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Transition metal dichalcogenides are layered materials that are typically bound together by van der
Waals forces. An exception in the family is ReS;; the geometrical distortion of its lattice structure due to
Peierls distortion dimerizes Re atoms to form zigzag chains, thus decoupling the layers electronically
and vibrationally. This in turn reduces the layer dependence of its physical and chemical properties.
In order to tailor the properties of ReS, monolayer, an alternative way by fluorination above and between
Re chains in the lattice is investigated. The results of density functional theory calculations show the
site-dependent electronic properties of fluorinated ReS;: (i) F atoms above the Re chains induce metallic
mid-gap states which are ferromagnetically-coupled within the Re chains, and antiferromagnetically-
coupled between chains; (i) F atoms between the Re chains induce semiconducting mid-gap states
which are non-magnetic. Unlike other states observed, the mid-gap states associated with top sites
above the Re chains are generally insusceptible to the external electric field. The electron localization

Received 4th May 2015, and negative Laplacian plots show that not only bonds between F and S atoms are ionic in character,

Accepted 16th June 2015 the Re chains are also coupled ionically. The emergence of these robust metallic mid-gap states in the
DOI: 10.1039/c5¢p02593a localized domains suggest that electrons could conduct along the Re chains by hopping. The electron

conduction in such functionalized ReS, is anisotropic in nature, and hence could be applied in spintronic
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1. Introduction

The experimental discovery of graphene,' and subsequent
theoretical studies*® on the plausibility of its integration in
next-generation electronic applications triggered a re-examination
of a particular category of graphene-like materials — transition
metal dichalcogenides (TMDs). A few members of this class of
materials are not novel; for instance, the superconducting nature
of alkali-metal intercalates of molybdenum disulphide (MoS,)
was investigated many decades ago,” while the van der Waals
interaction between layers in bulk MoS, established it to be an
excellent lubricant.® However the extent of scientific interest in
TMDs during these years was relatively insignificant compared
to that shown in graphene. It is the emergence of graphene, and
the cornucopia of promising electronic functionalities it has
presented that caused a paradigm shift in the importance of
TMDs. Indeed, recent studies on MoS, have revealed its unique,
intriguing, and yet functional electrical properties, including a
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devices, such as spin-transfer torque and spin-wave logic devices.

large carrier mobility,”’ and high current-carrying capacity,'®
which rival those of graphene. Similarly, tungsten-based dichalco-
genides such as tungsten disulphide (WS,) and tungsten diselenide
(WSe,) have exhibited excellent electrical performance, and
thus considered as alternative materials to graphene for device
applications.'""?

TMDs have a close resemblance to graphene due to their
layered geometry, and hexagonal crystal structure. They are
binary in composition with the chemical formula MX,, whereby
M is a transition metal (e.g Mo, W, Ni, V, Re), and X is a
chalcogen element (e.g. S, Se, Te)."> These atoms are stacked in
a X-M-X sandwich-like arrangement, i.e. a monolayer of TMD
is composed of 3 sub-layers of atoms. There are primarily two
phases of the material in its monolayer form; the hexagonal (H)
phase in which the M layer is trigonal and prismatic with respect
to the X layers, while in the octahedral (T) phase, the X layers are
ordered in a staggered manner forming octahedral holes for M
atoms. Apart from the H and T phases, other phases include the
rutile, pyrite, and marcasite phases, of which a few TMDs can
exist in the three-dimensional (3D) bulk form.”> A common
characteristic of TMDs such as MoS,, molybdenum diselenide
(MoSe,), WS,, and WSe, is the indirect-to-direct band gap transi-
tion, and an increase of the band gap due to strong interlayer
coupling and out-of-plane carrier confinement with the reduction
of the number of layers from the bulk to a single layer."*™°
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Moreover, the electronic band structure can be tuned by mechani-
cally straining the lattice structure of monolayer TMDs, either by
applying an external biaxial tensile strain,?® or via lattice mismatch
with a substrate.*! Therefore the electronic properties of TMDs can
be tailored to suit different applications, and thereby extending
their functionalities for next-generation devices.

