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ABSTRACT

We report stable room-temperature ferromagnetism in commercially available

MoS2 powder with a nominal purity greater than 98%. In order to assess the

origin of the unexpected ferromagnetic signal, we carried out thorough char-

acterization of the samples, by a combination of X-ray diffraction, Raman

spectroscopy, electron microscopy, X-ray photoelectron spectroscopy and

superconducting quantum interference device magnetometry. Using secondary

ion mass spectrometry, we infer that up to 1.6% of a pool of different external

dopants, including 0.8% of Fe and others, are present in the MoS2 samples. We

find very low value of magnetic moment per unit formula that, together with the

small density of magnetic dopants, and the room-temperature magnetic order,

leads us to conclude that ferromagnetism is not hosted at the MoS2 crystal but

can be ascribed to secondary phase of transition metal atoms’ clusters that

aggregate. Our results stress the need of a careful characterization of transition

metal dichalcogenides in the study of magnetism and spintronics involving

either nominally pure MoS2 as a diamagnetic semiconductor substrate or as a

host material for diluted magnetic alloying.
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Introduction

Semiconductors, which have no unpaired spins, do

not exhibit ferromagnetism, since the dominant con-

tribution to the magnetic response in those materials

come from orbital response. MoS2 is one such com-

pound, which is diamagnetic and is very well-known

layered semiconductor compound that has been

studied extensively, both in bulk and in its 2D form

[1–3]. 2H-MoS2 is known to be a diamagnetic semi-

conductor, with the absence of unpaired spins, with a

very strong spin–orbit coupling and, in the 2D case,

with a strong spin-valley coupling [4] that permits to

induce optical orientation [5, 6], i.e. the induction of a

net spin polarization in response to spin polarized

light. The fact that low energy bands of 2D materials

can be described in terms of a massive Dirac equa-

tion, and the huge spin splitting of their valence band

[4] and a sizable splitting of the conduction band [7],

has elicited a huge attention in the last decade.

Importantly, the origin of spin splitting is the com-

bination of spin orbit coupling and lack of inversion

symmetry, different from exchange-induced splitting

in materials with magnetic order.

Recently, there is very strong interest in magneti-

cally ordered 2D crystals [8, 9], triggered by the

observation of ferromagnetic order in a monolayer of

CrI3, a layered ferromagnetic semiconductor [10].

This has been followed by the analogous finding in

other compounds, layered magnetic crystals, such as

(CrGeTe, CrBr3, CrCl3, VI3, CrTe2, FeGeTe) [11–16].

Interest in these materials is further increased by the

fact that some of these have demonstrated applica-

tions in various spin logic device technologies [17],

but the use of these materials for many potential

applications gets reduced by the fact that, in most

instances, their magnetic order vanishes at room

temperature.

An alternative route to obtain functional magnetic

2D materials may come from magnetic alloying of 2D

semiconductors, such as MoS2. The so-called diluted

magnetic semiconductors were intensively studied in

the case of conventional II-VI and III-V semiconduc-

tors [18–21] and inspired the birth of the field of

spintronics [22, 23]. However, the quest for a material

that has both ferromagnetic order at room tempera-

ture and operates like a functional semiconductor

with field effect control of its conductance still

remains a challenge [20, 21]. Importantly, additional

functionality would only arise if the same carriers

that participate in transport are affected by the

magnetic order.

Ferromagnetic order was reported in nominally

undoped MoS2, and it was attributed to edge mag-

netism [24–26] and to sulphur vacancies [27]. Trans-

formation to 1 T-polytype may also lead to magnetic

ordering [28]. This has also been demonstrated as a

result of vacancy-induced ferromagnetism by cre-

ation of subdomains of the 1 T-polytype [29]. Ferro-

magnetic behaviour has recently been reported in

naturally diamagnetic MoS2 by doping with Mn, Fe

and Co or other dopant elements [30–32]. Enhanced

magneto-optical response has also been reported

recently in Fe-doped MoS2 monolayers [33]. Interest

in magnetic order in transition metal dichalco-

genides, includes also vanadium-doped WSe2 [34–36]

and WS2 [37], as well as a report on defect-induced

ferromagnetism in 2H-MoTe2 and 2H-MoSe2 [38].

