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Semiconducting selenium and tellurium in their 3D bulk trigonal structures consist of parallel and weakly
interacting helical chains of atoms and display a number of peculiarities. We predict that thermal exci-
tations, 2D compressive strain and excess charge of positive and negative polarity mediate metal-insula-
tor transitions by transforming these semiconductors into different metallic crystal structures. When
heated to high temperature, or compressed, or charged positively, they change into a simple cubic struc-
ture with metallic bands, which is very rare among elemental crystals. When charged negatively, they
transform first into body-centered tetragonal and subsequently into the body-centered orthorhombic
structures with increasing negative charging. These two new structures stabilized by excess electrons also
have overlapping metallic bands and quasi 2D and 1D substructures of lower dimensionality. Since the
external charging of crystals can be achieved through their surfaces, the effects of charging on 2D struc-
tures of selenium and tellurium are also investigated. Similar structural transformations have been
mediated also in 2D nanosheets and free-standing monolayers of these elements. These phase changes
assisted by phonons are dynamical, reversible and tunable; the resulting metal—-insulator transitions can
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1. Introduction

Two group-VI elements, selenium and tellurium, in their bulk
trigonal structures (specified as t-Se and t-Te), as well as in
their various compounds exhibit unusual features. Pressure
and shear can induce structural transitions with complex elec-
tronic structures, which comprise new quantum states of
matter:' Much earlier, phase transitions in Se and Te were
traced by single-crystal X-ray diffraction using a high-pressure
diamond anvil cell.” In fact, six different phases of 3D Se were
revealed by high-pressure X-ray diffraction experiments.®
Theoretical studies based on Density Functional Theory (DFT)
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occur within very short time intervals and may offer important device applications.

predicted similar 3D phases of Te under pressures of 0-200
GPa.? Despite the absence of inversion symmetry, t-Te is pre-
dicted to become a strong topological insulator or a topologi-
cal metal under the application of shear or uniform and uniax-
ial strain, respectively.” Both t-Se and t-Te possess multiple
Weyl nodes. The Weyl semimetal phase® with broken inversion
symmetry is predicted to occur under pressure.” Binary and
ternary alloys of Se and Te are found to be topological insula-
tors. 2D monolayers of specific transition metal dichalcogen-
ides, especially MoTe,, have been deduced as phase-change
materials, PCM.*** Neutral ultrathin Te films are predicted to
have four (o, p-, y- and &-) phases.'® It has been demonstrated
that some of these less stable phases could be stabilized by
sole-charge doping, which could also induce phase transition
among them."® All these studies give clues to possible facile
structural phase transitions of t-Se and t-Te crystals driven by
specific excitations.

In their global equilibrium structure, t-Se and t-Te are com-
posed of 1D vertical, helical chains (or coils) of atoms situated
at the corners of a hexagonal lattice displaying a quasi 1D
character as shown in Fig. 1a. This conjecture is justified by
the fact that in t-Se (t-Te), despite the strong intrachain
covalent bonding and the resulting cohesive energy of 2.88
(2.71) eV per atom, the attractive interaction between chains is
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Fig. 1 (a) Perspective, side and top views of the optimized atomic

structure of (3D) bulk t-Se and t-Te (T = 0 K, strain ¢ = 0, excess charge
q = 0). Lattice constant a, intrachain d,, and interchain d,, distances are
indicated. Helical chains (or coils) are situated at the corners of hexa-
gons. (b) Variation of the energy (per atom) with interchain distance r
calculated with and without vdW interaction. Helical chains of Se (Te)
are held by an energy of 0.21 (0.39) eV per atom; 0.05 (0.16) eV per
atom of it is the chemical interaction. The isosurfaces of the difference
of the total charge density of t-Se and the charge density of its isolated
coil, pr—pc, as well as the difference between pc and the charge density
of free Se atoms, pc—pa are also shown. Regions of charge accumulation
and depletion are indicated by yellow and turquoise colour, respectively.
Small charge accumulation in yellow at the centre of d, shows the weak
bond charge between chains. Electronic energy band structure of t-Se
(c), and t-Te (d) calculated by PBE + SOC along selected symmetry
directions. The fundamental band gaps, which are opened after HSE +
SOC calculations, are shaded. The bands of isolated, free helical chains
with flat S;, and dispersive S, bands are also shown by dashed lines
along the chain axis, I'-A. (e) The charge density isosurfaces of S; and S,
states.