In general, the layer-dependent electronic properties is not
always found to be desirable for applicability of a given electro-
nic material; inconsistencies and imperfection of synthesis
techniques pose challenges in controlling the number of layers
in the material, and hence often lead to a large variance in
electronic properties within different samples. Such a problem
has been predicted to be averted in rhenium disulphide (ReS,).
It is a relatively new member of the group-VII TMD family with
partially filled 3d-shell;** its synthesis**** and implementation in
field-effect transistors (FETs)*® has only been reported recently. In
multilayer ReS,, the intralayer Re-S bonds are covalent, while the
interaction between layers is weak and of the van der Waals
(vdW) type. In stark contrast to many other TMDs, its 1T phase
undergoes Peierls distortion to form buckled S layers, with
dimerization of Re atoms to form zigzag chains. As a result, each
layer becomes electronically and vibrationally decoupled from
the others in the distorted CdCl,-type structure; in fact, density
functional theory (DFT) calculations predict a interlayer coupling
energy of only ~18 meV per unit cell, which is approximately 8%
of the interlayer coupling energy of MoS,.>* Despite the weak
interlayer forces in both ReS, and MoS,, the existence of different
polytypes is found only in the latter,”*® whereas the only stable
form ReS, can exist in is the distorted octahedral phase. Due to
the interlayer decoupling, both bulk and monolayer ReS, are
predicted to have nearly identical band structures in the DFT
calculations. Both are semiconductors with a direct band gap
of 1.35 eV, and 1.43 eV*® (or 1.47 eV in ref. 29), respectively.
The decoupling between layers has been confirmed by high-
resolution transmission electron microscopy (HRTEM) and elec-
tron diffraction experiments.”® In addition, the optical absorption
and Raman spectra of the material are impervious to a modulation
of interlayer coupling by external hydrostatic pressure.”® The weak
contingency of the electronic properties of ReS, on the number of
layers essentially alleviates the tricky problem of controlling the
thickness of the material during growth.

Thickness control is just one of the many methods to
engineer the electronic properties of TMDs. Alternatives include
incorporation of dopants,*® and decoration of the surface or
edges with adatoms. In the latter, for instance, it has been
reported that partial edge hydrogenation of armchair MoS,
nanoribbons converts them from a semiconductor to a metal/
semimetal under a moderate external transverse electric field.
Moreover, localized ferromagnetic (FM) states are induced
at the edges.”’ Similarly, adding hydrogen to the edges of
armchair WS, nanoribbons invokes drastic changes to its
band structure, and transforms them into a magnetic semi-
conductor.?? In other 2D materials such as graphene and boron
nitride (BN) monolayer, chemical functionalization of the
surface with adatoms such as hydrogen and fluorine has been
demonstrated to be an effective way of manipulating spin
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transport, and hence making these viable materials for spin-
tronics applications.>**

Reducing the dependence of the electronic properties of a
material on its thickness makes the synthesis process simpler
and easier, but if the properties of the material can be tailored,
a greater scope of applications then becomes a possibility. In
view of the efficacy of chemical functionalization in band gap
and spin engineering of materials, we might ask: can we use
this approach to modify the electronic characteristics of ReS,?
Since the adsorption of fluorine has been shown to moderate
the electronic and magnetic properties of two-dimensional
layered materials,”>** it is of interest to investigate its effects on
these properties of ReS,. Due to the unique distorted geometry of
the material with dimerization of Re atoms to form zig-zag chains,
the electronic and magnetic response might be dissimilar at
different regions of the material. In particular, it is imperative to
compare these effects invoked by adsorption of fluorine atoms
above the Re chains, and between two chains in the ReS, mono-
layer. In this study, these effects are investigated using density
functional theory. Section 2 gives the details of the computational
model, and results are discussed in Section 3. Section 4 draws a
conclusion, highlighting the most important results of this work.

2. Computational model

The monolayer ReS, is simulated by a (4 x 4) supercell contain-
ing 16Re and 32S atoms. The atoms are arranged in a distorted
octahedral manner with a Re sub-layer sandwiched between
two S sub-layers. F atoms are then deposited on top the upper
sub-layer of S atoms. In the ground state configuration, the
Re-S bond length ranges from 2.33 to 2.48 A, while the Re-Re
bond length in the zig-zag chains ranges from 2.68 to 2.88 A.
Note that our calculated Re-S and Re-Re bond lengths compare
well with experimental values of around 2.38 A and 2.69-2.82 A,
respectively.*” The separation between sub-layers is approximately
1.48 A. The formation energy of pristine monolayer ReS, with
respect to its constituents is calculated to be —5.79 eV per atom.