Doping in MoS2 has been reported for different

dopant atoms, and multiple fabrication techniques

are employed to achieve this by several groups

[33, 39–47]. Most of these studies have focussed

mainly on optical and electronic properties, whereas

only a few of them have reported about the desired

property of magnetism, especially realization of

room-temperature ferromagnetism which is yet to

mature.

Here we report the existence of room-temperature

ferromagnetism in commercially acquired MoS2
materials. As we will show below, we attribute this

finding to the existence of a secondary phase of

magnetic impurities, and we highlight the impor-

tance of careful characterization when unexpected

magnetism is found, stressed in previous works

[48, 49]. Specifically, in this work we make use of

advanced characterization techniques such as X-ray

diffraction (XRD), Raman spectroscopy, X-ray pho-

toelectron spectroscopy (XPS), secondary ion mass

spectrometry (SIMS) and aberration-corrected trans-

mission electron microscopy in order to understand

their microstructure and conclude that magnetism in

our samples is extrinsic.

Experimental

Our samples were obtained from several leading

suppliers, namely Sigma-Aldrich and American Ele-

ments. Samples 1 and 2 are MoS2 samples from
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Sigma-Aldrich (Product # 804,169 and Product #

234,842), with a quoted average particle size (APS) of

90 nm and\ 2 lm with 99% and 98% purity,

respectively. Sample 3 is MoS2 sample from Ameri-

can Elements (Product code: Mo-S-03 M-PUF.150 N),

having APS\ 150 nm with 99.9% purity.

XRD diffraction analysis was carried out using

PANalytical make X0PERT PRO MRD X-Ray diffrac-

tion system, in the Bragg Brentano configuration for

powder analysis by the h—2h scans. It has been

performed by sticking the sample on a holder using a

glue which gives a known peak at 27.9 in the 2h scan.

Raman spectroscopy was performed using the WITec

make Alpha300M? Raman spectrometer using the

532 nm laser and 1800 grating, providing a spectral

resolution better than 1 cm-1.

X-Ray Photoelectron Spectroscopy (XPS) system

ESCALAB 250Xi from Thermo Scientific was

employed in order to understand the chemical nature

of the samples. Mass spectra of the samples was

obtained by using a time-of-flight secondary ion mass

spectrometry (TOF–SIMS) system, TOF–SIMS4 from

ION-TOF GmBH with a single stage reflector design.

Bi3? was used as the primary ion source at 25 kV

with a cycle time of 150 ls on an analysis area of

500 9 500lm2.

The magnetic response of the samples has been

characterized using the superconducting quantum

interference device (SQUID) magnetometer, MPMS-

SQUID-VSM from Quantum Design. The powder

samples were placed in gelatine capsules and intro-

duced in a straw holders. These holders were sub-

sequently attached to the squid rod sample holder

and loaded in the squid. Hysteresis loops were

acquired as a function of the applied magnetic field

up to 20 kOe at 300 and 5 K. Magnetization curves as

a function of the temperature in the range 5-300 K

were acquired under zero-field-cooling and field

cooling (ZFC–FC) conditions at a magnetic field of 0.1

kOe.

The structural analysis was carried out using

transmission electron microscopy. Samples for TEM

were prepared by bath sonicating the sample powder

in ethanol for 20 min and subsequently drying few

drops of the solution on carbon-coated Cu grids. The

samples have been imaged using a probe-corrected

FEI Titan G2 ChemiSTEM and double corrected FEI

TITAN Themis TEMs (point resolution better than

80 pm in the TEM and STEM modes at 200 kV

accelerating voltage) equipped with a Super-X EDX

System, which comprises of four windowless silicon

drift detectors of 120mm2 size and having an overall

energy resolution better than 140 eV. The samples

were imaged both in TEM and STEM modes as well

as analysed using STEM-EDS. The EDS data are

acquired and analysed using the Bruker QUANTAX

Esprit 1.9 software. The quantification was obtained

using the Cliff-Lorimer Method. Electron energy loss

spectra (EELS) was acquired using the probe-cor-

rected FEI Titan ChemiSTEM at 200 kV equipped

with a Gatan GIF spectrometer.

