
HAL Id: hal-02159461
https://hal.science/hal-02159461

Submitted on 7 Sep 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Lattice vibrations and electronic properties of GaSe
nanosheets from first principles

Mousa Bejani, Olivia Pulci, Jamal Barvestani, Ali Soltani Vala, Friedhelm
Bechstedt, Elena Cannuccia

To cite this version:
Mousa Bejani, Olivia Pulci, Jamal Barvestani, Ali Soltani Vala, Friedhelm Bechstedt, et al.. Lat-
tice vibrations and electronic properties of GaSe nanosheets from first principles. Physical Review
Materials, 2019, 3, pp.124003. �10.1103/PhysRevMaterials.3.124003�. �hal-02159461�

https://hal.science/hal-02159461
https://hal.archives-ouvertes.fr


Lattice vibrations and electronic properties of GaSe nanosheets from first principles

Mousa Bejani
Dept. of condensed matter, Faculty of Physics, University of Tabriz, 29 Bahman Blvd., 5166616471 Tabriz, Iran and

Dept. of Physics, and INFN, University of Rome Tor Vergata,
Via della Ricerca Scientifica 1, I-00133 Rome, Italy

Olivia Pulci∗

Dept. of Physics, and INFN, University of Rome Tor Vergata,
Via della Ricerca Scientifica 1, I-00133 Rome, Italy

Jamal Barvestani and Ali Soltani Vala
Dept. of condensed matter Physics, Faculty of Physics,

University of Tabriz, 29 Bahman Blvd., 5166616471 Tabriz, Iran

Friedhelm Bechstedt
IFTO, Friedrich Schiller Universität, Max-Wien Platz 1, Jena, Germany

Elena Cannuccia
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Electronic properties and lattice dynamics of bulk ε-GaSe and one, two and three tetralayers GaSe
are investigated by means of density functional and density functional perturbation theory. The few-
tetralayers systems are semiconductors with an indirect nature of the fundamental band gap and a
Mexican-hat-shape is observed at the top of the valence band. The phonon branches analysis reveals
the dynamical stability for all systems considered together with the LO-TO splitting breakdown in
two-dimensional systems. In-plane (E) and out-of-plane (A) zone-center lattice vibrations dominate
the Raman and IR spectra.

I. INTRODUCTION

The discovery of graphene [1] with its unique phys-
ical and chemical properties has triggered the research
on other two-dimensional (2D) inorganic materials, like
transition metal dichalcogenides and transition metal ox-
ides [2, 3]. Several three-dimensional (3D) van der Waals
(vdW) solids have been shown to be exfoliable down to
atomic monolayers (MLs), giving rise to fabrication of
several 2D crystals [4]. Stable single layer or few layers of
2D compounds can be produced via chemical exfoliation
or mechanical cleavage starting from the corresponding
III-VI layered crystal counterparts [5–7]. In parallel, the
interesting research field of heterostructures fabrication
by stacking different 2D crystals on top of each other has
flourished [8–11].

Among the transition-metal monochalcogenides MX
with M = Ga, In and X = S, Se, Te, GaSe is a proto-
typical example. It consists of covalently bonded Ga and
Se atoms, vertically stacked in four-atom Se-Ga-Ga-Se
layers (here on named tetralayers, TL) held together by
vdW forces. The single tetralayer thickness is 0.93 nm [7].
There are four possible stacking arrangements for bulk
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GaSe, designated as β, ε, γ, and δ [12]. The β, ε poly-
types have two-tetralayer hexagonal stacking sequences
(2H), i.e., eight atoms, in the unit cell, and they crystal-
lize respectively into P3/mmc and P6m2 space groups.
The δ polytype is 4H, while the γ polytype crystallizes
in a rhombic or trigonal lattice (3R). With a band gap of
about 2 eV [13] and a strong optical oscillator strength,
bulk GaSe polytypes have potential optoelectronic appli-
cations in the visible spectral range. Electronic confine-
ment effects in GaSe nanosheets may shift the optical
absorption edge toward higher energies and increase the
oscillator strength [14].

