¥® ROYAL SOCIETY
PP OF CHEMISTRY

PCCP

View Article Online

View Journal | View Issue

First principles predictions of structural, electronic
and topological properties of two-dimensional
Janus Ti>NoXI (X = Br, Cl) structurest

Shiladitya Karmakar,

’ '.) Check for updates ‘

Cite this: Phys. Chem. Chem. Phys.,
2024, 26, 10557

Soumendu Datta‘® and Tanusri Saha-Dasgupta*

Motivated by the report of the giant Rashba effect in ternary layered compounds BiTeX, we consider two
Janus structured compounds TiNoXI (X = Br, Cl) of the same ternary family exhibiting a 1:1:1
stoichiometric ratio. Broken inversion symmetry in the Janus structure, together with its unique electronic
structure exhibiting anti-crossing states formed between Ti-d states and strong spin—orbit coupled I-p
states, generates large Rashba cofficients of 2-3 eV A for these compounds, classifying them as strong
Rashba compounds. The anti-crossing features of the first-principles calculated electronic structure also
result in non-trivial topology, combining two quantum phenomena — Rashba effect and non-trivial
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Published on 18 March 2024. Downloaded on 4/1/2026 6:13:50 PM.

rsc.li/pccp

1 Introduction

Since the discovery of the monolayer structure of carbon atoms
by exfoliating graphite into graphene with unprecedented
properties,”? there has been a surge of activity in the field of
two-dimensional (2D) materials, opening up a 2-dimensional
era.>” Following this exciting discovery, several elemental
and binary 2D materials have been synthesized and studied,
e.g. graphane,® h-BN,” transition metal dichalcogenides,
silicene,'"'* and phosphorene.'”® It becomes necessary to
expand the 2D materials library further by adding new compo-
sitional combinations and layer arrangement types.

Following this, in recent times, ternary layered materials
have generated considerable interest. While they can be of
different stoichiometric ratios, there are a large class of layered
materials exhibiting a stoichiometric ratio of 1:1: 1, containing
one metallic element and two nonmetallic elements, one of
which is a halogen. They are layered structures, where each
monolayer consists of a fluorite-type [M,0,] or [M,N,] or [M,C,]
layer (here M is the metallic element) sandwiched between two
layers of halogen. In particular, the Group IVB transition metal
nitride halides (MNX; M = Ti, Zr, Hf; X = Cl, Br, I) have attracted
considerable attention with reports on their properties
like superconductivity,"**® hydrogen storage capability'”"*®
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properties are found to exhibit extreme sensitivity and tunability upon application of uniaxial strain.

and novel electronic properties.”® The Group IVB transition
metals are non-toxic and the MNX materials are, therefore,
environment friendly. The non-metallic elements are the p-
block elements, and the structure-property relationship of
these materials is expected to be influenced by the inherent
orbital-hybridization of the partially filled valence p-orbitals of
the non-metallic elements with the less than half-filled valence
d-orbital of the transition metal element M.

Given that each layer of 111-type compounds is stacked
together by the van der Waals (vdW) force, they can be
mechanically exfoliated into atomic-thick 2D nanosheets. For
example, bulk titanium nitride halides have an orthorhombic o
phase under the ambient conditions, belonging to a class of
layered materials with the space group Pmmn.>° Due to their
layered structures and the weak van der Waals interaction
between the consecutive slabs through the non-metallic halo-
gen atoms, much efforts have been devoted to studying the
properties of the TiNX 2D structures by the ab initio density
functional theory (DFT) calculations. All these studies indicate
that exfoliation of a single slab of TiNX from the bulk TiNX
crystal structure is energetically possible,* >*> making the situa-
tion hopeful. These first-principles studies further indicate that
upon increasing the atomic number of the halogen species,
moving from F to CI to Br to I, the systems show a wide band
gap semiconducting to moderate band-gap semiconducting to
semi-metallic behaviour due to tuning of Ti-X hybridization.*®
The semi-metallic behaviour of TiNI with strong spin-orbit
coupled I-dominated states close to the Fermi level opens up
the possibility of realizing TiNI-based 2D topological materials.
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Indeed, first-principles calculations performed by Wang et al.
predicted that the TiNI 2D band structure would possess a
topologically non-trivial bandgap at the Dirac point.*> The
hybrid functional based calculation®” predicted the non-trivial
topological character of strained 2D TiNI structures.

