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Abstract

®

CrossMark

Because of the important role of two-dimensional (2D) magnetic semiconductors in
low-dimensional spintronic devices, the generation of ferromagnetism within an ultrathin
semiconducting sheet of a transition metal dichalcogenide is highly desirable. A pristine WS,
sheet is a diamagnetic semiconducting transition metal dichalcogenide with superior electronic
properties. In this study, we synthesised a free-standing WS, sheet by a chemical route followed
by electrochemical exfoliation by a giant molecule. During exfoliation of the WS, crystal,
atomic vacancies were created in the sheet with a lower number of layers. To understand the
mechanism of exfoliation, we carried out x-ray diffraction, transmission electron microscopy,
atomic force microscopy and Raman measurements. The types of atomic vacancies were
realised by energy-dispersive x-ray spectroscopy, high-resolution transmission electron
microscopy (fast Fourier transform), and x-ray photoelectron spectroscopy studies. We also
observed a ferromagnetic ordering within the exfoliated WS, sheet, which is explained on the
basis of the generation of an atomic vacancy induced spin-moment. The transport study of the
exfoliated WS, sheet suggests that the electro-transport behaviour still remains as a
semiconductor even after exfoliation. This ferromagnetic semiconducting system will be
applicable in spintronic devices and this technique will enrich the literature, particularly for the
preparation of a 2D semiconducting ferromagnet in a facile fashion.

Supplementary material for this article is available online

Keywords: WS,, 2D ferromagnet, electrochemical-exfoliation, THAB intercalation, Mott-VRH,

spintronic-material

(Some figures may appear in colour only in the online journal)

1. Introduction

Transition metal dichalcogenides (TMDs) such as WS,
MoS,, WSe;, MoSe,, WTe,, MoTe,, etc, in their two-
dimensional (2D) form, have received great attention in

* Author to whom any correspondence should be addressed.

1361-6463/21/205001+12$33.00

the fields of electronics, optoelectronics, and especially
spintronics due to their unique features (e.g. strong spin—orbit
coupling, large spin-relaxation length and breaking-inversion
symmetry for monolayer), depending on their thickness [1—
3]. Like other TMDs, WS, also has a layer-type structure,
having a strong in-plane bonding (W—S covalent bond) and
a weak out-of-plane bonding (van der Waals interaction), with

© 2021 IOP Publishing Ltd  Printed in the UK
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a honeycomb plane of W (metal) atoms sandwiched between
two similar planes of S (chalcogen) atoms [1]. Many methods,
such as annealing [4], mechanical exfoliation [5], wet chem-
ical approach [6], physical vapour deposition [7], and sulphur-
isation of transition metal films [8], are available in the literat-
ure for the successful synthesis of a thin layer of other TMDs
(MoS,, MoSe;, MoTe,, etc). However, due to the tendency
of WS, to form a closed fullerene-like structure [9], stacked-
multilayer [10] or nanotube-like structure [10, 11], synthesis
techniques for a 2D WS, sheet are limited. In addition, because
of the thermodynamic instability of a thin layer (below a dozen
layers) of WS,, it is indeed a real challenge to achieve a freest-
anding ultrathin layer of WS, [12]. Therefore, to realise a
freestanding, good quality and thin layer of WS, sheet, exfoli-
ation of its bulk crystal by the method of intercalation of small-
radius alkali ions (e.g. Li*, NaT, etc) within the van der Waals
gap of the crystal might be a good approach. But there would
be an undesired phase transformation (from 2H-WS, to 1T-
WS,) [13, 14]. As the size of the Li* (or Na™) ion is very
small, in this process of exfoliation by intercalation of a Li*
(or Na™) ion, a huge number of ions is needed to be inter-
calated within the host (WS,) crystal to form a large amount
of Li,WS, complex. The detailed mechanism, along with the
drawbacks of the process of the intercalation of an alkali metal
ion and the exfoliation of TMDs (MoS, or WS,), are discussed
in the supplementary material. In a particular TMD (e.g. WS,),
number of electrons in the d orbitals of the transition metal
(W) determine the electronic structure of that TMD (WS5). In
all TMDs, the transition metals have an oxidation state of 44
and that of the chalcogens is —2. Thus, in WS,, the number of
electrons in the d-orbital of W is 2 and the system (d?) shows
trigonal prismatic coordination. During the formation of the
Li,WS, complex in the LiT ion intercalation of the WS, crys-
tal as described above, electron transfer occurs from Li to W,
and the d’ system changes to d3. Due to this electron trans-
fer, metal coordination is changed from trigonal prismatic geo-
metry to octahedral geometry, which results in the change in
crystal structure from 2H-WS,; to I'T-WS; [13, 14]. In 2H-WS,
there is a bandgap between the occupied d,? band and unoc-
cupied dy?_? 4y, and it shows a semiconducting nature. How-
ever, in 1T-WS,, due to the extra electron within the metal
d orbitals, degeneracy (dyy,y.x,) occurs and the Fermi level
resides at the middle of the single degenerate band, and the
crystal shows metallic behaviour [6, 13, 14]. To overcome this
problem, a two-step synthesis method was followed. In this
study, first, a 2D sheet of WS, crystal was synthesised using a
wet-chemical approach [15, 16]. Then the sheet was exfoliated
using the approach of electrochemical-intercalation of a giant
molecule (tetraheptylammonium bromide) within the crystal.
As the molecular size of the tetraheptylammonium ion is very
large, only a few ions intercalated within the WS, crystal are
needed for exfoliation. As a result, this method of exfoliation
of a 2D TMD (WS,) is completely free from the problem of
phase-transformation mentioned earlier [17, 18].