The ε-GaSe is among the polytypes the most common
and the most studied one. First-principles calculations
[15, 16] predict the valence band maximum (VBM) to
be situated at Γ point, and the conduction band mini-
mum (CBM) close to point M of the hexagonal Brillouin
zone (BZ) whereas the direct gap is only slightly differ-
ent from the indirect one. Similar investigations have
been performed for GaSe layered structures with respect
to the slab thickness [15–19] with the inclusion in some
cases of the quasi-particle effects within Hedin’s GW ap-
proximation [15, 18]. The increase of the fundamental
gap with a decreasing thickness of the slab has been
demonstrated. It is accompanied by the formation of a
Mexican-hat or camel-back dispersion of the uppermost
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valence band near the Γ point, making the few-tetralayer
systems indirect semiconductors.

In contrast to the electronic structure, the phonons of
GaSe are less investigated. Since Raman spectroscopy is
employed to determine the thickness (and thus, the num-
ber of unit layers) of ultrathin flakes in a non-destructive,
and unambiguous manner, Raman studies are available
now for bulk and a-few-tetralayer systems [14, 20–24].
Theoretical investigations of phonon modes have been
only performed for a tetralayer of GaSe [17, 25]. For that
reason, in this paper we investigate the vibrational prop-
erties of ε-GaSe and layered GaSe by varying the slab
thickness from bulk, 3 TL down to 1 TL. The methods
are described in Sec. II. In section III the results on elec-
tronic and dynamical properties are discussed. Finally, a
summary and conclusions are given in Sec. IV.

II. COMPUTATIONAL METHODS

The ab initio calculations are based on Density
Functional Theory (DFT) using different exchange-
correlation (xc) functionals as implemented in the
Quantum Espresso (QE) package [26]. The electron-
ion interaction is described by pseudopotentials for Ga
and Se cores. Thereby the semicore Ga 3d electrons are
treated as valence electrons. Both the local density ap-
proximation (LDA) [27] and the generalized gradient ap-
proximation (GGA) as proposed by Perdew, Burke, and
Ernzerhof (PBE) [28] are applied. The influence of the
vdW interaction between the covalently bonded Se-Ga-
Ga-Se tetralayers is studied by adding a semiempirical
dispersion (D) potential to the DFT total energy, through
a pairwise force field according to Grimme’s DFT-D2
method [29].

For all considered GaSe structures the calculations of
electronic properties are performed using periodic bound-
ary conditions and plane-wave expansion of the elec-
tronic eigenfunctions. The bulk unit cell is represented
in Fig. 1 with its side and top view. The nanosheets
with two and three tetralayers are stacked using the sin-
gle tetralayer (see Fig. 1 (b)) as building block and re-
specting the z-stacking of the bulk [30]. A vacuum spac-
ing of 28 Å between the periodic images of mono-, bi-
, and tri-tetralayers is chosen in order to diminish the
electronic interaction between the nanosheets. To sam-
ple the Brillouin Zone (BZ) in the total energy and self-
consistent electronic structure calculations, a Monkhorst-
Pack (MP) special point mesh [31] of 12×12×1 (6×6×1,
6×6×1, 6×6×6) is applied in the case of a GaSe 1TL,
(2TL, 3TL, bulk ε polytype). The structural optimiza-
tions are performed by relaxing the atomic geometries till
forces are less than 10−6 a.u. The plane-wave energy cut-
off and the total energy threshold are set to 300 Ry and
10−8 Ry, respectively. All DFT approaches lead to a sig-
nificant underestimation of fundamental energy gaps [32].
Since GW self-energy calculations would be too expen-
sive, we investigate the band structures of the GaSe ge-

ometries within an approximated quasiparticle approach.
Explicitly, we apply the hybrid xc-functional HSE06 [33].

Dynamical properties, i.e., the phonon dispersions as
well as Raman frequencies, are calculated within Den-
sity Functional Perturbation Theory (DFPT) [34] as
implemented in the QE package. In particular, we
use the qe-6.3 version because it implements a trun-
cated Coulomb interaction in the direction parallel to
the layered-system stacking orientation (z-direction for
structures periodic in the x-y plane). The implemen-
tation of the cutoff guarantees the correct treatment of
the LO-TO splitting breakdown in polar two-dimensional
materials [35].