rather weak and is composed of chemical interaction of 0.05
(0.16) eV per atom and van der Waals (vdW) interaction of 0.16
(0.23) eV per atom as shown in Fig. 1b. Fig. 1b also indicates
how the energy varies with the interchain distance, d, relative
to the optimized intrachain bond length, d,. This situation is
reminiscent of the weak interlayer, but strong intralayer inter-
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action in vdW solids'®"” like graphite and layered h-BN. The
charge density analysis provides further insight into the
bonding. The charge of free helical chains tends to move from
the inner to outer side to constitute lone-pairs. However, when
condensed in the trigonal phase, charge is dispersed in the
interchain region forming small bond charge between every
nearest two atoms of adjacent 1D chains associated with weak
covalent bonds as shown by the inset in Fig. 1b. This explains
how the isotropy in specific properties arises despite the quasi
1D structure.

Surprisingly, the electrical conductivity measured along
and across the chains is quite isotropic."® This peculiarity was
attributed to the delocalization of lone-pairs."® The energy
band structures of t-Se and t-Te calculated using the Perdew—
Burke-Ernzerhof functional (PBE)*® including spin-orbit coup-
ling (SOC) and corrected by the hybrid functional (HSE)*" are
presented in Fig. 1c and d (see Methods of calculations). Both
crystals are semiconductors with a HSE fundamental band gap
of E; = 1.35 eV and 0.28 eV, respectively. In particular, t-Te dis-
plays large spin-orbit splitting, unusual band dispersions and
a small band gap, which are crucial for topologically non-
trivial behavior. The comparable, but significant dispersions
of the bands along the chain axis (/A direction) and perpen-
dicular to the chains (/K direction) support the isotropy in
electrical conductivity.'® Additionally, S; and S, bands of an
isolated chain in Fig. 1c and d together with their charge dis-
tributions in Fig. le indicate that bulk t-phases are electroni-
cally rather different from isolated 1D chains (full phonon and
energy bands are presented in the ESI{).

In this paper, further to the above peculiar features we
unveil another unusual, but fundamentally and technologi-
cally critical behavior of Se and Te crystals. Based on first-prin-
ciples calculations we predict that either thermal excitation or
2D uniform compressive strain, or electrostatic charging can
induce multiple and dynamical phase changes in bulk t-Se
and t-Te. These phase transformations occur spontaneously
and are followed by metal-insulator transitions. Namely, t-Se
and t-Te being semiconducting crystals under ambient con-
ditions, they can transform into rare, 3D crystals in the metal-
lic state. Notably, when electrostatically charged, not only 3D
trigonal crystals, but also their 2D nanosheets and free-stand-
ing monolayers, ie. a-tellurene, can transform into different
metallic structures. These metal-insulator transitions, which
can take place reversibly, can find critical applications in opto-
electronic devices and electric field induced composite
materials.