It is known that a ferromagnetic semiconductor can ideally
generate and detect tunable spin-current, which is the essential

property that is required in an ideal spintronic device [19].
Like other TMDs (MoS,, MoSe,, etc), a single layer of pristine
WS, is intrinsically a diamagnetic, direct band-gap semicon-
ductor [20]. Therefore, to be useful in spintronic devices, it
is essential to invoke ferromagnetism in the 2D WS, sheet. It
was reported that, in 2D TMDs (e.g. MoS,), atomic vacancies
play a pivotal role to generate a magnetism within the system
[21,22]. Earlier theoretical studies suggested that point defects
in 2D TMDs (e.g. WS,) are created in two different fashions:
atomic vacancy defects and antisite defects [23, 24]. In atomic
vacancy defects one or more than one S or W atom(s) are miss-
ing individually or together. The common atomic vacancies
are Vs (one atom is missing in the S site), Vg (two atoms
are missing in the S site), Vs (six atoms are missing in the S
site), Viw (one atom is missing in the W site), Viwys (one
W atom along with one S atom are missing) and Vw5 (one
W atom along with two S atoms are missing). In the antisite
defect, one or more than one S atom(s) replace(s) one or more
than one W atom(s) and vice versa. The common antisites are
Siw (one S atom replaces one W atom), S2;w (two S atoms
replace one W atom), W;g (one W atom replaces one S atom),
and W2,5 (two W atoms replace two S atoms). The ordering
of the formation energy (AE) for all the atomic vacancy defect
and antisites are Vis < Vos < Viw <S1w < S21w < Wis <W2yg
[23]. This indicates that the antisites are formed at higher
temperature (>1100 °C) whereas the atomic vacancies are
created in a low energy value. Atomic vacancy defects such
as Ves, Viaw and Vwios vacancies introduced in a layer
of WS, generate a significant amount of magnetic moment,
whereas the same for Vg, Vas, Viw and Vw4 s do not gen-
erate any magnetism in the system [24, 25]. The amount of
total spin magnetic moments generated, due to the Viw.os
atomic vacancy, Vs atomic vacancy and V3w atomic vacancy,
are 0.981, 0.608 and 0.169 up, respectively [25]. This mag-
netic moment is generated as a result of the exchange inter-
action between S p-states and W d-states near the vacancy
defects [25]. Using different characterisation techniques, the
defect states have been estimated for the as-prepared WS,
samples. On exfoliation of the WS, sheet, the intrinsic struc-
tural vacancy defects come into play in the electrochemic-
ally exfoliated WS, layers and ordering of magnetic moment
is observed [26, 27]. As a result of this, a net magnetisa-
tion has been generated within the system. This type of fer-
romagnetic ordering is limited and is destroyed with the rise
in temperature. The proper exfoliation of the sheet plays a
key role in the observed magnetism. As the electrochemical-
intercalation time for the exfoliation increases, the better sat-
uration of magnetisation with fairly good coercivity (1227 Oe
at 2 K) in the magnetic result is observed. The electrical meas-
urement confirms the semiconducting behaviour of the WS,
sheet even after the electrochemical exfoliation which makes
it useful for spintronic applications. This finding can enrich
the literature about 2D ferromagnetic semiconductors and the
as-prepared ferromagnetic semiconductor (WS, system) with
moderate magnetic moment will be very useful in spintronic
devices.
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Figure 1. Schematic diagram of (a) ionisation of THAB, (b) layer structure of WS,, (c) THA™ intercalated WS, layers and (d) exfoliated

WS, sheets.

2. Experimental section

2.1. Chemicals used

Tetraheptylammonium bromide (THAB) [[CH3(CH3)g]4N(B1)]
(99%, Sigma-Aldrich), acetonitrile (99.8%, Sigma-Aldrich),

I-octadecene (90%, Merck), oleylamine (70%, Sigma-

Aldrich), acetone (99%, Merck), n-hexane (95%, Sigma-

Aldrich), ethanol (99.99%, Merck), thiourea [(NH)4CS] (99%,

Sigma-Aldrich), and tungsten (VI) chloride [WClg] (99.99%,

Sigma-Aldrich) were purchased and used without further

purification.