As a compromise for a reasonable simulation of strong
intrasheet and weak intersheet interactions we also ap-
ply here the LDA xc-functional [27]. A plane-wave
cutoff of 90 Ry and robust convergence criteria (to-
tal energy/forces for the ionic minimization and self-
consistence criteria) are necessary to get the correct in-
teratomic force constants to be used in the phonons cal-
culations. A mesh of 21×21×1 k-points is used for the
BZ integration and sampling of the reciprocal space for
1TL-GaSe. For 2TL and 3TL cases, given the increas-
ing number of atoms and the volume of the simulation
cell, we adopted a less dense q-grid (12×12×1) to keep
the calculations reasonable in terms of cpu time. The
length of the unit cell along the z direction was chosen
to be larger than twice the thickness of the slab (includ-
ing electrons) [35]. For bulk ε-GaSe we used a mesh of
18×18×6 k-points and 9×9×3 mesh for the sampling of
the reciprocal space.

FIG. 1. Side (a) and top view (c) of the ε-GaSe bulk unit
cell, (b) GaSe bulk and single tetralayer perspective view. d
is the interlayer distance.
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TABLE I. Parameters of atomic geometry (in Å) such as lattice constants a, c and atomic distances. Electronic band gaps (in
eV) are also listed.

xc-functional a c Se-Se Ga-Ga Ga-Se Se-Se Indirect Direct Fundamental
(intra) (intra) (inter) (inter) band gap band gap gap (in HSE)

bulk
LDA-D2 3.651 15.336 4.727 2.370 2.415 3.618 0.97

LDA 3.72 15.56 4.73 2.41 2.44 3.73 0.97
GGA-D2 3.662 15.587 4.812 2.432 2.470 3.826 0.92 1.75

Exp. [12, 19] 3.735 15.887 4.766 2.383 2.485 – 2.12
trilayer

LDA-D2 3.704 4.749 2.409 2.437 3.804 1.30 1.34
LDA 3.71 4.74 2.41 2.44 3.82 1.30 1.34

GGA-D2 3.753 4.834 2.446 2.472 3.835 1.31 1.35 2.25
bilayer

LDA-D2 3.704 4.742 2.405 2.437 3.812 1.54 1.63
LDA 3.71 4.73 2.41 2.44 3.75 1.54 1.63

GGA-D2 3.748 4.818 2.428 2.472 3.845 1.60 1.67 2.58
monolayer

LDA 3.73 4.72 2.41 2.16 2.30
GGA-D2 3.745 4.821 2.429 2.20 2.32 3.24

III. RESULTS AND DISCUSSION

A. Atomic geometries

The results of the atomic geometry optimization of
bulk GaSe and few-tetralayer systems are summarized
in Table I. Bulk ε-GaSe (hexagonal space group P 6̄m2
(D1

3h) with point group 6̄m2 (D3h)) contains in the unit
cell two Se-Ga-Ga-Se layers rotated against each other
(Fig. 1a). The nanosheets with one and three tetralayers
crystallize to the same space group as the bulk ε-GaSe,
while the 2TL exhibits a reduced symmetry. It belongs
to the trigonal space group P3m1(C1

3v) with the point
group 3m (C3v).

The a and c lattice constants of ε-GaSe are under-
estimated with respect to the experimental values inde-
pendently of the xc-functional employed. Surprisingly,
the LDA bulk lattice constants are on the average the
closest ones to the experimental data. Differences are
less than 0.01 Å. For what concerns the dependence of
in-plane lattice constants with the layer thickness we ob-
serve that with the vdW functionals, the a value tends
to increase. An homogeneity of the a values with re-
spect to the xc-functional is found in few-tetralayer sys-
tems. Going from LDA-D2 to LDA and finally to GGA-
D2 the intra- and interatomic distances exhibit the aver-
age trend to increase. However, for a given xc-functional
the trend with the number of layers is not unique. For
LDA a decrease of both intralayer and interatomic dis-
tances with the decrease of the system thickness is ob-
served. With vdW interaction the intratomic distances
decrease whereas the Se-Se interlayer distances increase
with decreasing material thickness. Independently of the
xc-functional the Ga-Se interlayer distances remain the
same. The found atomic geometries are reasonably well
described also in LDA, in agreement with the literature

[15, 17].