2. Methods of calculations

First-principles calculations based on DFT were carried out
using two different basis sets, plane waves and local orbitals
which are applied by VASP*>"** and SIESTA”® packages, respect-
ively. In plane-wave calculations, we used projector-augmented
wave (PAW) potentials®” and the exchange-correlation poten-
tial within the generalized gradient approximation (GGA) with
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the Perdew, Burke, and Ernzerhof (PBE) functional.*® Wave
functions are expanded in plane-wave basis sets up to the elec-
tron kinetic energy cut-off of 275 eV for Se and 228 eV for Te
crystals. Brillouin zone (BZ) integration is performed with an
automatically generated 12 x 12 x 10 k-point grid in the
Monkhorst-Pack scheme.?® Ionic relaxation is realized by the
conjugate gradient algorithm, which optimizes the structure.
All atoms in the supercell are fully relaxed until the energy
difference between the successive steps is less than 107° eV
and the force on each atom is less than 107> eV A™". In
addition, maximum pressure on the lattice has been lowered
down to 0.1 kBar. We also apply the Heyd-Scuseria-Ernzerhorf
(HSE) hybrid functional method*' to obtain corrected band
gap values. The HSE06 functional is constructed by mixing
25% of the Fock exchange with 75% of the PBE exchange and
100% of the PBE correlation. We chose specific van der Waals
(vdW) corrections based on the comparison of structure para-
meters of t-Se and t-Te optimized using different vdW
methods with the experimental structure parameters. We then
chose the Tkatchenko-Scheffler method with iterative
Hirshfeld partitioning (PBE-TS/HI).>>*° Since the plane-wave
method under periodic boundary conditions may fail in first-
principles calculations of charged systems comprising large
spacing between surfaces or atomic rods,*' we performed also
calculations using the local basis set, where the eigenstates of
the Kohn-Sham Hamiltonian are expressed as a linear combi-
nation of numerical atomic orbitals. A 2720 eV cut-off energy
for Se and 2312 eV for Te crystals are used and the self-consist-
ent field calculations are performed with a mixing rate of 0.1.
The grid of 11 x 11 x 9 is used for k-points in BZ. Core elec-
trons are replaced by norm-conserving, nonlocal Trouiller-
Martins pseudo potentials.’> For the exchange-correlation
potential, we employ a nonlocal functional that includes van
der Waals interactions (VDW-DF) named as (DRSLL).>*** All of
our conclusions concerning the effect of the charging are
obtained from atomic orbital calculations using SIESTA.*® The
dynamical stability analyses of neutral phases are performed
by calculating the phonon spectrum using a small displace-
ment method. The force constant (dynamical) matrix is con-
structed by slight displacement of atoms in a 6 x 6 X 6 super-
cell using the results of first-principles plane-wave calcu-
lations. PHON software has been used to determine the
necessary displacements and to calculate the phonon disper-
sions using the obtained force constants.>® Those structures
having vibration modes with frequencies w” > 0 for all k-points
in the first BZ are considered to be stable at 7 = 0 K. The
thermal stability of both neutral and charged systems is tested
by ab initio molecular dynamics (MD) calculations at finite
temperature. The time step between ionic iterations was taken
to be 2 fs. Velocities are rescaled at the end of every 50 steps to
match the desired temperature. In the MD simulation shown
in Fig. 2a, the system is heated from 100 K to 1000 K within
2 ps; its atomic configuration is constructed by taking the
average of the atomic position in the last 500 ionic steps.

The cohesive energy E.(P) per atom of a phase (P) made of
either Se or Te atoms is calculated from the expression, E.(P) =
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Fig. 2 (a) Snapshots of atomic configurations taken from the ab initio
MD calculations of t-Te at T = 0 K transforming to sc-Te at T = 1000 K.
(b) Right: structural transformation of t-Se under 2D uniform strain, ¢ to
sc-Se. Left: the curve shows the variation of PBE fundamental band gap
Eg with ¢. (c) Same as (b) for t-Te.

[nE(Se/Te) — Er(P)]/n, in terms of the optimized total energies
of free constituent atoms, Se or Te, Er(Se/Te), and the opti-
mized total energy of the given phase Ei(P), n being the
number of atoms in the unit cell. These optimized total ener-
gies of different systems are calculated with similar calculation
parameters and unit cells. The positive value of the cohesive
energy indicates binding of constituent free atoms. The for-
mation energy E; of a P phase relative to the structure of global
minimum is obtained by subtracting the cohesive energy of
the parent crystal t-Se or t-Te from E.(P), namely E{P) = E.(P) —
E (t-Se/t-Te). Negative formation energy implies that the phase
P either corresponds to a local minimum in the Born-
Oppenheimer surface, or it is unstable. As it will be explained
in forthcoming sections, the stability of new phases here is
maintained either by excess charge, or compressive 2D strain,
or thermal energy. Calculated values of structural parameters,
E., Er and band gaps E, are presented in Table 1. Here the
differences between the values calculated using different basis
sets are attributed to different pseudo potentials and other
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Table 1 Se and Te elements; structures and lattice types, lattice parameters a, b and c; shortest bond d;; secondary bond d,; bond angle 6; cohesive energy per atom E.; formation energy at T
0 per atom relative to the global minimum, E, the fundamental band gap calculated by PBE + SOC, Egpge+soc: those calculated by HSE + SOC, Eg nsersoc. Values are calculated by using the
plane wave basis set?>~2° at the neutral state, but those given in parenthesis are calculated by using the local basis set?® in the neutral state of t-phases, as well as the charged state of new

