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in situ doping of TMD monolayers enabling  
2D dilute magnetic semiconductors

Ferromagnetism with a Curie temperature 
above room temperature!

Mo

Fe

Mo

Atomically Thin Magnetic Crystals

Nature Communications, 11, 2034 (2020), Scientific Reports, 12, 6939 (2022), 2D Materials, 10 045003 (2023), Nanotechnology, 32. 095708 
(2021), ACS Appl. Mater. Interfaces, 13, 11 (2021)



Discovery of Graphene

• Although scientists knew graphene existed, 
no-one had worked out how to extract it 
from graphite.

• That was until it was isolated in 2004 by 
Geim and Novoselov who received Nobel 
Prize (2010)

http://powerlisting.wikia.com/wiki/File:Graphite.jpg



2D Materials beyond Graphene

• Transition metal dichalcogenides (TMDs) 
can have a direct bandgap, complementing 
graphene.

• TMD monolayers feature strong SOC and 
inversion symmetry breaking.

• While the conduction band basis is spin
degenerate at the K points, the valence 
band-edge state will split.

Fuhrer and Hone, Nature Nanotechnology, 8(3), 147, (2013)

Ajayan, Kim, Benerjee, Phys. Today 69, 38, (2016)







Exploring exotic properties from 
exfoliated flakes

Manca, et al., Nature Communications 8, 14927 (2017)Wu, et al., Nature Communications 7, 12955 (2016)

Navarro-Moratalla, et al., Nature Communications 7, 11043 (2016)

Novoselov et al., 
Nature Materials 14, 
301 (2015)



Heterostructures Growth via LPCVD

Xu, et al., Nature Materials 13, 1096 (2014)

Ajayan, et al., Nature Materials 13, 1135 (2014) Duan, et al., Nature Nanotechnology 9, 1024 (2014)



Monolayer Growth via MOCVD and 
Transfer 

Kis, et al., ACS Nano, 9 (4), 4611 (2015) Park, et al., Nature, 550, 229 (2017)



How to cheaply produce large, uniform, high-
quality layers and heterostructures?

Ideal

Reality

Cheng et al., Nano Lett., 14, 5590 (2014)

Park, et al., 
Nature 520, 656 (2015)



• Scaling up (maybe using 
MOCVD)

• Controlled heterostructure 
growth 

• Control of grain boundaries 
and defects

• Air stability

• Control of doping (alloys)

Key Challenges Facing TMD Research

Najmaei, et al., Nature Materials, 12, 754 (2013)

Komsa, et al., PRL, 109, 
035503 (2012)

Park, et al., Nature, 550, 229 (2017)



Control of Stacking Angles
WS2 on WS2 (homobilayers)

Scientific Reports, 10, 1648 (2020)
Journal of Physical Chemistry C, 123(35), 21813 (2019) 

Led by Rahimi-Iman (Philipps-
Universität Marburg)

Led by Datta (NJIT)
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• Scaling up (maybe using 
MOCVD)

• Controlled heterostructure 
growth 

• Control of grain boundaries 
and defects

• Air stability

• Control of doping (alloys)

Key Challenges Facing TMD Research

Najmaei, et al., Nature Materials, 12, 754 (2013)

Komsa, et al., PRL, 109, 
035503 (2012)

Park, et al., Nature, 550, 229 (2017)



Stable Pain in the Neck

Air Stability of 2D Materials

-S2 -Se2 -Te2

Mo

W

Nb, Sn

Hf, Zr
Ta, Ti

B. Chen et al.  ACS nano 9.5326 (2015)
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Black 
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Time scale of degradation
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MoTe2



Temporal Degradation of WS2

Day 1
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Temporal Degradation of WS2
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Temporal Degradation of WS2



Advanced Materials, 18, 1603898 (2017)

Enhanced Air Stability: WS2 Grown on 
Graphene



The surface electric fields, 
affecting the rate of WS2

oxidation. 

TMD

TMD/graphene

Surface Electric Field and Oxidation

Advanced Materials, 18, 1603898 (2017)



• Scaling up (maybe using 
MOCVD)

• Controlled heterostructure 
growth 

• Control of grain boundaries 
and defects

• Air stability

• Control of doping (alloys)

Key Challenges Facing TMD Research

Najmaei, et al., Nature Materials, 12, 754 (2013)

Komsa, et al., PRL, 109, 
035503 (2012)

Park, et al., Nature, 550, 229 (2017)



• Doping  at the heart of 
modern semiconductor 
technologies

• Substitutional doping of 2D 
TMDs may effectively tune their 
electrical, optical, magnetic, and 
catalytic properties.

Doping of Transition Metal  Atoms in 
TMDs via Chemical Vapor Deposition

Ferromagnetism in 
2D materials

Zhang et al., Adv. Funct. Mater., 2018, 28, 1706950

Zhang et al., Nano Lett., 2015, 15, 
6586

Gao et al., Adv. Mat.,
2016, 28, 9735

Nb:WS2Mn:MoS2

Re:MoS2



What is Ferromagnetism?

• Intrinsic magnetic dipole moment
(on each crystal lattice) align in 
the same direction. 