In this context, it is crucial to determine whether further
functionalities can be introduced in this exciting class of
materials. Designing Janus monolayers by breaking the inver-
sion and/or out-of-plane mirror symmetry in a pristine mono-
layer is a promising approach for tailoring and improving the
properties of the pristine monolayer. In this context, it is worth
mentioning that BiTeX compounds (X = halogen), belonging to
the same family of 1:1:1 ternary 2D materials, are reported to
exhibit a giant Rashba effect>®?° due to the broken mirror
and inversion symmetries in the alternate stacking of Bi, Te and
X layers within the monolayer structure of BiTeX.>**! Following
a similar idea, in the present study, we focus on two Janus
monolayers, Ti,N,CII and Ti,N,Brl, derived from the pristine
TiNI monolayer by replacing one of the two terminating I-layers
with a Cl layer for the Janus Ti,N,CII monolayer and with a Br-
layer for the Janus Ti,N,BrI monolayer.>* Since the successful
synthesis of the Janus MoSSe monolayer through a controlled
change of the stoichiometric ratio by the chemical vapour
deposition (CVD) growth technique,®**** many stable Janus
monolayers have been predicted theoretically.**™” Due to the
broken out-of-plane inversion symmetry and the presence of an
intrinsic finite out-of-plane dipole moment arising from the
electronegativity difference between the two different terminating
halogen species, Janus Ti,N,XI (X = Cl, Br) monolayers are
expected to provide a finite Rashba effect.*® This along with
non-trivial topological properties of parent TiNI, if retained in
the Janus structure, can open up the possibility of realizing yet
another example of a two-dimensional composite quantum mate-
rial, which exhibits more than one apparently distinct quantum
phenomenon fulfilling the common requirement of different
symmetries in a single material.

Using first principles DFT calculations, we analyze the
structural, electronic, and topological properties. Our calcula-
tions reveal a large Rashba coefficient of 2.67 eV A for the Janus
Ti,N,BrI monolayer and 3.28 eV A for the Janus Ti,N,CII
monolayer, arising from band anticrossing, classifying these
2D compounds as strong Rashba compounds. The two-
dimensionality of the proposed systems with giant values of
Rashba coefficients makes them ideally suited for the fabrica-
tion of spintronic devices. Interestingly, while the inclusion of
Cl or Br helps to break the symmetries, the Cl/Br dominated
states appear far from the Fermi level, keeping the band
structure close to the Fermi level nearly intact, thereby retaining
the non-trivial topological properties. This makes the Janus
Ti,N,CII and Ti,N,BrI monolayers examples of unique 2D com-
posite quantum materials connecting topological non-triviality
and strong Rashba effects. Furthermore, the application of
uniaxial strain is found to affect the above properties in a non-
trivial manner. Due to distinctly different bonding properties
along the crystallographic a and b directions, the uniaxial strain
applied along the a or b-axis is found to result in highly
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anisotropic changes. The strain property phase diagram is found
to consist of a number of distinct diverse phases - (i) large
Rashba, topologically non-trivial, semi-metallic; (ii) large Rashba,
topologically trivial, semi-metallic; and (iii) small Rashba, topolo-
gically trivial, semi-conducting. Thus strain-induced phase transi-
tions are observed between topologically non-trivial to trivial,
large to small Rashba, and semi-metallic to semi-conducting,
making TiNI-based 2D Janus structures a rich platform for future
investigation.

2 Computational details

DFT based first-principles electronic structure calculations
were carried out using plane-wave basis and projector
augmented-wave (PAW) pseudopotentials in combination with
Perdew-Burke-Ernzerhof (PBE) generalized gradient approxi-
mation (GGA) as the exchange-correlation functional®® as
implemented in the plane-wave based Vienna ab initio simula-
tion package (VASP).*°

In the valence electronic configuration within the PAW basis
set, we considered 4 electrons for Ti (3d%4s"), 5 electrons for N
(2s*2p*) and 7 electrons for halogen X (ns’np”) atoms with n = 3,
4 and 5 respectively for Cl, Br and 1. The cutoff energy of the
plane-wave basis was chosen to be 600 eV, which was found to
be sufficient to achieve convergence in self-consistent field
(SCF) calculations. Dispersion correction at the D3 level*' was
included in all calculations. To minimize artificial interaction
between a 2D material and its images along the out-of-plane
direction within the periodic set-up of calculation, a converged
vacuum space of ~24 A was used.

Relaxation of Ti,N,XI structures was carried out with respect to
internal atomic coordinates and unit cell volume using a conver-
gence threshold of 107> eV for total energy and 10> eV A™* for the
maximum force component on an atom. A converged Monkhorst-
Pack® k-mesh of 9 x 9 x 1 was used for SCF calculations with a
tight energy convergence threshold of 10~ eV. The relativistic
spin-orbit coupling (SOC) was included. The electronic band
structure along high symmetry points of the first Brillouin zone
(BZ) of the optimized orthorhombic lattice was computed within
both PBE + D3 and PBE + D3 + SOC formalisms. The dynamical
and thermal stabilities of the constructed structures were checked
using phonon spectra and molecular dynamics simulation, the
details of which are given in the ESI{ Sections SI and SII.

