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Electronic structure, vibrational properties, and optical spectra of two- and three-dimensional
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We present a detailed study of the electronic properties and lattice dynamics of bulk and mono-, bi- and
tri-tetralayer β-InSe by means of density functional and density functional perturbation theory. We show
that the few-layers systems are semiconductors with an indirect nature of the fundamental band gap and a
Mexican-hat-shape of the top valence band. The phonon branches analysis reveals the dynamical stability of
a mono- and bi-tetralayer systems considered together with the longitudinal-optical–transverse-optical splitting
breakdown toward one tetralayer. In-plane and out-of-plane zone-center lattice vibrations dominate the Raman
and IR spectra. Small shifts of the peak positions but stronger variations of the peak intensities are observed as
signatures of the number of layers.
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I. INTRODUCTION

Graphene [1–3] represents not only the most famous two-
dimensional (2D) material, but also worked as a catalyst for
the birth of a new field of 2D materials such as hexagonal
boron nitride (h-BN) [4–6], transition metal dichalcogenides
[7–10], and black phosphorus [11–13]. Scientists realized that
layer-structured crystals bonded by van der Waals interaction
are possible to be exfoliated into few and even a single layer,
which may be deposited on top of suitable substrates [14,15].
In this respect, III-VI compound semiconductors represent
an important group of layered van der Waals type materials,
which are widely used as photodetecting materials [16] in
photodetector [17–19] and photovoltage devices [20]. More-
over, they are used in well-known THz generators due to their
large nonlinear effects [21,22].

InSe, as one of these III-VI semiconductors with extraor-
dinary properties, has been taken into consideration in the
last few years [23–25]. 2D few-layer InSe systems have been
synthesized via physical [26–30] and chemical methods [24].
High tunability of the band gap with varying layer thickness
has been confirmed by experimental and theoretical investi-
gations [28–39]. Electronic band structures, vibrational, and
optical properties and phonon behavior in single layers of InSe
have been studied in recent years [31]. Also the structural and
electronic properties of 2D bilayers of indium chalcogenides
have been investigated [40].

Monolayer InSe consists of a Se-In-In-Se tetralayer (TL)
covalently bonded in four atomic planes (see Fig. 1). Few-
layer or bulk InSe systems are vertically stacked TLs, which
are held together by a weak van der Waals (vdW) interac-
tion [34]. Three highly distinct polytypes of the InSe crystal
have been identified: β-InSe, γ -InSe, and ε-InSe [24,41,42],

in which In and Se atoms, more precisely the TLs, are
differently arranged. The γ polytype with ABCABC TL
stacking (space group symmetry C5

3v) is the most studied,
showing a rhombohedral lattice [41,43]. Monolayer and few-
layer γ -InSe stacks possess high electron mobility [26,44],
excellent metal contact, and middle band gap range [44].
They offer the opportunity for favorizing tunable nanodevices.
The β (ABAB stacking, space group symmetry D4

6h) and
ε polytypes (ACAC stacking, space group symmetry D1

3h)
are characterized by a hexagonal lattice consisting of eight
atoms in the unit cell, which extends over two tetralayers
[45]. β-InSe is the most stable phase of InSe [16]. The
electronic band structures, work functions and optical prop-
erties of monolayer, few-layer, and bulk of β-stacking of
InSe have been investigated and their layer thickness de-
pendence has been demonstrated [25,38,39], also for similar
compounds such as β-GaSe [46]. Although first theoretical
investigations of the geometric configuration [47] and the
electronic band structures [48–50] have been performed for
monolayer systems, several studies on the layer-dependent va-
lence band structure of InSe have also been carried out [38,39]
to comprehend the tunable performances of the electronic
and optoelectronic devices fabricated with different layer
numbers. However, the details of the layer-dependent band
structures and their consequences for optical emission, res-
onant tunneling spectroscopy, and spin-dependent transport
are still under debate [51–54] In contrast to bulk and few-
layer GaSe systems [46], the vibrational properties are less
investigated [20,50,55]. This especially holds for the influence
of the electron-phonon interaction on spectral and trans-
port properties [56,57]. Theoretical studies of layer-dependent
Raman and IR spectra are, to our knowledge, completely
missing.
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FIG. 1. (a) Side and (b) top view of the atomic geometry of
an InSe tetralayer. The hexagonal in-plane lattice constant a, the
thickness of a TL defined as the vertical distance dSe-Se between
the top and bottom layer of selenium atoms in the normal z direc-
tion, the vertical In-In bond length dIn-In and the In-Se bond length
dIn−Se are also indicated.