• Hysteresis

• Curie temperature



Ferromagnetism in 2D Limits

• Access the fundamentals of magnetism 
in reduced dimensions. 

• Decouple from the substrates, electrical 
control, flexible, and functionalized

• Integrate into emergent heterostructures: 
interplay of distinct physical properties 

• Spintronics, quantum information science

Gong and Zhang, Science, 363(6428), 4450 (2019)





Discovery of Ferromagnetism 
in 2D Crystals

• In early 2017, the first observations of 
ferromagnetism at cryogenic temps were 
reported. 

• CrI3 on EuS, WSe2 monolayers on EuS, 
WSe2 monolayers on 10 nm CrI3.

exfoliated, insulator or 
conductor, unstable in air

Gong, et al., Nature 546, 265 (2017)

WSe2 on EuS Tc ~ 16.5K

Zhao et al., Nat. Nano., 12, 757 (2017) Zhong et al., Sci. Adv., 3, 
6586 (2017)

WSe2/CrI3 Tc ~ 61K CrI3 on EuS Tc ~ 45K

Nature 546, 270 (2017)

Nature 546, 265 
(2017)





Critical Factors for Practical Applications

 Air Stability

 Curie Temperature above RT…..

 Scalability (uniformity)………

 2D Dilute Magnetic Semiconductors…



Antipina et al., Phys. Chem. Chem. Phys., 18, 26956 (2016)

Mo1-xFexS2

2D DMS with High Curie Temperatures?

Ramasubramaniam, Phys Rev. B. 87, 195201 (2013)

Tiwari et al., npj 2D Materials and Applications, 54 (2021)



Antipina et al., Phys. Chem. Chem. Phys., 18, 26956 (2016)

Mo1-xFexS2

2D DMS with High Curie Temperatures?

Ramasubramaniam, Phys Rev. B. 87, 195201 (2013)

Tiwari et al., npj 2D Materials and Applications, 54 (2021)



in situ Doping of TMDs via CVD Growth

Ferromagnetism 
NOT observed

6.7 at% Nb doping of WS2 monolayer 1 at% Re doping of MoS2 monolayer

Enhanced 2 at% Mn doping of MoS2 monolayer via Graphene as a substrate

Zhang et al., Adv. Funct. Mater., 2018, 28, 1706950

Zhang et al., Nano Lett., 2015, 15, 6586-6591

Gao et al., Adv. Mat., 2016, 28, 9735-9743



Zhang et al., Adv. Funct. Mater., 2018, 28, 1706950Zhang et al., Nano Lett., 2015, 15, 6586-6591 Gao et al., Adv. Mat., 2016, 28, 9735-9743

Fe-doping via CVD Growth?

Dopant Mn Nb Re

Source Mn2(CO)10 NbCl5 ReO3

Melting
point 154 °C 204.7°C 400 °C

Heating Temp. 70 °C 100 °C 350 °C
500 °C
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V

Iron 
oxide 
melting 
point 
1,597°C



Contact-Growth of TMDs

US Patent US 9,640,391 (2017)

Zhang et al., Adv. Funct. Mater., 2018, 28, 1706950Zhang et al., Nano Lett., 2015, 15, 6586-6591 Gao et al., Adv. Mat., 2016, 28, 9735-9743



MoS2  Growth Mechanism

• Initial reaction between MoO3 and S  intermediate volatile 
MoO3−xSy, (for MoS2) and further sulfurization of MoO3−xSy 
conversion into MoS2 grains

Braunecker et al., Cryst. Growth Des. 2018, 18, 1012−1019

Cain et al., ACS Nano 2016, 10, 5440−5445



In situ Fe Doping Process

Nanotechnology, 32. 095708 (2021)US Patent pending 18/008,126

Shichen Fu Kyungnam Kang

Mo
MoO3

Se



CVD-grown Fe:MoS2 Monolayers

Nature Communications, 11, 2034 (2020)



CVD-grown Fe:MoS2 Monolayers

Nature Communications, 11, 2034 (2020)



Mo

Fe

Mo

W

Fe

W

(left, right) Contrast-corrected STEM images of Fe:WS2 and 
Fe:MoS2 monolayers. 
(center) STEM intensity spectra of the selected areas, where 
Fe atoms exhibit approximately 40% lower intensity than Mo 
atoms.

2 nm
2 nm

Terrones group (Penn State) 

Substitutional Doping of Irons

Nanotechnology, 32. 095708 (2021)



X-ray Photoelectron Spectroscopy (XPS)

(a) Fe 2p3 peaks; (b) Mo 3d peaks. The reduced intensity of the Mo-O bond in 
Fe:MoS2 (237 eV) as compared to MoS2 is indicative of an underlying reduction 
of the sulfur vacancy concentration upon doping; (c) S 2p peaks.