2.2. Chemical synthesis

The molecular thick WS, layer was synthesised using a unique
two-step synthesis technique. In the first step, WS, crystal was
synthesised by using a facile colloidal synthesis route [15, 16].
Then the WS, crystal was exfoliated by using the method of
electrochemical exfoliation [17, 18]. For the chemical syn-
thesis, thiourea was crushed as a fine powder in a mortar and
pestle set. One hundred and fifty-four mg of such thiourea
powder was dispersed in 10 ml of oleylamine by ultrasonic-
ation, followed by stirring, and taken in a 20 ml beaker under
an Argon-atmosphere. Meanwhile, in a 50 ml RB flux, 396 mg
of WClg was added to 20 ml of oleylamine. The mixture was
then degassed by pure argon for 30 min and the temperature
was raised to 70 °C. After adding 5 ml of 1-octadecene, we
maintained the fixed temperature for 15 min. Then the previ-
ously prepared solution of thiourea was injected and the tem-
perature was raised to 280 °C and maintained for 4 h. As the
temperature of the reaction medium changed from 70 °C to
280 °C, the colour of the reacting solution changed to black.
After 4 h refluxing, we allowed the reaction chamber to cool
to room temperature. After reaching room temperature, 15 ml
of n-hexane and 15 ml of a mixture of ethanol and acetone
were added to the black-coloured yield and allowed to get
precipitated overnight in an unstirred condition. The precip-
itation was washed with a mixture of n-hexane, ethanol and
acetone (volume ratio of 1:1:2) several times to remove the
organic solvents and other unreacted molecules. In the end,

the final black coloured product was dried in a vacuum oven at
65 °C for 10 h and the WS, polycrystalline powder sample was
collected.

2.3. Electrochemical exfoliation

In the second step, we exfoliated the WS, sheet by inter-
calation of a giant molecule (THAB) using the method of
electrolysis [17, 18]. To perform the electrolysis, we pre-
pared the electrolyte solution by dissolving 200 mg THAB
in 40 ml acetonitrile. The WS, was used as a cathode
and a glassy carbon electrode was used as an anode and
a 9-volt battery was connected to perform the electro-
lysis (see figure S1 of the supplementary material (avail-
able online at stacks.iop.org/JPD/54/205001/mmedia)). The
detailed experimental setup and step-by-step demonstration
of the electrolysis process are described in the supplement-
ary material. Figure 1 shows a schematic representation of
the intercalation process. In the electrolytic solution, THAB,
i.e. [CH3(CH,)g]4sN(Br), molecules get separated as THAT
([CH3(CH,)6]4N*) and Br~ (figure 1(a)). During the elec-
trolysis, THA™T ions are inserted within the WS, sheet
(figures 1(b)—(c)) which take an electron from the external cir-
cuit to achieve charge neutrality and Br~ releases an electron
to the anode and Br; (yellow-coloured suspension) accumu-
lates near the anode (see figure S1(c) of the supplementary
material). The electrochemical reaction is as follows:

THAB — THA™ + Br™

WS, + xTHA™ + xe™ (cathode) — (THA™) WS,*~

xBr- — gBrg + xe~ (anode).

As time went on, the spreading of the yellow-coloured
suspension throughout the whole solution indicated a greater
amount of Br, release in the solution and a greater amount
of intercalation of the THA™ ion within the WS, crystal.
As a result of this intercalation, the volume of the WS,
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crystal increased and it became fluffy (see figure S1(d) in
the supplementary material). To collect the fluffy WS, crys-
tal, ethanol and acetone were added to it and ultrasonication
was performed for 4 h. During the ultrasonication, exfoli-
ation of the WS, sheet took place from the THA " -intercalated
fluffy WS, crystal (figure 1(d)). The exfoliated WS, sheet was
washed by ethanol and acetone several times and collected
after drying in a vacuum oven at 60 °C for 9 h. We prepared
three different samples, WS;,-1h, WS,-2h and WS,-10h, for
three different electrolysis times (1, 2 and 10 h, respectively),
keeping the other conditions same.

2.4. Characterisation

The microstructure, morphology and energy-dispersive x-ray
spectroscopy (EDXS) of the samples were characterised using
a JEOL-2011 high-resolution transmission electron micro-
scope (HRTEM). The Raman spectroscopy was performed
using a triple Raman spectrometer (A = 532 nm) by HORIBA
Scientific (model no. T64000). To confirm the intercalation
within the WS, crystal and for phase confirmation, we car-
ried out powder x-ray diffraction (PXRD) measurement of
the samples. The PXRD measurements were carried out at an
interval of 2 s for 20 ~ 0.01° within the range from 10° to
80°, in an advanced diffractometer from RIGAKU SMART
LAB-XRD (\ = 1.54 A of Cu—K 4 line). The thicknesses of the
as-prepared samples was measured using atomic force micro-
scopy (AFM) by Oxford Instruments (Asylum Research MFP-
3D Origin). AFM measurement was performed of the sample
mounted on a silicon wafer in a spin coating system from Apex
Instruments (model no. spinNXG-P1). The x-ray photoelec-
tron spectroscopy (XPS) was done using a monochromatic Al
K, line in an XPS measurement system from Omicron Nano-
technology. The transportation measurements were performed
using a Keithley 6514 electrometer and a Cryogenics cryostat
in a high vacuum condition. The magnetic measurements were
carried out in a superconducting quantum interference device
(SQUID), model no. MPMS XL 5 made by Quantum Design
(USA).