To calculate the topological properties, maximally localized
Wannier functions (MLWFs) for each structure were computed
to derive a tight-binding model from the first principle calcula-
tions using the WANNIER90 code.”® The initial guess orbital
basis sets were 3d orbitals on Ti, 5p orbitals on I, and 4p(3p)
orbitals on Br(Cl). To find out the topological nature, we
calculated the Z, topological invariant following the procedure
by Soluyanov et al.,** which uses the notion of Wannier charge
centers (WCCs). The Wannier functions (WF) associated with
any unit cell are given by

|R,) = ZJ e HR=) gy, ke (1)
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where |u,;) is the periodic part of the Bloch state of the band at
momentum k. The expectation value of the position operator in
the state |0,) corresponding to WFs in the unit cell R = 0 gives
the WCCs. The evolution of these WCCs of the MLWEFs,
along the time reversal (TR) invariant plane k, = 0, was used
to characterize the material as topologically trivial or non-
trivial. Direct calculation of the Z, topological invariant was
performed using the WannierTools code.*®

3 Results and discussion
3.1 Optimized structures of the monolayers

Fig. 1(A) shows the structure of the pristine TiNI monolayer,
obtained by extracting a monolayer from the a-phase crystal
structure of the bulk TiNI, followed by structural optimization.
The structure contains two Ti atoms, two N atoms and two I
atoms in the orthorhombic unit cell. The primary feature of the
structure is buckled double M-N layers of width d, sandwiched
between top and bottom halogen layers, resulting in a single-
layer TiNI structure of total width W. Within the orthorhombic
crystal structure of the o-form, Ti atoms are six-coordinated
by four nitrogen atoms and two terminating halogen atoms
forming an octahedron around each Ti atom, as shown in the
right panel of Fig. 1(A). While the Ti-N-Ti bond-angle is nearly
180° along the crystallographic a direction, the Ti-N-Ti bond-
angle along the crystallographic b direction and the Ti-I-Ti
bond-angle deviate strongly from 180° resulting in a highly
distorted octahedral environment around the Ti atom. The
optimized structure of the pristine TiNI monolayer belonging
to the centrosymmetric space group Pmmn contains 8 symmetry

Inversion
symmetry
B. breaking

@® X:Br, Cl
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operations - identity (E), inversion centre (i) at the (0,1/4) site,
three 2-fold rotation axes (C,) along [1,0,0], [0,1,0], [0,0,1]
directions (the former two C, axes are combined with screw
components along [1/2,0,0] and [0,1/2,0] directions respec-
tively), two mirror planes perpendicular to [1,0,0] and [0,1,0],
one glide-plane perpendicular to [0,0,1] with the glide compo-
nent along [1/2,1/2,0]. The right panel illustration of Fig. 1(A)
shows the inversion centers and the C, rotation axes.

Two Janus Ti,N,XI (X = Cl/Br) monolayers are constructured
by considering the optimized structure of the pristine TiNI
monolayer and replacing its top iodine layer by the atoms of the
X halogen species, followed by further optimization of the
resultant structures. The construction of the Janus structure,
as shown in Fig. 1(B), makes the chemical environment of the
two Ti atoms in the unit cell different, with two inequivalent Ti
sites. Similar to the structure of the pristine TiNI monolayer,
both Ti atoms are at distorted octahedral coordination in the
structure of the Janus monolayer, but along the c-axis, one Ti-
octahedron is coordinated by the I atom while the other by the
X (= Br, Cl) atom, shown with different colours in the right
panel of Fig. 1(B). Upon creation of a Janus Ti,N,XI monolayer,
the symmetry gets lowered compared to the pristine TiNI
monolayer. In particular, the structure loses the inversion
centres as shown in Fig. 1 along with two screw axes, and
therefore also the glide plane. This results in a noncentrosym-
metric space group Pmm2 (no. 25) containing 4 symmetry
operations for each Janus monolayer.

While the dynamic and thermal stability of the pristine TiNI
monolayer has been ascertained before, we repeated the same
exercise for the two Janus structures. In particular, to confirm
the dynamical stability of these structures, vibrational phonon

;t

Fig. 1 Crystal structures of a pristine TiNI monolayer (A) and a Janus Ti,N,XI monolayer (B). Titanium (Ti), nitrogen (N), iodine (I), and X atoms are shown
as sky-blue, grey, magenta, and red-coloured balls, respectively. Terminating |, X-layers, and middle Ti-layers are indicated by magenta, red, and sky blue
coloured atomic planes. The width of the monolayers, W, and the inner (Ti;N,)?* laminar width, d, are marked by double-headed arrows. The distorted
octahedral environment of Ti atoms along with the two-fold rotation axes (C,) and inversion centres in the pristine TiNI monolayer and Janus TioNoXI
monolayer is also shown. Creation of a Janus structure breaks the inversion symmetry and generates two inequivalent Ti atoms, shown as light blue and
red shaded octahedra in the Janus structure.
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calculations were performed as presented in the ESIT Section S1
for all three monolayers. We found that TiNI and Ti,N,XI (X =
Cl, Br) monolayers have similar phonon dispersions, with the
absence of imaginary phonon modes over the entire Brillouin
zone, signalling their dynamical stability. Additionally, ab initio
MD simulation at 300 K for 20 ps confirms the thermal stability of
the structures (¢f Section S2 of the ESIT). We also calculated the
formation energy46 defined through E¢orm = Egap — [2 X (uri + i) +
U + Hx]- Egap is the total energy corresponding to the optimized
structure of the respective monolayer and p’s are the chemical
potentials. The formation energy is estimated with respect to the
chemical potential of bulk hexagonal Ti (ur; = —7.75 eV per atom)
and the nitrogen molecule (uy = 1/2uy, = —8.31 €V per atom)
and dimer molecule of the associated halogen species (i.e. pc =
1/2p1c1, = —1.78 €V per atom; pg, = 1/2g,, = —1.52 €V per atom; w; =
1/244, = —1.48 eV per atom). Our estimated values of the formation
energies for the studied monolayers are given in Table 1. It is seen
that the creation of Janus structures makes the formation energy
further negative, indicating the energetic stability. Furthermore,
the bonding strength of these monolayers can be estimated from
the elastic constants, C; which are listed in Table 1. The
calculated Cj values are found to be larger compared to those
found for other 2D materials like MoS,,*” GeS,*® and GaS,*
indicating that TiNI and the derived Janus structures possess a
stronger bonding than the majority of other 2D materials. The
proposed Janus structures are thus mechanically, dynamically
and thermally stable.