B. Electronic structures

In order to illustrate the electronic structure of the
GaSe systems, we display their band structures in Fig. 2
for two different xc-functionals, GGA-PBE and LDA.
Despite the neglect of quasiparticle corrections, all the
studied systems represent semiconductors, whose gaps
increase from bulk to a single tetralayer by more than
50 % (see Table I) because of the electronic confinement
effects. Within the HSE06 functional the gap gets in-
creased by about 0.9 eV (also see Table I), independent of
the confinement. Comparing with the measured gap of ε-
GaSe a gap increase of about 1.15 eV should be expected
instead. A quasiparticle gap at Γ of about 2.34 eV for
bulk GaSe, and of 3.89 eV for a GaSe 1TL, are predicted
within GW calculations [15]. The optical gaps, however,
may be significantly smaller especially in the 1TL case,
due to the large binding energies of the excitons in 2D
systems[36, 37]. This is in agreement with the value of
2.58 eV experimentally obtained from optical-absorption
spectroscopy [15]. A larger optical gap of 3.3 eV as de-
rived from the photocurrent spectrum has been explained
by optical transitions from the second valence band to the
conduction band minimum [14].

Bulk ε-GaSe comes out in our calculations to be a di-
rect gap semiconductor with the lowest optical transi-
tions at the Γ point between parabolic conduction and
valence bands (see Fig. 2). The top of the valence band
at Γ possesses different masses along and perpendicu-
lar to the hexagonal axis. All the few-tetralayer systems
are indirect semiconductors with gap values in agreement
with previous calculations [15–17]. The uppermost va-
lence band forms a Mexican-hat or camel-back disper-
sion near the Γ point. As a consequence of the strong
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FIG. 2. Electronic band structure of bulk ε-GaSe, 3TL, 2TL, and 1TL GaSe as derived from Kohn-Sham eigenvalues calculated
by means of two different xc-functionals, (a) GGA-PBE and (b) LDA. The bands are plotted versus high-symmetry lines
M − Γ −K −M in the 2D hexagonal BZ. In the bulk case also lines AΓ and KH along the hexagonal axis and HL and LA on
the boundary of the 3D hexagonal BZ are included. Direct (indirect) gaps are illustrated by blue (red) lines.

Rashba contribution to the spin-orbit interaction the in-
direct ΓK → Γ gap is smaller than the direct Γ → Γ gap
(see Table I).

C. Phonon dispersions

The dispersion of the phonon branches, obtained by
means of the DFPT and the LDA xc-functional for LDA-
optimized atomic equilibrium geometries, are plotted
along the wave-vector path connecting Γ-K-M -Γ high
symmetry points in Fig. 3, from single tetralayer to three
tetralayers, and finally the bulk.

The phonon modes of bulk ε-GaSe can be classified by
means of the symmetry of the zone-center modes. The
24 Γ-modes can be decomposed into four groups (A

′

1 ⊕

A
′′

2 ⊕E
′ ⊕E′′

). Among these, A
′′

2 ⊕E
′

are acoustic and

4A
′

1⊕3A
′′

2 ⊕3E
′⊕4E

′′
are optical modes. Except for A

′′

2

modes which are only infrared active, all the others are
Raman active modes. Out of them, E

′
modes around

212 cm−1 are also infrared active. The corresponding
displacement patterns are displayed in Fig. 4.

1TL and 3TL have the same space group as the bulk,
with 12 symmetry operations, while 2TL has a C3v (3m)
symmetry with six symmetry operations. Since it is not
centrosymmetric, all optical modes are simultaneously
Raman- and IR-active [44].