phases. References are for the previous theoretical and experimental values
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approximations. However, our conclusions are drawn from the
values of optimized structural parameters, energies and struc-
tures calculated by the same method. Therefore, our con-
clusions are consistent; they are not affected by the values of
lattice constants predicted by different methods within 5-6%
difference. The cohesive energies calculated using plane waves
for g = 0, and the local basis set for g = 0, as well as for g # 0,
are consistent, since the cohesive energies of new phases are
always smaller than the parent t-phases corresponding to
global minima. The band gaps of t-Se and t-Te calculated with
the plane wave basis set and subsequently corrected with HSE
+ SOC appear to agree with the measured band gaps.

3. Temperature, strain and charge
induced phase changes

The first indication of phase transitions has been obtained by
thermal excitations of the 3D trigonal structures in the global
minimum. Ab initio MD simulations at high temperature per-
formed with a variable unit cell size in Fig. 2a demonstrate
that the t-Te structure transforms to a simple cubic structure,
sc-Te, by squeezing d,, when heated as high as T ~ 1000 K. In
fact, this phase transition would occur already for 7" much
smaller than 1000 K, if the simulation time could be taken
much longer. Higher temperatures are needed for the tran-
sition from t-Se to sc-Se due to the higher energy difference,
AE between them.

It is well known that the sc-structure is very rare among
elemental crystals; Po (polonium, extremely radioactive group-
VI element just below Te in the Periodic Table) was known to
be the only element that has a simple cubic primitive cell in
its ground state, and is stabilized through the relativistic mass-
velocity and Darwin terms.’® It was argued®® that neutral t-Te
cannot change into the sc-structure even when mass-velocity
and Darwin terms are included.

The causes of facile phase transitions under diverse types
of excitations can be sought in the trigonal structure. Since the
sc-structure can be viewed as a trigonal structure having a
rhombohedral unit cell with the angle & = 90° between diag-
onals, it wouldn’t be difficult for the t-phase to transform back
into the cubic structure by thermal or other excitations.
Conversely, t-structures can be derived by deforming the
simple cubic lattice,®® so that each Se or Te atom has two
nearest, covalently bonded neighbors in the chain at a distance
d; and four second nearest neighbors between the chains at a
distance d, as depicted in Fig. 1a.

The 2D uniform compressive strain gives rise to a similar
effect on the structure of the 3D t-Se and t-Te as shown in
Fig. 2b and c. When a 3D t-phase is compressed in the xy-
plane by decreasing the distance, a between helical chains, the
lattice constant, ¢ expands. However, for specific values of 2D
uniform strain, e, = €, = (@ — a,)/a,, the atomic structure can
change to the sc-structure, which is accompanied by a metal-
insulator transition. This transition occurred for t-Se (t-Te) at
& = 0.21(0.09) with an increase of the total optimized energy
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AE = 0.39(0.14) eV per atom and a decrease of volume AV = (V
— Vo)/Vy = 0.28(0.12). Notably, the predicted threshold strain
necessary for the phase change to the sc-structure appears to
be too high for t-Se due to relatively higher energy. Here, the
strain energy necessary for the phase change from t- to sc-
structure in Fig. 2¢, AE = 0.14 eV per atom, appears to be con-
sistent with the energy of the thermally induced phase change
to the same structure discussed above. Previous X-ray diffrac-
tion experiments®® and a recent study® predicting new phases
(allotropes) of t-Te under high hydrostatic pressure are in com-
pliance with the present findings. As for the 2D tensile strain,
it does not induce any structural transition in t-Se and t-Te,
since the binding interaction between helical chains is rather
weak.

The electric field and hence induced electrostatic charging
are electronically the most interesting excitation, which can
exfoliate single layers from multilayers,*®*" control the adatom
adsorption and desorption,*>*® store energy’*™® and tune the
electronic structure*”*° in 2D materials. Charging can be
achieved by external electric field or by optical excitation,
whereby valence electrons occupy conduction states by creat-
ing e-h pairs maintaining the charge neutrality. Here, we con-
sidered direct and external charging by depletion or injection
of electrons and examine its effect on the atomic structure.