Next, seven main configurations of fluorine on ReS, are
considered for calculations: (1) 4F atoms above Re chains at
Position A [4F@Above A] (Fig. 1(a)), (2) 4F atoms above Re
chains at Position B [4F@Above B] (Fig. 1(b)), (3) 4F atoms
below Re chains at Position C [4F@Below C] (Fig. 1(c)), (4) 4F
atoms below Re chains at Position D [4F@Below D] (Fig. 1(d)),
(5) 2F atoms above Re chains at Position A [2F@Above A]
(Fig. 1(e)), (6) 4F atoms between two Re chains [4F@Bet] (Fig. 1(f)),
and (7) 2F atoms between two Re chains [2F@Bet] (Fig. 1(g)). As
a point of reference, another configuration is also considered -
F atoms adsorbed above Re chains at Positions A, B, and below
Re chains at Positions C, D [F@A,B,C,D] (Fig. 1(h)). Due to
symmetry, a smaller (1 x 1) cell is sufficient for [F@A,B,C,D].
Essentially, these configurations are selected to investigate and
contrast how (i) adsorption at four different locations along the
Re chains ([AF@Above A], [AF@Above B], [4AF@Below C] and
[4F@Below D)), (ii) the surface coverage of ReS, with F atoms
([AF@Above A] with coverage at all sites similar to Position A
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Fig. 1 Top views of ReS, with (a) 4F atoms adsorbed above Re chains at
Position A, i.e. [4F@Above A], (b) 4F atoms adsorbed above Re chains at
Position B, i.e. [4F@Above B, (c) 4F atoms adsorbed below Re chains at Position
C, ie. [4F@Below C], (d) 4F atoms adsorbed below Re chains at Position D, i.e.
[4F@Below D], (e) 2F atoms adsorbed above Re chains at Position A, ie.
[2F@Above A, (f) 4F atoms adsorbed between Re chains, ie. [4F@Bet], (g) 2F
atoms adsorbed between Re chains, ie. [2F@Bet], and (h) F atoms adsorbed
above Re chains at Positions A, B, and below Re chains at Positions C, D, i.e.
[F@AB,C,D]. Atoms in grey are Re, yellow are S, and green are F. The dashed
boxes marked the Re chains.

[2 F@Bet]

and [2F@Above A] with half the coverage at sites similar to
Position B); ([4F@Bet] and [2F@Bet]), and (iii) adsorption above
the Re chain and between 2Re chains ([4F@Above A] and
[4F@Bet]), affect the modification of the electronic and mag-
netic properties of the material, if any. We find that F atoms
always relax to be positioned above or below the S layers, i.e.
Re atoms in ReS, do not bind with F atoms. Hence, only con-
figurations with F atoms adsorbed on S atoms have been
considered for the remaining calculations.

The adsorption sites above Position A ([AF@Above A]) and below
Position C ([4F@Below C]) are essentially identical, and the same
is true for Positions B ([4AF@Above B]) and D ([4F@Below D]).

This journal is © the Owner Societies 2015

View Article Online

Paper

This is then verified by the calculated energies of these config-
urations. Therefore, only [4F@Above A] and [4F@Above B] are
considered for the rest of the calculations. To test the stability,
the dynamical matrix is calculated to derive the vibrational
frequencies of the five main configurations (Fig. S1, see ESIT).
We note that [4F@Above B] has an imaginary eigen-frequency
at approximately —25 cm ™", which is sufficiently small, and is
likely to be due to numerical approximations including the
particular convergence criterion employed. Therefore we expect
fluorinated ReS, to be stable.

Calculations based on density functional theory (DFT) were
performed with the VASP (Vienna Ab Initio Simulation Package)
program, and the implementation of projector augmented-wave
(PAW) pseudopotentials®® (with an energy cutoff of 400 eV). The
Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional
in the generalized gradient approximation (GGA)*” was used.
Dispersion correction was included in the calculations by the
DFT-D3 approach of Grimme.*® The Brillouin zone was sampled
with a (19 x 19 x 1) k-point mesh using the Monkhorst-Pack
scheme.?® The structures were optimized until the forces (as
calculated by the Hellmann-Feynman formalism*%*!)
than 10 ° ev A",

In the calculations, the (4 x 4) supercell is separated from its
periodic image in the direction perpendicular to the surface by
a vacuum region of 12 A. Dipole corrections were applied in the
direction perpendicular to the material surface to avoid inter-
actions between periodically repeated images. Spin-orbit inter-
actions were considered initially, and the total energy difference
between calculations with and without these interactions is
~0.14 eV per atom. Furthermore, the relatively trivial effects of
spin-orbit interactions on the band structure (elaborated further
in Section 3.2) justifies the exclusion of these interactions in the
calculations in order to employ our modest computing resources
more effectively.

To partition the continuous charge density among the atoms
in the system, Bader’s atoms in molecules theory*>™° is imple-
mented, such that the atomic basin is determined at the zero flux

were less

surface around the atom. This surface is observed in the two-
dimensional sense at which the charge density is at a minimum
perpendicular to the system surface. Therefore the total electro-
nic charge of each atom can be defined.