Results and discussion

X-ray diffraction (XRD) from all the samples confirms

the presence of 2H-MoS2 crystallographic phase,

ruling out the formation of 1 T-polytype for which

ferromagnetism has been predicted [28]. The crys-

tallite size is also calculated using the Scherrer’s

equation, and it is estimated to be * 90 nm, * 60

nm and * 9 nm for sample 1, sample 2 and sample

3, respectively, under the assumption that peak

broadening is due to the crystal size alone. It needs to

be mentioned that these calculated sizes may be dif-

ferent from the actual particle sizes, and are noted to

be different from the quoted values. The Raman

spectroscopy results also suggest the same with

characteristic peaks E1
2g at 376 cm-1 and A1g at

402 cm-1. This is also in line with the X-ray photo-

electron spectroscopy (XPS) data, which also showed

the Mo3d5/2 and S2p3/2 standard peaks for the

three samples, without any detectable variations.

Similar results were also observed in the electron

energy loss spectroscopy (EELS) for the samples.

Complete data can be referred in the Supplementary

Information.

Figure 1 shows the magnetic hysteresis loops for

the different samples. The magnetic moment (in

milli-Bohr magneton (mBM)) is plotted versus the

applied magnetic field for samples 1, 2, and 3 at both

5 K and 300 K and shown in Fig. 1a and b, respec-

tively. Sample 1 shows ferromagnetic (FM) behaviour

with a superimposed paramagnetic (PM) contribu-

tion. The superimposed PM contribution is only vis-

ible at low temperature, on account of the 1/T scaling

of the spin susceptibility for paramagnets. Both

coercivity and remanence are observed at both 5 K

and 300 K, strongly indicating the presence of
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ferromagnetic order with a saturation magnetization

of about 0.25mBM in the sample.

Sample 2 is observed to behave similar to sample 1,

but the FM contribution at room temperature is lower

having saturation magnetization of about 0.05 mBM

and an additional diamagnetic (DM) contribution,

which is observed as the magnetic field increases.

For Sample 3, the magnetic curve indicates a purely

DM state at room temperature, but as the tempera-

ture is decreased, a very tiny (* 0.005 mBM at 1 kOe)

PM contribution seems to appear.

Samples 1 and 2 are noted with saturation mag-

netic moment of about 0.25 mBM and 0.05 mBM per

unit formula, respectively. For samples 1 and 2, the

PM contribution has been extracted and is shown in

Fig. 1c by subtracting the magnetic moment at 300 K

from the one at 5 K and is represented by the blue

and red solid curves for samples 1 and 2, respec-

tively. The samples exhibiting FM behaviour were

further studied as a function of temperature under

zero-field-cooled (ZFC)–field-cooled (FC) conditions

at fixed magnetic field of 100 Oe. The temperature-

dependent magnetic curves showed a decrease in the

magnetic moment with increasing temperature, as

expected for a regular FMmaterial. For completeness,

the data are available in the Supplementary Infor-

mation (see Fig. SI.5).

Further microstructural studies have been carried

out using high-resolution S/TEM and corresponding

analytical techniques for the samples 1, 3 (as repre-

sentative examples from the different magnetic

behaviours observed).

