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Inspired by two-dimensional material with their unique physical properties and innovative device
applications, here we report a design framework on monolayer GaSe, an important member of the
two-dimensional material family, in an effort to tune the electronic, optical, and magnetic properties
through a vertical electric field. A transition from indirect to direct band gap in monolayer GaSe is found
with an electric field of 0.09 V/A. The giant Stark effect results in a reduction of the band gap with a Stark
coefficient of 3.54 A. Optical and dielectric properties of monolayer GaSe are dependent on the vertical
electric field. A large regulation range for polarization E||¢ is found for the static dielectric constant. The
optical anisotropy with the dipole transition from E||€ to E L€ is achieved. Induced by the spin-orbit
coupling, spin-splitting energy at the valence band maximum increases linearly with the electric field. The
effective mass of holes is highly susceptible to the vertical electric field. Switchable spin-polarization
features in spin texture of monolayer GaSe are predicted. The tunable electronic, optical, and magnetic
properties of monolayer GaSe hold great promise for applications in both the optoelectronic and spintronic
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I. INTRODUCTION

As a real two-dimensional (2D) material, graphene with
a cornucopia of enticing properties, is well recognized as a
promising candidate for next-generation nanoelectronics
[1-4]. However, the lack of an intrinsic band gap and
the weak spin-orbit coupling (SOC) strength are major
obstacles for developing optoelectronic and spintronic
devices [5,6]. Recently, a new kind of layered semicon-
ductor material, group IITA metal monochalcogenides M X
(M = Ga, In; X = S, Se, Te) has received a lot of attention,
because of their superior performance in the field of
optoelectronics and spintronics [7-9]. Especially, mechani-
cal exfoliated GaSe nanoslab shows an excellent optoelec-
tronic property with a photoresponsivity of 2.8 A/W [10],
external quantum efficiency of 1367% [9], and an on:off
ratio of 10° [11]. It is of high interest that GaSe is
demonstrated to generate and preserve a high degree of
spin polarization exceeding 90% under nonresonant optical
pumping, superior to traditional GaAs and transition-metal
dichalcogenides [12—15]. An accurate control of these
properties is considered critical to satisfying the multiple
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demands of device design. Strain engineering [16], surface
decoration [17], and nonequilibrium doping [18,19]
have been proven as being effective routes to tune the
electronic and spin behaviors of GaSe materials. For
instance, the electronic properties of GaS/GaSe van der
Waals heterostructures can be continuously tuned by an
external strain [20]; half-metallicity with 100% spin polari-
zation is achieved in monolayer GaSe by adsorbing the Fe
atoms [17]; itinerant ferromagnetism as well as the half-
metallicity can also be generated in monolayer GaSe by
hole doping or selective doping with specific atoms [18]. It
is widely held that the band structure is generally sensitive
to the external electric field [21]. Compared with the above-
mentioned techniques, the control process can be simplified
by employing a reversible external electric field, without
bringing in additional lattice deformation or damage which
generally reduces the carrier mobility in the material.
The considerable SOC effect in GaSe further provides a
possibility for an all-electric control technique, possessing
higher compatibility with modern microelectronic devices.
In light of the advantages mentioned above, the modulation
of the electronic, optical, and magnetic properties of
monolayer GaSe by an electric field is of great significance.

In this work, we study the modulation of the electronic,
optical, and magnetic properties of monolayer GaSe
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through first-principles density function calculations. The
investigation is initiated with the dependence of anisotropy
for the optical and the dielectric properties on the vertical
electric field. The tunable effective mass of holes and its
possible implications are studied. By analyzing the spin-
projected band structure, we explore the physical mecha-
nism of the influence of the vertical electric field to the spin
textures. The present work provides a general theoretical
background and a well-founded guideline to stimulate
experimental characterization and fabrication of the tunable
2D optoelectronic and spintronic devices.