3. Results and discussion
3.1 Fluorinated ReS,: band structure & charge density

The atom-projected electronic band structures of pristine and
fluorinated ReS, are given in Fig. 2. For the pristine ReS,, the
valence band is almost flat in the vicinity of I" since the spin-
orbit interactions shift the valence band maximum (VBM) from
a point along I'-K or I'-M direction to I'.*” However the direct
(I' - I') and indirect ('K — I'; I'M — I') band gaps in the
pristine ReS, (Fig. 2(a)) and [2F@Above A] (Fig. 2(d)) are almost
degenerate in energy (difference ~10 meV). Thus, the valence
band maximum (VBM) is taken to be at I' for the cases of
pristine and [2F@Above A] ReS,. On the other hand, the energy
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Fig. 2 Atom-projected band structure of () pristine ReSy, (b) [4F@Above A,
(c) [4F@Above B, (d) [2F@Above Al, (e) [4F@Bet], (f) [2F@Bet], (g) [F@A,B,C,DI.
Points in red and blue refer to contribution from Re and S atoms, respec-
tively. The size of the data points indicates the spectral weight. Zero is taken
to be Fermi energy.

difference between direct and indirect band gaps is slightly
larger (~40 meV) for the case of [4F@Above A] (Fig. 2(b)).
In this case, we take VBM to be between I" and M. Nevertheless,

18846 | Phys. Chem. Chem. Phys., 2015, 17, 18843-18853

View Article Online

PCCP

the modeling elements employed in our work do not alter the
electronic behavior, as it would be explained later.

With that put forth, we find that the pristine ReS, has a
direct band gap of 1.40 eV at I' (Fig. 2(a)), which agrees well
with that in ref. 23 (1.43 eV) and ref. 29 (1.47 eV). Addition of 4F
atoms above the Re chains at Position A [4F@Above A] induces
metallic mid-gap states with a band-width of 0.50 eV (Fig. 2(b)).
These mid-gap states are associated with electronic states of Re,
S, and F atoms. The occupied states shift towards a higher energy
as compared to those of the pristine ReS,, and remain generally
invariant in their trend. On the other hand, the unoccupied
bands shift towards a lower energy, and the conduction band
minimum (CBM) relocates from I' to K. Since the electronic
behavior of [4AF@Above A] is dominated by the metallic mid-gap
states, the slight shift of VBM due to the exclusion of spin-orbit
interactions becomes inconsequential. In comparison, adding F
atoms above the Re chains at Position B [4AF@Above B] shifts the
occupied states more towards a higher energy relative to that
when F atoms are at Position A (Fig. 2(c)). Similarly, the unoccu-
pied states shift towards a higher energy. Both VBM and CBM
remain at I'. The mid-gap states form 4 bands with a band-width
of about 0.33 eV for the case of [AF@Above B]. As a comparison,
adsorbing F atoms at Positions A, B, C, and D, i.e. [F@A,B,C,D],
induce metallic states with a much larger band-width of approxi-
mately 1.10 eV (Fig. 2(g)).

Why does fluorination of ReS, induce mid-gap states? Here
we shall explain in terms of the Bader charges. In pristine ReS,,
each S atom is bonded to 3Re atoms. Re has an electron con-
figuration of [Xe]4f'*5d°6s” and S has an electron configuration
of [Ne]3s?3p*; each Re and S atom has 5 unpaired 5d electrons
and 2 unpaired 3p electrons, respectively. As F atom is more
electronegative than S atom (F: 3.98, S: 2.58 by Pauling”®),
F tends to attract electrons from S. In fact, for [AF@Above A],
Bader’s charge analysis*®™® shows that S loses 0.50 e per atom,
F gains 0.52 e per atom, and the surrounding three Re atoms
gain 0.02 e per atom. This suggests that F gains some charges
from neighboring atoms other than S it is bonded to. Apparently,
by bonding F to S, the S atom loses electrons to F. Consequently,
the electron-deficient 3p electrons of S are partially satisfied by
the 2p electrons of F (electron configuration: [He]2s*2p), leaving
behind some unpaired 3p electrons which emerge as mid-gap
states. Similarly, the neighboring Re atoms gain some electrons,
but some of the 5d orbitals remain unpaired, appearing as mid-
gap states in the band structure.

The orbital-projected band structure (Fig. 3(a)) and the band-
decomposed charge density landscape (Fig. 4 and 5) reveal the
nature of the electronic states more clearly. As shown in Fig. 3(a),
the mid-gap states mainly comprise of F-p,, Re-d,,, and S-p, states.
Note that contributions from other states are not presented since
they are much less significant than those of F-p,, Re-d,,, and S-p..
The mid-gap states at I' localized around the F atoms are
p-orbital-like with 1 angular node and 2 large lobes aligned
along the F-S bond (Fig. 4(b), and inset). However, radial nodes
are not discernible from the charge density plot. The mid-gap
states around the S atom and neighboring three Re atoms
match closely to p-electrons (1 angular node, 2 large nodes)