Figure 2a shows that the sample 1 is in the form of

thin flakes with sizes ranging up to few hundred

nanometres and having sharp hexagonal faceted

edges. Figure 2b shows the STEM-HAADF micro-

graph of the flakes and its corresponding energy-

dispersive spectroscopy (EDS) maps showing the

presence of Mo, S and Fe as indicated by red, green

and purple colours, respectively. Figure 2c shows a

pseudo-coloured STEM-HAADF micrograph with

variation of greyscale intensity of a region of sample

1, revealing hexagonal symmetry. Intensity profile

along the line AB in Fig. 2c is also illustrated in a

separate inset in the figure indicating the visible

doublets along the line. The separation between the

doublets is determined to be 1.8 Å, which matches

with the position of atoms for 2H-MoS2 viewed along

[001]. Magnified view of a small area is depicted as

an inset, with a simulated projected crystal model of

2H-MoS2 along the [001] direction superimposed on

it. The simulated crystal model is shown by Mo and S

atoms in blue and yellow colours, respectively. The

presence of Fe in Sample 1 was also noted from the

electron energy loss spectroscopy (EELS) spectra

shown in Fig. 2d with an edge corresponding to the

L3 edge of Fe at 708 eV as well as from the X-ray

photoelectron spectroscopy (XPS) study shown in

Fig. 2e, revealing the Fe 2p peaks. This has further

been confirmed from time-of-flight secondary ion

mass spectroscopy studies, presented in Table 1 for

sample 1.

Figure 3 shows that sample 3 is in the form of

curled up agglomerates as noted from low-

Figure 1 a M-H curves for samples 1, 2 and 3 at 5 K and b M-H

curves for samples 1, 2 and 3 at 300 K; c PM contribution of

samples 1 and 2 extracted by subtraction of magnetic moment at

300 K from the one at 5 K, shown by solid lines (blue) and (red)

for samples 1 and 2, respectively. Calculated PM (Brillouin

function) plots, indicated by dashed lines 1a, 2a for samples 1 and

2, respectively (moments calculated as per the dopant

concentration derived from TOF–SIMS), assuming all dopants

have S = 1/2 and g = 2. 1b and 2b are estimated Brillouin function

plots, if the moments/volume is reduced by a factor of 5.4 for

sample 1 and 4.2 for sample 2.
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magnification micrographs, and made up of indi-

vidual small curled features, noted from Fig. 3a.

Figure 3a shows the STEM-HAADF micrograph,

with an array of parallel linear features, corre-

sponding to the layers of the MoS2. Intensity profiles

across them are shown for two marked regions with

the inter-planar spacing observed to be * 6.2 Å

which matches with the inter-planar spacing of 2H-

MoS2 along the [001] direction. Figure 3b shows a

STEM-HAADF micrograph of a portion of Sample 3.

The corresponding EDS maps show the presence of

Mo, which has been indicated by red colour, whereas

that of S has been indicated by green. Importantly,

the presence of any other elements was not noted

(within the detection levels of either the EDS or XPS

techniques). Figure 3c shows a STEM-HAADF

micrograph at relatively high magnification showing

planar periodicities in certain directions. The fast

Fourier transform (FFT) shown as inset confirms this

observation, and the micrograph is found to match

with the MoS2 crystal structure (3.160 Å corre-

sponding to the Mo-Mo interatomic distance, when

imaged along the [001] direction). Figure 3d and e

shows noise filtered micrographs at higher magnifi-

cation of some of the other different regions of the

sample 3 as imaged along the [001] direction. Crystal

model projection of 2H-MoS2 along [001] direction is

superimposed on them, with blue and yellow colours

depicting Mo and S atoms, respectively.

TEM micrographs showed curled up intertwined

layers of MoS2 for sample 3, in contrast to the large

flakes with sharp linear faceted boundaries for sam-

ple 1, also evident from the broadened XRD peaks for

sample 3 resulting from the lack of long range

ordering. All observations from all the studied sam-

ples using all the techniques such as Raman, XRD,

Figure 2 Results from Sample 1: a low-magnification STEM-

HAADF micrograph, b STEM-HAADF micrograph and

corresponding EDS mapped images with Fe, Mo and S shown

in purple, red and green, respectively, c showing pseudo-coloured

intensity mapped STEM-HAADF micrograph with the insets

showing a magnified view with the superimposed simulated 2H-

MoS2 and the other showing the intensity profile along the marked

line AB, d EELS spectra acquired from sample 1 showing the L3

edge of Fe. And (e) XPS spectra of Sample 1 showing the Fe 2p

peaks.

