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Abstract

Following the emergence of 2D materials, a huge amount of work has been dedicated
to this new class of materials. Numerical simulations have proven to be powerful to
analyze and predict structure-properties relationships. However, a recurrent issue that
arises in some 2D compounds is the appearance of a dynamical instability as an
unstable phonon branch in a small pocket close the Brillouin zone center. The origin
(numerical and/or physical) of this instability is hardly discussed. Here, using a rising
2D material, GaSe, as a case study, this issue is tackled by discussing the numerical
techniques that may be used to lift the instability but also by understanding the
fundamental origin of it. The interlayer distance is the crucial parameter and the
ionicity of the compounds is the key physical property governing the propensity for
instability. In many works, this distance is arbitrarily fixed to a value for which the
absence of interactions between the periodic images of the layers is assumed. A
careful control of the effect of this distance on the stability is required prior to

subsequent calculations of physical properties.



Introduction

The isolation of a single graphene layer by mechanical exfoliation in 2004 has
generated a huge research activity dedicated to 2D materials and, consequently,
renewed the interest for lamellar compounds [1, 2, 3]. These materials exhibit tight
bounds in the plane and weak van der Waals interlayer bounds. They are likely to give
a single layer by exfoliation. In the last few years, a wide variety of 2D compounds
has been synthesized. Their electronic properties are different from those of bulk
material and can vary from wide bandgap semiconductor to semi-metal. For instance,
whilst the bulk material is an indirect semiconductor, MoS. single layer becomes a

direct semiconductor and gives rise to a photoluminescence signal [4, 5].

Experiments on 2D materials are demanding and a screening step using simulations to
identify potentially interesting 2D samples is crucial. For instance, to investigate the
electronic properties of 2D materials, ab initio simulations are powerful techniques.
However, little attention is dedicated to the stability of the 2D material i.e., on the
calculations of the phonon band structure in addition to the electronic one, even
though it has been shown that this aspect is important as it reflects the stability
conditions of the nanostructure [6]. Actually, even if the total energy of a structure can
be minimized, its stability cannot be assured as long as the dynamical stability

(absence of unstable phonon) is not confirmed.

In the recent literature, a redundant point has appeared in simulations of 2D materials.
When calculating the phonon dispersion curves, unstable phonon branch in a small
pocket close the Brillouin zone center was found in few cases [7, 8]. This was
interpreted as a non-physical effect related to the difficulty in achieving numerical

convergence for the flexural phonon mode in 2D materials [9, 10].

However, several questions remain. First, what is the numerical origin of this effect?
Then, why only some compounds are affected and not all of them? Finally, are we

sure that no physical underlying reason may be invoked?

To tackle these issues, we propose to study a rising 2D materials, GaSe [11, 12, 13,
14, 15, 16, 17] and to investigate the dynamical instability by using different

numerical techniques. In this work, we will show the importance of determining the



appropriate supercell during ab initio simulations to determine the physicals properties
such as the phonon dispersion curves and, consequently, the dynamical stability.

The paper is divided as follow: in the next section, the 3D and 2D structures of GaSe
will be introduced. Then, the computational details will be given. In section 1V,
simulations of 3D GaSe will be presented with an emphasis on the stability of the
structure. This section continued with the same study but on 2D GaSe.

I. Tri- and bi-dimensional GaSe structures

Under normal conditions, bulk GaSe may adopt one of the four known crystal
polytypic structures labelled B, v, 8, and € [18]. Despite efforts to synthesize new
polymorphs of this material, no other crystalline metastable phase at normal
conditions has been artificially produced in laboratories.

These polytypic phases consist of a crystalline layered arrangement in which each
atom of Ga is surrounded by three Se atoms and one Ga atom. The structure of all
polytypes is very similar, with covalently bonded hexagonal slabs of Ga and Se atoms
arranged according to a certain stacking sequence. The adjacent slabs of layers are

held together by van der Waals interactions which act along the stacking axis (c-axis).

The most common polytype is the e-type (Space group N°187 - P6m2) (Figure 1).

From the 3D material, quasi-2D sheets consisting of slabs containing a few layers may
be obtained by mechanical exfoliation [19]. The structure of a single monolayer may
be generated using the structure of the & polymorph. Layers are isolated and have a
point group symmetry Dan. Contrary to Transition Metal Dichalcogenides (TMD),
there is no change of the point group symmetry when going from the bulk to the single
layer as there is not an inversion center linking two adjacent layers. Starting from
another polymorph would lead to same monolayer structure as the only difference
between the different polymorphs is the stacking sequence of the layers. Therefore, the

simulation supercell only consists in a larger c-axis parameter (Figure 1).