In this work, we study 2D crystals and bulk of β-InSe
in a systematic way. We calculate geometric configurations,
electronic band structures, phonon branches, and Raman and
IR spectra for different thicknesses (1TL, 2TL, 3TL and
bulk) of β-InSe. In case of (dynamical) instability also other
TL stackings are considered. The results are compared with
available theoretical and experimental data on InSe. Also,
consequences of the larger cation In in comparison to Ga are
discussed. In a particular focus is the longitudinal-optical–
transverse-optical (LO-TO) splitting breakdown in 2D sys-
tems [58], here illustrated for the mono- and few-layer InSe
arrangements.

II. COMPUTATIONAL METHODS

The calculations of the geometric configurations and of
the electronic properties are based on the density functional
theory (DFT) [59] using different exchange-correlation (xc)
functionals: the generalized gradient (GGA) approximation
[60], proposed by Perdew, Burke, Ernzerhof (PBE) [61], and
the local density approximation (LDA) [60], as implemented
in the ab initio simulation QUANTUM ESPRESSO package (QE)
code [62]. In the case of Indium, the semicore d electrons
were included as valence electrons in the pseudopotentials.
The weak vdW interaction between the tetralayers plays an
important role in determining the interlayer distance between
Se of different TLs in multilayer stacks as well as in bulk
InSe. Consequently, for the bilayer (2TL), three-layer (3TL),
and bulk β-InSe configurations, the vdW interaction was
accounted for, by adding a semiempirical dispersion poten-
tial (D) to the conventional Kohn-Sham DFT energy [60],
through a pairwise force field following Grimme’s DFT-D2
method [63]. The electronic structures are not only described
within PBE-vdW or LDA framework but also with inclusion
quasiparticle correction in a simplified way: the screened-
hybrid Heyd-Scuseria-Ernzerhof (HSE06) functional [64,65]
was used to obtain the electronic band structures to compen-
sate, at least partially, for the underestimation of the band gap
by DFT [66].

For all layered structures of InSe, we performed the
calculations using periodic boundary conditions and a vac-
uum space of about 16 Å between 1TL, 2TL, and 3TL in
each supercell along the z direction, which is sufficient to
bring the interaction among the periodic images to zero. The

Monkhorst-Pack special k-point meshes [67] of 18 × 18 × 1
are used to sample the Brillouin zone (BZ) of 1TL, 2TL, and
3TL, while 6 × 6 × 6 is used for the bulk β-InSe for geom-
etry optimization. All of the atomic structures were relaxed
until forces were less than 10−8 a.u. The energy cutoff and
convergence threshold are set to be 150 Ry and 1 × 10−16 Ry,
respectively. For the phonon dispersion, Raman and IR spectra
calculations, based on density functional perturbation theory
(DFPT) [68], we use the LDA. Long-range interaction medi-
ated by an in-plane electric field is taken into account [55,69].
A mesh of 9 × 9 × 3 q points was used for the Raman and IR
spectra of bulk, but 7 × 7 × 1 for the 2D systems.

III. LATTICE STRUCTURES AND
ELECTRONIC PROPERTIES

As a first step, we determined the equilibrium atomic
geometry of InSe for bulk, three tetralayers (3TL), two
tetralayers (2TL) and single tetralayer (1TL). The optimized
lattice parameters are listed in Table I. In the 1TL case there is
excellent agreement with other DFT-PBE calculations yield-
ing a = 4.05 Å, dSe-Se = 5.39 Å and dIn-In = 2.287 Å [47].
Other DFT studies [31] show excellent agreement for dIn-In
but some deviations for a and dSe-Se for both xc functionals,
LDA and GGA + vdW.

The agreement between theory and experiment is also
good. We found that the inclusion of the vdW interaction is
important for the agreement with experiments in the case of
multi-tetralayer structures. The bulk β-InSe lattice constants
a = 3.98 Å and c = 16.98 Å in PBE + vdW compare well
with the experimental values of a = 4.05 Å and c = 16.93 Å
[25,39,70]. Our geometry-optimization calculations show that
the PBE and LDA in-plane lattice parameter a decrease with
increasing number of tetralayers from 1TL to bulk, like the In-
In bond lengths, while the Se-Se distance increases from 1TL
to bulk. The atomic distances obtained with the PBE func-
tional are systematically larger than those optimized within
the LDA, as expected [72]. The observed trends are similar to
those found for GaSe [73]. These effects of the XC functionals
as the chemical bonding strengths are also clearly visible in
the total energies (Etot ) per TL in Table I.

