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SPECIAL TOPIC — Valleytronics

Optical spectrum of ferrovalley materials:
A case study of Janus H-VSSe
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As opposed to the prototypical MoS, with centroasymmetry, Janus ferrovalley materials such as H-VSSe are less
symmetric with the mirror symmetry and time reversal symmetry broken, and hence possess spontaneous valley polarization
and strong ferroelasticity. The optical transition is an important means to excite the valley carriers. We investigate the optical
spectrum of H-VSSe by using the many-body perturbation-based GW approach and solving the Bethe—Salpeter equation
(BSE) to include the electron—hole interactions. It is found that after the GW correction, the band gaps of the quasiparticle
bands are much larger than those obtained by the normal density functional theory. The system is ferromagnetic and the
valley gaps become non-degenerate due to spin—orbit coupling (SOC). The position of the lowest BSE peak is much lower
than the quasiparticle band gap, indicating that the excitonic effect is large. The peak is split into two peaks by the SOC.
The binding energy difference between these two BSE peaks is about the same as the difference between the inequivalent
valley gaps. Our results show that in Janus H-VSSe the two lowest exciton peaks are from the two inequivalent valleys with
different gaps, in contrast to the A and B exciton peaks of MoS; which are from the same valley.

Keywords: valleytronics, first-principles calculations, GW approach and Bethe—Salpeter equation (GW-BSE),

excitonic effects
PACS: 63.20.dk, 71.20.-b, 71.35.Cc

1. Introduction

Valleytronics materials have inequivalent gapped valleys
in the Brillouin zone, formed by pairs of extrema in the con-
duction and valence band edges at the same k-points./!=]
The H phase monolayer transition metal dichalcogenides, e.g.,
MoS,, WSe,, are found to be excellent valleytronic materials
with direct band gaps located at the valleys in the energy range
of visible light.[*-°! Since the space inversion symmetry is bro-
ken, valleytronic materials have opposite Berry curvatures at
the inequivalent valleys, leading to various quantum phenom-
ena, such as valley-dependent light selection rules and valley
Hall effect.!!! The electrons in the K and —K valleys can only
absorb light with opposite circular polarization. This valley
dependent optical selection rule provides an approach to the
realization of the valley polarization and can be applied in in-
formation encoding. Therefore, it is important to study the
optical properties of valleytronic materials.

In non-magnetic valleytronic materials, e.g., MoS,, the
energy gaps of the inequivalent valleys have the same mag-
nitude. The inequivalent valley gaps become different if the
time reversal symmetry is broken by, e.g., adding a mag-
netic field,!”"8! doping magnetic atoms,!!%! or forming a
heterojunction with a magnetic substrate to realize valley
polarization.!''=14] However, the resulting difference in the
gaps is quite small by these means. In ferromagnetic val-
leytronic materials, e.g., VSe,,13:16] the difference of the in-
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equivalent gaps is much larger, leading to an intrinsic differ-
ence of charge occupancy in the valleys and hence resulting in
the spontaneous valley polarization. The latter are called fer-
rovalley materials, which can be applied in non-volatile val-
leytronic devices. Due to the unequal gaps at the inequivalent
valleys, the optical properties of ferrovalley materials should
be distinct from the normal valleytronic materials, which are
still to be addressed.

Recently, more and more ferrovalley materials have been
discovered, such as H-VSe,,[>16] H-LaBr,,[1"1 H-GdI,,!8!
H-FeCl,,!"%2%) Nb;Ig, 12!} MN,H, 1?2 and VSi;N4 324 and
their Janus structures,>>=3!1 in which not only the spatial in-
version symmetry but also the time reversal symmetry is bro-
ken. Ferrovalley materials are promising materials for spin-
tronic and valleytronic devices, but the optical properties of
ferrovalley materials in terms of exciton effects have yet to be
studied. In Janus ferrovalley materials, the symmetry is fur-
ther lowered by breaking the mirror symmetry. Theoretical
calculations show that Janus H-VSSe is a multiferroic mate-
rial with ferroelasticity, ferromagnetism and ferrovalley. It has
been shown to have dynamically and thermodynamically sta-
ble, and its valleytronic properties are well tunable.[?>28-321 In
this work, we will take H-VSSe as an example of the ferroval-
ley materials to study its optical properties. The influences of
ferromagnetism, valley polarization and spin—orbital coupling
on the electronic structure and exciton spectrum will be inves-
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tigated.