II. THEORY AND COMPUTATIONAL METHOD

A. Geometry and electronic structure determination

Atomic and electronic structures of monolayer GaSe
with and without an applied electric field are calculated
based on the density functional theory (DFT) with the
generalized gradient approximation (GGA). The accurate
projector-augmented wave method, as implemented in the
Vienna ab initio simulation package (VASP) [22-24] code,
is used. A slab model with a 1 x 1 unit cell and a 20-A
vacuum layer along the z direction is constructed. The
valence electron configurations of Ga and Se atoms
adopted are 3d'%4s%4p' and 4s%4p*, respectively. The
GGA [25] with Perdew-Burke-Ernzerhof (PBE) [26] para-
metrization is employed as the exchange-correlation func-
tional. Electron wave functions are expanded in plane
waves with an energy cutoff of 360 eV. The Brillouin
zone is sampled with a 31 x 31 x 1 Monkhorst-Pack grid
of k points. For each applied electric field strength, all
atomic degrees of freedom, including lattice constants, are
fully relaxed with self-consistent convergence criteria of
0.01 eV/./OX and 107% eV for the atomic forces and total
energy, respectively.

B. Calculation of optical properties

The imaginary part of the dielectric function &, (w) due
to direct interband transitions is calculated by using the
Fermi golden rule [27],
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Here, the indices c, v, y, @y, €, and e, refer to the con-
duction band states, the valence band states, the eigenstate
with wave vector k, the k-point weights (which are defined
such that they sumto 1), the effective volume [(\/§ /2)a? heg,
hes = 7.959 A] [28], and the unit vectors for the three
Cartesian directions, respectively. A factor of 2 is multiplied
to the weights for considering the spin-degenerate system.
And the real part of the dielectric tensor is obtained by
performing the Kramers-Kronig transformation [29]:
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Absorption coefficient [A(w)] and refractive index
[n(w)] are computed by taking the real and imaginary
parts of the dielectric tensor &,(®) in terms of the
equations given below [30,31]:
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In the present calculations, we use an effective unit cell
volume of monolayer GaSe instead of the volume of the
supercell which is arbitrary. It is well known that the GGA
ignores the many-body effects, leading to the underestimate
of the band gap [32]. To obtain more accurate band
structure, we introduce the scissors correction to amend
the band gap of GGA to the band gap of Heyd-Scuseria-
Ernzerhof (HSE06) [33].

III. RESULTS AND DISCUSSION

A. Band structures

The equilibrium geometric configuration of monolayer
GaSe is shown in Fig. 1(a). After full relaxation, its planar
projection exhibits nearly a perfect hexagonal honeycomb
structure, similar to that of graphene and conventional 2D
nanomaterials [34]. Equilibrium lattice constant of GaSe is
3.75 A, and the lengths of Ga—Ga and Ga—Se bonds are
both ~2.47 A, well consistent with the reported values in
the literature [35]. Without the electric field, monolayer
GaSe exhibits an indirect band-gap band structure which
has the conduction band minimum (CBM) at the I" point
and the valence band maximum (VBM) close to the
I' point along the I'-K direction, as shown in Fig. 1(b).
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FIG. 1. (a) Top and side views of the atomic configuration of
monolayer GaSe, where the rhombus indicates a unit cell. (b)
Brillouin zone. (c) and (d) Band structure of monolayer GaSe
without and with the consideration of spin-orbit coupling,
respectively. In (d), the inset shows the enlarged valence bands
near the I" point.
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The calculated band gap is 2.22 eV, which turns out to be
3.17 eV in the HSEO6 calculation. The topmost valence
band has an interesting Mexican-hat-like energy dispersion,
where the energy maximum along the I'-K direction
(denoted as VBM) is slightly higher (~0.01 eV) than that
along the I'-M direction (denoted as VBM¥*). The special
band structure gives rise to a van Hove singularity in the
density of states, indicative of an abundant tunability of the
electronic properties [18]. Taking into account the SOC
effect, all the bands along the I'-K direction show a small
spin splitting. The calculated splitting energy of the VBM
is about 11.2 meV. However, for the I'-M direction, the
bands are spin degenerate, due to their symmetry in the
Brillouin zone.