Figure 2 displays the band structures in LDA quality of
InSe upon reducing the number of layers from β-bulk to 3TL,
2TL, and 1TL. They clearly show the influence of intra-TL
bonding, inter-TL interaction and symmetry on band position,
splitting and dispersion. The number of bands follow the
number of tetralayers in the unit cell. The chemical bonding
within one tetralayer determines the band dispersion along the
high-symmetry directions �-M-K- � rather independently of
the number of TLs. The high symmetry of β-InSe with the
space group P63/mmc (D4

6h) is expressed by the additional
degeneracy of bands along the high-symmetry lines A-L-H-A
in the top or bottom of the BZ. In contrast to the ε-polytype
the band degeneracy is lifted [74]. This degeneracy has been
also observed by other authors [38] and for β-GaS [75], β-
GaSe [76], and lonsdaleite-Ge [77]. The group-IV crystal has
the same symmetry. The interlayer interaction between two
TLs in normal direction plays a minor role. This is clearly
visible from the quite similarity of conduction bands along
A-L-H-A lines for β-InSe and the �-M-K-� lines for 1TL.
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TABLE I. Structural parameters of a TL in Å (as defined in Fig. 1), the distance DSe-Se between the most outermost Se atoms of two adjacent
TLs (in Å), electronic indirect (Eg

ind) and direct band gaps (Eg
dir) (in eV) of 1TL, 2TL, 3TL and bulk. In addition, approximate quasiparticle

direct gaps Eg
HSE (in eV) as derived from hybrid functional HSE06 calculations and using PBE + vdW lattice parameters are listed. The bulk

hexagonal lattice constant c as well as the normalized total energy of the system (Etot ) (in eV/TL) are also given. The 1TL structure is used to
define the energy zero. The DFT geometry calculations have been performed with the LDA and PBE + vdW exchange-correlation functional.

1TL a c dIn-In dSe-Se dIn−Se DSe-Se Eg
ind Eg

dir Etot Eg
HSE

LDA 4.02 − 2.74 5.23 2.63 − 1.39 1.46 0 2.84
PBE(GGA) 4.09 − 2.83 5.37 2.69 − 1.34 1.43 0
2TL
LDA 3.97 − 2.74 5.28 2.62 3.73 0.99 1.08 −0.251 2.39
PBE(GGA) + vdW 4.05 − 2.80 5.37 2.67 3.76 0.98 1.04 −0.115
3TL
LDA 3.98 − 2.74 5.28 2.63 3.72 0.67 0.76 −0.367 1.98
PBE(GGA) + vdW 4.00 − 2.79 5.42 2.66 3.73 0.89 0.97 −0.237
Bulk
LDA 3.97 16.53 2.75 5.31 2.62 3.71 − 0.30 −0.415 1.84
PBE(GGA) + vdW 3.98 16.98 2.79 5.48 2.65 3.77 − 0.53 −0.324
Exp [25,70] 4.05 16.93 2.78 5.48 2.68 3.82 − − − 1.26
Exp [71] 4.00 2.78 5.28 − − − − − 1.17

Valence bands tend to downshift in energy going from 1TL
to the bulk case. The dispersion of the bands along the �-A
direction can be identified as a rough measure of the strength
of the interlayer interactions. The strong increase of the up-
permost valence band along �-A makes the bulk a direct
semiconductor, whereas the few-layer systems are indirect
semiconductors.

The direct and indirect band gaps resulting from the band
structure calculations (as displaced in Fig. 2) are also listed
in Table I. The bulk compound shows a direct gap in PBE +
vdW at the � point, which agrees with previous calcula-
tions [28–37]. With decreasing the number of tetralayers, as
illustrated in Fig. 2, one can immediately see that a pro-
gressive confinement-induced shift leads to a direct gap at
the � point increasing from the bulk value of 0.53 eV to

about 1.43 eV for 1TL-InSe. Similar trends are visible for
other xc functionals, LDA, and HSE06. In the LDA case the
direct-gap variation goes from 0.3 to 1.46 eV. Similarly, the
indirect gap with valence-band maximum somewhat out of
the BZ center � varies from 0.85 (0.67) eV for 3TL to 1.34
(1.39) eV for 1TL within the PBE + vdW (LDA) framework.
The HSE06 gaps are much larger and vary from 1.84 eV
(bulk) to 2.84 eV (1TL). In the HSE06 case this increase is
significant due to the inclusion of quasiparticle shifts in an
approximate manner, through a fraction of exact (screened)
exchange, of 1.0–1.4 eV (see Table I). Other HSE06 compu-
tations [31,39] give similar gap values, which, however, vary
with the actually used numerical procedure and the inclusion
of spin-orbit interaction (SOC). The SOC modification of the
gap has been estimated to be about 0.12 eV for 1TL [36]. One

FIG. 2. Band structures of β-InSe, from (a) bulk to (b) 3TL, (c) 2TL, and (d) 1TL. The horizontal dotted lines display the valence band top
as energy zero. The orange solid arrows indicate the direct band gaps, while the green solid arrows indicate the indirect band gaps.
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FIG. 3. Layer-dependent phonon dispersion curves of β-InSe from (a) bulk to (b) 3TL, (c) 2TL, and (d) 1TL determined using ab initio
DFPT calculations.

has to take into consideration that the quasiparticle gap shift
increases to about 2 eV for 1TL, if the more appropriate GW
approximation is applied [48]. The 1TL gaps derived within
DFT-PBE widely agree [47,78].