In analogy with the exfoliation of 2D monolayers, like gra-
phene and BN, from their parent layered structures under
excess positive charge,’®*' one normally contemplates
whether the helical chains are disassembled from t-Se and
t-Te by electrostatic charging. With this premise, structurally
anisotropic t-Se and t-Te are optimized by minimizing the
total energy, atomic forces and lattice constants under elec-
tron deficiency (g > 0) and excess electrons (g < 0) within DFT.
Owing to the difficulties to be encountered using a plane
wave basis set,”* optimization of charged structures has been
carried out using the local basis sets.*® In contrast to the
expectations, the charged trigonal crystals were not dis-
assembled into free chains for both polarities. Apparently, as
a result of charging, the crystal potential is modified,
whereby band gaps are closed, some vibration modes lack
restoring force and thus their corresponding frequencies
attained imaginary values leading to instability. Eventually,
the original structures underwent a series of structural phase
transformation: we found that when charged positively, t-Se
and t-Te change into sc-structures as occurred under thermal
excitation or 2D uniform compressive strain. As the positive
excess charge is increasing, the parent t-phases first start to
shrink, subsequently once the excess charges exceed well-
defined threshold values (g, > 0.42 e per atom in t-Se or gy, >
0.25 e per atom in t-Te) they are transformed into the sc-struc-
ture, one of its body diagonals coinciding with the axis of the
chain of the parent t-phases. On the other hand, when
charged negatively, the interchain distances of t-Se and t-Te
first increase, then they transform first into the body-centered
tetragonal (bct) and subsequently into the body-centered
orthorhombic (bco) structure with increasing excess elec-
tronic charge.

This journal is © The Royal Society of Chemistry 2020
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It should be noted that all these new structures are metallic
due to closed band gaps. Additionally, once the excess charge
exceeded well-defined threshold values, they occurred spon-
taneously in the course of structure optimization from the
t-phases of the global minima. Even if the angles might
deviate from 90° during structure optimizations, structures
with right angles mark the lowest energy. Moreover, these
structural transformations are followed by volume changes, AV
for example, —15% for sc- (which is well compared with that
obtained under compressive &), +10% for bct- and +36% for
bco-Te. To eliminate possible constraints, which may be
imposed by using a single cell in structure optimizations, the
variation of energy with excess charge was also investigated in
the 2 x 2 x 2 supercell, which resulted in the same phase
changes.

The excess charge is attained by depopulating valence band
states for positive polarity or by populating the empty conduc-
tion band states for negative polarity, which are performed
self-consistently. Coulomb divergences in the charged systems
were hindered by adding an equal amount of background
charge of the opposite polarity in the SIESTA code and then
the structure optimizations are carried out by minimizing the
total energy.”® It should be noted that the electrostatic char-
ging of bulk Se and Te is quite different from their doping by
foreign atoms. The latter results in dramatic local changes in
the crystal potential. The total energies in these new phases
attained within 3D periodic boundary conditions with back-
ground charge may not be uniquely defined.>® To eliminate
the effect of the background charge, the calculated energy
versus charge variation was detrended by subtracting its linear
part revealed in an earlier study.'® Linear variation of the total
energy with excess charge was also shown by the theory
dealing with the quantum electronic stress and quantum
Hook’s law for Al and Si crystals.”" The resulting variations of
energies of Se and Te with excess charge in Fig. 3a and b show
a series of structural transformations driven by charging. This
is a surprising and important result.