This journal is © the Owner Societies 2015
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Fig. 3 (a) Orbital-projected band structure of (a) Re-d,,, Re-p,, F-p, states of [4F@Above A], and (b) Re-d,,, Re-d,2, S-p,. F-p; states of [4F@Bet]. The size
of the data points indicates the spectral weight. Zero is taken to be Fermi energy.

and d-electrons (2 angular nodes, 4 large lobes), respectively.
AKkin to the states at the F atom, radial nodes are not distinct.
On the other hand, the states at CBM are localized around every
Re atom. They have d-orbital character due to their 4 large lobes
(Fig. 4(b)). In contrast, the states at VBM are located around Re
atoms in alternating diagonal rows. The states at CBM and VBM
primarily originate from the Re atoms (Fig. 2(b)). Essentially,
the emergence of localized metallic mid-gap states near the
Fermi level suggest that hopping conduction of the states is
possible along the Re chain in the lattice.**™’

Similar to [AF@Above A], the mid-gap states in [4AF@Above B]
(Fig. 4(c)) are localized around the F atom, the neighboring S
and Re atoms. In these localized domains, the character of the
charge distribution, including the shape of lobes, and the number
of lobes and nodes suggest that these states are the p states of the
S, F atoms, and the d states of the Re atoms. With less F atoms
adsorbed on ReS, at Position A, i.e. [2F@Above A], the occupied
and unoccupied states generally remain unchanged, except for a
slight shift towards a higher energy (Fig. 2(d)). Two bands of
metallic mid-gap states are induced, and have a band-width of
around 0.20 eV which is smaller than that of [4F@Above A]. VBM
and CBM are located at the I'. The charge distribution of the mid-
gap states at I, and VBM resemble that of [4F@Above A]
(Fig. 3(d)). However, the states at CBM are localized around Re
atoms on the neighboring Re chain, and not around all Re atoms.

When F atoms are placed in the regions between Re chains
([4F@Bet], [2F@Bet]), mid-gap states above the Fermi level appear
(Fig. 2(e) and (f)). There are slight changes to the occupied bands,
especially for those near the top of the valence band, whereas the

This journal is © the Owner Societies 2015

unoccupied bands generally remain unchanged. Due to the
emergence of the semiconducting mid-gap states, the band gap
is reduced from 1.40 eV to 0.97 eV for [4F@Bet] and 0.96 eV for
[2F@Bet], but remain direct at the I'. Akin to the metallic mid-gap
states, these semiconducting states originate mainly from both Re
and S atoms, but with a smaller band-width of 0.14 eV and 0.03 eV
for [4AF@Bet] and [2F@Bet], respectively. The spatial distribution
of the semiconducting mid-gap states is disparate from their
metallic counterparts (Fig. 5(a) and (b)); the mid-gap states are
primarily localized around the S and F atoms. There are two types
of F-S bonds; the first type is such that the F atom is bonded
directly above a S atom, whilst in the other, the F atom is bonded
to 3 neighboring S atoms. In both configurations, the mid-gap
states are predominantly localized around the S atom in the first
type of F-S bond. Fig. 3(b) shows that these mid-gap states are
mainly from the Re-d,;, Re-d,2, S-p,, and F-p, states, and the states
at CBM and VBM are located at nearby Re and S atoms (Fig. 5).

In [F@A,B,C,D], the metallic states are localized around the F
atom, the neighboring S and Re atoms, and are homogeneously
distributed along the Re chains, particularly around the F atoms
(Fig. 6). Similarly, the character of the charge distribution,
including the shape of lobes, and the number of lobes and nodes
suggest that these states are the p states of the S, F atoms, and the
d states of the Re atoms.

3.2 Fluorinated ReS,: spin density

To investigate the preferred spin states of the fluorinated ReS, in
its equilibrium configuration, calculations were performed for
the non-magnetic, ferromagnetic (FM) and antiferromagnetic

Phys. Chem. Chem. Phys., 2015, 17, 18843-18853 | 18847
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Fig. 4 Top views of the partial charge density landscape of (a) pristine
ReS,, (b) [4F@Above A], and (c) [4F@Above B], (d) [2F@Above A]. The
regions in orange, cyan, and purple refer to the charge density of mid-gap
states at I, CBM, and VBM, respectively. The contour isovalue is 0.01,
0.005, and 0.005 e A=2 for mid-gap states, CBM, and VBM, respectively.
The bottom panels are magnified views of one of the fluorinated regions,
while the inset in (b) is the side view.