The InSe layered structures (see Fig. 2) exhibit a rather
surprising crossover from a direct-gap to an indirect-gap semi-
conductor in the 2D sheet limit. These findings are in contrast
to those for the well-studied MoS2, [51,79] in which the indi-
rect band gap in the bulk shifts upwards in energy by more
than 0.6 eV with decreasing thickness, leading to another
crossover from indirect- to direct-gap materials in the limit
of the single monolayer, however, with a conduction-band
minimum (CBM) outside � in the bulk band structure and
the direct gap at K, a corner point of the 2D hexagonal
BZ. Therefore, the band-symmetry characters of the direct-
indirect crossover in InSe and MoS2 are completely different
and cannot be compared. In the β-InSe case the indirect
character is mainly a consequence of Mexican-hat- or camel-
back-like uppermost valence band. While the CBM appears at
the � point in all layered InSe structures, independent of num-
ber of tetralayers, the position of the valence band maximum
(VBM) varies with this number. The overall features of the
calculated band structures for all configurations of 2D β-InSe
sheets in Fig. 2 are quite consistent with each other, but also
in qualitative agreement with the band behavior of GaSe [73].
When passing from 3TL to 1TL, the VBM shifts along the
�–M and �–K lines. Since the CBM stays at the � point, indi-
rect band gaps are obtained at all 2D tetralayer combinations.
They get continuously enlarged significantly with decreasing
number of TLs. Interestingly, the indirect gap in DFT-PBE
in the 1TL-InSe case is only about 0.1 eV lower than the
direct band gap. This energy difference also holds for 2TL
and 3TL, although the absolute gap values are smaller. The
valence band behavior will also influence the optical proper-
ties at the absorption edge. Theoretical predictions within the
k · p theory and taking excitonic effects into account find the
crossover between indirect and direct excitons in atomically
thin films of InSe near 7 TLs [51].

IV. PHONON DISPERSIONS

Here, using the DFPT and the LDA xc-functional for LDA-
optimized atomic equilibrium geometries, the dispersion of
the phonon branches is plotted along the wave-vector path
A-H-L-M-K-� (bulk) or �-K-M-� (layers) connecting high
symmetry points in Fig. 3, from β-InSe, 3TL to 1TL. The
phonon modes of bulk β-InSe can be categorized using the
symmetry, i.e., the nonsymmorphic space group D6h

4 and the
point group D6h. The symmetry has explicit consequences
for the zone-center modes. The 24 �-modes of β-InSe with
eight atoms extending over two TLs in a hexagonal unit cell
can be decomposed according to their irreducible represen-
tations into 2(A2u ⊕ E1u ⊕ E2u ⊕ A1g ⊕ B1g ⊕ B2u ⊕ E1g ⊕
E2g) [42,76,80,81]. The A2u and E1u optical modes are in-
frared active, the A1g, E1g and E2g modes are Raman active,
the B1g, B2u and E2u are neither infrared nor Raman active
modes (optically inactive, silent modes). These normal modes
are illustrated in Fig. 4. The three acoustic modes have A2u

or E1u symmetry. The calculated bulk modes at � together
with their symmetry character and the Raman and IR selection
rules are shown in Table II. These results will be discussed
below together with the Raman and IR spectra. Also, a com-
parison with experimental data is given. Indeed, the bulk
Raman frequencies in Table II are in very good agreement
with those of β-InSe measured for various temperatures (com-
pare [42] and references therein).

As in the bulk case, for 1TL, 2TL, and 3TL systems Fig. 3
exhibits phonon branches with three acoustic modes of A or
E symmetry. The E mode vibrating in-plane [longitudinal
acoustic (LA) and transverse acoustic (TA)] is twofold de-
generate at � and has a linear dispersion for vanishing wave
vector. The A mode is a flexural phonon mode [out-of-plane
acoustic mode (ZA)], which exhibits a peculiar quadratic
dispersion near the zone center, typical of layered crystals
[80] and can be explained as a consequence of the point
group symmetry [25]. It is the easiest mode to be excited,
because of its lowest frequency among all phonon modes and
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FIG. 4. In-plane (doubly degenerate E) and out-of-plane (A and B) normal modes of � phonons in bulk β-InSe illustrated by atomic
displacements (green arrows) in the two TLs per unit cell. The bigger In (smaller Se) atoms are displayed as violet (yellow) balls. The modes
are arranged in conjugate pairs.

it may be therefore easily affected by numerical instabilities
[72]. In general, in the 1TL and 2TL cases the three acoustic
branches converge smoothly to zero frequency for vanishing
wave vector, demonstrating that numerical instabilities have
been safely controlled. Moreover, no soft modes or negative
energies appear in the phonon branches of bulk. We conclude
that not only the bulk β-InSe but also the layered systems in
β stacking are dynamically stable, at least, considering small
2D hexagonal unit cells.