The fully optimized lattice parameters, a and b, of the Janus
Ti,N,XI monolayers along with the width of the Ti,N, lamina
and the total width of the monolayer are listed in Table 1, in
comparison to that of the pristine TiNI monolayer. We find that
while the lattice parameter a exhibits minimal variation upon
Janusian construction, the lattice parameter b shows a marked
deviation from that of pristine TiNI, highlighting the inherent
anisotropy of these 2D materials. The same is reflected in the
difference between C;; and C,,. A compression in the total
width W is noticed due to a change in the atomic size of
halogens, while the width d of the [Ti,N,]*" lamina slightly
increases for the Janus monolayers compared to that of the
pristine TiNI monolayer caused by the potential difference
between two inequivalent Ti atoms in the two layers.

3.2 Electronic properties and Rashba effect

The evolution of orbital-projected electronic band structure
between the pristine TiNI and the two Janus structures Ti,N,XI

Table 1 The lattice constants, the total width of the inner [Ti,N5] lamina,
d, and the whole monolayer, W in the optimized crystal structures, the
formation energy (Eform) per formula unit (f.u) and calculated elastic
stiffness constants Cyq, Cy,, Cyp, and Cge for the three studied monolayers

Elastic constants (N m ™)

. N N N form
System a(A) b(A) d(A) W(A) (eVfu. ') Cyy Ciy Ci  Ces

184.90 40.75 153.32 69.76
179.27 32.73 147.83 66.58
159.26 44.06 154.41 64.51

Ti,N,CII 3.963 3.368 1.442 5.522 —4.474
Ti,N,Brl 3.938 3.426 1.410 5.639 —4.335
TiNI 3.941 3.515 1.400 5.812 —4.062
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(X =Br/Cl) is shown in Fig. 2. The upper panels (Fig. 2A-C) show
the results obtained in the absence of the SOC effect, while the
bottom panels (Fig. 2D-F) show the results obtained by turning
on the SOC effect. The basic nature of the band structure
remains nearly the same between the pristine and Janus
structures, with the states above the Fermi level (Eg) being
dominated by Ti-3d character and the states below Er being
dominated by N-p and halogen-p characters. Bands with the
projection of Br-4p and CI-3p orbitals appear at —1.5 eV and
—2 €V below the Ey respectively, thereby unaltering the basic
band structure close to Er, which is dominated by Ti-3d and
I-5p character. The introduction of Cl/Br in the structure,
however, causes subtle changes in the band structure, as
discussed in the following. The atom projected density of states
is also given in the ESI{ Section S3 to visualize the contribution
from important orbitals of the constituent atomic species.

In the absence of the SOC effect, we find from Fig. 2 that the
pristine TiNI monolayer shows a semi-metallic nature as the
valence band (VB) and conduction band (CB) touches at Eg
forming a linearly dispersing Dirac crossing along the Y-I'
k-path. The linearly touching bands are found to be formed
by the intersection of Ti-3d and I-5p states, as seen in the
zoomed plot in the inset of Fig. 2A. The VB top along the I'-X k-
path becomes almost flat, which is mainly contributed by the
non-bonding I-5p orbitals. Upon formation of the Janus struc-
tures, the position of the Dirac crossing shifts below Er as seen
in the insets of Fig. 2B and C. Thus introduction of Cl/Br in the
structure results in partial occupancy of the conduction band,
forming electron pockets. The electronegativity difference
between the constituting halogen species in the Janus struc-
tures allows more charge transfer in comparison to that of the
pristine TiNI structure. As a result, bands dominated by Ti-3d
orbitals around Ep get pulled downshifting the Dirac point
30 meV and 62 meV below the Er for the Janus Ti,N,BrI and
Ti,N,CII monolayers, respectively.

