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In this study, the structural, mechanical, and vibrational properties of a recently discovered anisotropic
ultra-thin material, black-arsenic (b-As), are investigated by using density functional theory. Direction
dependent elastic constants such as in-plane stiffness, Young's modulus and Poisson’s ratio of single-
layer b-As are calculated and compared with those of the structural cousin black-phosphorus (b-P).
The calculated Poisson'’s ratio of b-As for the zigzag direction is nearly 1, which is quite higher than that
of b-P, 0.65. Besides, it is found that all the three elastic constants are highly anisotropic and their
values in the zigzag direction are almost three times higher than that of the armchair direction. The
mechanical strength of the material is also calculated and high-toughness is seen in both armchair and
zigzag directions. It is revealed that the material is quite stiff against straining along the zigzag direction;
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in contrast, it is quite flexible along the armchair direction. Vibrational stability analysis shows that the
material is stable up to 9% biaxially applied strain, and 12% and 45% uniaxially applied strain in the zigzag
DOI: 10.1039/c8tc05167d and armchair directions, respectively. Furthermore, the prominent Raman active peaks of the b-As

structure show strong anisotropy in the strain dependent vibrational spectra and they can also be used
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|. Introduction

Since the successful isolation of single layer graphite,"? two-
dimensional (2D) materials have drawn extraordinary attention
in the last decade. Following this, syntheses of novel 2D materials
such as hexagonal boron nitride (h-BN),*” silicene,*” germanene,*®
transition metal dichalcogenides (TMDs),” "> stanene,"®'” and
phosphorene'®° have been accelerated owing to their wide
range of features.

Elemental phosphorus, which is a nonmetal and thermo-
dynamically stable, can exist in several polytypes classified
loosely into three allotropes: white, red and black.”" The low-
dimensional molecular structures (zero-dimensional white
phosphorus and one-dimensional white phosphorus nanorods),
the layered structures (2D black phosphorus sheets), and the
tubular structures (layered or bulk crystalline forms of red
phosphorus) contain covalent structure motifs that are inter-
connected by van der Waals interactions.”” Black phosphorus (b-P)
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for easy-determination of the crystal orientation of b-As from Raman measurements.

was renominated as one of the best candidates in the 2D
material family due to its fascinating properties such as layer-
controlled band gap,”*** high electronic mobility,>>*® and
especially anisotropic features.>*?”° Because of its puckered
hexagonal structure, b-P has planar two non-equivalent direc-
tions, armchair (Arm) and zigzag (ZZz), which allows 2D b-P
crystals to show highly anisotropic properties.

A counterpart of b-P, a puckered hexagonal phase of As,
black-arsenic (b-As), was recently discovered as a layered semi-
conductor 2D material.>* However, more stable phases of ultra-
thin arsenic structure, rhombohedral structure of As (r-As),
were studied intensively during the recent years.>”° Simple
methods such as the shear exfoliation method are used to
obtain r-As nanosheets as in the work of Gusmao et al., who
have produced 2D r-As for electrochemical applications using
kitchen blenders.?” 1-As is known as the only pure 2D stable
phase, however; synthesis and identification of 2D b-As were
questioned whether it is possible or fiction as thermodynamical
basics.*® They proposed that b-As can be obtained only with a
high amount of impurities. However, as mentioned, kinetically
controlled synthesis methods can make the achieving of pure
b-As possible. In addition, computational studies revealed that
application of out-of-plane strain can lead to a transition from
an indirect bandgap semiconductor to a metal.*® The existence
of Dirac states is predicted in the strained phase of monolayer
b-As.*® Moreover, it was shown that b-As has one order of
magnitude higher hole mobility compared to r-As; besides,

This journal is © The Royal Society of Chemistry 2019
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it was also predicted that b-As has an extremely high electron
mobility of the same order as that of graphene and this feature
shows direction dependency.*® Thus, similar to anisotropic b-P,
anisotropic b-As is a strong candidate for future developments
of nanotechnology. In that case, poorly studied single layers of
b-As are investigated mechanically and vibrationally, since the
Raman response of b-P like materials has received significant
attention due to its unusual features.""*>

In this paper, we present the structural, mechanical and
vibrational properties of b-As. Specifically, we study the struc-
tural stability of b-As under strain by examining both vibrational
and mechanical properties. Strain-dependent mechanical and
vibrational properties are also shown to envision anisotropic
behavior that can distinguish applied strain type; thus, vibra-
tional spectra under three principal strain types are studied in
detail. The rest of the paper is organized as follows: Computa-
tional methodology is given in Section II. The structural,
mechanical and vibrational properties of b-As are presented in
Section III. Strain-dependent vibrational properties of b-As
are given in Section IV. Section V is devoted to conclusion of
the results.

