect to kx axis. The interband optical transition
matrix element 〈ck|p̂|vk〉 can be decomposed into Pk+ = e+ ·
〈ck|p̂|vk〉 and Pk− = e− · 〈ck|p̂|vk〉, corresponding to the
optical coupling to left- and right-circularly polarized photon
modes, respectively. Thus, the oscillator strength OS

m for the
Sth exciton with angular quantum number m under circular
polarization can be written as

OS
m = 2

�S

∑
η=±

∣∣∣∣∣∑
k

Ãm(|k|)eimφkPη(k)

∣∣∣∣∣
2

, (10)

where the velocity operator P±(k) = Px(k) ± iPy(k). For
topological nontrivial bands, Px(k) and Py(k) are generally
nonzero and possess different winding numbers.

As mentioned above, the SOC effects in monolayer PdSe2

induce the band gap separating VB and CB, and band
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FIG. 7. Angular dependence of �-valley interband optical transition matrix elements for spin-up electrons coupled to (a) left- and (b) right-
circular polarization, and for spin-down electrons coupled to (c) left- and (b) right-circular polarization.

inversion takes place around the � point as well. To de-
scribe the excitons formed by the transition of photoexcited
electrons around the � point, we use a two-band k · p
model, which is the 2 × 2 matrix obtained from Eq. (2), as
follows,

Hs(k) =
(

A + Mk(+)2 Ck(−)2 + 2isCkxky

Ck(−)2 − 2isCkxky B + Nk(+)2

)
,

(11)

where s = ±1 is the spin index indicating spin up and spin
down, respectively. Solving the eigensystem of Eq. (11), the

eigenstates for conduction band |ck〉 and valence band |vk〉
can be obtained as follows,

ψc,s(k) =
(

� +
√

(�)2 + (2Ck(+)2)2

2C(k(−)2 − 2iskxky)

)
, (12a)

ψv,s(k) =
(

� −
√

(�)2 + (2Ck(+)2)2

2C(k(−)2 − 2iskxky)

)
, (12b)

where � = A − B + (M − N )k(+)2 and ψc/v,s denotes the
wave function for CB/VB electrons with the spin index of s,
respectively. The optical transition matrix from VB to CB is
given by Pd (k) ≡ m0〈ck| 1

h̄
∂H
∂kd

|vk〉 with d = x/y denoting the
direction index [53,54]. Thus, for light polarized along the x/y
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FIG. 8. The excitonic selection rules of the l± chiral fermion model with the symmetry is reduced from (a) C∞ to (b) C3 and to (c) C2

rotational symmetries.

direction, the optical transition matrix element can be derived
as

Px(k) ≡ m0

h̄
[2Mkx(�2−τ 2) + 8C2γ (kx(Nγ + �) + iskyτ )],

(13a)

Py(k) ≡ m0

h̄
[2Mky(�2−τ 2)+8C2γ (ky(Nγ − �) + iskxτ )],

(13b)

where τ =
√

(�)2 + (2Ck(+)2)2 and γ = k(−)2 − 2iskxky.
Subsequently, the optical transition matrix element coupled
to left- and right-circularly polarized photon modes can be
obtained by P±(k) ≡ Px(k) ± iPy(k) [53]. The degree of cir-

cular polarization η(k), defined as η(k) ≡ |P+(k)|2−|P−(k)|2
|P+(k)|2+|P−(k)|2 , can

be calculated and the results are shown in Fig. 6(b), which
reveals that the values of circular polarization are opposite for
electrons with opposite spin indexes at the � point, indicating
that the corresponding two Bloch states form a Kramer’s pair
with opposite orbital magnetic moment. It is worth noting
that the degree of circular polarization is equal to unity at the
� point, but it is close to unity around the � point, instead
of being quantized near the � point. Although the effective
Hamiltonian [Eq. (11)] is not valid at M or K points, the
curvilinear trend elucidates that the circular dichroisms with
opposite crystal momentum are identical because of opposite

orbital moment in the presence of time-reversal symmetry
[54].