Upon application of the SOC effect, a small gap of 42 meV
opens up, transforming the semimetallic TiNI monolayer into a
narrow gap semiconductor with a direct band gap (¢f. inset in
Fig. 2D). Observations made for the pristine TiNI monolayer are
consistent with the results of the previous literature.*>*> For
the Janus Ti,N,XI monolayers, the band structures reveal the
splitting of the Kramers degeneracy of the non-magnetic bands
into two branches around the Dirac point due to the broken
inversion symmetry. The spin degeneracy is lifted except for the
Dirac point of two branches. The splitting becomes more
prominent around the region dominated by I-5p orbitals due
to the strong SOC effect of iodine as shown in the insets of
Fig. 2E and F. We notice that the orbital character changes
drastically from Ti-3d to I-5p orbitals at the Dirac point (kp) as
the k-vector changes from k < kp to k > kp in the partially filled
CB. A similar trend is observed for the next fully occupied VB as
well while the k-vector changes from k > kp to k < kp. This
signals the band anti-crossings of Rashba split Dirac bands
located between the Y and I' k-path. This leads to two con-
sequences: (a) band inversion and (b) gap opening at the Dirac
point between Rashba split bands of the Janus structures.
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Fig. 2 Band structure of TiNI and Janus TioNXI (X = Br, Cl; the chemical formula in the figure represents one formula unit of the corresponding Janus
structure) monolayers plotted along the high symmetry path M(0.5, 0.5, 0)-Y(0, 0.5, 0)-I'-X(0.5, 0, 0)-(0.5, 0.5, 0)-TI" of the BZ (cf. bottom inset of D).
The zero of the energy is set at the Fermi level. The energy bands are projected onto Ti-3d (red), N-2p (blue), I-5p (green), Br-4p (cyan) and Cl-3p
(magenta) orbital characters. The top (A)-(C) and bottom (D)—(F) panels show the band structure obtained in the absence and in the presence of SOC,
respectively. The insets in each panel show the orbital characters of the bands zoomed around the Fermi level highlighted by a black, dotted circle.

While the former hints at non-trivial topological properties, the
latter indicates a sizable Rashba parameter. Along with band
anti-crossing, we also identify band-crossing between the Kra-
mer pairs at the I" point around which the orbital character is
essentially the same (I-5p) unlike band-anticrossing. Fig. 3 shows
the band-anticrossing and band-crossing points in the represen-
tative band structure of the Janus Ti,N,BrI monolayer. The effect
of Coulomb interaction through PBE + D3 + U and PBE + D3 +
U + SOC calculations has been checked. The primary features of
the band structure including the semimetallic nature are found
to remain intact as found in the previous literature.>”

The Rashba parameter, ok, quantifying the Rashba spin
splitting within the nearly free electron approximation is

. 2AER
defined as ag = Ak

, where AEy represents the energy differ-
R

ence between the extrema of the split bands, while Aky repre-
sents the distance between the same points in momentum
space. First, we compute the ar due to band-anticrossing taking
two Kramer pairs around the Dirac point, one representing the
partially occupied CB where we consider the Rashba splitting in
the I-5p orbital dominated region while the other representing
the fully occupied VB where we consider the Ti-3d orbital
dominated region. From the enlarged view of the encircled
areas, we find that AEg and Akg calculated for two Kramer
pairs around the Dirac point do not vary much. AEr and Akg
calculated for one pair turn out to be 0.0637 eV and 0.0458 A™*
and for the other pair 0.0651 eV and 0.0509 A~*. Hence ag due
to band-anticrossing is reported by taking an average of the oy

This journal is © the Owner Societies 2024

-0.4

Y r > X
Fig. 3 Band structure of the Janus Ti;N,Brl monolayer, exhibiting band
anti-crossing (encircled in blue) and band crossing (encircled in magenta).
The parameters, AEg and Akg, governing the Rashba parameter at the band
anti-crossing and band crossing are shown in the side image.

values due to the corresponding two Kramer pairs. However, we
note that the AEr shows an order of magnitude increase in the
band-anticrossing in comparison to the band-crossing case
(AEg = 0.0014 eV). Two Kramer pairs at the Dirac point exhibit
significant bowing of their split branches with small momen-
tum offset for the band-anticrossing case, whereas the Kramer
pair at the I' point exhibits weakly dispersive branches. This
leads to ox (~2.67 eV A) for band-anticrossing an order of
magnitude larger than the oy (~0.46 eV A) for band-crossing of
the Janus Ti,N,Brl monolayer. Similarly, the oz of Janus

Phys. Chem. Chem. Phys., 2024, 26, 10557-10567 | 10561


https://doi.org/10.1039/d4cp00176a

Published on 18 March 2024. Downloaded on 4/1/2026 6:13:50 PM.