3. Results and discussion

3.1 TEM image analysis

Figures 2(a) and (c) show the overall TEM image, the selec-
ted area electron diffraction pattern (SAED), and the HRTEM
image, respectively, for the chemically synthesised WS, sheet.
The lattice parameter of 2.7 A calculated from the SAED pat-
tern confirms the (100) plane of WS, crystal [28, 29]. To
understand the phase purity of the as-synthesised single crys-
tal or presence of any defect or dislocation of the crystal, fast
Fourier transform (FFT) and inverse fast Fourier transform
(IFFT) were calculated from the HRTEM image of the chem-
ically synthesised WS,. Figures 2(d) and (e) show the FFT
and IFFT, respectively. From the IFFT, it is clear that there
are no defects or Moiré pattern-like decoration within the
crystal. From the digital image (TEM image) micrograph of
the THA™ intercalated WS, sample, as shown in figure 2(f),

it is clear that, due to the intercalation of the giant molecules
within the interlayer separation of the WS, sheet, it gets rup-
tured and fluffy but the electrolysis is not sufficient enough
to get a thin layered WS, crystal. To achieve a thin layer, it
needs proper ultrasonication and sample collection, which is
already discussed in the synthesis section. The TEM meas-
urement for the final exfoliated sample was also performed.
In the TEM image of the final sample (exfoliated sample),
as shown in figure 2(g), there is a thin layer of WS, sheet.
Figure 2(h) shows the SAED pattern of the sample, which
indicates the good crystallinity and confirms the phase (lattice
parameter of 2.7 A for the (100) set of planes) of the WS,
crystal. The corresponding HRTEM image for the sample is
shown in figure 2(i). To know the lattice parameter and micro-
detail of the crystal, FFT of the HRTEM image was taken and
is shown in the inset of figure 2(i). The corresponding IFFT
calculated from the spots in the FFT is shown in figure 2(j).
The lattice parameter of 2.7 A in the IFFT confirms the (100)
plane of the WS, crystal [28, 29]. In the IFFTs, there are
many defects, and Moiré patterns of the exfoliated sheet are
observed. These patterns indicate that the exfoliated crystal
has got defect states and vacancies. In figure 2(k), the EDXS
analysis for the sample represents the stoichiometry of the
WS, crystal. From the elemental percentage, calculated from
the EDXS data, we found that the elemental ratio of W to S
in our sample is 1:1.83 instead of 1:2. This data suggests the
significant number of atomic vacancies at the S site within the
as-exfoliated WS, sheet.

3.2. Raman spectra analysis

Figure 3(a) shows four Raman active modes (A1, Eég, Ejg and
E%g) of the WS crystal [30, 31]. The A;, mode is for the out-
of-plane vibration of two sulphur atoms in opposite directions
and is very sensitive to the layer number or the thickness of
the WS, sheet. The Eig mode is due to the in-plane vibra-
tion of two sulphur atoms in opposite to a tungsten atom in
a particular layer and depends on the lateral dimension of the
WS, crystal. The E1, mode is due to the in-plane vibration
of two sulphur atoms only, in opposite directions, and this
mode is forbidden in a backscattering arrangement [30-32].
The E% . mode at a very low frequency range (<50 cm™ 1) is due
to the vibration of two adjacent layers in opposite directions
and obstructed by the experimental arrangement (notch filter
of wavenumber >100 cm~") [30, 31]. Figure 3(b) shows the
Raman spectra for three exfoliated samples (WS;-1h, WS,-
2h and WS,-10h) along with the bare-WS, sample. Peak
positions, difference between the peaks (A) and the intens-
ity ratio for the peaks of the Eig and A, modes for all the
samples are tabulated in table 1. It is seen that, as the electro-
lysis time is increased, the intensity of the A;, mode (directly
related to the layer number) decreases and a redshift (max-
imum 8.1 cm™! WS,-10h) is observed. However, no signi-
ficant change in the intensity of the Eig mode is observed
along with a slight blueshift (maximum 1.1 cm~! for WS,-
10h). These results indicate the better exfoliation of the WS,
crystal with the increase in electrolysis time. The intensity

ratios (%eL,/;, ) for the bare-WSz, WS;-1h, WS-2h and
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Figure 2. (a) TEM image of the chemically synthesised bare-WS, sheet, (b) SAED pattern of the bare-WS, sample, (c) HRTEM image of
the bare-WS; sheet, (d) FFT obtained from HRTEM image of the bare-WS, sheet, (¢) IFFT calculated from the FFT spots in panel (c), (f)
TEM image of the THA™ intercalated WS, sheet, (g) TEM image of the exfoliated WS, layer, (h) SAED pattern of the exfoliated WS,
layer, (i) HRTEM image of the exfoliated WS, layer, and corresponding FFT (inset), (j) IFFTs calculated from the FFT spots in the inset of

panel (i) and (k) EDXS analysis of the exfoliated WS, sample.

