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Abstract: In order to investigate the structural, vibrational, electronic, and mechanical features of single-layer ReTeq
first-principles calculations are performed. Dynamical stability analyses reveal that single-layer ReTes crystallize in a
distorted phase while its 1H and 1T phases are dynamically unstable. Raman spectrum calculations show that single-
layer distorted phase of ReTes exhibits 18 Raman peaks similar to those of ReS2 and ReSez. Electronically, single-layer
ReTey is shown to be an indirect gap semiconductor with a suitable band gap for optoelectronic applications. In addition,
it is found that the formation of Re-units in the crystal induces anisotropic mechanical parameters. The in-plane stiffness
and Poisson ratio are shown to be significantly dependent on the lattice orientation. Our findings indicate that single-
layer form of ReTes can only crystallize in a dynamically stable distorted phase formed by the Re-units. Single-layer of

distorted ReTes can be a potential in-plane anisotropic material for various nanotechnology applications.
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1. Introduction

Successful exfoliation of graphene[l] from its layered bulk from, namely graphite, has rapidly grown interest
in ultrathin two dimensional (2D) materials over last two decades. A particular attention among the 2D
materials has been put on transition metal dichalcogenides (TMDs) which hold potential in optoelectronic
device applications owing to their varying electronic properties[2-5].

Following the 2D forms of in-plane isotropic materials, 2D ultrathin crystals exhibiting in-plane anisotropy
have been successfully saved into 2D library. The first 2D in-plane anisotropic single-layer has been demonstrated
in 2014, black phosphorus (BP), which has been reported to exhibit polarization-dependent optical and vibra-
tional properties and also in-plane anisotropic electronic, thermal, and mechanical features.[6-11] Apart from
single-layer BP, many other anisotropic materials have been successfully synthesized such as semimetals (WTe,,
MoTeq, ZrTes)[12-14] and semiconductors (group-IV monochalcogenides, GaTe, ReSy, and ReSes)[15-18].
Among those semiconducting anisotropic materials, Re-dichalcogenides, with S and Se atoms, have been shown
to possess layered bulk forms similar to other TMDs.[6, 7] The formation of diamond-like Rey clusters were
shown to add unique anisotropic features to single-layers of Re-dichalcogenides.[19, 20] Zhong et al. investigated
that the huge excitonic effects are dominant in the optical spectra of ReS, with an 1 eV of exciton binding
energy.[21] On the other hand, it was shown that the ReSq layers are stacked and coupled in its few layer form
confirmed by the Raman spectroscopy measurements.[22]

Searching for novel, stable, in-plane anisotropic single-layer materials is important in order to enlarge the

family of those 2D structures. Motivated by the experimental realizations of Re-dichalcogenides, in this study,
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we predicted the possible structure of single-layer ReTes which was shown to crystallize in distorted phase like
ReS, and ReSes. The phonon band dispersions revealed that distorted phase of ReTes is dynamically stable
in contrast to its in-plane isotropic 1H and 1T phases. In addition, calculated Raman spectrum of ReTe, was
shown to exhibit 18 Raman peaks that 7 of them are prominent. The electronic band dispersion calculations
indicated that single-layer distorted ReTes has a band gap of 0.83 eV. Moreover, the linear elastic mechanical
constants, namely in-plane stiffness and Poisson ratio, were calculated using elastic stiffness tensor elements.
Our results revealed the orientation-dependent behaviors of the elastic parameters that arise from the formed

Re4 units in the crystal structure.

2. Computational methodology

For the ab initio calculations, the plane wave basis projector augmented wave (PAW) method was considered with
the generalized gradient approximation (GGA) of the Perdew—Burke-Ernzerhof (PBE) form which holds for the
exchange and correlation potential[23] as implemented in the Vienna ab initio simulation package (VASP)[24].
The spin-orbit coupling (SOC) was taken into account for the electronic band calculations. The DFT-D2 method
of Grimme was used to describe the van der Waals (vdW) interaction[25]. The charge transfers between the
individual atoms was determined by the Bader technique.|[26]

The kinetic energy cutoff was taken to be 500 eV while the energy difference between sequental steps was
taken to be 1078 eV. A width of 0.05 eV was used for Gaussian smearing while it was taken to be 0.1 for the
phonon band dispersions. For the structural optimization a 24 x 24 x 1 I'-centered k-point samplings were used
for the primitive unit cell, while for the density of states calculations it was doubled.