Paper

Ti,N,CII turns out to be 3.28 eV A for the band-anticrossing and
0.42 eV A for the band-crossing. The Rashba scale defined by
Acosta et al.>® distinguishes the compounds with oy above the
range 1.6 eV A or so as strong Rashba compounds and com-
pounds with oy below that range as weak Rashba compounds.
Moreover, the appearance of energy band anti-crossing
has been proposed to be the hallmark of strong Rashba
compounds. Following that, og computed for the band-
anticrossing case makes the Janus Ti,N,XI, with X = Br, Cl
monolayer to fall under the category of strong Rashba
compound.

3.3 Topological properties

The band inversion observed upon inclusion of the SOC effect
for the pristine TiNI monolayer hints at the non-trivial topology
of the linearly dispersing bands. Indeed, previous calculation of
topological invariant of Z, for the pristine TiNI monolayer
reported a non-trivial value of 1.>*?® It is to be noted that
semimetallic Janus Ti,N,XI monolayers with X = Br and Cl also
show band inversion just below the Er near the I' point
although Kramers degeneracy got lifted due to broken inver-
sion symmetry. This strongly suggests non-trivial topological
aspects of these Janus monolayer structures too.

To understand the topological nature of the band-structure
of the Janus structures, we computed the Z, topological invar-
iant, by employing the method proposed by Soluyanov et al.,**
which uses the notion of WCC. As described in the computa-
tional details section, WCC is the expectation value of the
position operator in the state corresponding to the Wannier
functions of the unit cell. The evolution of the WCCs of the
maximally localized Wannier functions, along the time-reversal
invariant plane k, = 0, is used to characterize the topological
nature. A Kramers pair is topologically non-trivial if the corres-
ponding WCC curves at k = 0 and k = n belong to a different
branch. However, following the WCC is not so easy since they
have been calculated only at discrete k points. Soluyanov and
Vanderbilt** instead came up with the suggestion to follow the
maximum interspace between the WCCs instead of the curves
themselves. The Z, invariant can then be determined via the
discontinuities of the maximum interspace function ((k)
between k = 0 and k = n. Hence, Z, is given by the number of
discontinuities of {(k) in [0, #] modulo 2. If {(k) intersects the
WCCs an odd number of times, it can be classified as topolo-
gically non-trivial and if it crosses the WCCs an even number of
times, including zero crossings, the material is trivial.

Fig. 4 shows the evolution of the WCCs along the k, direction
at k, = 0 plane plotted for TiNI as well as Janus Ti,N,XI (X = Br,
Cl) monolayers. For TiNI, Wannier bands are occupied up to
the Er, and 12 occupied wannier bands are considered resulting
in a total of 12 WCCs for each band. We notice that the {(k)
function (blue line) drawn parallel to k, axis intersects WCCs
(red line) an odd number of times not only for centrosymmetric
TiNI monolayers but for the Janus monolayers as well. This
corresponds to a Z, invariant of 1 for all cases. The TiNI
monolayer turned out to be a 2D topological insulator making
our calculation consistent with the previous literature.****
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Fig. 4 The WCCs tracked along the k, = O plane for the pristine TiNI (A),
Janus Ti;N2Brl (B) and Janus TioNoCll (C) monolayers. The blue solid line
indicates the maximum interspace function, {(k), which intersects the
WCCs (red dotted) even/odd number of times in the case of topologically
trivial/non-trivial materials.

Moreover, our calculation suggests that such a non-trivial
nature persists even in the semimetallic Janus structures as
well if the topology between the fully occupied VB and partially
occupied CB is considered in the calculation.

3.4 Strain effects

As extensively discussed in the literature, the properties of the 2D
monolayer can be greatly influenced by strain engineering.’" In
particular, the effect of uniaxial strain on the parent TiNI
monolayer has been investigated in the previous literature.>”
The effect of uniaxial strain is found to be highly anisotropic, as
already expected from the anisotropic nature of elastic constants
and lattice parameter variation under Janus construction. The
band inversion was found to be robust to stretching along the
a-direction and compression along the b-direction but was found
to be gradually diminished for compression along the
a-direction and stretching along the b-direction.

Similarly, we consider the effect of in-plane uniaxial strain ¢;,
(i = a, b). This is expected to tune simultaneously the Rashba,
topological, and electronic properties in general. ¢; is defined as
the difference between unstrained and strained lattice para-
meters, ¢ = (i — iy)/ip X 100%, where i, and i are the unstrained
and strained lattice parameters, respectively. The uniaxial
strain along lattice vector a- and b-directions is denoted by
the symbols ¢, and ¢, respectively. We note that as the Janus
structures are in the orthorhombic space group (a # b), crystal
symmetry remains unaltered upon application of uniaxial
strain. The electronic band structures in the presence of SOC
effect for each Janus monolayer as a function of uniaxial strain
along both a and b directions (—6% < ¢ < 6%) are calculated
and analyzed, which allow us to study the variation of Rashba
splitting and topological nature with uniaxial strain.