Table 1 Chemical composition relative to the Mo concentration in the samples 1, 2, and 3

Li Na Mg Al Si K Ca Cr Mn Fe Co Ni Cu Mo

Sample 1 – 11.228 – 0.591 1.030 16.763 0.329 0.021 0.086 0.739 – – 0.102 100.000

Sample 2 – 6.664 – 0.172 0.262 20.479 0.106 0.013 0.117 0.463 – – 0.056 100.000

Sample 3 0.054 0.227 0.546 – 0.487 – 0.019 – 0.011 0.043 0.012 0.032 0.120 100.000
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XPS and TEM unequivocally confirmed to match

with the MoS2 phase.

Compilation of the findings of the chemical anal-

ysis using SIMS technique is summarized in Table 1.

XPS and EELS for sample 1 had indicated the pres-

ence of some Fe, which is also confirmed with higher

confidence and measurement accuracy from the

TOF–SIMS. From the TOF–SIMS analysis, some

additional notable quantities of Al, Mn, Fe and Cu are

confirmed in the samples 1 and 2 in addition to the

Mo along with significant amounts of Na and K too.

Most likely sources of these seem to be the starting

precursor materials such as Na2MoO4 or K2MoO4,

which are generally used for synthesis of MoS2 by

hydrothermal techniques [50]. Na and K are highly

reactive and are not expected to be in the metallic

form, but rather would be in the form of either oxi-

des, hydroxides or halides, and more importantly

none of them are known to have any magnetic

influences too. It is important to point out that sample

3 is comparatively purer and no notable impurities

are observed. No significant chemical shifts have

been observed in the binding energy peaks of the XPS

spectra, as well as the edge shifts in EELS, suggesting

that the impurities may be present as a secondary

phase.

Samples 1 and 2 demonstrated FM behaviour at

both low and room temperature, with a superim-

posed PM contribution. Given the well-established

DM nature of MoS2, ferromagnetism could arise from

two sources: edge magnetism [24–26] and point

defects, such as vacancies [29] or dopants. We analyse

first edge magnetism. Let us for argument sake,

assume the most favourable case of triangular-

shaped MoS2 islands with zigzag edges. A flake of

with N atoms has roughly Sqrt(N) atoms in the edge.

Assuming a magnetic moment of 2 Bohr magneton

per edge atom, this would give a small magnetization

of the order 1/sqrt(N). Considering samples 1 and 2,

with flakes with their quoted size of about100 nm and

1000 nm lateral dimensions, we estimated the num-

ber of edge atoms to be about 300 and 3000, leading to

Figure 3 S/TEM results of Sample 3: a showing low-

magnification STEM-HAADF micrograph with intensity profiles

depicting the (002) inter-planar distances along the\ 001[ -

direction; b HAADF micrograph along with EDS mapped images

with Mo and S shown in red and green, respectively; c high-

magnification STEM-HAADF micrograph with its FFT shown in

the inset; d and e showing filtered micrographs of two different

regions at higher magnification along with simulated crystal model

of 2H-MoS2 superimposed and inter-planar distance marked.
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60 mBM and 6 mBM for the two samples, respec-

tively, roughly compatible with the observed satu-

ration magnetic moment for the two samples, but this

type of magnetic behaviour is not expected to be

robust and stable up to room temperatures, contrary

to what we have observed. Moreover edges are

expected to be highly reactive and may not exist with

dangling bonds and might be decorated with other

atoms such as oxygen. For sample 3 with a quoted

average particle size of about 150 nm or smaller, it

will lead to high values of magnetization, but this

interpretation is incompatible as it shows DM beha-

viour. Instead, there seems to be a correlation

between the observed saturation magnetization and

the presence of impurities in the samples. In partic-

ular, sample 3 does not contain any significant

impurity elements and shows a DM behaviour, as

expected for pure MoS2.