(AFM) spin configurations. In the non-magnetic state, the spin
moment of each atom is initialized to be zero. We define the
initial FM spin configuration to consist of parallel (1 1) spins
between all atoms, and an initial AFM spin configuration to
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Fig. 5 Top views of partial charge density landscape of (a) [4F@Bet], and
(c) [2F@Bet]. The regions in orange, cyan, and purple refer to the charge
density of mid-gap states at I, CBM, and VBM, respectively. The contour
isovalue is 0.01, 0.005, and 0.005 e A~ for mid-gap states, CBM, and
VBM, respectively. The bottom panels are magnified views of one of the
fluorinated regions.

Fig. 6 Top view of partial charge density landscape of [FQA,B,C,D]. The
regions in orange refer to the charge density of metallic states. The contour
isovalue is 0.01 e A~3.

consist of anti-parallel (1 |) spins between neighboring atoms.
Due to Peierls distortion to form Re zigzag chains, the bond
connectivity around the chains is complex. Hence, there are
numerous permutations of the AFM configuration, and it is not
feasible to investigate all of them. Here we study three of the
many possible initial AFM spin configurations (AFM;, AFM,,
AFM3). As presented later, our calculations show that it is likely
that there are only two possible equilibrium AFM configurations —
the first of which is (1) FM-coupled within the Re chains, and AFM-
coupled between chains, and (2) AFM-coupled within the chains.
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Only the initial AFM spin configurations for [4AF@Above A] are
shown in Fig. S2 (ESI); for the other structures, the initial spins on
each Re and S atom are identical to those in Fig. S2 (ESIt), while
the spin on the F atom is always aligned anti-parallel to that of its
adjoining S atom.

In [AF@Above A], one of the configurations which relaxes
from AFM, and AFM, is the most preferential. The total energy
of the non-magnetic and FM configurations is higher by 0.08 eV
and 0.07 eV, respectively, while the other AFM configuration
has a total energy of 0.07 eV (relaxes from AFMj;). For the
ground state, the spin density of [AF@Above A] redistributes
into domains of net spin density which are AFM-coupled
between neighboring chains, and FM-coupled within the chains
(Fig. 7(a)). At the isovalue of 0.005 e A%, the neighboring 2Re
atoms, S atom, and F atom have a net spin density - the regions
in red have a larger spin-up density (i.e. nyp — aown > 0), while
those in blue have a larger spin-down density (i.e. 72y, — faown < 0).
The Re atom (marked as Atom 1 in Fig. 7(a)), S atom (Atom 2), and
F atom (Atom 3) has a magnetization moment of 0.180, 0.144, and
0.153 up per atom, respectively. Note that both Re atoms (Atom 1)
have the same magnetization moment. Similarly, the FM equili-
brium configuration consists of domains which are FM-coupled
intra- and inter-chain.

The spin-polarized band structure is presented in Fig. S3(a)
and (b) (ESIt). The mid-gap states undergo exchange splitting
of around 0.2 eV, and both induced spin-up and spin-down
mid-gap states are partially occupied.

For [4F@Above B], the most energetically preferential
configuration is AFM-coupled within the chains (from AFMj,
Fig. 7(b)). The Re, S, and F atom has a magnetization moment
of 0.310, 0.149, and 0.174 pup per atom, respectively. In the FM
configuration, domains are FM-coupled intra- and inter-chain.
The AFM configuration that relaxes from AFM,; and AFM, is FM-
coupled within the chains and AFM-coupled between chains.
The total energy of the non-magnetic and FM configurations is
larger than the ground state by 0.20 eV and 0.06 eV, respectively,

(@) (b) (©)

Fig. 7 Spin density distribution in the equilibrium configurations of (a)
[4F@Above Al], (b) [4F@Above B], and (c) [2F@Above A]. The contour
isovalue is 0.005 e A=*. Regions in red have a net spin-up density, whereas
those in blue have a net spin-down density. The bottom panels are magnified
regions of the dotted regions in the top panels.
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while the other AFM configuration is at 0.05 eV. The spin-
polarized band structure is shown in Fig. S3(c) and (d) (ESIt);
the spin-up and spin-down mid-gap states are partially occupied,
with exchange splitting of about 0.2 eV, and all states are
degenerate in energy levels. Although [4F@Above B] has a larger
magnetization moment than [4F@Above A], its total energy is
slightly larger by approximately 0.01 eV. Assuming the absence
of statistical errors, [4F@Above B] could be less stable.

The domains of net spin density in [2F@Above A] are AFM-
coupled (from AFM;) within the fluorinated chain. The AFM;
configuration relaxes to be FM-coupled intra-chain. The mag-
netization moment of the ground state is slightly larger than
that relaxed from AFM, of [4F@Above A] at 0.128, 0.157, and
0.161 up per atom for the Re, S, and F atom, respectively. The
total energy of the non-magnetic and FM configuration is 0.09 eV
and 0.02 eV, with respect to the ground state, respectively. The
spin-polarized bands near the Fermi level (Fig. S3(e) and (f),
ESIT) are almost flat, with exchange splitting of around 0.1 eV.