There have been experimental and theoretical researches
on the optical properties of valleytronic materials. In com-
putational studies, in order to accurately calculate the band
gap, it is necessary to go beyond the normal density func-
tional theory (DFT), since it usually considerably underesti-
mates the band gap. After the optical transition, the electron
jumping to the conduction band will interact with the hole it
leaves in the valence band, and the electron—hole binding en-
ergy will significantly affect the optical spectrum if the screen-
ing is not effective. In two dimensional materials, the screen-
ing is usually weak due to its finite size along the direction
normal to the plane. In previous studies, the optical proper-
ties of valleytronic materials, e.g., MoS,, WS, and WSe,,[4-6]
have been calculated. In the case of monolayer MoS,, the
calculated DFT bandgap is about 1.60 eV, whereas the cal-
culated GW bandgap gives a much larger value of 2.84 eV,
indicating the many-body correction is large. To address the
band gap problem in DFT, the GW method based many body
perturbation is used in this study. To account for the effects
of electron—hole interaction on the optical spectrum, Bethe—
Salpeter equations (BSE) are solved on top of the GW calcula-
tions. The first peak in the BSE dielectric function (absorption
spectrum) is located at 1.88 eV, in good agreement with the
experimental photoluminescence spectroscopy.*3! The posi-
tion of the first peak by BSE (1.88 eV) is much smaller than
the band gap (2.84 eV), which suggests that the electron—hole
interaction is strong and hence cannot be ignored in the study
of the optical properties of valleytronic materials. Therefore,
in the following study of monolayer H-VSSe, we use the GW
plus BSE approach to describe the many body effect and use
the electron—hole interaction to give more accurate and reli-
able predictions of the optical properties.
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Fig. 1. The side and top views of Janus H-VSSe. The red, green and
yellow spheres represent the V, Se, and S atoms, respectively.

2. Methods

The first-principles calculations are carried out using
the Vienna ab initio simulation package (VASP),3*31 with
generalized gradient approximation in the form of Perdew—
Burke—Ernzerhof (PBE) functional.*®) The projector aug-
mented wave (PAW) potentials are employed to describe the
core—electron interaction. A total of 23 electrons in V (p, d

and s orbitals), S (s and p orbitals) and Se (s and p orbitals)
atoms are taken as valence electrons in the pseudopotentials.
The electron wave functions are expanded by plane waves with
an energy cutoff of 300 eV. Our tests show that the cut-off en-
ergies of 300 eV and 400 eV yield almost the same results. In
order to minimize the influence of the periodic images, a vac-
uum layer larger than 15 A is added between the slabs. The
effect of spin—orbit coupling is considered in the calculation.
In the Brillouin zone, a series of I -centered k-grids have been
evaluated up to 15 x 15 x 1. Hybrid functional calculations
are further carried out using the Heyd-Scuseria—Ernzerhof
exchange—correlation functional (HSE06),13”! based on which
the partially self-consistent GW 8! calculations are performed
including 192 orbitals (169 empty orbitals). In order to obtain
quasiparticle energy bands, the Wannier90 package is used for
interpolation fitting, 3! and the d orbitals of V atoms and the
p orbitals of S and Se atoms are selected for initial projection,
with a total of 22 electron orbitals. The Berry curvature of the
valence bands of H-VSSe is obtained by the Wannier90 pack-
age. Finally, the Bethe—Salpeter equations are solved on top
of GW, with the eight highest valence bands and eight lowest
conduction bands taken as the basis of the excitonic state, and
the optical absorption spectrum is obtained.