II. Computational methodology

First-principles calculations were carried out in the framework
of density functional theory (DFT) using projector-augmented-
wave (PAW) potentials and a plane-wave basis set as implemen-
ted in the Vienna ab initio simulation package (VASP).*>"** The
Perdew-Burke-Ernzerhof (PBE) form of the generalized gradient
approximation (GGA) was adopted to describe the electron
exchange and correlation.*® The van der Waals (vdW) correction
to the GGA functional was included by using the DFT-D2 method
of Grimme.*’

The energy cut-off value for the plane-wave basis set was
taken to be 400 eV. Lattice constants and total energies were
computed with the conjugate gradient method, where atomic
forces and total energies were minimized. The convergence
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criterion for the energy was taken as 10> eV. The total force in
the unit cell was reduced to a value of less than 10™* eV A~
In order to prevent interlayer interactions within the periodic
images, we used a large vacuum spacing (at least 12 A). Pressure
on the unit cell was decreased to values less than 1 kB. The I’
centered k-point mesh scheme was adapted with a grid size
of 12 x 9 x 1 for the structural relaxation calculations. All
calculations were performed taking into account the spin-
polarized case. The cohesive energy per atom was calculated
using the formula

ECoh = [nAsEAs - EStr]/nAs (1)

where E,s and n, are the isolated single atom energy of the As
atom and the number of As atoms in the unit cell, respectively.
Es, stands for the total energy of the structure. The vibrational
properties were obtained with the PHONOPY code,*® which
uses the force constants calculated with the finite-displacement
method.*’

[ll. Structural, vibrational and mechanical
properties of single-layer b-As

Single-layer b-As has a puckered honeycomb structure consisting
of two parallel layers of As atoms. Top and side views of the
single-layer b-As are shown in Fig. 1(a). The optimized lattice
parameters of the structure are a = 3.67 A and b = 4.71 A
(see Table 1). The calculated lattice parameters agree well with
previous theoretical results.>® For comparison, previously cal-
culated values of structural parameters of single-layer b-P are
also given in Table 1. As expected, the lattice parameters of
single-layer b-As are higher than those for single-layer b-P.
Since the b/a ratio of b-As (1.28) is lower than that of b-P
(1.38), slightly less anisotropy is expected in the properties of
b-As. Each As atom in the crystal covalently bonds with 3 atoms,
two in the same plane and one in a different plane. The bond
length between As atoms in the same plane is d; = 2.50 A, while
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Fig. 1 (a) Top and side views of single-layer b-As. (b) Phonon-band structure and the corresponding Raman activity of b-As. The vibrational motion of As

atoms in each phonon mode is shown in the right panel.
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Table1l The calculated parameters for the single-layer b-As structure are:
the lattice constants, a and b; As—As distances, d; and do; As—As angles, oy
and ay; in-plane stiffness along zigzag and armchair directions, Czz and
Carm; the Young's modulus along zigzag and armchair directions, Y7z and
Yarm; Poisson’s ratio along zigzag and armchair directions, vzz and varm

a b dip % Econ. Crzziarm  Yzziarm
@ @ @A O () Nm) (GPa)  vzzam
b-As 3.67 4.71 2.50 47.3 3.13 55.8 101.9  0.92
2.48 15.4 19.6 35.8 0.33
b-P**°1*2 336 4.63 2.24 48.4 3.30 91 166 0.65
226 214 29 44 0.21

the bond length between As atoms in different planes is d, = 2.48 A.
The thickness of the single-layer b-As, which is the vertical
distance between atoms in different planes, is 2.39 A. The bond
angle between the atoms in the same plane is oy = 47.3°, while
the angle between the bonds of the different plane atoms and
the surface normal is a, = 15.4°. The cohesive energy per atom
of single-layer b-As is calculated to be 3.13 eV, which is slightly
less than the cohesive energy of single-layer b-P (see Table 1).