The evolution of the band structure in the presence of a
vertical external electric field is shown in Figs. 2(a)-2(g).
The topmost valence band at the I" point rises continuously,
accompanied with the falling of the conduction band. As
the topmost valence band at the I" point finally surpasses
both the VBM and VBM*, i.e., a transformation from the
indirect to direct band gap occurs in monolayer GaSe,
which implies a greater luminous efficiency modulated by
the vertical electric field. Simultaneously, the variation of
the band edges gives rise to the reduction of the band gap.
Figure 2(h) summarizes the calculated band gap versus the
applied electric field. When the applied electric field is
smaller than ~0.1 V/A, the band structure has an indirect
band gap and the response of the band gap to the
electric field is dull. Interestingly, as the electric field is
further increased, the band gap becomes direct and it
exhibits a monotonic decrease with the increasing field
[see Fig. 2(h)]. The behavior of the band structure suggests
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a typical giant Stark effect, and the linear giant Stark effect
coefficient S satisfies the following relation [36]:

@ =—eS

de 7
where e is the electron charge. For the indirect-gap and
direct-gap regions, the deduced giant Stark effect coeffi-
cients are 0.27 and 3.54 A, respectively. Given the linear
giant Stark effect, monolayer GaSe would become metallic
when the vertical electric field is increased to 0.71 V/ A.
This critical electric field for the semiconductor-to-metal
transition would be increased to 0.98 V/A in the hybrid
functional HSEQ6 calculation.

To gain a deep insight into the changes in the band
structure of monolayer GaSe modulated by the vertical
electric field, the atomic-orbital-projected band structures,
as well as the spatial distributions of the partial charge
densities at CBM and VBM are displayed in Figs. 3 and 4,
respectively. For monolayer GaSe without the electric field,
the atomic orbitals of the upper (Ga*s, Se*s, Se* p,,
Se* Py and Se* p.) and the lower sublayers (Gas, Ses,
Se py, Se py, and Se p.) contribute equally to the band
structure. The CBM is mainly generated from Ga s (Ga* s)
and Se s (Se* s) orbitals tightly located around the Ga (Ga*)
and Se (Se*) atoms in a spherical shape. The VBM mainly
originates from the Se p, (Se* p,) orbitals that look like a
dumbbell shape along the z direction. Se p, and Se p,
orbitals are distributed below the topmost valence band
while the states near the I' point are coupled. When
applying a vertical electric field, the potential of the upper
sublayer is lifted while that of the lower sublayer is
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FIG. 3. Atomic orbital projected band
structures of monolayer GaSe (a)—(d) with-
out the electric field and (e)—(I) with an
electric field of 0.25 V/A. The black curves
are the overall band structures. The colored
circles represent the projection of Ga (Ga*)
and Se (Se*) atomic orbitals, and the size
of the circles indicates the corresponding
orbital weight.
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depressed. Thus, a potential difference between the two
sublayers is created, resulting in a Stark splitting in the
band structure and a shrink of the band gap. Partial charge
densities tune into an asymmetrical distribution between the
two sublayers, especially for the CBM, as seen in Fig. 4(b),
and more states accumulate in the lower sublayer. With the
external electric field (such as 0.25 V/ A in Fig. 3) higher
than the critical value, the CBM is more contributed by the s
orbital of the upper Ga* and Se* atoms than that of the lower
atoms, while the VBM is dominated by hybridized p, and
p, orbitals of the lower Se atoms instead of the original p,
orbital of all Se (Se*) atoms. Correspondingly, initial
dumbbell-shaped spatial charge densities are regulated
from parallel to perpendicular to the z direction, as shown
in Fig. 4(c). Consequently, the diminution of the band gap
and the formation of the direct band-gap structure of
monolayer GaSe result from the significant subband mixing
caused by the perturbation of the external electric field.