WS,-10h samples are calculated as 1.06, 1.43, 1.55 and 2.61,
respectively, whereas the differences (A) between the peak

positions (E%g andA; gmodes) for these four samples become

71.8,68.5, 67.1 and 63.7 cm—!, respectively. This data indic-
ates that, as the intercalation time increases, better exfoliation
occurs and, as a result of this, the layer number in the as-
exfoliated sheet becomes less [30-32]. As the intensity ratio

(IEie / I ) is the maximum, and the difference between the
lg

peak positions (A) is the minimum for the WS,-10h sample,
it can be concluded that there is a minimum number of layers
in the sheet of the WS,-10h sample. However, the exact layer
number in a particular sheet has been calculated by using AFM
and TEM data. The details of the calculation are discussed in
a later section.

3.3. PXRD analysis

Figure 4(a) shows the PXRD pattern in the low angle region
(5°-30°) for the as-synthesised bare-WS, sample and the

THA™ intercalated WS, sample (for a full range plot, see
figure S2 in the supplementary material). Four additional
peaks apart from the original peak (14.15°) for the (002) set
of planes of the bare-WS, crystal are observed in the case of
the intercalated WS, sample. From the Rietveld refinement
[33-35], we have indexed these four additional peaks at 6.30°,
12.63°,19.00° and 25.42°, as a (002), (004), (006), (008) set of
planes, respectively (figure 4(a)). A detailed description of the
Rietveld refinement is discussed in the supplementary mater-
ial. The shifting (towards the lower angle) of the peak pos-
ition for the (002) set of planes indicates the larger van der
Waals gap between two adjacent layers, i.e. the intercalation of
THA™ ions [17, 18, 36]. The other peak positions at the higher
angle region are almost at the same positions, which indicates
the absence of any new generated phase (see figure S2 in the
supplementary material). Figure 4(b) shows the PXRD pattern
for three exfoliated samples (WS;-1h, WS,-2h and WS,-10h)
along with the bare-WS, sample. From the Rietveld refine-
ment, we confirmed the 2H-phase (space group: P63/mmc) of
WS, crystal for all the samples. All the parameters obtained
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Figure 3. (a) Four major Raman active modes of WS,. (b) Comparative peak positions of the Eég and A, mode of four samples (bare-WS,,

WS;-1h, WS,-2h and WS;-10h).

Table 1. Raman peak positions, the difference between peak positions and the intensity ratio of the E%g and Ag modes for the samples of

bare-WS,, WS,-1h, WS,-2h and WS;-10h.

Peak positions (em™)

Samples Eég Ay Difference (A) between peaks of Eég and Ey, (cm™ Intensity ratio (IE;g / Iy, )
Bare-WS, 350.4 422.2 71.8 1.06
WS;-1h 350.7 419.2 68.5 1.43
WS;,-2h 350.8 417.9 67.1 1.55
WS,-10 351.5 415.2 63.7 2.61
all ~ — Bare WS B W
(a)|002) g are WS, |(b) bare WS,
< —— Intercal. WSz
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= = A J ‘ ' I I “ A
) & et ast - oot
& Z'|WS,-2h —— Residue
W w
S s am&l@&m
= =
= — WSZ-IOh
e IlI;!IlI N
5 10 15 20 25 10 20 30 40 50 60 70 80
20 (degree) 20 (degree)

Figure 4. (a) Comparison of PXRD profiles for the intercalated WS, sheet with respect to the chemically synthesised bare-WS, sheet. (b)

PXRD profiles for bare-WS,, WS;-1h, WS;-2h and WS,-10h samples.

from the Rietveld refinement are tabulated in table 2. As the
electrolysis time increases, the relative intensity for the (002)
set of planes decreases which indicates the decrease of layer
numbers in the sheet. The relative intensity for the WS,-10h
sample is the minimum which indicates the minimum number
of layers in the WS;,-10h sample (maximum time electrolysis
sample). From this data we can conclude that, to get a suf-
ficiently thin molecular-thick layer of WS, crystal, we have
to perform the electrolysis process for a sufficient amount of
time. If we observe the data for the root mean square (RMS)
lattice strain, it shows that the value increases with the increase

of electrolysis-time and shows the sufficiently high value for
the WS,-10h sample. The fairly high value of the crystal-
lite size advocates the good crystallinity and sufficiently large
crystal domain for all the samples.

3.4. Atomic force microscopy

The layer thickness (number of layers) of the exfoliated WS,
sheet was measured from the AFM image, as shown in figure 5.
The average thickness of the sheet for the bare-WS, sample
is about 5.02 nm for an average lateral dimension of 880 nm
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Table 2. Structural details obtained from PXRD data (Rietveld refinement).