Fig. 1(b) presents the calculated phonon dispersion and
vibrational characteristics of possible Raman-active modes of
single-layer b-As. The unit cell of single-layer b-As consists of
4 atoms, and therefore the phonon dispersion of the crystal
yields 3 acoustic and 9 optical modes. The force constant matrix
is constructed by displacing atoms from their equilibrium posi-
tionsina5 x 5 x 1 supercell. The calculated phonon dispersion
curves exhibit real eigenvalues through all the symmetry points
in the Brillouin Zone (BZ), confirming the dynamical stability of
the single-layer b-As. Due to the heavier atomic masses, energies
of phonon modes of single-layer b-As are significantly lower than
that of the phonon modes of single-layer b-p.>?

The vibrational motion of individual atoms in Raman active
modes is shown in the right panel of Fig. 1(b). Since b-As has
the same crystal structure as b-P, By, Bj,, B3, Ag, Ay, and B,y
Raman-active modes observed in b-P are also seen in b-As.”®®’
B,g, B3, and B3, modes have very low Raman intensities and
their Raman activities are shown in the inset. The modes B;,
and Bég have in-plane vibrational character; while the motion of
the atoms of By, is parallel to the zigzag direction, that of Bl is
perpendicular to the zigzag direction. However B3, has out-of
plane character. Previously, it was shown that only Aé, By, and
AZ modes are Raman-active in b-P with the frequencies of 365,
440, and 470 cm ™', respectively.”* Similarly, it is found that B,g,
Ag, and A7 modes of b-As have much higher activities than the
other modes with the frequencies of 219.5, 222.7, and 253.2 cm ™,
respectively. While the A; and Ag modes have mixed in-plane and
out-of-plane character, for the B,, mode, As atoms in the zigzag
chains exhibit counter-phase motion along the chain.

Since b-As has a puckered crystal structure, its mechanical
properties are expected to exhibit anisotropy like b-P. There-
fore, we examine the mechanical properties of single-layer b-As
by calculating elastic constants for both the armchair and zigzag
directions. A 3 x 3 supercell (containing 36 atoms) is used to
determine the elastic constants of the material. By changing the
lattice constants along the armchair and zigzag directions, the
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uniaxial strains éam, and &z are achieved ranging from —0.02 to
0.02 along each direction, with increment of the strain, 0.01. At
each point, atomic positions are fully optimized. The strain
energy is calculated from Eg = Er(¢) — Er(¢ = 0), where E(e) is
the total energy of the strained material and E(¢ = 0) is the
equilibrium total energy of the single-layer b-As. The strain
energy is fitted to the formula Es = ¢1e77° + Coéarm” + C3€zzEarm
and the ¢y, ¢,, and c; coefficients are determined.

The calculated in-plane stiffness, effective Young’s modulus
and Poisson’s ratio are listed for zigzag and armchair directions
in Table 1. The in-plane stiffness of the material along zigzag
and armchair directions can be calculated by the formula
Czz = (1/40)(2¢1 — €5%/2¢5) and Crm, = (1/40)(2¢, — ¢5%/2¢1), where
Ay is the equilibrium area of the supercell. The stiffness values
of the single-layer b-As along the two directions are found to be
Czz=55.8 Nm ' and Cpm = 19.6 N m ™!, which are almost half
of that of b-P. Since the lattice constant of b-As is higher than
that of b-P, the bond length between the atoms is longer and
therefore b-As is less stiff than b-P. The effective Young’s
modulus of the material along zigzag Y,; and armchair Yy,
directions can be obtained from Yz = Cz/h, and Yarm = Carm/hp,
respectively. Here, £, is the effective thickness which is equal to
the bulk interlayer spacing. The A, value of bulk b-As is calcu-
lated to be 5.475 A. The calculated Young’s modulus values of
the single-layer b-As are Yz = 101.9 GPa and Y, = 35.8 GPa,
which are very low compared to that of b-P. The Poisson’s ratio of
the single-layer b-As is also calculated. Poisson’s ratio is the
proportion of the transverse strain to the axial strain and can be
defined as v = —&gans/axial- The Poisson’s ratio of the single-layer
b-As is obtained from the formula vz = ¢3/2¢, and vaum, = ¢3/2¢4,
for zigzag and armchair directions, respectively. The Poisson’s
ratio of the single-layer b-As in the zigzag and armchair direc-
tions is found to be vzz = 0.92 and v, = 0.33, respectively. It is
worth noting that the Poisson’s ratio along the zigzag direction is
much higher than that of other 2D materials such as graphene,
hBN, TMDs and even b-P.>**” Therefore, single-layer b-As is more
sensitive to applied uniaxial strain than other 2D materials.