The bulk phonon dispersion has three acoustic modes
A

′′

2 ⊕ E
′
. The E

′
mode vibrating in-plane (longitudi-

nal and transverse acoustic) is two-fold degenerate and
has a linear dispersion for vanishing wave vector. The
A

′′

2 mode is a flexural phonon mode (out-of-plane acous-
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FIG. 3. Phonon branches of 1TL, 2TL, 3TL, and bulk GaSe calculated with the LDA xc-functional. The branches are plotted
versus high-symmetry lines in the 2D or 3D BZ (see caption of Fig. 2).

tic mode) which exhibits a peculiar quadratic dispersion
near the zone center, typical of layered crystals [41] and
which can be explained as a consequence of the point
group symmetry [42]. It is the easiest mode to be excited,
because of its lowest frequency among all phonon modes
and it may be then affected by numerical instabilities [43].
Here the three acoustic branches converge smoothly to
zero frequency for vanishing wave vector, demonstrating
that numerical instabilities have been safely controlled:
no soft modes or negative energies appear in the phonon
branches of bulk and GaSe nanosheets. We conclude that
not only the bulk ε-GaSe but also the layered systems are
dynamically stable, at least, considering small 2D hexag-
onal unit cells.

Table II shows the bulk modes at Γ together with their

symmetry character. Modes of 1TL to 3TL are also
listed, establishing the correspondence of few-tetralayer
modes with bulk phonon symmetry representations. For
each representation the number of phonon modes reflects
the number of tetralayers. From 1TL to 3TL the phonon
frequencies only vary of few cm−1 because of the weak
bonding between tetralayers.

GaSe is a polar material, hence the behavior of the
longitudinal optical (LO) modes depends on dimension-
ality. The dipoles generated by the LO displacements
interact with each other through long-range Coulomb in-
teraction. This additional dipole-dipole interacting term
causes the splitting between the LO and transverse op-
tical (TO) phonon modes. In bulk this splitting is in-
dependent of the phonon wavevector ~q, in particular in
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the limit of ~q → 0, we find the LO mode at 242.6 cm−1

and the TO mode at 212 cm−1. In the isolated single
tetralayer this splitting vanishes for ~q → 0 and in this
limit the derivative of the LO phonon dispersion is dis-
continuous. Here the breakdown of the LO-TO splitting
occurs at 213 cm−1. Increasing the number of tetralayers
the slope of the highest LO mode becomes large and the
LO frequency smoothly approaches the bulk limit lifting
the degeneracy [40].

Turning to the analysis of 1TL phonon band struc-
tures, two linear branches, related to in-plane vibrations,
a transversal acoustic (TA) and a longitudinal acous-
tic (LA) one, can be seen in Fig. 3(a). In addition, a
flexural acoustic (ZA) branch is visible for out-of-plane
vibrations. The two linear branches have large sound
velocities of ∼2600 m/s (TA) and ∼4300 m/s (LA) in
agreement with the experimental values [38]. Approach-
ing the Γ point the ZA branch has the quadratic disper-
sion already discussed for the bulk case [39]. Immedi-
ately above the acoustic branches low-frequency E′ opti-
cal modes are present in the bulk (13.6 cm−1), 2TL (22.4
cm−1) and 3TL (25.5 cm−1). These modes are interlayer
shear modes, typical of layered materials, corresponding
to the sliding of two adjacent tetralayers (see Fig. 4 up-
per panel). No shear modes are obviously present in the
1TL case.

D. Raman and IR spectra

In the lower frequency range of bulk phonon band
structure (see Fig. 3(d) and Table II) at the zone-center of
the hexagonal BZ, a bunch of optical modes are found at
13.6 cm−1 (E

′
, the shear mode), 54.7 and 55.7 cm−1 (E

′′
)

as in-plane modes and 26.8 cm−1 (A
′′

2 ) as an out-of-plane
mode. An in-plane mode in the lower frequency region
is experimentally found around 59 cm−1 (E”) in Raman
spectrum [14]. In the intermediate frequency range we

find two Raman active A
′

1 modes at 127.2 and 129.8 cm−1

which correspond to a A′1 dominant peak in the mea-
sured Raman spectra at 132 cm−1 [14, 24] - 134.4 cm−1