The phonon band structures were obtained by using the PHON code[27]. The corresponding Raman
intensity of each vibrational mode was calculated such that the macroscopic dielectric tensor was differentiated
with respect to each normal mode. For the calculation of the zone-centered phonon frequencies, the kinetic
energy cutoff was increased to 800 eV.

The Raman activities are calculated within classical theory of polarizability based on Placzek’s formula.
In the theory, the Raman activity of a phonon mode is proportional to |é;.R.¢;| where é; and é; stand for
the polarization vectors of the scattered radiation and incident light, respectively while R is the Raman tensor
whose elements are the derivative of the polarizability with respect to each normal mode. Note that, for a

phonon mode to be Raman active, R should include at least one nonzero element.

Table 1. For ReTe: phases; lattice parameters, a and b, bond distance corresponding to Re-Re and Re-Te bonds,
dre—Rre and dre—re, respectively, the amount of charge donated to each Te atom by Re atom, Ap, and the electronic
band gap, E gap -

Structure | a (A) | b (A) | dre—pre (A) | dre—1e (A) | Ap (€) | Egap (€V)
1T -ReTey | 7.13 7.03 2.83-3.02 2.61-2.80 0.1 0.83

3. Results

3.1. Structural properties
In contrast to most of the TMDs, which crystallize either in 1T or 1H phases, single-layer of ReTes is shown

to possess its ground state in a distorted crystal form named as 1T-distorted (1T/) phase corresponding to
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the point group symmetry C,;. In unitcell of 1T/—R6T62, there are four Re atoms which form diamond-like

Rey clusters while they are coordinated with eight Te atoms as shown in the Figure la. Although, 1H and 1T
phases of single-layer ReTes are shown to be energetically feasible, the 1T’ phase is found to be the ground

state structure for ReTe,. As listed in Table 1, the lattice constants a and b are calculated as 7.13 and 7.03
A, respectively with the angle between them to be 61.1 indicating the in-plane anisotropy. The atomic bond
lengths between Re atoms forming the Rey clusters are found to be 2.83, 2.92, and 3.02 A for different pairs,
respectively. On the other hand, Re-Te bonds are formed with different bond distances due to the anisotropy
in the crystall lattice. The Re-Te bond lengths are found to vary between 2.61 and 2.80 A with all six bonds
having different bond lengths. The Bader charge analysis reveal that while forming the single-layer 1T -ReTes,
each Re atom donates its 0.1 e and totally 0.4 of e is donated to eight Te atoms indicating the covalent nature

of the structure.

3.2. Dynamical stability and vibrational spectrum

The dynamical stability of single-layer phases of ReTes were examined in terms of their phonon band dispersions.
As shown in Figure 1b, the phonon branches are free from any imaginary frequencies for single-layer 1T -ReTes
while for 1H and 1T phases acoustic branches display imaginary behaviors through the Brillouin zone. As
revelaed by the phonon band dispersions, only the 1T -ReTe, exhibits dynamical stability. Apart from three
acoustic phonon branches, there are also thirty three optical branches with non-degeneracy due to anisotropy

of the crystal.

(a) IH-ReTe, 1T-ReTe,

1H-ReTe, 1 IT-ReTe, 11 1 [ITReTe) !

K

Figure 1. (a) Top and side views of 1H, 1T, and 1T’ phases of single-layer ReTez. (b) The corresponding phonon
band dispersions through the whole Brillouin zone.

Raman spectrum of single-layer 1T -ReTey reveal that the eighteen modes are Raman active in which
four phonon modes exhibit prominent Raman intensities indicating that they are observable in a Raman
measurement. Those prominent Raman peaks are labeled as III, V, VI, and VII (see Figure 2a) while the
other Raman active modes are found to possess very small intensities. The zone-centered frequencies of those
prominent peaks are calculated to be 138, 215, 230, and 237 cm ~!, respectively. For the most prominent seven
Raman active modes (labeled from I-to-VII), the vibrational motions of the atoms are given in Figure 2b. The
two of the Raman active modes, namely I and II, arise from the pure in-plane vibration of the Re and Te atoms
while the other five modes have both in-plane and out-of-plane motions. Apparently, in all seven Raman active

modes, both Re and Te atoms contribute to the vibrations. Note that, the anisotropic nature of the single-layer

1T -ReTes provides a rich Raman spectrum with its totally 18 Raman active phonon modes.
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Figure 2. (a) Raman spectrum of single-layer 1T -ReTes. Inset shows the two weak-intensity peaks. (b) The atomic
vibrations in seven prominent Raman active phonon modes.