Here the gauge is fixed by demanding that both |ck〉 and
|vk〉 are not singular at the � point. According to Eqs. (13),
the angular dependence of chiral P+(k) and P−(k) corre-
sponding to the coupling to left- and right-circularly polarized
photon modes can be calculated, and the results are shown
in Fig. 7, in which the complex quantities of P+(k) and
P−(k) are represented by the arrows with their lengths pro-
portional to the magnitude and the orientation pointing along
the direction with angle of φk . It should be noted that the off-
diagonal terms in the two-band k · p Hamiltonian as shown
in Eq. (2) are square to the reduced momentum k±, which
means that the velocity matrix element P±(k) satisfies the
relation of P±(k) ∼ e−i(w∓1)φk , where the winding number
w = 2 [55]. As shown in Figs. 7(a) and 7(b), the winding
patterns for P±(k) for spin-up electrons indicate that the
winding number w for spin-up P±(k) is −2, while the wind-
ing patterns for spin-down P±(k) as shown in Figs. 7(c) and
7(d) indicate the spin-down w is 2. Therefore, the angular
dependence of P±(k) indicates their angular momentum of
l± = w ∓ 1, l± for spin-up and spin-down cases are −3,
−1, and 1, 3, respectively, which is consistent with the
analytical results.

By considering the angular dependence of the velocity
matrix elements, the oscillator strength OS

m for the Sth exciton
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can be further written as

OS
m → 2

�S

∑
η=±

∣∣∣∣∣∑
k

Ãm(|k|)ei(m−l± )φk

∣∣∣∣∣
2

. (14)

The oscillator strength OS
m is nonzero only if m = l±. For a

symmetry possessing N-fold rotational symmetry, the general
excitonic selection rule is

m = l± + nN, (15)

where n is an integer. As mentioned above, the point group
for �-point momentum in monolayer PdSe2 is D3h, which
includes C2x and C3z rotational symmetry operations.

For isotropic-model approximation with C∞ symmetry, the
excitonic selection rule is m = l±, and therefore only the
m = −1 (σ−) and m = −3 (σ+) states for spin-up electrons
and m = 3 (σ−) and m = 1 (σ+) states for spin-down electrons
are bright with the winding number w = −2, as shown in
Figs. 8(a) and 8(d). σ± denotes electrons coupled to left- and
right-circularly polarized photon modes, respectively. When
considering crystal field, the symmetry reduces to C3 and C2.
For C3 symmetry, the excitonic selection rule of Eq. (15) is
changed to be m = l± + 3n. For spin-up electrons as shown
in Fig. 8(b), the m = 2,−1 (σ−) and m = ±3, 0 (σ+) are
bright, and for spin-down electrons as shown in Fig. 8(e), the
m = ±3, 0 (σ−) and m = −2, 1 (σ+) are bright. In this case,
the optical transitions to s-like states are turned on and have
opposite circular polarization compared to the p-like states.
Similarly, when the symmetry is reduced to C2, the excitonic
selection rule of Eq. (15) gives more complex results as shown
in Figs. 8(c) and 8(f) for spin-up and spin-down electrons,
respectively.

IV. CONCLUSION

We have investigated the topological properties of
1H-PdSe2, and find that 1H-PdSe2 monolayer is a QSH in-
sulator with a large gap of 0.24 eV, and the QSH phase is
stable against the tensile strains. In this 2D material, the band
inversion around the � point is induced by the energy shift
of p−

z orbitals due to the intralayer coupling. Under com-
pressive strains larger than 2%, 1H-PdSe2 becomes a QSH
semimetal and the band inversion is due to SOC. Topolog-
ical edge modes also exist, which connect the valence and
conduction bands and can be characterized by an effective
edge-state Hamiltonian derived from k · p Hamiltonian. By
applying the magnetic field, the Landau levels are obtained.
We also investigate the optical properties of monolayer PdSe2

as a QSH insulator, and finally build the excitonic selection
rules for the optical transition of chiral fermions.
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