In the 3TL nanosheets with β stacking, two of the acous-
tic modes have imaginary frequencies, thus suggesting that
the layered 3TL β-stacked system is dynamically unstable.
However, this result may be due to the difficulty in reaching
accurate numerical convergence of the calculations because of
the large supercells with 12 atoms and an appropriate amount
of vacuum.

Such a tendency for a small pocket of instability has been
observed earlier for mono-tetralayer InSe structures [31]. The
authors found an extreme sensitivity to the details of the cal-
culations. This fact has been interpreted as a general problem
of phonon studies by means of first-principles calculations
for 2D materials. It seems to indicate the general difficulty

of achieving numerical convergence for the flexural phonon
branches. Since in our study it only appears in the 3TL case,
we studied the stacking effect more carefully. Beside the
investigated β stacking, the ε- and γ -stacked 3TL systems
also lead to minima on the total energy surface, i.e., to static
stability within the LDA treatment. The LDA total energies
of the three 3TL stackings compared to the mono-tetralayer
1TL are −0.367, −0.376 and −0.365 eV/TL for β, ε, and γ ,
respectively. These are close to each other as also observed
for the bulk stacking [82,83]. The resulting ground-state pa-
rameters are also similar to the LDA values listed in Table I.
This especially holds for the in-plane lattice constant a and the
intra TL bond distances dIn-In, dSe-Se, and dIn−Se, which only
weakly vary with the stacking. This finding is in agreement
with the results for the β and ε stacking, i.e., the 2H polytype,
and the γ stacking, i.e., the 3R polytype, in the bulk limit
[82–84]. The phonon branches of 3TL in γ - and ε-stacking
are displayed in Fig. 5. Despite the slightly reduced symmetry
this figure shows similar phonon branches as the β stacking
in Fig. 3(b). This essentially holds for the dispersion and
the splitting of the phonon branches. The weak tendency for
the negative frequency modes near � occurs for β, ε, and γ
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TABLE II. Calculated Raman- and/or IR-active optical modes of β-InSe and 2D systems at zone center characterized by their irreducible
representation, the frequency (in cm−1), and Raman and IR intensities (in arbitrary units). The layer thickness varies between bulk, 3TL, 2TL,
and 1TL. The irreducible representations of E and A character are also given. Slightly different denotations are given according to the point
groups D6h (bulk) and D3h/d (nanosheets). In the case of frequency splitting in the 2D case only the frequency which gives the highest spectral
weight is listed.

Frequency (cm−1) Raman Intensity (a.u.) IR Intensity (a.u.)