Low-Doping Concentration in 2D Materials

2 at%6.7 at%

25
Mn

24
Cr

41
Nb

42
Mo

43
Tc

73
Ta

74
W

75
Re

23
V

23
V

1 at%

Zhang et al., Nano Lett. 15, 6586-6591 (2015)
Gao et al., Adv. Mater. 28, 9735-9743 (2016)

Zhang et al., Adv. Funct. Mater. 28, 1706950 (2018)

Yun, et al., Adv. Sci. 1903076 (2020)
Duong, et al., Appl. Phys. Lett. 115, 242406 (2019)

V-doped WSe2



Fe-related PL Emission

Nature Communications, 11, 2034 (2020)



This Fe-related emission peak is consistent at different excitation
wavelengths, showing that this emission is not related to a Raman
peak.

Fe-related Emission from Fe:MoS2



DFT Calculation of Dipole-Allowed Transitions in 
Fe:MoS2 Monolayers

Microscopic Origin of the Fe-
Related Emission

Meunier group at RPI

𝐴 𝜔௙௜ =
4𝛼

3𝑐ଶ
𝜔௙௜

ଷ 𝑓 𝐫ො 𝑖 ଶ



Unambiguous Fe-related Emission

DFT calculations of dipole-allowed 
transitions

PL spectra of MoS2 and Fe:MoS2

Meunier group (RPI)

Nature Communications, 11, 2034 (2020)



• (Right) the conduction band and valence band 
are split depending on the spin direction 
(Zeeman splitting). 

• This spin-polarized semiconductor band 
structure alters the absorption of clockwise and 
counterclockwise-polarized light (MCD effect). 

SCIENCE 312(5782) 1883 (2006)

Zeeman Splitting and MCD Effects

Circular 
Dichroism

Magnetic Circular 
Dichroism



ODMR Spectra of NV- Centers and Superconducting 
Quantum Interference Device Measurements

Vamivakas group (U. Rochester)

Nature Communications, 11, 2034 (2020)

Pasupathy group (Columbia)



Fe:MoS2 vs. Fe:WS2

Argonne National 
Lab (Oakland 
University)

Vamivakas group 
(U. Rochester)

Nanotechnology, 32. 095708 (2021)



Fe:WSe2: Optical, PL & EDS Mapping

55
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W
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Se

CFe

unpublished

Mengqi Fang

Fe:WSe2

10 mm



AFM, STEM, and MFM Measurements

WSe2

Fe:WSe2

AFM MFM

HAADF image

STEM

Credit: Chung, Choi and 
Jang (KBSI)

Manuscript in prep.



Shichen Fu

I. Magnetic Proximity Coupling with
Fe:MoS2

Strauf (lead) and Yang collaboration

2D Materials, 10 045003 (2023)



Magneto-optical Characterization of 
Proximity-coupled Quantum Emitters

2D Materials, 10 045003 (2023)

X0: neutral 2D exciton, XD: dark 2D exciton transition

∆𝐸 = ∆଴
ଶ + 𝑔𝜇଴𝐵 ଶ



II. Spin Photovoltaics with Fe:MoS2

Abdus Sarkar

unpublished
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III. Magnetic Tunnel Junction

• Electrons flow through the MTJ to transfer 
spin angular momentum between the 
magnetic layers.

 Changing the magnetic state of the free 
layer, and thus writing information. 

Ikeda, Nature Materials, 9.9, 721 (2010)



All 2D Magnetic Tunnel Junction

CVD system Raman microscope and AFM

Transfer stages

Siwei Chen

US Patent pending 18/008,126



Fowler-Nordheim (FN) tunneling

Tunneling Characteristics via Fe:MoS2

unpublished



TMR of Fe:MoS2-based MTJ & 
Anomalous Hall Effect in Fe3GeTe2

Coercivity ~ 0.38T  at 30 mA ISD.

unpublished

Fe3GeTe2Fe:MoS2-based MTJ 



Aharonov-Bohm Effects in 
CVD-Graphene Rings

Zitao Tang Siwei Chen

• Aharonov-Bohm (AB) effect: the oscillations 
in the resistance of a conducting ring as a 
function of an external magnetic flux piercing 
the ring. 

• An interferometer based on AB oscillations is, in 
principle, equivalent to a rotation sensor. 

• Magnetoconductance show fringes as a 
function of the applied magnetic field. 

J. Sakurai, PRD (1980)



Characterization of Aharonov-Bohm 
Oscillations

FFT of the AB oscillations from a 
graphene ring

Manuscript in prep.

Graphene acts as 
a 2D ballistic, 
phase coherent 
electron system 
with long phase 
coherence length -
765 nm to 1.25 mm 
at 4K. (Science, 
317(5844), 1530 
(2007))



Summary
• We investigate chemical vapor deposition (CVD)-grown TMDs, 

including Fe doping of MoS2, WS2, WSe2 and MoSe2, as well as 
their heterostructures.

• We demonstrate ferromagnetism in monolayer Fe:MoS2, demonstrating 
the magnetic field strength of 0.5 mT at room temperature.

• We currently explore the magnetic proximity coupling of quantum 
emitters, magnetic tunnel junctions, electron interferometers, and spin 
photovoltaic devices, which can be readily combined with flexible 
substrates.

• This research unlocks many new opportunities towards atomically thin 
magneto-optical and magnetoelectric devices for ultracompact 
spintronics, on-chip optical communications, and quantum sensing and 
energy conversion.



Scan me to 
request 2D 
magnets for 
collaboration.