The monolayer structure is then numerically generated by the isolation of a layer from
the bulk materials as it would be in the case of a mechanical exfoliation. It worth
noting that, to the best of our knowledge, there is no alternative atomic configuration

for the monolayer.
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Figure 1 — Simulation configuration showing the required periodicity along the c-axis.
The difference between 2D and 3D structures is only related to the value of the c-
parameter and, consequently, to the distance between adjacent layers referred as d-
vaccum.

Il. Computational details

All the calculations were done within the first-principles theoretical framework of the
density functional theory (DFT) implemented in the computational scheme of
pseudopotentials and plane waves in the projector-augmented wave scheme. The
Vienna Ab Initio Simulation Package (VASP) code was employed [20, 21 ]. We did
calculations with the Perdew-Burke-Ernzerhof (PBE) version of the generalized
gradient approximation (GGA) to the exchange-correlation (XC) functionals [ 22].
The van der Waals (vdW) corrections to the total energy were taken into account

within the DFT using Grimme’s so-called D2 method [23].

The 4s and 4p outermost electrons of Ga and Se were dealt with explicitly in the
valence, the rest of the electrons being considered frozen at the core. The cutoff in the

Kinetic energy of the plane-waves basis set was 310 eV which together with the use of



a dense 15x15x5 Monkhorst-Pack grid of k-points for integrations in reciprocal space
ensured a convergence in the energy differences between phases of around 1 meV. All
the results show here correspond to zero temperature, with zero-point motion of lattice

vibrations neglected.

To test the reliability of our simulations, we first investigate the stability of bulk e-
GaSe. A full structural optimization of both the internal parameters and the cell shape
was performed through the calculation of the forces on atoms and the components of
the stress tensor. The structural relaxation was deemed complete when the atomic
forces were less than 0.005 eV.A™ and the anisotropy in the diagonal components of
the stress tensor was less than 0.1 GPa.

For the monolayer of GaSe simulated within the periodically repeated scheme
imposed by the technique of calculation, a set of 15x15x1 k-points grid was used. A
vacuum region between monolayers is set to avoid interaction between the periodic
images of the layers (Figure 1). To obtain the unstrained configuration, the atomic
positions and lattice vectors were fully relaxed and the optimized (relaxed) coordinates

were then used for the self-consistent cycle.

The electron localization function (ELF) was calculated from the valence electronic
density obtained within the pseudopotential scheme implemented in VASP (where the
core electrons are considered frozen and not explicitly considered). The visualization
of the ELF isosurface was done with VESTA 3.4.3.

To provide a rigorous analysis of the stability in 2D GaSe we have considered a very
high accuracy in the calculation of the forces. A structure is stable only if the
calculated frequencies of all its phonon modes in the BZ are positive; otherwise, the

presence of imaginary frequencies indicates an instability.

In order to calculate the phonons at the zone center as well as in the whole Brillouin
zone we used both the small-displacements method (also called sometimes the direct,
supercell or force constant method) as implemented in the PHON code [24] and the
density functional perturbation theory (DFPT, or linear-response method) as
implemented in the VASP code, using the Phonopy package to calculate the phonon

density of state [25, 26]. Both methods hinge at the core on the linear relationship



between the forces on the atoms originated by an atomic displacement from
equilibrium and the displacement itself.

In the small-displacements method, one considers an appropriate supercell
corresponding to the equilibrium configuration and displaces one atom at a time,
calculating the resulting forces on all the supercell sites. The required number of
independent displacements depends on the symmetry of the independent sites in the
crystal. From the restoring forces for the set of independent displacements one can
then approximate the force-constants matrix and, from that, construct the dynamical
matrix, whose eigenvalues are the squares of the phonon frequencies and the
corresponding eigenvectors are the polarization vectors of the modes. This method
does not require any a priori information about the eigenvectors, but requires the force
calculation, needs a supercell to extract properties for non-zero wavevector phonons

and is very expensive numerically for long ranged interactions.