Lattice parameters A)

Sample Crystalline phase a c Average crystallite size (nm)  RMS lattice strain ~ Goodness of fit
Bare-WS; WS, 3.18 £0.01 12.52 £ 0.01 926 528 x 1076 1.63
WS,-1h WS, 3.17+0.02 1252 £0.02 361 3.80 x 10~* 1.26
WS,-2h WS, 3.17 £ 0.01 12.50 £ 0.01 230 9.22 x 107* 1.12
WS,-10h WS, 3.16 £0.01 12.46 £0.06 120 3.16 x 1073 1.21
4= 2.22

h 1.8 ,_E,

1.24=

L

0.642,

0
0 40 80 120 160

0.0 Offset (nm)
0 59 118 177 236

d 1.0 g
= =D
0.5
23
0.0 Offset (nm)

0 30 60 90 120

Figure 5. (a) AFM image for the bare-WS; sheet (inset shows height profile along A). (b) AFM image for the sample WS,-1h (inset shows
height profile along B). (c) AFM image for the sample WS;-2h (inset shows height profile along C). (d) AFM image for the sample

WS,-10h (inset shows height profile along D).

(figure 5(a)). The thickness for the WS,-1h, WS;,-2h and WS-
10h samples are calculated as 1.8, 1.2 and 1.0 nm, respectively
(figures 5(b) and (d)). From the TEM image analysis, it was
calculated that the interlayer spacing between two adjacent
layers of the WS, sheet was about 0.62 nm (see figure S3 in
the supplementary material) [29]. Therefore, the average num-
ber of layers in the bare-WS,, WS,-1h, WS,-2h and WS,-10h
is calculated as 8, 2, 2 and 1-2, respectively. This result is in
good agreement with the Raman study of the samples.

3.5. X-ray photoelectron spectroscopy

Figure 6(a) shows the full range XPS spectrum for a typical
exfoliated WS, sample. The spectrum contains only the peaks
for W and S which confirms the phase purity of the WS, sheet.
All the peaks are referenced with the shift of the standard C 1s
spectrum, as shown in figure 6(b) [37]. Two peaks near 284.8
and 286.5 eV in the C 1s region correspond to the C—C bond

and C-O bond, respectively [38]. To know the exact peak pos-
itions, we took a slow scan of the W 4f and S 2p regions. The
exact peak positions at 33.2, 35.1 and 38.8 eV, as shown in
figure 6(c), obtained from the deconvolution, correspond to W
4f;, 4fs;, and Spay,, respectively [39, 40]. The peak positions
at 162.8, and 164.1 eV correspond to S 2ps/, and 2p,, respect-
ively (figure 6(d)) [37, 38]. In comparison with the literature
value of all the peak positions, it is found that the peaks cor-
responding to the W 4f spectra have shifted slightly towards
lower values whereas the same for the S 2p spectra have shif-
ted towards higher values. No peaks for other phases (1T or
3R-phase) indicate the phase purity of the 2H-phase of the
WS,. The ratio of the elemental percentage of WS, calculated
from the XPS spectra using proper Scofield’s relative sensitiv-
ity factor for each element is 1:1.87 instead of 1:2. This data
indicates a significant amount of atomic vacancy in the S site of
the exfoliated WS, crystal. The most interesting part to note is
that there is no peak in the region (600-800 eV) corresponding
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Figure 6. (a) XPS spectra for a typical exfoliated WS, sample in full range. (b) Spectra for the C 1s. (c) Spectra for the W 4f and 5p. (d)

Spectra for S 2p.

Table 3. Curie constants from the Curie—Weiss (%vs. T) plot.

O (K) C (x107%) (emuKg™'0e ™)
Sample Value SD Value SD
WS,-2h 2.2 0.001 5.99 0.001
WS,-10h 54.5 0.001 8.84 0.001

to magnetic elements (figure 6(a)). This indicates that the
observed magnetic behaviour of the sample has not come from
any undesired magnetic impurity [41, 42].

3.6. Magnetic data analysis

Pristine WS, crystal is diamagnetic in nature [43]. Figure 7(a)
shows the susceptibility vs. temperature (x (7)) curve, in both
the zero-field-cooled and field-cooled (ZFC-FC) mode, at an
applied field of 100 Oe, for the sample WS,-1h. The x (7)
shows a diamagnetic nature, whereas it shows paramagnetic
like behaviour in the low-temperature region. We have fitted
the x(7) vs. T data using the Curie law (y = £) (inset of
figure 7(a)). But the experimental data are not in agreement