[23]. In the high energy region we find eight modes, two
of them are A′1 modes at 306.3 and 306.8 cm−1, two
Raman forbidden modes at 242.9 and 243.6 cm−1 (LO

modes) and 2 E
′′
, 2 E

′
modes around 206 and 212 cm−1

(the latter is a TO mode) respectively. The consequent
LO-TO splitting amounts to 30 cm−1. Raman measure-
ments reveal an intense peak at 305.2 [14] - 306 [24] -

307.8 cm−1 [23] (A′1) and an E
′

mode at 211 cm−1 [24]

- 213 cm−1 [23]. A peak for E
′′

mode around 208 cm−1

appears in experimental Raman spectrum [14] just for
the bulk sample, while a peak at 230 cm−1 is measured
in single or double tetralayer samples accompained by
a shift of about 3 cm−1 to lower frequencies in thicker,
few-tetralayer samples. The fact that we do not find this
mode at such a frequency in few-tetralayer samples sup-
ports the hypothesis [14] that this mode is due to the

FIG. 4. In plane E′ and E′′, out-of-plane A′1 and A′′2 normal
modes of Γ phonons in bulk ε-GaSe illustrated by atomic dis-
placements of two tetralayers per unit cell. For each mode the
antisymmetric and the symmetric displacements are shown,
except for the first two modes (E′, A′′2 in the upper panels)
where all the atoms belonging to one tetralayer move in the
same direction.

interaction of few-tetralayer samples with the substrate,
i.e. it does not exist in the bulk.

Calculated one-phonon Raman and IR spectra are dis-
played in Fig. 5 for bulk GaSe and varying the nanosheet
thickness. Only zone-center phonons contribute to the
spectra. In the 1TL case only the two A′1 modes are
clearly visible. As expected from group symmetry anal-
ysis, the twofold-degenerate E′ mode at about 213 cm−1

shows a finite IR strength.

Frequencies of Raman and IR modes at zone-center of
the same symmetry are grouped in blocks in Table II.
The average of the frequencies weighted by the Raman
intensities leads to the position of the Raman peaks in
Fig. 5(a). Independently of the number of tetralayers
two strong Raman peaks of A1/A

′
1 symmetry appear

in the range of 306 − 309 cm−1 and 127 − 132 cm−1.
The highest frequency mode is hardly layer-thickness-
dependent, while the lowest one slightly decreases with
decreasing layer thickness. Both trends are confirmed
by recent Raman measurements [24]. For what concerns
the Raman intensities, in both cases the intensity in-
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FIG. 5. Calculated (a) Raman and (b) IR spectra using the
frequencies and intensities from Table II. The bulk (red), tri-
layer (blue), bilayer (green), and monolayer (purple) spectra
are illustrated by different colors.

creases with increasing layer thickness. In particular, a
really intense peak is visible in the bulk Raman spectrum
around 130 cm−1. The Raman peak position around
207 − 209 cm−1 related to E′′ modes does hardly vary
with the material thickness, in agreement with the fact
that they are in-plane modes. The A

′

1 mode as well as

the IR-active A
′′

2 mode are out-of-plane vibrations and,
therefore, more influenced by the interlayer interaction.
Thereby, the highest A

′′

2 mode frequency increases with
reduced slab thickness, while its IR intensity decreases.
Whereas the absolute peak positions, in particular for
bulk, agree well with measurements, e.g. in Ref. [24]
with deviations of about 1 cm−1, and the thickness vari-
ation of the lowest A

′

1 mode are in agreement with the
experimental findings, we report some discrepancies for
the highest A

′′

2 mode. We trace back the small differences
between measurements [14, 23, 24] and our calculations
to the presence of a substrate in experimental setups,
whereas only freestanding nanosheets are theoretically
investigated.

The IR spectra in Fig. 5b are less complex compared
to the Raman ones in Fig. 5a. Only a strong in-plane E′

peak is visible in the range of 213−215 cm−1. In the bulk
case this peak is slightly shifted toward 212 cm−1 close to
the peak found in experimental GaSe spectra [45]. Inter-
estingly, we also predict a peak related to the out-of-plane
A′′2 mode close to 243 cm−1. However, the observability
of the two peaks have to be carefully discussed in terms
of ordinary or extraordinary light polarization.