We now consider the other source of the mag-

netism that is related to sulphur vacancies [29], and it

is seen that if vacancies are formed, it leads to local

change in microstructure from the 2H-polytye to the

1T-polytype. In our study of sample 1, we did not

notice any structural defects over large areas as seen

in the STEM-HAADF micrograph in Fig. 2c and

presence of local transformations to 1T-polytype due

to sulphur vacancies seems unlikely. From the high-

resolution micrographs of sample 3 in Fig. 3, though

such structural defects were not clearly noticed, but

importantly, it showed diamagnetic behaviour,

which would go against the proposition.

We now consider the other source of ferromag-

netism, namely the magnetic atoms revealed by SIMS

(see Table 1). Here, there could be two extreme cases:

the diluted magnetic scenario, where magnetic atoms

enter as dopants, uniformly distributed over the

MoS2, which would imply the system is a chemically

homogeneous alloy. This is certainly the most desir-

able case. And the second scenario is where the

magnetic impurities are aggregated, forming a sec-

ondary phase of clusters.

From our TOF–SIMS experimental data, we have

estimated the PM contributions (Supplementary

Information). For that matter, we have assumed that

every dopant contributes and behaves as a J = 1/2,

g = 2 paramagnetic impurity. Given the density of

dopants obtained from the chemical analysis, this

model yields a magnetization per unit formula as a

function of temperature and magnetic field. The

resulting curves for samples 1 and 2 are shown as

plot 1a and 2a in Fig. 1c. This is subsequently com-

pared with experimental extracted PM contributions

shown by solid line curves in Fig. 1c. It is noted that

the plots 1a and 1b have much higher saturation

magnetization as compared to the experimental ones.

Thus, in order to account for the paramagnetic signal

observed in the experiments, it would be enough to

assume that only 20% of the impurities are acting as

paramagnetic centres.

In addition, we note that the saturation moment of

the ferromagnetic component is around (40mBM) per

Fe atom for sample 1 and (10mBM) per Fe atoms for

sample 2, much smaller than (1) BM per Fe atom

expected from most compounds. Therefore, the

observed ferromagnetic signal is being generated by

a few percent of the impurity atoms in the sample.

Thus, our results seem to suggest a scenario where

a fraction of dopants even lesser than 1% are

involved in the ferromagnetic order, and about one-

fifth of the magnetic dopants are involved in the

paramagnetic signal. Presumably magnetic impuri-

ties, such as Fe, are distributed all over the sample, as

shown in Fig. 2b, and are likely candidates to account

for the paramagnetic signal. In contrast, a diluted

ferromagnetic phase that survives at room tempera-

ture requires a large density of magnetic dopants

[51, 52], incompatible with our observations. There-

fore, we claim that the most likely origin of the fer-

romagnetic signal is extrinsic from the well-

distributed secondary phase of nano-clusters of Fe

and other magnetic dopants, within a sea of dis-

tributed dopants, which result in paramagnetic

signals.

Conclusions

In conclusion, we have carefully examined commer-

cially available MoS2 samples. Detailed characteriza-

tion has been carried out in order to carefully

understand the chemical composition, structure and

morphology of the different samples. The origin of

the magnetic behaviour has been traced to the pres-

ence of significant quantity of Fe and/or some other

magnetic dopant elements present with the primary

MoS2.

This study demonstrates the presence of stable fer-

romagnetism at room temperature coming from a

secondary phase of metallic clusters, mixed with the

MoS2 flakes which is different from dilute magnetic
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alloying. We would especially like to highlight and

caution the unintentional presence of the clusters

within these materials, which need to be carefully

accounted for in the study of diluted magnetic MoS2,

as well as in experiments reporting ferromagnetic

order of other materials using MoS2 as a substrate

[53] in future experimental studies when reporting

their magnetic behaviour. The unintentional presence

of ferromagnetic clusters may lead to extrinsic fer-

romagnetic signals from typically diamagnetic sam-

ples and can easily be misinterpreted, to be intrinsic

magnetic behaviour, if proper care is not taken.
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