The variation in the electronic band structure of Janus
monolayers with uniaxial strain is found to be similar to that
of the parent TiNI monolayer. We find that the band-
anticrossing tends to diminish for compression along the a-
direction and stretching along the b-direction. As a result,
Rashba split bands around the Dirac point tend to lose their
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mixed orbital character and show quadratic dispersion around
the Er. For the partially occupied Kramer pair, the contribution
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consequences in the Rashba parameter ay value and the
corresponding topological nature.

from the I-5p orbital tends to decrease around the Dirac point,
and the corresponding region gets pushed up towards the Eg
gradually reducing the size of the electron pocket. Under the
same conditions, the contribution from the Ti-3d orbital in the
fully occupied Kramer pair tends to decrease around the Dirac
point and the corresponding region gets pulled down. At
certain critical values of ¢, and ¢,, semimetallic Janus mono-
layers convert into a direct gap semiconductor with CB and VB
extrema contributed mainly by Ti-3d and I-5p orbitals respec-
tively. Semimetal to semiconductor transition occurs at &, =
—3% and ¢, = +3% for the Janus Ti,N,Brl monolayer, whereas
for the Janus Ti,N,CII monolayer, it takes place at ¢, = —5% but
remain semimetallic up to ¢, = +6%. Band-anticrossing turns
out to be robust to stretching along the a-direction and com-
pression along the b-direction. The Janus monolayers retained
the semimetallic character as ¢, is increased and ¢, is decreased
up to +6% and —6% respectively. These outcomes have direct

Fig. 5 shows the variation of oy as a function of ¢, and ¢, for
Janus Ti,N,BrI (Fig. 5A and B) and Ti,N,CII (Fig. 5C and D)
monolayers. Electronic band structures zoomed around the
Dirac point corresponding to the semimetallic and the semi-
conducting Janus monolayers are shown in the insets of
different panels of Fig. 5. ar values corresponding to semime-
tallic structures are calculated for band-anticrossing of Rashba
split pairs and the same for semiconducting structures are
calculated for band-crossing of the Rashba split VB. Clearly, ax
shows a non-monotonic variation with ¢, and ¢;. Moreover, the
variation of oy with ¢, and ¢, follows two distinct patterns
observed for both Janus monolayers, which are directly related
to the appearance of band-anticrossing. We notice that the oy
decreases for compression along the a-direction and stretching
along the b-direction. On the other hand, og increases for
compression along the b-direction, whereas it becomes satu-
rated for stretching along the a-direction. Clearly, «z shows an
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Fig. 5 Effect of uniaxial strain along the a-axis (A) and (C) and b-axis (B) and (D) on the electronic, topological, and Rashba properties of Ti,N,Brl (A) and
(B) and TioN,Cll (C) and (D) monolayers. Plotted is the variation of agr as a function of ¢, or ¢, distinguishing between large and small og phases. The
calculation of topological properties of the electronic structure associated with each data point also reveals distinct phases with topologically non-trivial
semi-metallic (marked as solid symbols) band structure with a linearly dispersing anti-crossing point (cf. inset) and topologically trivial semiconducting
band structure (marked as open symbols) with parabolic dispersion (cf. inset). This leads to three distinct phases in the strain-property phase diagram,
phase | (shaded in light yellow) — small o and trivial topology, phase Il (shaded in cyan) — large «g and non-trivial topology, and phase Ill (shaded in green)
— large og and trivial topology.
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order of magnitude decrease as the Janus monolayers tend to
show semimetallic to semiconducting nature as band-
anticrossing vanishes for the latter case. For the Janus Ti,N,BrI
monolayer, oy decreases from 2.67 to 0.19 and 0.23 eV A as ¢,
and ¢, become —5% and +4% respectively. Similarly, og
decreases from 3.28 to 0.27 and 0.30 eV A as ¢, and ¢, change
to —5% and +5% respectively for the Janus Ti,N,CII monolayer.
On the other hand, oy values of Janus Ti,N,BrI and Ti,N,CII can
increase up to 3.93 and 4.15 eV A as ¢, changes to —6% and
—5% respectively.

The Z, invariants of the strained Janus monolayers are
determined to evaluate their topological nature. Non-trivial to
trivial topological transition occurs for compression along the
a-direction and stretching along the b-direction as the Janus
monolayers tend to show semimetallic to semiconducting
character. The critical strain for the Janus Ti,N,BrI monolayer
is &, = —2% and ¢, = +2%, while for Janus Ti,N,CII, &, = —4%
and ¢, = +4%. The phase space shaded by the cyan color in each
panel marks the region with Z, = 1 in ¢, and ¢, domains,
indicating the non-trivial nature of the strained Janus mono-
layers. Interestingly, non-trivial topology is found to be robust
for compression along the b-direction and stretching along the
a-direction for the Janus Ti,N,BrlI and Ti,N,CII respectively.