1TL 2TL 3TL Bulk 1TL 2TL 3TL Bulk 1TL 2TL 3TL Bulk

11.9 E 5.7 E ′′ 17.0 E2g − 1.6 0.04 14.1
13.7 E ′ 5.8 − 0 0 0

24.6 A1 16.6 A′
1 0.15 0

30.4 A′′
2 36.2 E2u 0.1 0 − 0 0 0

39.0 E ′′ 36.9
E

36.2 E ′′ 36.5 B1g 0.1 0 0.06 0 0 0 0 0
38.6 37.3 E ′ 39.3 E1g 3.5 2.8 479.6

38.6 E ′′ 3.4
110.2 A′

1 108.8
A1

108.1 A′
1 107.9 B2u 51.9 0 13.2 0

112.0 110 A′′
2 114.5 A1g 165.2 0 46163.8 0 0 0 0

112.8 A′
1 273.6

175.3 E ′′ 174.3
E

173.4 E ′′ 174.1 E1g 0.2 2.5 3.5 3989.8 0 0.01 0 0
174.3 173.5 E ′ 174.1 E2u 4.8 5.1 0 0.0 0.02 0

173.5 E ′′ 4.8 0.01
179.4 E ′ 178.3

E
177.3 E ′ 178.0 E2g 0.9 0.2 6.8 12.9 5.5 9.2 6.2 11.2

178.3 177.5 E ′′ 178.0 E1u 1.4 1.0 0 1.3 3.7 12.4
177.5 E ′ 1.41 5.9

202.8 A′′
2 200.0

A1
197.5 A′′

2 190.7 A2u 0 0 0 0 0.03 0.1 0.12 3.7
200.5 198.7 A′′

2 199.3 B1g 25.4 0 0 0 0.06 0
199.1 A′

1 32.4 0
231.7 A′

1 229.4
A1

227.1 A′
1 227.5 A1g 161.8 391.8 397.2 647.1 0 0 0 0

229.8 228.2 A′
1 228.5 B2u 0.01 0.5 0

228.4 A′′
2 210.5

stacking but is only minor for the flexural branch. So, all three
studied stackings seem to indicate some dynamical instability
of the freestanding 3TL systems, although the tendency is
very low for ε stacking. Because of the mentioned numerical
problems, we, anyway, keep the β stacking to investigate
the thickness dependence of Raman and IR frequencies and
intensities in the following.

In the case of the three β-stacked multi-tetralayer 2D crys-
tals considered, NTLs (N = 1, 2, 3), the space (point) group
is somewhat reduced to D1

3h(D3h) for N odd and D3
3d (D3d )

for N even [81] with respect to bulk β-InSe with D4
6h(D6h).

In the case of ε-stacked 3TL systems the D1
3h symmetry is

conserved. As also indicated in Table II, � modes of bulk

FIG. 5. Phonon branches of 3TL systems with γ (a) and ε (b)
stacking.

and NTL systems can be nearly related to each other. The
bulk low-frequency breathing (out-of-plane) mode gives rise
to (N-1) breathing A modes, while the bulk low-frequency
shear mode appears as (N-1) doubly degenerated shear E
modes in the 2D crystals [81]. Correspondingly, in Table II
the �-modes of the NTL systems are grouped, in addition to
the three acoustic modes, into eight categories, where bulk
E1g/u and E2g/u modes appear as E modes in the few-tetralayer
systems. The higher A1g and A2u are denoted without the
index g or u in the tetralayer cases independent of number
N. In the odd-numbered layer cases, 1TL to 3TL, for each
representation the number of phonon modes reflects the num-
ber of tetralayers. The frequencies of the spectroscopically
accessible optical modes are also listed in Table II together
with the averaged Raman and IR intensities. From 1TL to
3TL the phonon frequencies only vary of few cm−1 because of
the weak vdW bonding between tetralayers. The � modes of
the 2TL system and bulk β-InSe have very similar properties
such as their number, symmetry, frequency and IR or Raman
activity.

Very interesting is the influence of the dynamical charge
of ions on the optical phonon frequencies. For bulk InSe,
more precisely the γ -polytype, it has been demonstrated by
Raman measurements and model calculations that the long-
range Coulomb interaction causes a LO-TO splitting near the
Г point [85,86]. We find such a LO-TO splitting near the Г

point of bulk, the TO mode is at about 174 cm−1 while the
LO mode is above at about 200 cm−1, as shown in Fig. 3(a)
and Table II. In the isolated single tetralayer this splitting
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vanishes. The frequencies of the two optical E modes merge
at 179.4 cm−1 near the Г point. The breakdown of the LO-TO
splitting induces that in this limit the derivative of the LO
phonon dispersion is discontinuous. Increasing the number
of tetralayers the slope of the highest LO mode enlarges and
the LO frequency smoothly approaches the bulk limit lifting
the degeneracy [58]. In the 1TL case the vanishing LO-TO
splitting has been also found by other authors [31,58]. A
contradictory result has been however derived applying non-
analytical corrections dominated by the dynamical charge to
the dynamical matrix [55,69,87].

The long-range Coulomb interaction also plays an essential
role in the structural stability of nanosheets of InSe [88],
because without the long-range dipole-dipole interaction, the
frequencies of acoustic modes become imaginary and the
system is instable (not shown). Instead, when the long-range
interaction is properly taken into consideration, the imaginary
frequencies are eliminated and the 2D systems is dynamically
stable. As shown in Fig. 3, apart from Fig. 3(b), we find no
trace of imaginary frequencies in the Brillouin zone for bulk
and small numbers of tetralayers. Therefore, the correspond-
ing acoustic phonon dispersions suggest that isolated N = 1, 2
tetralayers and bulk of hexagonal β-InSe are dynamically
stable.