with the theoretical data in the region above the temperature
of 60 °C. In figure 7(b), the isothermal hysteresis curves,
i.e. the magnetisation vs. applied field (M (H)) at different
temperatures for the sample WS,-1h, clearly show compet-
ition between a diamagnetic and a paramagnetic behaviour.
In the low field region, it shows paramagnetic-like behaviour,
whereas it tends to become diamagnetic as the applied field
strength (H) increases. Figure 7(c) shows the y (7) as a func-
tion of T (ZFC-FC) for the sample WS;-2h. Throughout the
whole temperature range (2-300 K), the x (T) vs. T (ZFC-
FC) shows paramagnetic nature. The inset of figure 7(c) shows

the inverse susceptibility (i) data as a function of T, which

1 _ T

X C
ear fit of the inverse susceptibility plot indicates that the WS-
2h sample is perfectly paramagnetic. No separation between
X (T) in the ZFC and FC mode indicates no coercivity in the
M (H) plot. Curie constants obtained from the Curie-Weiss
fitting are summarized in table 3. The M (H) data for the
WS,-2h sample, as shown in figure 7(d), show a paramag-
netic behaviour with a saturation of magnetisation and zero
coercivity. Figure 7(e) shows the x (T) vs. T (ZFC-FC) data for
the WS,-10h sample. The susceptibility curves in the ZFC and

e

follows the linear Curie—Weiss law ( C). The lin-
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Figure 7. (a) x(T) (ZFC-FC) for the WS2-1h sample, and the parama,
x(T) (ZFC-FC) for the WS2-2h sample, and Curie-Weiss fit of 1/x vs
x (T) (ZFC-FC) for the WS,-10h sample, and Curie-Weiss fit of ivs.

FC mode show a bifurcation in the low-temperature region,
which indicates an ordering of the magnetic moments within
the system. The inset of figure 7(e) shows the Curie—Weiss fit-
ting (i =I_9
from the fitting are summarized in table 3. The M (H) data
for the WS,-10h sample, as shown in figure 7(f), show a fer-
romagnetic ordering with fairly good coercivity (1227, 1109,
558, 501 and 438 Oe at 2, 5, 10, 20 and 50 K, respectively)
and magnetic saturation. The coercivity data at different tem-
peratures are summarised in table 4. Therefore, it is seen that
the ordering for the WS,-2h sample is better than the WS;-1h
sample, whereas the magnetic ordering in WS,-10h is the best
among all the samples. This means that, as the time for the
electrochemical intercalation increases, the generation of the
magnetic moment also increases and, as a result, the magnetic

) of ivs. T plot. Curie constants obtained

gnetic fit of x(T) (ZFC) (inset). (b) M(H) for the sample WS2-1h. (c)
. T plot in ZFC mode (inset). (d) M (H) for the sample WS,-2h. (e)
T plot in ZFC mode (inset). (f) M (H) for the sample WS,-10h.

Table 4. Comparison of coercivity values of WS,-10h at different
temperatures.

Sample Temperature (K) Average coercivity (Oe)
WS,-10h 2 1227
5 1109
10 558
20 501
50 438

ordering becomes good with the increase of the electrochem-
ical intercalation time.

With the increase of electrochemical-intercalation time,
the intercalation of the giant-molecules within the interlayer
separation of the WS, crystal is greater, which results
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Figure 8. R(T) (black) and linear fitting of In (R) vs. T~'/3 (green) for the sample of (a) bare-WS,, (b) WS;-1h, (¢) WS,-2h and

(d) WS,-10h.

in better exfoliation of the sheet. The RMS lattice strain
within the system calculated from the PXRD data (see
the detail of the Rietveld refinement in the supplementary
material) shows that the value increases with the increase
in electrochemical-intercalation time, i.e. for the better-
exfoliated sheet. TEM results also show that the structural
defect arises within the exfoliated sheet. The elemental atomic
percentage calculated from the EDXS data in TEM, and the
XPS spectra, suggest that there is a significant number of S
vacancies compared to W atoms in the as-exfoliated sheet.
The reaction temperature is not as high as to create an anti-
site, thereby the possibility of creation of an antisite has been
removed. As per the vacancy of the S atom over the W atom,
we have also discarded the possibility of V3w vacancies. Con-
sidering all the possibilities, we have concluded that Vw25
and Vg are the most preferential atomic vacancy defects in our
sample. The density functional theory calculation shows that
the electronic energy levels in W and S sites near the vacancy
defects have got redistributed [25, 44]. The energy levels due
to the vacancy defect of W lies near the valence band max-
ima, whereas the same for the S lies near the conduction band
minima [25, 44]. This redistribution of the electronic energy
states attributes an imbalance in the spin majority and spin
minority bands, owing to a net magnetisation. Near Vw_os