The strength of single-layer b-As is also investigated by
applying biaxial and uniaxial strains. The stress curve of
single-layer b-As is plotted as a function of the applied strain
in Fig. 2(a). The ultimate strength is the stress value that
reaches the maximum of the stress-strain curve. Beyond this
point the material becomes unstable. As seen from the figure,
stress—strain curves exhibit quite different behavior when the
material is strained along zigzag and armchair directions. The
ultimate strength along the armchair direction is considerably
lower than that of the zigzag direction. It is found that the
ultimate strengths are 7.77, 12.75, and 6.55 GPa with the
corresponding strains of 13%, 21%, and 44% in the biaxially
strained and uniaxially strained along zigzag and armchair
directions, respectively. Thus, the ultimate strength values of
single-layer b-As are lower than that of single-layer b-P (17.66 GPa
and 7.56 GPa in the zigzag and armchair directions, respectively).”®
With the increase of strain along the zigzag direction, the stress
curve shows a sudden decrease when it reaches the ultimate
strength point. The structural deformation is non-reversible after

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 The variation of (a) created stress and (b) strain energy with biaxial
strain and uniaxial strain along armchair and zigzag directions. Shaded
points indicate the dynamical instability.

this point. Therefore, single-layer b-As exhibits brittle property
along the zigzag direction. In contrast, when the material is
strained biaxially or uniaxially along the armchair direction, the
stress curve smoothly passes the ultimate strength point. It is
seen that single-layer b-As can sustain tensile strain up to 45%
in the armchair direction. As a consequence of a highly puck-
ered structure, single-layer b-As has a higher tensile tolerance
compared to single-layer b-P.>° It is worth mentioning that the
stress—strain curve of the uniaxially strained material along
the zigzag direction shows linear behavior, whereas when the
material is strained biaxially or uniaxially along the armchair
direction stress—strain curves exhibit parabolic behavior. More-
over, the strain energy versus applied strain is also plotted in
Fig. 2(b). Strain energy curves show increasing behavior with
the strains in the range 0-15%, 0-23%, and 0-46% for the
material biaxially strained and uniaxially strained along zigzag
and armchair directions, respectively.

In order to discuss the dynamical stability of single-layer
b-As under strain, the phonon band dispersion of each strained
case is also calculated. Fig. 3 shows phonon band dispersions
of the 9%, 12%, and 45% biaxially strained structure and
uniaxially strained structure along zigzag and armchair direc-
tions, respectively. Our calculations reveal that beyond these
points phonon band dispersions of single-layer b-As exhibit
imaginary phonon modes, which are indication of instability of
the crystal under corresponding strains. As the applied strain
along each direction increases the unstable region in the BZ
increases. Top and side view geometries, and dy, d,, o4, and o,
values of strained materials are also shown in the right panel of
Fig. 3. It is clearly seen that while in-plane and out-of-plane
bond distances and angles change, applied strains lead to

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Phonon band dispersions for single-layer b-As at 9% biaxial strain,
and 12% and 45% uniaxial strains along zigzag and armchair directions,
respectively. Dynamical instability stems from the imaginary eigenfrequen-
cies between the X and I points.

insignificant structural reconstructions in the material until
these points.