3.3. Electronic properties

As shown in Figure 3, single-layer 1T -ReTe, has a band gap of 0.83 ¢V calculated within GGA+SOC. The
valence band (VB) and the conduction band (CB) edges reside at Ko /I" and I' /K, respectively. The predicted
band gap of single-layer 1T -ReTey (see Table 1) is much smaller than that of single-layer ReSy (1.34 ¢V)[20].
The spin-orbit splitting is calculated to be 10 meV at the I' point. The band gap of single-layer 1T -ReTes
is comparable to that of well-known anisotropic single-layer blackphosphorus (0.57 €V)[6]. The atomic orbital
contributions to the VB and CB edges are analyzed by calculating the corresponding partial density of states.
Partial density of states analysis reveals that Re-d and Te-p orbitals hybridize in order to form Re-Te bonds
contributing to the VB edges. In addition, the CB edge is dominated by the unoccupied Re-d orbitals while

the Te-p orbitals have smaller contribution.

3.4. Anisotropic mechanical properties

The in-plane stiffness, C', and the Poisson ratio, v, are two independent elastic parameters indicating the

linear elastic behaviors. In order to obtain those two parameters, the elastic stiffness tensor is calculated and
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Figure 3. Electronic band structure (on the left) with partial density of states (on the right) for single-layer 1T -ReTes.
The Fermi energy is set to zero level.

the corresponding tensor elements, Cj;, are obtained. Once the Cj; are calculated, the orientation angular

dependency of the C' and v are calculated using the formulas given below:
(C11Co2 — Cy)

cO) = Cagcost () + Acos?(0)sin?(0) 4+ Cy1sin*(6)’ v

and

_ Chacos*(0) — Beos®(0)sin?(0) + Casin®(0)

 Cagcost(0) + Acos?(0)sin?(0) + Ci1sint(6) @)

v(0)

Here, the numbers A and B are defined such that A=(C1;Ca2-C12C21)/Cg6-2C21 and B=C11 +Coa-
(C11C22-C12C21)/Cgs. C is known as the measure of flexibility of a material in the linear elastic regime.
Graphene has the highest stiffness (330 N/m)[28] among the 2D materials. As a promising in-plane anisotropic

single-layer, ReS» exhibits 166 and 159 N/m of stiffness values for two main orientation[28]. Our results reveal

that single-layer 1T -ReTe, possesses 94 and 105 N/m stiffness along the directions perpendicular and parallel
to the Re4 units, respectively. Apparently, the formation of Re4 units makes the material quite stiffer along a
certain direction. As shown in Figure 4a, the orientation dependency of the in-plane stiffness does not display
strong in-plane anisotropy.

On the other hand, v is defined as the ratio of longitudinal extension to the transverse contraction. As
mentioned above, the Poisson ratio and the in-plane stiffness are two independent constants. The Poisson ratio
is calculated to be 0.23 and 0.25 along the directions perpendicular and parallel to the Re4 units, respectively.
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Notably, these two values are larger than those of ReSo (0.19 for both orientations) while they are close to that
of single-layer MoSy (0.26).[28] The values reveal quite strong ability of single-layer 1T -ReTey for preserving

its equilibrium structural state when subjected to external applied loads.

(a) C(0) in N/m1105 ®)v(0) 0.25 A

94 0.23

Figure 4. For the in-plane anisotropic single-layer 1T -ReTe, angle-dependent; (a) in-plane stiffness and (b) the
Poisson ratio. On the right the top view of the structure is given to identicate the orientation directions.

4. Conclusion

In the present work, we proposed the dynamically stable single-layer phase of ReTes, in-plane anisotropic 2D
material. The structural, electronic, vibrational, and mechanical properties of single-layer 1T -ReTes were
investigated. Dynamical stability analyses revealed that single-layer ReTesy crystallize in a distorted phase,
namely 1T -ReTe,, while its 1H and 1T phases were shown to be dynamically unstable. Raman spectrum
calculations showed that single-layer distorted phase of ReTey exhibits 18 Raman peaks only 4 of them were
revealed to be prominent. Electronically, single-layer ReTe, was shown to be a semiconductor with a suitable
band gap for optoelectronic applications. In addition, the formation of Re4-units in the crystal were shown
to create in-plane anisotropy in elastic constants. The calculated in-plane stiffness and the Poisson ratio were
shown to be dependent on the lattice orientation. Our findings revealed that single-layer form of ReTes can
only crystallize in a dynamically stable distorted phase formed by the diamond-like Re4-units. Single-layer of

distorted ReTes can be a potential in-plane anisotropic material for various nanotechnology applications.
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