and Vgs the spin-imbalance occurs especially within S 2p
states and W d states. The spin moment near Vw,s is cre-
ated due to the adjacent out-of-plane dy,sy, state of W and
the px and py state of S, whereas for Vg the spin moment
is created due to the adjacent out-of-plane d,” states of W.
The magnetic moment for the atomic vacancy defects Vw_os
and Vgg are calculated as 0.981 and 0.608 pup, respectively,
within the thin layer of the WS, sheet [25, 44]. Inevitably, the
increase of electrochemical-intercalation time and hence the
atomic vacancy defects, especially for Vw25 and Vs, cre-
ate a significant amount of magnetic moment and ordering of
it for the higher time intercalated samples (WS;-2h and WS-
10h). If we observe the ZFC-FC data of the WS;,-10h sample
(figure 7(e)), we can see a bifurcation even after the transition
temperature. The reason behind this is the randomly oriented
ultrafine magnetic domains. In the thin sheet of WS, the mag-
netic moments arise from the vacancies. In a particular sheet,
there are several ultrafine magnetic domains. The ultrafine
magnetic domains are randomly oriented in the powdered
sample used for magnetic measurements. This is why, instead
of showing complete ferromagnetism (no bifurcation between
FC and ZFC after the transition temperature), the system
shows a spin-glass like behaviour (a small bifurcation in FC
and ZFC after transition temperature).
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Table 5. Characteristic temperature (73) calculated from the logarithmic plot of resistance (In(R) vs. T~

1/3 plot).

Slope of logarithmic plot (K>)

Characteristic temperature, 7 (K)

Sample Value Error Value Error R’
Bare-WS, 159.27 0.13 4.04 x 10° 0.39 0.99
WS,-1h 160.95 0.12 4.16 x 10° 0.36 0.99
WS,-2h 163.09 0.05 433 x 10° 0.15 0.99
WS,-10h 211.39 0.09 9.44 x 10° 0.27 0.99

3.7 Transport study

It is seen from Mott’s consideration of the variable range hop-
ping (VRH) mechanism [45-47] that the resistivity (p) for a
d-dimensional semiconducting crystal is of the form of

1
Ty ™
p(T) :PoeXP<T> M
where py is a temperature-dependent prefactor of the form of
AT", and T), is a characteristic temperature depending upon
the density of states at Fermi level (N (EF)) and the localisation
radius («) as

B

Ty=———.
M= k3N (Er)

2

[ is a numerical coefficient. Unlike the doped semicon-
ducting system, in the pristine WS, sheet, where the estimated
Coulomb gap (A¢ =~ ¢*N (Er)) between two interacting elec-
trons is negligibly small (<1 mK), the density of states (N (E))
becomes constant near the Fermi level (Eg) [48, 49]. The trans-
port mechanism of the pristine WS, sheet can be described by
the Mott-VRH equation for 2D (i.e. for d = 2) [50], given by,

N
p(T) = poexp <;4) :

To check the electron transport behaviour of the exfoli-
ated WS, samples after the electrochemical exfoliation, we
performed the transport measurements for all the exfoliated
samples (WS;-1h, WS,-2h and WS,-10h) along with the bare-
WS, sample. Figure 8(a) shows the resistance vs. temperature
(R(T)) plot for the bare-WS, sample, which shows a typical
semiconducting nature. To understand the transport mechan-
ism, we analysed the logarithmic plot of resistance In (R) as a
function of different powers of temperature (7). The depend-
ency of the logarithmic resistance value (In(R)) with respect
to the 7'/3 value shows a linearity (figure 8(a)) [48, 50]. All
the exfoliated samples (WS,-1h, WS,-2h and WS,-10h) show
a semiconducting nature and the logarithmic plot of resist-
ance, In (R), follows linear dependency on T-1/3 (Mott-VRH)
(figures 8(b) and (d)). From the slope of the logarithmic plot,
the characteristic temperatures (7)) of the Mott-VRH for all
the samples have been calculated, which are summarised in
table 5. The values of the adjusted R-square (R*) for all the
four fits are very close to unity. This indicates that the quality
of fit is very good. As the localisation length (<) is inversely
proportional to the cube root of characteristic temperature

3

(Twm), the values of « for all the samples, calculated from the
value of Ty, are very low, which confirms the localisation
of hopping electrons [47]. These results indicate that electron
transport (semiconducting) behaviour has not been hampered
due to the electrochemical-exfoliation of the WS, sheet.

4. Conclusion

In summary, this study has demonstrated a facile synthesis
technique for a freestanding ultrathin WS, layer and the
incorporation of ferromagnetism within it without chan-
ging its semiconducting behaviour. Using the reliance tech-
nique of electrochemical-exfoliation, a stable, unstacked and
molecular-thick layer of WS, has been achieved. The intrinsic
vacancy defects (especially Viwios and Vgg) created in
this synthesis-technique generate some amount of magnetic
moment. There is an ordering of the as-generated moments
resulting in ferromagnetic saturation and the system shows a
soft-ferromagnetic behaviour. During this reliance process of
exfoliation, the electrical property of the system has not been
changed from its intrinsic semiconducting behaviour. At the
end, in this way, a ferromagnetic semiconductor is achieved
from a nonmagnetic 2D WS, sheet which will be useful for
spintronic devices. It is expected that this process will also
be useful for achieving and tuning the magnetic properties of
other 2D TMD:s too.
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