IV. SUMMARY AND CONCLUSIONS

We have performed a theoretical study of 1TL, 2TL
and 3TL GaSe nanosheets by means of density functional
theory. For the purpose of comparison the same com-
putations have been done for the bulk ε-GaSe crystal
polytype. Three different exchange-correlation function-
als have been applied in the ground-state calculations.
We found the typical underestimation (overestimation) of
the chemical bonding using GGA-(LDA-)based function-
als. We demonstrated that the LDA functional delivers
the lattice constants in a sufficiently good quality. It can
therefore be applied also for DFPT studies of the lattice
vibrations. The investigations of the electronic structures
clearly demonstrate that the GaSe nanosheets are indi-
rect semiconductors because of a Mexican-hat dispersion
of the uppermost valence band, while the bulk system is
a direct semiconductor. Quasiparticle effects, in general,
and confinement effects in the nanosheets increase the
fundamental gaps toward values, which are comparable
with experimental ones.

The lattice-vibrational properties are dominated by
twofold degenerate in-plane E-type modes and non-
degenerate out-of-plane A-type modes. The phonon band
dispersion versus high-symmetry lines in the 2D hexag-
onal BZ shows that the few-tetralayer nanosheets are
also dynamically stable and that the phonon band dis-
persion of 1TL, 2TL and 3TL exhibits the LO-TO split-
ting breakdown typical of polar two-dimensional systems.
The frequencies, Raman intensities, and IR oscillator
strengths allow the construction of Raman and IR spec-
tra in qualitative but also quantitative agreement with
available experimental data. This holds for the most in-
tense peaks, in general, but also for the thickness depen-
dence of their peak positions.
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[43] V. Zólyomi, N.D. Drummond, V. I. Falko, Phys. Rev. B

89, 205416 (2014).
[44] K. Allakhverdiev, T. Baykara, S. Ellialtioglu,

F. Hashimzade, D. Huseinova, K. Kawamura, A. Kaya,
A. Kulibekov (Gulubayov), and S. Onari, Materials
Research Bulletin 41, 751 (2006).

[45] U. Giorgianni, G. Mondio, P. Perillo, G. Saitta, and
G. Vermiglio, J. Phys. France 38, 1293 (1977)
.

http://dx.doi.org/10.1038/nmat1849
http://dx.doi.org/10.1038/nmat1849
http://dx.doi.org/10.1039/C4CS00102H
http://dx.doi.org/10.1039/C4CS00102H
http://www.sciencedirect.com/science/article/pii/S0079681614000306
http://www.sciencedirect.com/science/article/pii/S0079681614000306
http://dx.doi.org/10.1021/nn4022422
http://dx.doi.org/10.1021/nn4022422
http://dx.doi.org/10.1103/PhysRevLett.118.106101
http://dx.doi.org/10.1038/nnano.2016.242
http://dx.doi.org/10.1021/nn300889c
http://dx.doi.org/10.1038/nature12385
http://dx.doi.org/https://doi.org/10.1021/nl301061b
http://dx.doi.org/https://doi.org/10.1021/nl301061b
10.1063/1.4973753
10.1103/PhysRevB.98.235431
10.1103/PhysRevB.98.235431
http://dx.doi.org/10.1002/pssa.2210310216
http://dx.doi.org/10.1002/pssa.2210310216
http://www.sciencedirect.com/science/article/pii/037596017590729X
http://dx.doi.org/10.1021/nl4010089
http://dx.doi.org/10.1021/nl4010089
http://dx.doi.org/10.1103/PhysRevB.84.085314
http://dx.doi.org/10.1039/C3CP50233C
http://dx.doi.org/10.1039/C3CP50233C
http://dx.doi.org/10.1103/PhysRevB.87.195403
http://dx.doi.org/10.1103/PhysRevB.87.195403
http://dx.doi.org/10.1021/cm401661x
http://dx.doi.org/10.1021/cm401661x
https://doi.org/10.1007/s12274-015-0878-8
http://dx.doi.org/ 10.1002/adfm.201102913
http://dx.doi.org/ 10.1002/adfm.201102913
http://dx.doi.org/ https://doi.org/10.1002/pssb.2221550109
http://dx.doi.org/ https://doi.org/10.1002/pssb.2221550109
http://dx.doi.org/10.1021/nn405529r
http://dx.doi.org/10.1021/nn405529r
http://dx.doi.org/10.1116/1.4881995
http://dx.doi.org/10.1116/1.4881995
http://dx.doi.org/10.1116/1.4881995
http://dx.doi.org/10.1116/1.4881995
http://stacks.iop.org/0957-4484/28/i=45/a=455706
http://stacks.iop.org/0957-4484/28/i=45/a=455706
http://dx.doi.org/10.1103/PhysRev.140.A1133
http://dx.doi.org/10.1103/PhysRevLett.77.3865
http://dx.doi.org/10.1103/PhysRevLett.77.3865
http://dx.doi.org/10.1063/1.3382344
http://dx.doi.org/10.1063/1.3382344
http://dx.doi.org/10.1103/PhysRevB.13.5188
http://dx.doi.org/10.1103/PhysRevB.13.5188
http://dx.doi.org/10.1063/1.1564060
http://dx.doi.org/10.1063/1.1564060
http://dx.doi.org/10.1103/RevModPhys.73.515
http://dx.doi.org/https://doi.org/10.1103/PhysRevB.96.075448
http://dx.doi.org/https://doi.org/10.1103/PhysRevB.96.075448
http://dx.doi.org/10.1002/pssb.201350404
10.1103/PhysRevB.51.17479
http://dx.doi.org/ 10.1080/21663831.2016.1174163
http://dx.doi.org/ 10.1080/21663831.2016.1174163
https://doi.org/10.1021/acs.nanolett.7b01090
10.1103/PhysRevB.89.205416
10.1103/PhysRevB.89.205416
http://www.sciencedirect.com/science/article/pii/S0025540805003855
http://www.sciencedirect.com/science/article/pii/S0025540805003855
https://doi.org/10.1051/jphys:0197700380100129300