Within DFPT, one achieves the calculation of the phonons using perturbative
techniques within linear response theory as applied specifically to the density
functional formalism in periodic solids. The big advantage of DFPT versus the small-
displacements method is that it works directly in the reciprocal space, so it gives
directly the dynamical matrix (obtained from the second derivatives of the total energy
within standard perturbation schemes) for any arbitrary phonon wavevector with no

need to use a supercell.

I11.Results and discussion
Stability of 3D bulk GaSe

As GaSe is a lamellar compound, interslab van der Waals forces may play a
significant role in the structural stability as shown in Figure 2. From preliminary test
calculations made using different pseudopotentials and exchange-correlation
functionals it turned out that the best results were provided by the GGA-PBEvdw
functional. In the energy vs volume curves shown in this figure, a well defined
minimum in the E-V curve can be obtained i.e., a stable structure under normal
conditions, only by including explicitly the van der Waals interactions. On the
contrary, if the vdW interactions are not explicitly introduced, no defined minima

indicating a stable structure may be observed. A defined structure is obtained under a
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slight compressive stress according to the calculated P-V curves with and without
vdW corrections [27].
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Figure 2. Energy-Volume curves (per formula unit) for the € -polytype of GaSe, with
(PBEvdW) and without (PBE) van der Waals interactions.

It is worth noting that including the van der Waals interactions (PBEvdW) induces a
volume reduction of almost 10% compared to the situation without these interactions
(PBE). This is an indication of the importance of the inter-plan interactions as the
intra-plan interactions are not strongly affected by the introduction of the out-of-plane
interactions (Table 1). The calculations of the structure 3D-GaSe using vdW are in
very good agreement with the cell parameters and atomic positions observed

experimentally (Table I).



Table | - Crystallographic description of equilibrium bulk GaSe with (PBEvdW) and
without (PBE) van der Waals corrections. The value of the volume V, for the PBE
case corresponds to a slightly compressed state that ensures a defined structure [27].

3D-&-GaSe (Bulk)

Space group

Atomic position

N° 187 - P6m2

Ga 2g (0.0, 0.0, 0.075)

- 3

E):;‘;r_ir:;ﬁéata a=b=374A; c=1592A Ga 2i (213, 1/3,057)
[18, 28] alpha=gamma = 90.00 Se 2i (2/3,1/3, 0.85)

’ beta=120.00 Se 2h (1/3, 2/3, 0.65)

Vo = 54.4 AC N° 187 - P6m2 Ga 29 (0.0, 0.0,0.067)
Present work a=b=382A; c=1842A Ga 2i (2/3, 1/3, 0.567)
XC: PBE alpha=gamma = 90.00 Se 2i (2/3,1/3, 0.869)
beta=120.00 Se 2h (1/3, 2/3, 0.631)

_ 3 N° 187 - P6m?2 Ga 29 (0.0, 0.0, 0.076)
\;:e;:niefoﬁ a=b=375A; c=1593A Ga 2i (213, 1/3, 0.576)
XC: PBEVAW alpha=gamma = 90.00 Se 2i (2/3,1/3, 0.849)

beta=120.00

Se 2h (1/3, 2/3, 0.651)

Next, phonon dispersion curve of e-GaSe structure obtained using the PBEvdW

formalism has been calculated using the small-displacement method (Figure 3). No

imaginary phonons frequencies are obtained which indicates dynamical stability.

Some phonon frequencies at the zone Brillouin center can be compared to Raman shift

measured experimentally and are in good agreement [29].

In conclusion, concerning 3D g-GaSe, structural stability is only obtained when

including explicitly van der Waals (vdW) interactions. Not taking them into account

produces energy-volume curves without a clear minimum (equilibrium state at zero

pressure), which relates to the stabilizing role of the vdW interactions. In addition,

calculations of the vibrational dispersion curves using the finite displacement method

do not show any dynamical instability of the structure.
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Figure 3. Phonon dispersion curves of bulk e-GaSe using the small-displacements
method

Generation and Stability of 2D GaSe

Because of the periodicity required in the simulation cell in all directions, there is a
stacking sequence along the axis perpendicular to the layers (c-axis) similar to the 3D
case (Figure 1). It is necessary to choose a sufficiently large distance between two
adjacent layers to consider them as if they were isolated without out-of-plane
interactions. However, increasing the cell volume induces an increased computation
time. Therefore, the choice of the c-parameter length must be a compromise. Usually,
it is admitted that an increase by 50% of the c-axis is sufficient to consider the layers
as isolated. For instance, Ataca et al. in a study comparing 88 different MX:

compounds fixed a value of 15 A as interslab distance for all of them [7].