3. Results and discussion
3.1. Quasiparticle band structures of Janus H-VSSe

In our calculations, the lattice constant of H-VSSe is opti-
mized to be 3.26 A. As shown in Fig. 2, we calculate the band
structures of Janus H-VSSe by using PBE, hybrid functional
HSEQ06, and GW( methods, taking spin polarization into con-
sideration. Among them, PBE bands and their Wannier inter-
polated bands almost coincide with each other, indicating that
the selected projected orbitals are suitable. Although overall
the H-VSSe has an indirect band gap, the bands of the same
spin have two identical direct band gaps located at the K and
—K points, which are 0.7769 eV, 1.0299 eV and 1.4315 eV
by PBE, HSE06 and GW( methods, respectively. The latter
two gaps are significantly larger than the PBE gap, indicating
that the ordinary DFT calculation considerably underestimates
the band gap of H-VSSe. The GWj band gap is about twice
as much as the PBE gap and 40% larger than that by HSEO06,
and therefore the quasiparticle effect in the two dimensional
H-VSSe is strong. Regardless of the calculation methods, all
the energy bands have valleys near the Fermi level at the K and
—K points. The band edges of the valleys are of the same spin
polarization, showing that H-VSSe is a magnetic valleytronic
material. The calculated magnetic moment per primitive cell
is UB.

Since transition metal elements have strong spin—orbit
coupling (SOC), we further take it into consideration in the
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Fig. 2. The band structure of H-VSSe with ferromagnetism but without
SOC. Panels (a)—(c) are calculated by PBE, HSE06 and GW, respectively.
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Fig. 3. The band structure of H-VSSe with ferromagnetism and SOC.
Panels (a)—(c) are calculated by PBE, HSE06 and GW, respectively.
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calculation and obtain band structures, as shown in Fig. 3.
Similar to the bands without SOC, the SOC bands are also
gapped at the K and —K points. Without SOC, the gaps at
the K and —K valleys are degenerate (Fig. 2). After the intro-
duction of SOC, the valley gap degeneracy is lifted as shown
in Fig. 3. The valley gap at K is 0.736 eV (PBE), 0.883 eV
(HSEO06), and 1.318 eV (GWy), respectively. Whereas it is
larger at —K, which correspondingly is 0.816 eV, 1.141 eV,
and 1.510 eV, leading to a gap difference of 0.080 eV, 0.258 eV
and 0.192 eV, respectively. The mean value of the gaps at K
and —K with SOC is close to the gap without SOC. The gap
difference is a combined effect of spin polarization and SOC.
The conduction and valence edge states at the £K valleys are
found to be mainly contributed from the d > and d,>_» +idyy
states of the V atom, respectively. Therefore, the z compo-
nent of the orbital magnetic moment i, of the conduction and
valence edge states at the £K valleys is about 0 and +2ug,
respectively. Here up is the Bohr magneton. We have also
calculated the mean value of spin of the valence band edge
and found that (6y) ~ (6y) ~ 0 and (6;) ~ 1, where & is the
Pauli operator. The SOC in the V atom will induce an energy

shift which is proportional to (6;) - ty.. The conduction band
edges in the valleys, in which py ~ 0, almost remain unshifted.
Since yp. is about 2up and —2up at the valence band edge of
the K and the —K valleys, the SOC induces opposite energy
shift in the valence band edges of the =K valleys, giving rise
to different energy gaps at the inequivalent valleys. The val-
ley with a smaller gap is easier to be excited and the carrier
occupancy is unequal at the two valleys, giving rise to valley
polarization. The degree of valley polarization is also under-
estimated by PBE.

3.2. Berry curvature of Janus H-VSSe

In order to study the valleytronic properties of H-VSSe,
on the basis of the energy band calculations, we calculate the
Berry curvature and investigate the effect of SOC on it. It is
found that when only the spin polarization is considered in the
absence of SOC, the Berry curvatures at the K and —K valleys
are —11.28 A% and 11.28 A2, respectively, which are of the
same magnitude and opposite sign. Since the Berry curvature
is an equivalent magnetic field in the momentum space, it can
act on the moving carriers, and the opposite Berry curvature
can lead to the valley Hall effect.[*] In the presence of SOC,
as shown in Fig. 4(b), the Berry curvatures of H-VSSe at the
two valleys K (—K) are —16.41 AZ and 9.09 A2, respectively.
The signs are still opposite but the magnitudes are not equal,
which can lead to anomalous valley Hall effect. 5] Therefore,
H-VSSe is a potential magnetic valley material with intrinsic
valley polarization.