IV. The vibrational characteristics of
single-layer b-As under applied
fine-strain

A. Raman activity

Raman measurement is based on the interaction of photons
and material, and thus, the Raman spectrum of a material can
be sketched from the frequency based dispersion of the collected
instantly scattered photons. Placzek’s classical theory of polariz-
ability can help to obtain the Raman spectrum of a material
computationally. According to the theory, since the polarizability
of a material is calculated, the Raman activity of a mode can be
achieved by using the following equation:®”»>®

Ra = 455" + 78 (2)

where #* and f are isotropic and anisotropic parts of the
derivative of polarizability tensor, respectively. In this formula,
parameters and also Raman activity are invariant under the
orientation of the sample and independent of the wavelength of
exciting photons. With this simple and valid method, the
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characteristic properties of the Raman active modes can be
discussed and identified. The calculated Raman activity of the
phononic modes of a material gives information about the
vibrational properties of the material.

The vibrational properties of an ultra-thin material are vital
for both detection and characterization of the material. As one of
the widely used techniques, Raman spectroscopy allows one to
differentiate ultra-thin materials at the characterization stage.
Due to technological developments, during the measurement,
external forces can be applied on ultra-thin materials and their
responses also allow one to determine distinguishable features
of those materials. The effect of strain on ultra-thin materials
has been studied extensively in the last few decades.>>®°

In this part, we investigate fine-strain response of the soft
b-As single-layer. There are three main strain directions in two-
dimensional materials like graphene, TMDs and b-P/b-As.
Therefore, fine-strain effects on the vibrational properties of
b-As along biaxial, zigzag and armchair directions are investi-
gated and the change in both Raman activity and eigen-
frequency of the prominent peaks between 0.5% compressive
and 0.5% tensile strain is shown in Fig. 4.

As seen in Fig. 4(a), all the optical modes B,g, Az and A show
phonon hardening (softening) under compressive (tensile) strain.
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It is calculated that the rate of change in eigenfrequencies as a
function of applied external biaxial strain is 1.99, 1.53 and
0.46 cm ‘strain for the modes B, Ay and A, respectively.
Although they show the same trend in eigenfrequency change,
different trends are seen with respect to Raman activity. The Ay and
A; modes show a sudden increase under compressive strain,
whereas the mode B,, shows a slow decrease in the Raman activity.

The effect of strain along armchair on the Raman activity of
b-As is shown in Fig. 4(b). In this case, only the A; mode shows
phonon hardening under compressive strain. On the other
hand, the A7 mode shows gradual phonon softening while
compressive strain is applied. The most significant result is
found in the optical mode B,,, because that mode is inactive to
the armchair type fine-strain and shows no change in eigen-
frequencies. Due to the vibrational character of B,,, which
vibrates only along the zigzag in-plane direction (see Fig. 1),
armchair type strain has no effect on this optical mode. The
rate of change along armchair strain is calculated to be 0.04,
0.96 and —0.14 cm  'strain for the modes B,y Ay and AZ
respectively. The same trends are seen in the Raman activity
and all the modes show an increase under compressive strain.

Fig. 4(c) shows the strain effect on the Raman activity of b-As
along the zigzag direction. As in the biaxial case, all the optical
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Fig. 4 Calculated Raman spectra of strained b-As single-layers along (a) biaxial, (b) armchair and (c) zigzag directions. Applied strain values are between
—0.5 and 0.5 percentage. All Raman activity values are normalized with respect to the highest Raman active value.
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Fig. 5 Calculated angle dependent Raman spectra of b-As single-layers in parallel and cross-polarization configurations. Unstrained, the lowest and
highest strained (along armchair and zigzag direction) structures are used. Each graph is normalized individually.

modes B,g, Ag and Az show phonon hardening (softening) under
compressive (tensile) strain. However, the calculated rate of
change for eigenfrequencies with respect to the applied zigzag
strain differs and is found to be 1.95, 0.57 and 0.60 cm™ */strain
for the modes B,g, Ay and A;, respectively. In contrast to the
armchair direction in which the B,; mode is inactive, the
in-plane mode A that vibrates along the armchair direction
shows phonon hardening under compressive zigzag strain. This
behavior can be explained with the effect of Poisson’s ratio of the
zigzag direction. It is seen that the major contribution for
the effect of strain on the Raman activity of the optical modes
of b-As comes from the zigzag direction. Compared to the other
cases, the Raman activity change in the optical mode B, is more
clear in this type of strain and the Ag and A; modes show a
sudden increase under compressive strain.