The three lowest dispersion relations represent acoustic
branches in each of the 1TL, 2TL, 3TL stacked systems and
bulk. Other remnant branches are optical vibrations. 1TL,
2TL, 3TL and bulk have nine, 21, 33, and 21 optical branches,
respectively. The irreducible representation associated with
each phonon mode is labeled in Fig. 3. The lowest acous-
tic band has a quadratic behavior (labeled ZA in Fig. 3). It
represents the flexural branch for out-of-plane vibrations and
is therefore in-plane polarized. In �-K direction near � the
dispersion relation ω ∼ q2 with a fitting prefactor of 0.46 ×
107 m2s−1 is derived. Similar dispersion relations have been
found elsewhere [87]. This quadratic behavior of the ZA band
is a consequence of the fact that, at least to the lowest order
in its amplitude, the strain energy created by this vibration
is solely associated with the curvature that this out-of-plane
bending mode induces in the layer. The other two acoustic
branches are related to in-plane vibrations, a TA and a LA one,
labeled in Fig. 3(d) in the low-frequency limit. The two linear
branches have large sound velocities of ∼1526 m/s (TA) and
∼2696 m/s (LA) in the 1TL case. Other computations give
rise to slightly larger velocities 1853, 1766 ms−1 for TA and
3398, 3272 ms−1 for LA [55,87] averaged over the �M and
�K directions. In general, sound velocities of layered InSe
are much lower than those of other 2D crystals, e.g., graphene
or black phosphorene [89,90].

Immediately above the acoustic branches low-frequency
optical modes are present in the bulk (17 cm−1), 2TL
(11.9 cm−1) and 3TL (5.5−13.7 cm−1). These modes are
interlayer shear modes, typical for layered materials, cor-
responding to the sliding of two adjacent tetralayers. No
shear modes are obviously present in the 1TL case. Above
shear modes, optical bands typically converge much faster
(including interactions with neighbors within the third or
fourth nearest-neighbor shell). These E1g or E modes have
frequencies in a narrow interval between 36.2 and 39.3 cm−1.
According to the Raman and IR intensities in Table II they

FIG. 6. Layer-dependent of Raman spectra of β-InSe bulk (red),
3TL (blue), 2TL (green), and 1TL (purple) determined using ab initio
calculations.

should be Raman active but IR forbidden. For 1TL our
computed frequencies are only slightly larger than those in
Ref. [31], where other numerical treatments were used. The
variation of the next optical A1 or A1g modes with the num-
ber of TLs between 108.1 and 114.5 cm−1 is slightly more
pronounced. As can be appreciated in Fig. 3 but also Ta-
ble II, there is a separation between in-plane (in the range
of 174.1 cm−1 in bulk to 179.4 cm−1 in 1TL) and out-of-
plane modes (in the range of 190 cm−1 in bulk to 232 cm−1

in 1TL). This frequency separation is to be expected, since
in-plane modes excite both bond stretching (hard) and bond-
bending (soft), while out-of-plane modes result mostly in
bond-bending motion and very little bond stretching. Another
noteworthy characteristic of the phonon band structure dis-
played in Fig. 3 is the splitting of approximately 100 cm−1

existing between the ZO and ZA bands along M-K. In a
homopolar hexagonal sheet such as graphene these two bands
cross at K. The comparison with another 1TL calculations
[31] indicates slightly higher frequencies for the upper optical
phonons at �.

V. RAMAN AND IR SPECTRA

The calculated Raman and IR spectrum for different num-
bers N of the TLs and β-InSe bulk are displayed in Figs. 6
and 7. The calculated dominant Raman and IR frequencies
and their respective intensities as listed in Table II have
been used for the construction of the spectra. The average
of the frequencies weighted by the Raman intensities leads
to the actual position of the Raman peaks in Fig. 6. Be-
cause of the geometrical similarities of the tetralayers and
the weak vdW bonding between them, the corresponding
vibrational frequencies of the longitudinal modes only vary
with N by about 1–2 cm−1. Due to the broadening applied,
their narrow lines appear as one peak in the Raman spectra in
Fig. 6. Independent of the number of tetralayers, two strong
Raman peaks of A1g/A1 symmetry appear in the frequency
range of 227–232 cm−1 and 110–114.5 cm−1. The first (low
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FIG. 7. Layer-dependent IR spectra of β-InSe bulk (red), 3TL
(blue), 2TL (green), and 1TL (purple) determined using ab initio
calculations.

frequency) A1g
1 (A1

1) peak, corresponding to a stretching
mode along z (see Table II), shifts toward lower frequen-
cies by about 4 cm−1. The high frequency A1g

2 (A1
2) (see

Table II) shifts by about 4 cm−1 to slightly higher energies
with decreasing dimensionality. In the bulk case in-between
another prominent Raman-active mode E1g related to in-plane
vibrations is visible. Weak Raman-active E1g and E2g modes
may appear at much smaller frequencies (see also Table II).
The strong out-of-plane vibrations of In-Se pairs, either of
oppositely directed In and Se movements of the two pairs
in one unit cell (A1g

1) or opposite displacements of In and
Se atoms (A1g

2), also dominate the Raman spectra of the
1TL, 2TL and 3TL systems. The absolute peak position, with
deviations of about 1–2 cm−1, and the variations toward lower
wave numbers with thickness of the lower A1g

1 (A1
1) mode

are in agreement with the experimental findings for hexagonal
ε- and rhombohedral γ -InSe [24,29,91,92], where a mode
near 200 cm−1 is present in the ε polytype but absent in the
β polytype (see also Fig. 6) [42]. Indeed, the five-peak spec-
trum of bulk β-InSe is in excellent agreement with low- and
room-temperature experimental findings [42] with maximum
deviation of 3 cm−1 for the E1g mode.