Berry curvature

Berry curvature

Fig. 4. The Berry curvature of Janus H-VSSe. Panel (a) with ferromag-
netism and without SOC, panel (b) with ferromagnetism and SOC.
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3.3. Excitonic effects of Janus H-VSSe

Optical excitation is an important means to excite the
valley carriers. Usually, the 2D materials have relatively
weak screening, and therefore the electron—hole interaction is
strong, giving rise to large binding energy. In non-magnetic
transition metal dichalcogenides such as MoS,, it has been
found both experimentally and theoretically that there are two
exciton peaks in the photoluminescent spectrum. One corre-
sponds to the A exciton formed by an electron in the bottom of
the valley conduction band and a hole left in the top of the val-
ley valence band. The other is B exciton formed by an electron
in the bottom of the valley conduction band and a hole left in
the second highest valence band in the valley.[*!*?] The band
structure of H-VSSe shown in Fig. 3 differs from that of MoS,
significantly. It is interesting to know how the optical spectrum
of H-VSSe would change due to its ferromagnetism.

To study the optical properties of H-VSSe, we calculate
its dielectric function based on the GW calculation. At first,
only the spin polarization is considered without SOC. The op-
tical transition will create an electron in the conduction band
and leave a hole in the valence band. If the electrons and holes
are free (no interaction), the excitation energy has to overcome
the band gap (1.432 eV). As shown in Fig. 5, the first peak
of the imaginary part of the GW-RPA dielectric function is
located at 1.432 eV, which is the same as its corresponding
quasiparticle bandgap. In reality, the electron-hole pair will
be bound by Coulomb attraction to form a hydrogenic atom,
i.e., exciton. In comparison with the free electron and hole
state, the bounding electron-hole state has lower energy and
therefore the excitation energy is lower than the band gap. The
energy difference is the excitonic binding energy. In the GW-
BSE spectrum, the first peak is red-shifted to 0.911 eV after
the electron-hole attraction being taken into account, which
corresponds to a binding energy of 0.521 eV. This first peak is
split into two peaks around its old position (0.911 eV) after the
inclusion of SOC. In contrast to MoS, and other similar ma-
terials, where the A and B excitonic peaks are due to the spin

splitting in the same valley, the first two peaks of H-VSSe (red
line in Fig. 5) are from the two inequivalent valleys with dif-
ferent gaps (Fig. 3). The splitting of the two peaks is different
from the gap difference of the two inequivalent valleys.

7
----------- GWy-RPA without SOC

6F----- GW-BSE without SOC ;'-‘

5 — GW,-BSE with SOC i
3 4] |
©' 3f

2 L

1 5

0 - e , . N

0 0.5 1.0 1.5 2.0 2.5 3.0

Photon energy (eV)

Fig. 5. The calculated imaginary parts of the complex dielectric func-
tion & () of H-VSSe on the k-grid of 15 x 15 x 1. The black dotted,
blue dashed and red solid lines are the spectra calculated by RPA with-
out SOC, BSE without SOC and BSE with SOC on the top of the GW,
respectively.

From Table 1, it can be seen that the valley with a larger
band gap has larger excitonic binding energy. Based on
the hydrogenic picture of excitons, the binding energy E, of
the electron—hole pair in the 2D systems is proportional to
W/€%, where p and € are the effective mass and dielectric

[4344] The k- p theory points out that the effective

constant.
masses of the electron and hole quasiparticles almost linearly
depend on the energy gap.[*3*] Therefore, effective mass, en-
ergy gap and excitonic binding energy are proportional to each
other. We calculate the electron and hole effective mass of the
valleys using the k-grid of 15 x 15 x 1. It is found that at the
K valley, the calculated effective masses of the electron and
hole are 3.80m, and 4.09m, respectively, where m. is the rest
mass of an electron. For the —K valley with a larger band gap
and larger excitonic binding energy (see Table 1), the corre-
sponding calculated effective mass is larger, which are 5.09m,
and 5.05m., respectively. Therefore, our calculations basically
agree with the hydrogenic model and k - p theory.

Table 1. Quasiparticle bandgaps, band gap difference, BSE peaks, BSE peak splitting and exciton binding energies of the two inequivalent valleys for

different k-grids.