On the other hand, the configurations [4F@Bet], [2F@Bet]
and [F@A,B,C,D] have a non-magnetic ground state. In other
words, for the former two, the localized mid-gap states induced
by the F atoms adsorbed between Re chains are semiconduct-
ing (Fig. 2(e), (f), and 5) and non-magnetic. Fluorination of the
Re chains redistributes the spin density to induce a net spin
density, whereas fluorination between the Re chains do not
result in such an effect. This suggests that both the electronic and
magnetic nature of the mid-gap states induced by fluorination on
the surface of ReS, is strongly dependent on the coupling between
the Re and F atoms in the lattice.

As reported in ref. 34, BN sheets can be made ferromagnetic,
antiferromagnetic, or magnetically degenerate depending on
how the surface is functionalized. In contrast, fluorinated ReS,
has an antiferromagnetic ground state, and its spin configuration
is dependent on the sites on which the F atoms are adsorbed, and
the number of F atoms adsorbed.

3.3 Electric field effects

The emergence of ferromagnetic mid-gap states in fluorinated
ReS, widens its scope of applications. However, it is imperative to
ascertain the robustness of these states, especially in the presence
of external field. In other words, are these localized mid-gap states
perceptible to external agitation, such as electric fields? Essentially,
the force exerted by the electric field disturbs the electronic
structure of the material, and the degree of change deviates for
different electronic states of the material. In this study, we test
and qualify the robustness of the mid-gap states by examining
the response of these states to an external electric field.

An electric field with its strength ranging from —0.7 to
0.7 eV A™* is applied in the direction perpendicular to the
material surface. Fig. 8(a)-(e) compares the band structure of
the five main configurations when the electric field strength
is at —0.7, 0, and 0.7 eV A", When F atoms are adsorbed at
Position A, i.e. [AF@Above A] and [2F@Above A], only bands far
from the Fermi level are perturbed by the electric field, though
there is no discernible trend in change of the energy levels with
respect to the electric field. Interestingly, the mid-gap states are
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Fig. 8 (a) Band structure of (a) [4F@Above Al, (b) [4F@Above B], (c)
[2F@Above A, (d) [4F@Bet], and (e) [2F@Bet] with an external electric field
of —0.7, 0, and 0.7 eV A%, Zero is taken to be Fermi energy.

relatively resistant to the applied electric field, with very slight
changes near the I'. In contrast, the band structure of other
configurations ([4F@Above B], [4F@Bet], and [2F@Bet]) is signifi-
cantly perturbed by the electric field. For instance, a small direct
energy gap of 0.13 eV is opened up at M for an electric field
strength of 0.7 eV A™" for [4AF@Above B] (Fig. 8(b) inset).

Additionally, the variation of the adsorbate binding energy
AEy, with the electric field for all configurations is presented in
Fig. 9. The binding energy is expressed as

AE = E¥/Res, — Eres, — EF (1)

where Eg/res,, Eres,, and Eg are the total energies of ReS, with F,
without F, and of ReS, itself. Applying an electric field normal
to the material surface in either direction enhances the binding
energy of the F atom to the ReS, surface.

The change of the average magnetic moment of the magnetic
domains with the electric field is shown in Fig. 10. The average
value is calculated from the magnetic moment of each atom in
the localized magnetic domains. When F atoms are adsorbed at
Position A ([AF@Above A] and [2F@Above A]), the magnetic
moment is smaller in magnitude and much less sensitive to a
variation of the field strength compared to the case in which the
F atoms are adsorbed at Position B. This disparity in response to
a variation of the field strength justifies what has been observed
in Fig. 8(a) and (c) - the mid-gap states induced by fluorinating
Re chains at Position A are robust. Furthermore, the extent of
contribution of Re and S atoms in the magnetic domains to the
average magnetic moment is presented by color-coding the data
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Fig. 10 Variation in the average magnetic moment of the localized domains
with the electric field strength. The data points are colour-coded to reflect
the contribution of the moment from ReS,.

points in Fig. 10. For all configurations, there is a reduction in
contribution to the magnetic moment from Re and S atoms
as the electric field switches from the negative to the positive
regime; the decrease in contribution is smaller in [AF@Above B].