In the lower frequency range (in the first three rows in
Table II) from the first up to the lower mode A1g

1 (A1
1) one

can see that the frequency decreases with vanishing material
thickness, whereas in the high-frequency region the oppo-
site behavior is observed for the last four rows up to mode
A1g

2 (A1
2) going from bulk InSe to 1TL. This opposite be-

havior found for the higher A1g
2 (A1

2) mode, which shifts
to higher wave numbers, is in agreement with experimental
findings. However, the Raman peak in-between in the inter-
mediate frequency range related to E (E1g) modes does hardly
vary with the material thickness, in agreement with the fact
that they are in-plane modes. The A1g

1 (A1
1) and A1g

2 (A1
2)

modes are out-of-plane vibrations and, therefore, more influ-
enced by the thickness. Raman measurements on few-layer
systems are rather rare [24,29,57,93]. A four TL system shows
Raman modes at 114.5, 178.1, 202.1, and 227.3 cm−1 [93].

With more TL sheets similar frequencies have been measured
but also one more peak near 212.4 cm−1 [29]. These findings
are consistent with Raman studies on bulk γ crystals. For
InSe flakes consisting of even more TLs three Raman modes
at 117, 179, and 227 cm−1 have been found [24], indicating
hexagonal stacking for which the mode around 200 cm−1 is
missing (see also Fig. 6).

Similar to the GaSe case the IR spectrum of β-InSe in
Fig. 7 is rather pure. Mainly E-derived peaks appear. In the
bulk case, however, E1u and A2u modes are visible. Their
excitation is related to dynamical dipoles in-plane (E1u) or
out-of-plane (A2u). In the few-TL systems the out-of-plane
mode disappears. Mainly the strong E1 peak near 178 cm−1

survives down to 1TL. It only shifts by less than 2 cm−1

from bulk to 1TL in agreement with its in-plane character.
In contrast to the data in Fig. 7, which result from an average
over light polarizations, the experimental observation of the
IR spectra depends on the angle of incidence and therefore
requires a careful analysis in terms of ordinary and extraordi-
nary light polarization.

VI. SUMMARY AND CONCLUSIONS

In this paper we investigated the atomic structure of 1TL,
2TL and 3TL β-InSe nanosheets by means of density func-
tional theory. For comparison, the same calculations have
been done for the bulk β-InSe crystal polytype. We stud-
ied three different exchange-correlation functionals in the
ground-state calculations. We found the typical underestima-
tion (overestimation) of the chemical bonding using – GGA-
(LDA-) based functionals. We showed that the GGA + VdW
functional delivers the bulk lattice constants in a sufficiently
good agreement with measurements. The investigations of
the electronic structures clearly indicated that the β-InSe
nanosheets are indirect semiconductors because of a Mexican-
hat dispersion of the uppermost valence band, while the bulk
system is a direct semiconductor with the �-point position of
both valence and conduction bands. Quasiparticle effects, in
general, and confinement effects in the nanosheets increase
the fundamental gaps toward values which are comparable
with experimental data.

Phonon frequencies and dispersions together with result-
ing Raman and IR optical spectra have been calculated
in the local-density framework applying the density func-
tional perturbation theory. The lattice-vibrational properties
are dominated by twofold degenerate in-plane E-type modes
and nondegenerate out-of-plane A-type modes. The phonon
band dispersion versus high-symmetry lines in the 2D hexago-
nal BZ shows that the few-tetralayer nanosheets are generally
dynamically stable and that the phonon band dispersion of
1TL, 2TL, and 3TL exhibits the LO-TO splitting breakdown
typical of polar two-dimensional systems. Only in the 3TL
case do all the studied stackings β, γ , and ε show weak ten-
dency for dynamical instability, which could originate from
numerical reasons or could be cured by growing the sample
on a substrate. The frequencies, Raman intensities, and IR
oscillator strengths of the β stacking allow the construction
of Raman and IR spectra in qualitative but also quantitative
agreement with available experimental data. This holds for
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the most intense peaks, in general, but also for the thickness
dependence of their peak positions.
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