H-VSSe Valley Band gap (eV) Band gap difference (meV) BSE peak (eV) BSE peak splitting (meV) Exciton binding energies (eV)
6.>< 6x1 K 1.581 165 0.621 160 0.960
with SOC —-K 1.746 0.781 0.965
9x9x1 K 1.420 179 0.711 170 0.709
with SOC -K 1.599 0.881 0.718
12x12x1 K 1.353 188 0.781 170 0.572
with SOC —K 1.541 0.951 0.590
IS.X 15x1 K 1.318 192 0.821 160 0.497
with SOC —-K 1.510 0.981 0.529
15x15x1 K 1.432 0 0911 0 0.521
without SOC —K 1.432 0911 0.521
15x15x1 K 1.427 0 0911 0 0.517
without SOC (400eV) —K 1.427 0911 0.517
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From a technical point of view, optical transition simula-
tion needs to use a sufficiently dense k-point grid for integra-
tion over the irreducible Brillouin zone, therefore the conver-
gence with respect to k-point sampling is very important. In
order to reduce the calculation cost in GW-BSE calculations,
we respectively use 400 eV and 300 eV as the plane wave cut-
off energy. As shown in Table 1, it can be seen that for the
non-SOC case with the k-grid of 15 x 15 x 1, the 300 eV and
400 eV cutoffs yield basically the same results, with the band
gaps of 1.432 eV and 1.427 eV and the exciton peak positions
of 0.911 eV and 0.911 eV, respectively. Therefore, the cutoff
is set to be 300 eV in our calculations. For H-VSSe, we have
consider a series of k-grids of 6 x 6 x 1,9 x9x 1,12 x 12 x 1
and 15 x 15 x 1, and calculate the quasiparticle energy gaps
and the positions of the excitonic peaks, as listed in Table 1.
As the density of the k-grid increases, the band gap becomes
smaller, the exciton peak gradually is blue-shifted. As a re-
sult, the calculated binding energy as the difference between
the quasiparticle gap and the position of the first two excitonic
peaks is also reduced simultaneously. The results in Table 1
show that good convergence has been achieved at the k-grid of
15 x 15 x 1. It can also be observed in Table 1 and Fig. 6 that
the difference of the gap at K and —K is about 0.18 eV and
the difference of the BSE peak positions is almost of the same
value, both of which are almost invariant with respect to the k-
grids. Table 1 also reveals that the —K valley has a larger band
gap and a larger excitonic binding energy, suggesting that a
larger gap leads to weaker screening.

J@
2t
0
4}(b)
-
= 0
W' 4.('3)
2t
1
0 ‘\ 'I
4l (d) ru.w?a} ! —15X15X1
ol 0.529+—!
‘ 1
00 0.5 1.0 1.5 2.0 2.5 3.0

Photon energy (eV)

Fig. 6. The calculated imaginary parts of complex dielectric function
& () of H-VSSe using different k-grids by BSE/GW method. The
calculated spectra in panels (a)—(d) correspond to 6 x 6 x 1, 9 X9 x 1,
12x 12 x 1 and 15 x 15 x 1 k-grids, respectively. The red and blue dash
lines denote the absorption peaks due to the optical transitions at valley K
and —K without considering the electron—hole interaction. The numbers
give the exciton binding energy.

4. Conclusion

We have investigated the optical properties of a ferroval-
ley material, Janus H-VSSe, by first-principles calculations.

To accurately calculate the band gap, the GW( method based
on many body perturbation is used. Both PBE and GW cal-
culations show that H-VSSe is ferromagnetic. The GW gaps
are found to be about two times larger than the PBE gaps, sug-
gesting strong many body effects. The band gaps at the two in-
equivalent valleys degenerate in the absence of the SOC, and
they become different with one gap increasing and the other
one decreasing after the SOC is turned on. On the top of
the GW calculation, the BSE is solved to obtain the optical
spectrum including the electron-hole interaction. The binding
energy of the lowest BSE peak in the excitonic spectrum cor-
responding to the optical gap, is much lower than that of the
quasiparticle GW gap, which proves that the exciton effect is
strong in H-VSSe. This BSE peak is split into two peaks by
SOC. The splitting is about the same as the difference of the
GW band gaps at the two inequivalent valleys in the presence
of SOC. Our results show that the band structure of ferrovalley
Janus H-VSSe is very different from that of MoS;. The two
lowest BSE peaks in the optical spectrum of H-VSSe are from
the two inequivalent valleys with different gaps, in contrast to
the A and B exciton peaks of MoS; which are from the same
valley.
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