In a first test (monolayer 1 in Table 1), we fixed a c-axis value of 24.29 A which
corresponds approximately a 50% expansion of the interlayer distance. This
corresponds to vacuum with a width ~19.5 A (distance between two nearest Se atoms
belonging to different monolayers) intercalated between slabs along the stacking

direction (Figure 1).



Table 11 - crystallographic description of unstrained configuration of the 2D GaSe

2D-GaSe (XC: PBE) Space group Atomic position
N° 187 - P6m2
Monolayer 1 a=h=382A; c=2420A Ga 29 (0.0, 0.0, 0.551)
alpha=gamma = 90.00 Se 2i (2/3,1/3, 0.401)
beta=120.00
N° 187 - P6m?2 Ga 2g (0.0, 0.0, 0.545)
Monolayer 2 a=b=382A; c=2764A Se 2i (2/3,1/3,0.413)
alpha=gamma = 90.00
beta=120.00

The structure has been simulated by using the PBE functional i.e., without introducing
the vdW corrections. Phonon dispersion curves for the GaSe monolayer have been
calculated using the small-displacement method (Figure 4a) to evaluate the dynamical
stability. As reported for several 2D materials, instability occurring at long-
wavelength acoustical modes is observed with the appearance of unstable modes

(imaginary frequencies) at the center of the Brillouin zone around the I" point.

Such situation is encountered for several compounds without a clear explanation of the
reasons leading to a dynamical instability in some cases but not in others. Our working
hypothesis is that the reason is beyond numerical methodology but rather reflects

some physical phenomenon.
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Figure 4 — Phonon dispersion curves of 2D GaSe with a c-parameter value of 24.3 A
(monolayer 1 in Table 1) calculated by (a) the small-displacements method (b) the
density-functional perturbation theory (DFPT) method.

A first possibility would be that the simulated structure should undergo a structural
phase transition to a more stable structure. This is the case in some TMD 2D materials
where two phases (H and T°) may be observed [30, 31, 32, 33]. However, concerning

2D GaSe, there is no experimental report in the literature of any structural distortion.

A different numerical technigque to simulate the phonon dispersion curve is the density
functional perturbation theory (DFPT). Surprisingly, the dynamical instability is not
observed anymore (Figure 4b). The different conclusions from both methodologies
certainly lie in the fact that DFPT is an approach taking into account small
perturbations from a ground-state system. It has been mentioned that coulombic
interactions between layers may exist in GaSe following reflectivity and Raman
measurements [18, 34], we assume that some out-of-plane interactions remains despite

the spacing of ~20 A between the adjacent monolayer in the simulation supercell.

Therefore, a new set of calculations has been performed with a c-parameter value
multiplied by a factor of 3 i.e., with a c-parameter equal to 48.7 A, corresponding to a
Se-Se distance of ~39 A. In that case, using the small displacement method, the
dynamical instability disappears totally, leading to a stable structure (Figure 5). This
result clearly indicates that the origin of the instability is dominated by the interplanar

interactions.
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Figure 5 — Comparison of the phononic (vibrational) band structure calculated by the
small displacements method for the value of the ¢ parameter 24.3 A (red line)
(monolayer 1 in Table 1), 27 A (blue dot line) (monolayer 2 in Table I1) and 48.7 A
(black line). Green line corresponds to the results using DFPT calculation with ¢ =
24.3 A

However, with the increase of the c-parameter, the computational time increases
significantly, and it is mandatory to find the appropriate value for this parameter. In
the search for a minimal c-parameter value that leads to a stable structure, it has been
found that a value of the c-axis length of ~27 A is necessary to lift the dynamical
instability when using the small-displacement formalism (Figure 5). Surprisingly, this
optimum between the cell parameter and the dynamical stabilization is 1.5 times the
value of the c-axis obtained when the 3D-GaSe has been simulated without the
introduction of van der Waals interactions i.e, that does not have energy minimum
(Figure 1 and PBE in Table I). This result is central as it contradicts a standard
procedure that consists in optimizing the equilibrium configuration of the 3D structure
and, then, to use these results to define a 2D structure. Paradoxically, the 2D structure
should be optimized starting from a 3D bulk structure simulated without vdW

corrections.