9

Theory Exp.
1 TL ω 2 TL ω 3 TL ω Bulk ω 1-2TL few TL Bulk

E 22.4 I+R E
′′

24.2 R E
′

13.6 I+R

E
′

25.5 I+R

A1 26.3 I+R A
′
1 18.4 R A

′′
2 26.8 I

A
′′
2 31.1 I

E
′′

55.2 R E 57.0 I+R E
′′

58.1 R E
′′

54.7 R 59 59 59

E 58.2 I+R E
′

59.2 I+R E
′′

55.7 R

E
′′

59.5 R

A
′
1 128.8 R A1 128.5 I+R A

′
1 128.3 R A

′
1 127.2 R 132 132 132

A1 131.8 I+R A
′′
2 130.1 I A

′
1 129.8 R

A
′
1 132.3 R

E
′′

207.7 R E 208.0 I+R E
′′

207.8 R E
′′

205.9 R N.O. N.O. 208

E 209.0 I+R E
′

209.2 I+R E
′′

207.1 R

E
′′

209.2 R

E
′

213.5 I+R E 214.0 I+R E
′

213.3 I+R E
′

211.5 I+R 211a

E 215.1 I+R E
′′

215.4 R E
′

212.6 I+R

E
′

215.4 I+R

A
′′
2 245.2 I A1 243.9 I+R A

′′
2 242.7 I A

′′
2 242.9 I

A1 244.5 I+R A
′′
2 244.3 I A

′′
2 243.6 I

A
′
1 244.4 R

A
′
1 309.7 R A1 308.9 I+R A

′
1 307.6 R A

′
1 306.3 R 303.4 303.4 305.2

A1 309.3 I+R A
′
1 309.0 R A

′
1 306.8 R 306a

A
′′
2 309.0 I

TABLE II. Calculated optical modes of GaSe nanosheets from 1TL to 3TL and bulk ε-GaSe at zone center characterized by
their corresponding irreducible representation. Frequencies are in cm−1. Raman active modes are labeled with ”R”, IR active
modes with ”I”, and experimentally not observed modes with ”N.O.”. E modes are twofold degenerate, while A modes are
not. Experimental values are extracted from Ref. [14] and a Ref.[24]
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