Analysis of the Rashba parameter and topological properties
of the strained Janus monolayers reveals that three distinct
phases emerge upon varying ¢, and ¢, within a range [—6%,
+6%). These phases are characterized as follows: phase I - small
or and trivial topology, phase II - large or and non-trivial
topology, and phase III - large ar and trivial topology as
indicated by light yellow, cyan, and green color shaded regions.
Different oy regions are decided according to the Rashba
scale® indicated by the black dashed line in each panel of
Fig. 5. g > 1.6 €V A is considered as large o and otherwise
taken as small ag. We notice that phase II spans over most of
the region in both ¢, and ¢, space, which is crucial for applica-
tion purposes. For the Janus Ti,N,Brl monolayer, the region
lies in the limits —2% < ¢, < +4% and —6% < ¢, < +2% and
for the Janus Ti,N,CII monolayer, the corresponding limit is
—4% < &, < 6% and —6% < &, < +4%. The phase II is found
to be more pronounced in the Janus Ti,N,ClI than the Janus
Ti,N,BrI monolayer. Strained structures that reside in the
phase II region have semimetallic character. The gradual
decrease in oy for compression along the a-direction and
stretching along the b-direction leads to phase I. In phase I,
strained structures can be semimetals and semiconductors.
The transition from phase II to phase I occurs while band-
anticrossing around the Dirac point diminishes and bands near
Er show quadratic dispersion instead of linear dispersion as
evident from the zoomed-in bandstructure around the I" point
within the narrow energy window shown in the insets of each
panel of Fig. 5. We note that the stretching along the b-
direction can lead to the other phase III for Janus Ti,N,Brl,
whereas it does not appear for the Janus Ti,N,CII within our
studied range of ¢&. We have also checked the influence of
biaxial strain. However, as opposed to the uniaxial strain, the
effect of biaxial strain was not found to be spectacular, due to
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the complementary effect of strain along the a- and b-axes. In
particular, a reasonable value of biaxial strain failed to open the
gap and failed to affect the Rashba splitting significantly.

4 Summary and discussion

In summary, considering two Janus structures created from the
pristine TiNI monolayer by replacing a layer of I by Cl and Br,
we show that the presence of strong SOC effect at the I site
coupled with broken inversion symmetry of the structures
drives the constructed 2D systems with strong Rashba com-
pounds, adding the Janus Group IVB transition metal nitride
halides to the same list as BiTeX compounds. The delicate anti-
crossings with linear dispersion formed between Ti-d and I-p
states are responsible for the large Rashba effect. The same
anti-crossing results in the non-trivial topology of the bands,
thereby deomonstrating the promise of the Janus Ti,N,XI (X =
Br, Cl) structures as two-dimensional composite quantum
materials exhibiting two quantum phenomena of Rashba prop-
erties together with non-trivial topology. Application of uniaxial
strain is found to be highly anisotropic and found to tune both
Rasbha and topological properties, driving large to small
Rashba, non-trivial to trivial topology and semi-metallic to
semi-conducting electronic structures, demonstrating the
extreme sensitivity and tunability of the properties.

Finally, it is worth mentioning that along with the sensitivity
to uniaxial strain, both the computed Rashba and topological
properties also show sensitivity to the approximation used for
the exchange-correlation functional. The results presented
above are based on first-principles calculations carried out
within the framework of PBE exchange-correlation. A recent
hybrid calculation (HSE06) study®” in which a portion of the
exact nonlocal Hartree-Fock exchange is mixed with the com-
plementary DFT in local (LDA) or semilocal (GGA) approxi-
mated exchange showed semi-conducting rather than semi-
metallic character of the TiNI monolayer, along with trivial
topology. Consideration of uniaxial strain treated within the
hybrid functional, however, was found to drive TiNI semi-
metallic and topologically non-trivial,>” implying the interplay
and sensitivity of computed properties to strain and exchange-
correlation. It is to be noted that the application of hybrid
functionals, originally designed for improving large gapped
systems, to semi-metallic systems is also not beyond doubt.
As discussed in the literature®® although hybrid functionals
have been unbiasedly applied to the study of various materials
and, in some cases, improved or similar results compared with
the LDA or GGA functionals have been obtained,”*™® for near
metallic systems they have to be used with caution. In parti-
cular, for metallic properties that are sensitive to the electronic
structure near the Fermi energy, as in the present case, hybrid
functionals may give rise to significantly worse results com-
pared with the LDA or GGA, in terms of inaccurate results of
vanishing or greatly suppressed density of states at the Fermi
level and false predictions of lattice instability for systems with
a strong electron-phonon coupling. Furthermore, the results of
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HSEO06 are found to depend strongly on the parameters of the
theory, namely the mixing parameter and the parameter con-
trolling the short-rangeness of the interaction, and depending
on the application may differ from the default values, which are
ideally chosen to describe large-gap semiconductors.

Keeping the above discussion in mind, the conclusions
drawn in the present study are expected to be qualitatively
correct, while the exact location of phase boundaries drawn in
Fig. 5 may depend on details of the exchange-correlation
approximation used in the calculation. The electronic structure
calculated within HSE06 of the two strained Janus structures,
shown in Section S4 of the ESI,} demonstrates this. This makes
the experimental investigation furthermore necessary to shed
light on this interesting class of compounds, which appear to
be a potential platform for developing competing phases.
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