B. Optical properties

An examination of the valence band suggests a preferred
dipole selection of the electron transition from the z to xy
polarization, and this implies a controllable anisotropy

M K

under the vertical electric field. To further address this
interesting issue, the complex dielectric function versus
the applied electric field is calculated. As seen in Figs. 5(a)
and 5(c), the imaginary part of the dielectric function has
different absorption behaviors for the polarized lights with
E L ¢ and E||¢, revealing a profound optical anisotropy in
monolayer GaSe. In the absence of an external electric
field, the dipole transition shows an E||¢& preference, with a
0.1-eV energy difference of the absorption edges. As an
external electric field is applied, the absorption edges of the
polarized lights with both E||¢ and E L € shift to lower
energies, and the energy difference decreases. A reversal of
the dipole transition from E||¢ to E L € anisotropy occurs
at E=0.14 V/A (at E =0.08 V/A, if the SOC is taken
into account).

The evolution mechanism of the optical anisotropy of
monolayer GaSe can be understood in terms of the atomic
orbital-projected band structures in Fig. 3 and spatial
distribution of the partial charge in Fig. 4. The CBM is
mainly contributed by the hybridized s and p, orbital of Ga
atoms, while the VBM is derived from p, orbital of Se atom
at lower electric fields and from the mixture of p, and p,
components as the external electric field is increased to the
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FIG. 4. (a)—(c) Partial charge densities of
the states at CBM and VBM of monolayer
GaSe with the electric fields of 0, 0.05, and
0.15, respectively. The value of the green
isosurfaces of the partial charge densities
is 0.009 eA~.
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critical value and beyond. According to the dipole selection
rules [37], the transition from a valence band to a
conduction band in monolayer GaSe is favorable for the
E||€ polarized light with the external electric field from 0 to
0.08 V/ A. However, it becomes available for the E 1 &
polarized light as the external electric field is further
increased.

The main peaks in the absorption spectra (i.e., the
imaginary part of the dielectric function) as labeled P ~
Pg in Figs. 5(a) and 5(c) could be assigned to the principal
interband transitions depicted in Figs. 3(c), 3(d), and 3(g).
This is achieved by fitting the energies of the P; ~ P peaks
in Fig. 5 with that of the interband transitions in Fig. 3 and
also taking the dipole selection rules into account. The
principal transitions are denoted by the yellow and pink
arrows in Fig. 3. For P| ~ P;, the light polarization is of
E L ¢ and hence the transitions come predominantly from
the valence band of the Se p, , orbital to the conduction
band of the Ga s orbital, as indicated in Figs. 3(c) and 3(g).
For P, ~ Pg, on the other hand, the polarization is of E||€,
the transitions come mostly from the Se p, orbital states to
Gas orbital states [see Fig. 3(d)]. These assignments

explain that peak P splits into peaks P, and P; when
a vertical electric field is applied, which causes the
splitting of Se p,, orbital dominant valence bands [see
Figs. 3(c), 3(g), and 3(k)].

Similar to the imaginary part, the features in the real part
of the dielectric function also shift to lower energy values
with the increasing electric field, as depicted in Figs. 5(b)
and 5(d). Compared with the real part for the E L ¢
polarization, the real part for the E||& polarization near
the band-gap edge is found to be more visibly affected by
the external electric field. Figure 6 shows the static
dielectric property of monolayer GaSe, which is extracted
from the real part of the dielectric function in the limit of
@ = 0. The intrinsic static dielectric constants for E L &
and E||¢ are 5.5 and 4.9, respectively. As the electric field is
increased from 0 to 0.55 V/ A, the static dielectric constant
is enhanced from 4.9 to 6.09 for E||€, but hardly changes
for E L & We observe that the tunable static dielectric
constants arise from the rearrangement of the partial charge
densities of the system caused by the applied electric field.
It is known that, in classical atomic models, negative
electron clouds surrounding a positive point charge
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FIG. 6. Static dielectric constant of monolayer GaSe versus the
applied electric field.