B. Angle-dependent and polarized Raman activity

To reveal the effect of strain and possible direction dependency,
we investigated angle-dependent and polarized Raman activ-
ities of b-As single-layers. Fig. 5 shows parallel and cross
polarized polar plots of the normalized Raman intensity as a
function of angle for the A3, Ay and B, optical modes, respec-
tively. For parallel and cross type angular dependence configu-
ration of the Raman activity, scattering intensity is calculated
with the methodology that is used in the work of Ribeiro et al.**
related to angular dependence of the Raman response in b-P.
Since our lattice vectors, a and b, are along the zigzag and
armchair directions, respectively, the vector [cos 0 sin 0 0] is used
for the incident beam. For parallel scattered light [cos 0 sin 0 0]
and for cross scattered light [—sin 6 cos 6 0] are used.

As shown in Fig. 5, the representative Raman polar plots
reveal distinguishable schematics for all modes. In parallel
polarized configuration, A; and A; modes show the maximum
peak at 90 and 270 degrees and have two-fold symmetry.
However, A; and A, differ from each other since A} has the

This journal is © The Royal Society of Chemistry 2019

local maxima at 0 and 180 degrees and A, has no local maxima.
With a strong difference, B,, exhibits four-fold symmetry
around each 45 degree of the four main regions of the x-y axis.
In cross polarized configuration, all modes show four-fold
symmetry. Compared to parallel polarized configuration, B,
exhibits four-fold symmetry shifted 45 degrees. On the other
hand, A and A rely on each 45 degree of the four regions.

In addition, strain effects on the Raman polar plots for the
three prominent peaks are apparent if one compares each
mode. For the three optical modes, the strain effect along the
zigzag direction show a major change at fold symmetry points.
On the other hand, the strain effect along the armchair direc-
tion shows a major change in A} and B,, modes, but it shows an
incommensurable change in the Aé mode as previously mentioned.
Besides, in parallel polarized configuration A7 and A; modes have
indistinguishable representation at 0 and 180 degrees.

V. Conclusions

In summary, by performing density functional theory-based
calculations, we studied the structural, mechanical, and vibra-
tional properties of recently discovered single-layer b-As. Our
results revealed that the calculated elastic constants of b-As are
highly anisotropic similar to the case of b-P. The calculated
Poisson’s ratio of b-As for the zigzag direction is nearly 1 and
elastic constants along this direction are 3 times higher than
that of the armchair direction. It was found that the in-plane
stiffness and Young’s modulus values of b-As are smaller than
that of b-P, whereas the Poisson’s ratio of b-As is larger than
that of b-P. Stress-strain curves showed that the ultimate
strength along the zigzag direction is considerably higher than
that along the armchair direction. Therefore, the zigzag direc-
tion is more stiff than the armchair direction. On the other
hand the armchair direction has quite high strain tolerance
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compared to the other directions. Phonon calculations showed
that single-layer b-As is no longer dynamically stable after 12%,
45%, and 9% applied strain for zigzag, armchair and biaxial
directions, respectively.

In addition, strain dependent Raman spectra of b-As were
investigated along biaxial and uniaxial directions. It was seen
that prominent Raman-active modes behave completely differ-
ently in zigzag and armchair directions. Especially, it was found
that the B,, optical mode shows a negligible change in both
Raman activity and eigenfrequency for ultra-fine strain along
the armchair direction, whereas it strongly changes in the
zigzag direction. Therefore, under applied uniaxial strain, the
changes in both Raman activity and eigenfrequency shift point
out the crystal orientation of b-As. Moreover, the angular
dependence of Raman intensity of the prominent Raman-
active modes was also shown. It was found that, under strain
and polarization, the Raman fingerprints for b-As allow one
to determine crystal orientation and distinguish prominent
Raman active modes.
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