As the excess electronic charge of t-Se in Fig. 3a exceeds the
threshold charge, g = —1.17 e per atom, it transforms to a
new, bco-phase, which attains its minimum energy for g, =
—1.25 e per atom. Between the t-Se and bco-Se, there is,
however, another phase called body-centered tetragonal, bct-
Se, which cannot form directly from the t-phase through a
phase transition, since its energy curve, Ey.(g) lies higher, and
does not intersect the energy curve of the t-phase, E(q).
Nonetheless, this phase may continue to exist in the range of
excess charge 0 > g > —0.83 e per atom once it was formed in
the bet-structure at high temperature. Incidentally, bet-Se can
be constructed by stacking Se monolayers with a 2D square
lattice according to the AA’AA'... stacking sequence (where each
Se atom of one monolayer A being located above the centers of
a square of adjacent monolayers A’) with the interlayer distance
much larger than the Se-Se bond. The body centered ortho-
rhombic (bco) structure of Se can also be viewed as if it is con-
structed by stacking of Se monolayers with a 2D rectangular
lattice. Alternatively, the same bco-structure can also be con-
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Fig. 3 Phase changes of semiconducting t-Se and t-Te mediated by
electrostatic charging. All energies are calculated using a local basis
set?® and corrected to eliminate the effect of the background charge. (a)
Variation of the optimized energy (per atom) of t-Se with excess charge
g (in units of +e per atom), which undergoes three different structural
transformations (phases) with different lattice types, i.e. simple cubic
(sc); body centred tetragonal (bct); body centred orthorhombic (bco).
2D square monolayers in the bct lattice, 2D rectangular monolayers and
1D linear chains in bco are indicated as substructures. (b) Similar for
t-Te. (c) The metallic bands of these new sc-, bct- and bco-phases are
shown along the X—TI" direction. Zero of energy is set at the Fermi level.
(d) Energetics of smooth transition between t-Te and sc-Te with 1
defining intermediate structural parameters as explained in the text.
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structed from Se monatomic linear chains placed at the
corners of a body centered hexagon as if it is the bundle of
quasi 1D structures. In Fig. 3b, t-Te undergoes similar phase
transformation when charged negatively, but at different
charge values. Since the energy curve of t-Te intercepts the
energy curves of both sc-phase for g > 0 and bct-phases for g <
0, the phase transitions take place spontaneously at well-
defined values of g. Also, the transition from the bct-phase to
bco-phase is spontaneous for the same reason. Similar to Se,
these phases of Te can be viewed as if they are constructed
from 2D or 1D substructures.

At this point we note that stable monolayers of free-stand-
ing Se and Te (named selenene and tellurene) have been pre-
dicted recently based on first-principles calculations. These
are buckled square selenene and rectangular tellurene,’* as
well as o-Te (tellurene in the 1T-MoS, structure), metastable
B-Te and y-Te structures.'” It was also predicted that the meta-
stable (a, B, y and 8) phases found in ultrathin Te films can be
stabilized by the charge doping."® The substructures, namely
1D linear chains, 2D planar square and rectangular mono-
layers deduced above can be stabilized only by electrostatic
charging, when they are free standing. In Fig. 3c the metallic
bands of sc-, bet-, and bco-structures are shown along the X-I"
direction of BZ. Full energy bands of these new structures as
well as the bands of their free-standing (1D and 2D) substruc-
tures presented in the ESIf corroborate that the substructures
are, in fact, weakly interacting low dimensional structures.

4. Spontaneity and reversibility

Here we emphasize that the energy versus excess charge curves
E(q) presented in Fig. 3a and b are obtained by starting from
t-structures in equilibrium and by optimizing it for different
values of excess charge g. While a particular phase remains
stable for a well-defined range of excess charge, it changes
spontaneously to a different one when g exceeded a well-
defined threshold value, where the E(g) curve of the previous
phase and that of the new one intersect. For sc-Se (sc-Te) g, >
Go and Esc(qin)—Esc(qo) = 0.02(0.01) eV per atom. The energy
involved in this phase transition mediated by the positive
excess charge, AE = E(qth) — E(g = 0) = 0.28(0.05) eV per
atom is small. Similar relations are valid for bct and bco
phases with g < 0.