distribute symmetrically. Once they are combined to form a
material, the interaction between atoms distorts the electron
cloud and thus produces the electronic polarization. In the
presence of the electric field, the charge cloud is further
distorted with the partial charge densities turning into an
asymmetrical distribution between the two sublayers
[Fig. 4(b)], which promotes the electronic polarization.
The optical and dielectric anisotropy of monolayer GaSe
and its modulation by the vertical electric field promises
wide possibilities for engineering and harnessing the 2D
optoelectronic devices.

We should point out that in this work, the optical
properties are calculated based on the independent-particle
approximation within DFT-GGA, i.e., the many-body
effects, namely, the quasiparticle self-energy corrections
and excitonic effects, are neglected. These many-body
effects on the optical properties of 2D systems such as
MoS, and SiC, monolayers [32,38] are especially pro-
nounced due to quantum confinement. Nevertheless, the
self-energy corrections are taken into account here by the
scissors correction using the band gaps from the hybrid
functional HSEO6 [33] calculations, as mentioned above in
Sec. IIB. Weak or moderate electron-hole interaction
would enhance the peaks near the absorption edge [39].
However, strong electron-hole interaction in, e.g., mono-
layer MoS,, could give rise to additional prominent
excitonic peaks below the absorption edge [32].
Nonetheless, in contrast to the 1H-transition metal dichal-
cogenide semiconductor monolayers, monolayer GaSe has
an indirect band gap and, hence, one could expect no bright
excitonic peak below the absorption edge. Indeed, no
excitonic transition peak is observed in ultrathin GaSe
films in a very recent experiment [40]. In short, taking into
account the many-body effect such as electron-hole inter-
action would not be expected to significantly alter the
optical properties reported in this paper.

C. Spin-orbit coupling and spin texture

As has been mentioned above, when considering the
SOC effect, the bands along the I'-K direction show a spin
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FIG. 7. (a) Spin-splitting energy of VBM and VBM* as a
function of applied electric field. (b) Electric field dependence of
the effective mass.

splitting while those along the I'-M direction are degenerate
without the external electric field. The spin splitting is
found to be significantly dependent on the electric field, as
seen in the spin-projected energy bands in Figs. 2(a)-2(d).
With the increasing electric field from 0 to 0.08 V/A, the
VBM exhibits a linearly increased splitting with the
splitting energy varying from 11.2 to 17.3 meV, as shown
in Fig. 7(a). Compared with the VBM along the I'-K
direction, the VBM* along the I'-M direction is even more
sensitive to the external electric field, which becomes split
under the electric field. The splitting energy reaches about
16.7 meV at 0.08 V/A, being close to the value for the
VBM. When the electric field exceeds 0.09 V/ A, the VBM
becomes located at the I' point and is spin degenerate
instead.

Since the vertical electric field can dramatically change
the curvature of the band structure, the effective masses of
holes can be also regulated by the electric field. Figure 7(b)
shows the effective masses as a function of the applied
electric field, which are calculated using the relation m* =
h*/(0?E/Ok*) for the k points located closely to the
corresponding VBM and VBM*. When the vertical electric
field changes from 0 to 0.08 V/ A, the effective masses of
holes along the I'-K (I'-M) direction increase from 3.13 m,
(3.39 myp) to 5.29 my (6.21 my). When the electric field
exceeds 0.09 V/A, the VBM is located at the I" point.
Consequently, the hole effective mass abruptly drops to
0.27 my and reaches the minimum value of 0.23 m, at
0.55 V/A (where my is the free-electron mass). This small
effective mass implies an outstanding carrier mobility and
hence a significant promotion of the conductivity.
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Spin textures for the topmost valence band (denoted as TVB in the figure) and the lowest conduction band (denoted as LCB in

the figure) of monolayer GaSe with various electric fields of (a),(e) 0 V/ A; (b),(f) 0.05 V/A; (©),(g) 0.15 V/A; and (d),(h) 0.25 V/ A,
respectively. The arrows indicate the in-plane orientation of spin, and the color background denotes the z component of the spin. Red and

blue colors indicate the up and down spins, respectively.