Our results are in line with the emerging field of remote epitaxy [35]. This technique

consists in inserting graphene layers between the substrate and the grown material. An

12



epitaxial growth was observed despite the presence of these graphene layers indicating
a long-rage interaction between materials. The potential field from ionic-bonded
materials such as GaN or GaAs is strong enough to penetrate through few-layers of
graphene. In addition, depending on the polarity of the materials (substrates and 2D),
the interactions can be modulated [36]. For instance, GaN can grow epitaxially
through two graphene layers but GaAs, which is less ionic, can only grow epitaxially

on one graphene layer.

This experimental evidence is correlated with our results that indicate the existence of
long-range interactions that may influence the simulation of an insufficiently isolated

monolayer.

GaSe has an intermediate ionic character with an ionicity f = 0.56 [37] that may be
sufficient to induce long-range interactions on distance as long as ~2 nm. The analysis
of the electron localization function (ELF) yields a topological account of the
distribution and localization of these valence electrons and provides useful
information on the (ionic) features of the studied material. In Figure 6, we show ELF
plots for the GaSe monolayer in two different projections and a larger region of
localization around the Se atoms is clearly observed. The domain of localization
between the Ga-Se-Ga segments are clearly distinguishable from the plots of the ELF
profiles shown in Figure 6b. There is a moderately higher value for the ELF in the
region of space corresponding to the Ga-Se bonds (with a value close to 0.88) and
lower values of ELF (close to 0.4) for Se atoms. Lower values of ELF level are
usually employed to describe ionic systems. Therefore, the results of the ELF analysis

support the ionic character of GaSe.

When substituting Se by Te that reinforces the ionic character in e-GaSeixTex, the
interlayer bonding energy increases drastically [38] indicating a relationships between
interlayer interaction and polarity. In the same vein, simulations of 2D InSe show

dynamical instability and its ionicity is higher than GaSe (f = 0.64 [37]).

On the other side, MoS: is a typical example of 2D TMDs. Despite a substantial
amount of numerical studies of this compound, no dynamical instability has been
reported. This may be explained by the fact that its ionicity is much lower than GaSe, f
=0.12 - 0.13 [39, 40].

13
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Figure 6 - (a) Localization domains of GaSe. The value of 0.66 chosen for the
isosurface is convenient for visualization and corresponds to a significant degree of

localization. (b) ELF profiles along the Ga—Se—Ga segments.

All these observations lead us to propose a possible correlation between the ionicity
and the propensity of the 2D simulations to exhibit dynamical instability if the

interlayer distance is not large enough.

Finally, we have calculated the electronic band structure of 2D-GaSe for two ¢
parameters (24 A and 27.6 A, respectively) to investigate possible effect of the
interlayer interaction on the electronic structure. For both values of the c-parameter
used, this structure is very similar (Figure 7) and the e-GaSe monolayer shows an
indirect band gap with a value about 1.82 eV. This point is also important to note
because it shows that the interlayer distance should be carefully considered during the
simulations of the phononic properties but has little effect on the computation of

electronic properties.
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24.3 A (red line) and 27.6 A (black line)

IVV.Conclusions

This work aims at tackling the issue related to the dynamical stability of simulated 2D
materials. Thus, in some cases, phonon in a small pocket close the Brillouin zone
center with imaginary frequencies appeared in simulations. The question we wanted to
answer is the origin (physical or numerical) of this behavior and why it happens only

in some compounds.

We used GaSe as a case study. We started by optimizing the 3D structure including
van der Waal interactions and the results are in very good agreement with the
experimental data. In particular, the phonon dispersion curves obtained by the small

displacement method does not show any instability.

For the 2D configuration, the same formalism but without van der Waals interactions
has been conducted using a simulation cell with a c-parameter (perpendicular to
layers) increased by 50% compared to the 3D case. This leads to a dynamical
instability using the small displacement method. Using a different methodology based

on the perturbation approach (DFPT), this dynamical instability is lifted.

With a further increase of the spacing between layers, the dynamical instability also
disappears when using the small-displacement method. This result is major as it
indicates that contrary to the usual claiming, this effect is not numerical or

computational artifact but originates in interlayer interaction that has not been

15



cancelled because of an insufficient spacing between layers. The use of the small-
displacement method should be used with great care, requiring the use of a large value
of the c-axis, especially in the case of materials where long-range interactions may be
foreseen i.e., in compounds with a marked ionic character as recent results in the
epitaxy science proposed a link between the existence of such interactions and the
ionicity of the materials.
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