Whether a phase that occurred for a well-defined excess
charge ¢ can continue to exist when g — 0 (similarly, for T —
0 K or for ¢ — 0 in temperature and strain driven phase
changes, respectively) is crucial for the operation of Se and Te
crystals as a switch. This issue concerns the energy ranges of
the new phases marked by dashed lines in Fig. 3a and b and is
closely related to the bistability of two phases for the same
value of g. To clarify it, the energetics of structural transition
from t-Te to sc-Te is investigated for the neutral case, namely ¢
= 0. To this end, structural parameters of t-Te can be altered to
form a three-atom supercell of sc-Te. Hence, we introduce the
parameter that defines intermediate structural parameters as
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it runs between 0 < 1 < 1 interpolating the structural para-
meters of t-Te to sc-Te, respectively. As seen in Fig. 3d, the
t-phase smoothly changes to the sc-phase with increasing
energy. Conversely, as the energy is lowered, sc-Te can directly
transform to the energetically favorable t-Te without any
energy barrier. This situation is consistent with the total
energy versus q curve in Fig. 3b, as well as with the phase
changes from the low-energy, global t-phase to high-energy sc-
phase under 2D uniform compressive strain or thermal exci-
tation; all these phase changes are followed by an increase of
energy, AE. This situation is different from the transition from
one phase to the other neutral one (both corresponding to
different minima in the Born-Oppenheimer surface) overcom-
ing an energy barrier. Also, the specific phonon modes of sc-
Te, as well as other phases, which were stabilized under excess
charge, attained imaginary frequencies, ®” < 0, if they are cal-
culated for g = 0. This indicates a dynamical instability at 7' =
0 K, since the sc-phase is not a local minimum for g = 0. As a
result, these phases were prone to an instability at g = 0, where-
upon their bistability at g = 0 is ruled out, but their reversibility
is confirmed.

Next, the stability of these sc-, bet- and bco-phases driven
by excess charge in Fig. 3a and b against the thermal exci-
tations is ensured by performing ab initio molecular dynamics
(MD) calculations at 400 K for 6 ps for g, corresponding to
their minimum energy configurations (their snapshots are
shown in the ESIf). It is found that these sc-, bet- and bco-
phases of Se and Te maintain their stability above room temp-
erature. Recently, it has been reported that the similar stabiliz-
ation of some metastable allotropes of borophene by excess
charge can be realized.**>*

5. Phase changes in 2D nanosheets
(slabs) and monolayers

The crucial question one has to address is how the charging
can be accomplished realistically within the 3D periodic
boundary condition to attain the predicted phase changes.
This is analogous to the question of how the energy bands of
bulk solids calculated within 3D periodic boundary conditions
are compared to the real situations. As realistic energy bands
including the effects of surfaces can be calculated for slabs
within the supercell geometry, here slabs having two surfaces
within the supercell geometry constitute the proper model to
allow external charging like gating of a device. Also, the excess
charges can accumulate at the surfaces by populating or
depopulating energy bands localized at the surfaces of metal-
lized slabs (or nanosheets). This model is also in compliance
with recent experiments.’®”> To this end, we considered
neutral and ideal monolayer (1L), 3L and 5L slabs of t-Te, as
examples. Interestingly, when neutral, 1L consisting of three
atomic planes of t-Te atoms was reconstructed spontaneously
and formed the monolayer of a-tellurene having the 1T-MoS,
structure. Similarly, the 3L slab was also reconstructed and
formed a layered o-tellurene with AAA stacking in agreement
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with that reported recently by Zhu et al.'* As for the 5L slab, it
was not reconstructed, but relaxed with minute changes of
interlayer spacing for ¢ = 0. However, under the excess charge,
the surface layers of the 5L slab became charged and concomi-
tantly they underwent a phase change. When charged by g =
0.33 e per atom corresponding to a surface charge of approxi-
mately 100 pC cm ™2, the t-phase of the 5L slab changed to the
sc-phase as shown in Fig. 4a. Similarly, when charged nega-
tively, the structure of both surfaces changed to the bct like
structure with the t-phase at the center and complex transition
structures at the interface between the surfaces and center as
depicted in Fig. 4b. Notably, the effect of charging can be
better deduced from thicker slabs, which requires really high
computational power. Further to these slab calculations, we
also investigated the response of the a-tellurene monolayer to
electrostatic charging. While this monolayer keeps its
T-structure under 0 < g < 1 e per atom, it changes to a new
phase stabilized by an excess charge of g =~ —0.4 e per atom in
the course of structure optimization. Atomic configurations of
the semiconducting, neutral a-tellurene in T-phase and this

2D Slabs of t-Te

o™
\/<?\/\ -

Fig. 4 Phase changes of the 5 L t-Te slab under electrostatic charging.
(a) 5 L t-Te slab changes into the sc-structure under positive charging, g
> 0. (b) The slab changes into the bct-structure under negative charging,
g < 0. (c) Atomic configurations of the semiconducting T phase of the
a-tellurene monolayer and its new phase occurring for g < —0.4 e per
atom.
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new quasi 1D phase consisting of widely spaced very narrow
stripes (or atomic chains constructed from squares) are pre-
sented in Fig. 4c.