The SOC opens up an effective route to manipulate the
spin-electronic properties of monolayer GaSe through an
all-electric control method, as demonstrated by the spin
textures of the topmost valence band and lowest conduction
band under different electric fields in Fig. 8. In all cases,
the spin possesses a threefold rotational symmetry, being
consistent with the underlying symmetry of the atomic
structure. Without the electric field [Figs. 8(a) and 8(e)], the
z components of the spin for the lowest conduction band
(LCB) and topmost valence band (TVB) near the I" point
show opposite directions. The in-plane components are
nonzero only in the I'-M directions, and they form dilute
swirl-like patterns with the clockwise and anticlockwise
chirality in the TVB and LCB, respectively. When applying
an electric field of 0.05 V/ A [Fig. 8(b)], additional in-plane
spin components in the TVB arise in other part of the
Brillouin zone and they all together form a profound switl
centered at the I" point with the clockwise chirality. All the
in-plane spin components are related to the Se p_ orbital
in the band structure in Fig. 2(b). Interestingly, when the
electric field is increased to 0.15 V/ A [Fig. 8(c)], the big
swirl splits into several vortices and the spin chirality of the
central vortex is switched from the clockwise to anticlock-
wise at k points close to the I' point where the (Se p,)/p,
orbitals overlap with the Se p, orbital. Furthermore, the z
components of the spin at the K and K’ points become
opposite to each other. The correlation between the
chirality and the Se orbitals suggests that the reversion
of the chirality originates from the hybridization between
the elevated (Se p,)/p, orbitals and the declined Se p,
orbital. With a further rise of the (Sep, )/ p,, orbitals and fall
of the Se p, orbital, the orbital hybridization occurs at
larger k points. Therefore, as the electric field is increased

to 0.25 V/A [Fig. 8(d)], the anticlockwise in-plane spin
components outspread, accompanied with the recovery of
some clockwise in-plane components and the flip of the z
component in vicinity of the I" point at the TVB. The spin
texture in the LCB is less sensitive to the external electric
field compared with that of the TVB. Given that the LCB is
dominated by s orbitals of Ga and Se atoms which have an
even parity, the LCB is rather insensitive to the electric
field. Therefore, the observed change of the spin magnitude
and chirality near the I point can be attributed to the
contribution from the valence band. These interesting
phenomena show electric-controllable spin-polarization
features in the spin texture of monolayer GaSe, and this
promises interesting applications in spintronic devices such
as spin transistors and spin light-emitting diodes [41,42].

IV. CONCLUSION

In this work, electric field dependent electronic, optical,
and magnetic properties of monolayer GaSe have been
investigated based on the first-principles DFT calculations.
The evolution of the band structure reveals a transition from
indirect to direct band gap in monolayer GaSe with an
increasing vertical electric field. A monotonic decrease of
the energy gap is found due to the giant Stark effect with a
Stark coefficient of 3.54 A. An optical anisotropy for the
dipole transition is tuned from E||¢ to E L &, and a large
regulation range is achieved for the static dielectric con-
stant. Because of the SOC effect, the spin splitting at VBM
increases linearly from 11.2 to 17.3 meV with the increas-
ing electric field. The effective mass of holes can be tuned
to as low as 0.23 m,. Electric-controllable spin-polarization
features in the spin texture of monolayer GaSe are
predicted. The tunable electronic, optical, and magnetic
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properties of monolayer GaSe open up a great prospect for
its device applications in both the optoelectronics and
spintronics.
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