3.4 Chemical topology: electron localization function &
Laplacian plots

Last but not least, we examine the nature of the chemical bonds,
i.e. the chemical topology, in this two-dimensional material.
The chemical bond, or more specifically, the electron density
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distribution between atoms can be described accurately by two
tools - the first is the electron localization function (ELF),>*
and the second is the Laplacian of the electron density via the
quantum theory of atoms in molecules.**™*® The ELF is a
measure of the likelihood of finding an electron in the vicinity
of a reference electron located at a particular point, with the
same spin.®’ Mathematically

-1
_ ) 71
ELF = {1 + {7&1 (p(?))} } 2)

where 7 is the radial distance from the nucleus, and p is
electron spin density. It ranges from 0 to 1, with it approaching
1 when r is within the pair region, and it is small when r is close
to the border between two pair regions. In a homogeneous
electron gas, the ELF is 0.5 at every location. The covalency of
the bond is primarily delineated by the form of the charge
attractors; if they are more spherically distributed around the
cores of the atoms, the interaction is more ionic or highly
van der Waals in nature. In a more covalent bond, the attractor

Fig. 11 Electron localization landscape in the plane formed by F atom and
neighboring atoms — (a) [4F@Above A], (b) [4F@Above BJ, and (c) [4F@Bet](d).
Through Re atoms — (d) [4F@Above A], and (e) [4F@Bet]. The color bars show
the dimensionless electron localization values. 2D (top) and 3D (bottom)
negative Laplacian plots through Re atoms: (f) [4F@Above A], and (g)
[4F@Above B]. The green and red dashed lines in the 2D negative Laplacian
plots denote the contour lines with values of —1.8 and —0.2, respectively.

This journal is © the Owner Societies 2015

View Article Online

Paper

is more symmetric about the cores, while still lying on the bond
line connecting the cores. The number and form of the localization
regions are strongly dependent on the choice of the ELF isovalue,
and conventionally, an isovalue of approximately 0.80-0.85 is
used for valence compounds.

The ELF landscape is taken as a vertical 2D slice through the
adsorbed F atom and the neighboring S atoms (Fig. 11(a)-(c)).
The localization region of isovalue 0.8 (represented in yellow in
the plots) envelopes the nucleus of each atom aspherically, and
is asymmetrical about the center point between any pair of F-S
atoms. This suggests that the F-S bond is rather ionic in
character. Moreover, plotting the 2D ELF landscape through the
horizontal plane of Re atoms reveal the localization of electrons
with an approximate ELF value of 0.5 between the Re chains in
[AF@Above A] (Fig. 11(d)). As a comparison, when the F atoms are
adsorbed between Re chains ([4AF@Bet], Fig. 11(e)), the ELF is
lower at around 0.2. These suggest that ionic interaction exists
between Re atoms in neighboring chains, and the depletion of
these electrons between Re chains occurs if F atoms are adsorbed
above the regions between the chains. The negative Laplacian
plots complement the ELF plots; the bond critical points (bcp)
between the Re chains have a negative Laplacian value of about
—1.8 (in green), indicating the ionic, but non-trivial nature of
the interaction between the chains (Fig. 11(f) and (g)). However
it is not evident from the plots that the ionicity is reduced in
([4F@Bet]), as shown in Fig. 11(e). Moreover, the bonds between
Re atoms within the chains are more covalent in comparison,
since the bep has a negative Laplacian value of about —0.2 (in red).

4. Summary

ReS,, a member of the transition metal dichalcogenide family,
has a unique distorted orthogonal structure. Due to its geome-
trical distortion, layers in its bulk form are decoupled electro-
nically and vibrationally, i.e. layer dependence of its properties is
diminished. Since functionalization of a material with F atoms is
one of the many ways to alter its electronic and magnetic proper-
ties, we employ density functional theory to investigate the effects
of fluorination on ReS,. Comparison is made between fluorina-
tion at sites above and between Re chains. Fluorinating the Re
chains at either Position A or B induces metallic mid-gap states,
while fluorinating the regions between Re chains induces semi-
conducting mid-gap states. The orbital-projected band structure
and the band-decomposed charge density show that the metallic
mid-gap states originate from F-p,, Re-d,,, and S-p, electrons,
while the semiconducting counterparts are associated with Re-d,,,
Re-d,2, S-p;, and F-p, states. The metallic mid-gap states are
FM-coupled within the chain, and AFM-coupled between
chains. On the other hand, the semiconducting mid-gap states
are non-magnetic. The disparity of the electronic and magnetic
character between both types of mid-gap states suggests a
strong role played by the coupling between the Re and F atoms.
The mid-gap states induced by fluorination at Position A above
the Re chains are relatively more robust to electric field effects.
Essentially, the formation of these localized mid-gap states
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implies that hopping conduction of the states is possible along
the Re chain. Last but not least, ELF and negative Laplacian
plots show that the F-S bonds have a strong ionic character.
Interestingly, Re atoms in neighboring chains interact ionically,
and the interaction is reduced when F atoms are adsorbed
above the regions between the Re chains.
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