6. Discussion and conclusions

Reversible metal-insulator transitions have been realized by
changing the phase of specific materials, called phase change
materials, PCM with various excitations, such as thermal,
optical (laser), strain, electrostatic, adatom (molecule adsorp-
tion) etc. For example, very thin (2D) semiconductor 1H-MoTe,
can change from the semiconducting H-phase to metallic T"-
phase in a very short time interval by injecting excess charge
or by gating.>* These electrically driven and reversible phase
transitions with 2-3 ns response time give rise to dramatic
changes in conductivity. Therefore, they are of extreme impor-
tance to various electronic, optical and fast switching devices,
as well as to non-volatile memory applications, since their
sudden switch is not limited by the transit times of carriers.”®

In the past, the structural transitions of covalently bonded
crystals of group-V and group-VI elements, in particular, those
of PCM materials were attributed to Peierls (symmetry breaking)
instability.”” The resonant bonding concept is also utilized to
explain fast and dynamical change from one phase to other via
soft phonon modes.>” All the phases predicted in this study
have energies slightly higher than those of their parent struc-
tures and hence their structures can be generated by the very
short, collective displacements of specific atoms within the cell.
These collective displacements through a transition state can be
mediated by short wavelength (or high frequency) phonon
modes for abrupt change to new phases. Using an Arhenius-
type equation'® with w/2z = 10" and AE = 0.1 eV per atom, one
can estimate that the phase changes or switches from semicon-
ducting to metallic state can take place within nanoseconds.
The involved energy barriers for these collective displacements
of specific atoms may be lowered by the implementation of the
excess charge and electrostatic interaction thereof.'’

In the present study, the critical aspects can be emphasized
as: (i) the new phases mediated specifically by excess charge
from the parent t-Se and t-Te are metallic due to closing band
gaps. Thus, the corresponding phase transformations result in
a metal-insulator transition. (ii) Induced phases (or final
states) can correspond to local minima in the Born-
Oppenheimer surface only under well-defined excess charges.
Therefore, these new phases are stabilized by the excess
charge, but they can change back into the original semicon-
ducting phases reversibly, if the excess charge is diminished.
(iif) The phase changes are tunable, since diverse phases can
be induced by changing the amount and polarity of the excess
charge. (iv) Simple structural relations between the original tri-
gonal structure of t-Se (Te) and the simple cubic or the body-
centered tetragonal structure are the prime ingredient of the
facile phase changes occurring with small energy raises, AE.
(v) The amount of excess charges inducing phase changes is
small and is in the range used in recent theoretical and experi-
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mental studies.”’”* (vi) In the phases, body-centered tetra-
gonal and the body-centered orthorhombic structures,
mediated by negative charging one can identify substructures
in lower dimensionality showing directional properties. (vi)
When charged, surfaces of nanosheets of t-Se and t-Te, even
the 2D a-tellurene monolayer undergo similar phase changes.

Clearly, t-Se and t-Te appear to be critical phase change
materials offering a number of exceptional features. These fea-
tures promise fundamental and potential applications. Further
to the possible switch operation, a slab of t-Te may attain
different phases under the perpendicular electric field, whereby
electrons are transferred from one surface of the slab to other
surface like a parallel plate capacitor.**™*® At the end, a metallic
cubic phase in the positively charged surface region, semicon-
ducting trigonal phase or dielectric in the neutral middle region
and metallic body centered tetragonal or orthorhombic phase at
the other negatively charged surface region can be attained. In
this way, a high performance nanocapacitor, a double-sided
metal-semiconductor nano junction can also be generated to
form a Schottky barrier or electronically composite junctions
from the same parent material; its electronic properties are
tuned by changing the magnitude and direction of the electric
field. Also, composite materials constituted by a dielectric
material sandwiched between two t-phases can offer functional-
ities for tunneling devices. As a final remark, 3D crystals, multi-
layer, bilayer and monolayer, and 1D chain structures®®* ! of Se
and Te elements can reconstruct to form diverse structures with
unusual properties under strain, thermal and optical exci-
tations, excess charge and electric field.
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