
www.advopticalmat.de

2102711  (1 of 8) © 2022 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH

Research Article

Defect-Engineered Magnetic Field Dependent Optoelectronics 
of Vanadium Doped Tungsten Diselenide Monolayers

Katharina Nisi, Jonas Kiemle, Lukas Powalla, Alessio Scavuzzo, Tuan Dung Nguyen, 
Takashi Taniguchi, Kenji Watanabe, Dinh Loc Duong, Marko Burghard,*  
Alexander W. Holleitner,* and Christoph Kastl*

DOI: 10.1002/adom.202102711

enhancing the Coulomb interaction 
leading to emergent exciton physics up to 
room temperature.[1] Due to the inherently 
reduced screening, the material properties 
become increasingly susceptible to lattice 
defects in the atomically thin limit. State 
of the art growth methods and encapsula-
tion protocols have focused on reducing 
unwanted defects to reveal the intrinsic 
limit of optical and electronic proper-
ties.[2,3] The emergent field of defect engi-
neering, however, aims at intentionally 
introducing defects in 2D semiconductors, 
not only to control basic electronic and 
optical properties, but also to implement 
advanced functionality, such as chemical 
sensing, catalytic activity, quantum light 
emission, or magnetic order.[4–7]

A growing interest has focused on mag-
netic doping of 2D semiconductors, with 
the aim of creating dilute magnetic semi-
conductors. Generally, their bandwidth 

reduction and larger band gaps make 2D materials favorable for 
itinerant magnetic order with high Curie-Néel temperatures.[8] 
Additionally, the intrinsically strong spin-orbit coupling pro-
vides an interesting platform for (opto)spintronics.[9,10] A nat-
ural choice for (magnetic) dopants are other transition metals, 
since they incorporate easily into the metal sublattice.[11–14]  

The ability to dope transition metal dichalcogenides such as tungsten dis-
elenide (WSe2) with magnetic transition metal atoms in a controlled manner 
has motivated intense research with the aim of generating dilute magnetic 
semiconductors. In this work, semiconducting WSe2 monolayers, substitu-
tionally doped with vanadium atoms, are investigated using low-temperature 
luminescence and optoelectronic spectroscopy. V-dopants lead to a p-type 
doping character and an impurity-related emission ≈160 meV below the neu-
tral exciton, both of which scale with the nominal percentage of V-dopants. 
Measurements using field-effect devices of 0.3% V-doped WSe2 demonstrate 
bipolar carrier tunability. The doped monolayers display a clear magnetic  
hysteresis in transport measurements both under illumination and without 
illumination, whereas the valley polarization of the excitons reveals a 
nonlinear g-factor without a magnetic hysteresis within the experimental 
uncertainty. Hence, this work on V-doped WSe2 provides crucial insights con-
cerning suitable characterization methods on magnetic properties of doped 
2D materials.
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1. Introduction

Monolayer semiconducting transition metal dichalcoge-
nides (TMDCs) of group IV transition metals, such as MoS2, 
WS2, and WSe2, exhibit direct band gaps in the visible range 
and a weak dielectric screening, with the latter significantly 

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adom.202102711.

T. D. Nguyen, D. L. Duong
Center for Integrated Nanostructure Physics (CINAP)
Institute for Basic Science (IBS)
Suwon 16419, Republic of Korea
T. D. Nguyen, D. L. Duong
Department of Energy Science
Sungkyunkwan University
Suwon 16419, Republic of Korea
T. Taniguchi
International Center for Materials Nanoarchitectonics
National Institute for Materials Science
Tsukuba 305-0044, Japan
K. Watanabe
Research Center for Functional Materials
National Institute for Materials Science
Tsukuba 305-0044, Japan© 2022 The Authors. Advanced Optical Materials published by Wiley-VCH 

GmbH. This is an open access article under the terms of the Creative 
Commons Attribution License, which permits use, distribution and repro-
duction in any medium, provided the original work is properly cited.

Adv. Optical Mater. 2022, 10, 2102711



www.advancedsciencenews.com www.advopticalmat.de

2102711  (2 of 8) © 2022 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH

Calculations for TMDC monolayers, such as MoS2 and WS2, 
suggest that doping with manganese, nickel, niobium, tan-
talum or vanadium can induce ferromagnetic order with Curie 
temperatures up to 170 K.[8,15,16] Among different host mate-
rials, monolayer WSe2 is deemed especially suitable due to its 
good ambipolar gate tunability and larger spin-orbit splitting 
compared to the Mo-based TMDCs, which can be beneficial 
for stabilizing the magnetic order.[13,17–21] Furthermore, (doped) 
WSe2 bulk crystals can be grown at low defect densities, ena-
bling proof-of-concept devices, but also high quality wafer-scale 
monolayers can be grown by metal organic chemical vapor dep-
osition (CVD), ensuring scalability and applicability.[2,13,22]

In vanadium-doped WSe2, theoretical and experimental 
works have provided first evidence for a room temperature, 
long-range, (ferro)magnetic order.[18,20,23,24] Vanadium incor-
porates into the tungsten lattice with negligible strain, as veri-
fied by atomic resolution imaging, and, in line with theoretical 
predictions, it results in an acceptor state close to the valence 
band, as demonstrated by tunneling spectroscopy and the 
p-type of field-effect devices.[12,13,17,23–27] For dilute atomic con-
centrations between 0.1% and 4%, signatures of magnetic order 
were obtained in CVD-grown V-WSe2 monolayers via magnetic 
force imaging up to room temperature and magnetic hyster-
esis loops at low-temperature.[23,24] Further studies found a 
hysteretic magnetoresistance up to room temperature, a rem-
nant behaviour of the low-temperature resistance in (zero-)field 
cooling experiments, as well as signatures of finite excitonic 
valley polarization in room temperature photoluminescence 
(PL).[17,26,28] As the underlying mechanism, a hybridization of 
the vanadium acceptor states with the valence band of WSe2 
was proposed enabling an efficient RKKY-interaction between 
the localized (bound) spin states on the vanadium atoms and 
the itinerant (free) carriers.[19,29] Lastly, theory predicts that the 
magnetic exchange is turned off for a large, electrostatically 
induced electron doping due to a complete filling of vanadium 
defect states.[19] This requires carrier densities of 1.6 × 1013 cm−2 
for vanadium concentrations of 1.6%.

Here, we explore magnetic ordering in V-doped WSe2 by 
magnetooptic and optoelectronic measurements. Specifically, 
we study the low-temperature PL spectra of WSe2 grown by 
chemical vapour transport (CVT) capped/encapsulated with 
hexagonal boron nitride (hBN) for three different vanadium 
concentrations (0.3%, 0.5% and 1%, given in atomic per-
cent) and compare it to undoped WSe2.[17] Vanadium doping 
leads to a p-type character of the monolayers as evidenced by 
a dominating emission from positively charged trions with 
increasing dopant concentration. Furthermore, we observe an 
impurity-induced emission, which is likely related to recom-
bination of a bound exciton via the vanadium defect states 
and is stable up to 200 K. Gate-dependent PL demonstrates 
a good charge tunability and preserved semiconducting char-
acter of WSe2 at moderate vanadium concentration (0.3%). 
Magnetic field-dependent charge transport exhibits a clear 
hysteresis for p-type conduction, whereas photocurrent 
measurements reveal hysteresis throughout the whole gate-
able range. Concurrently, we find indications of a non-linear 
exciton g-factor in magneto-PL. Our results highlight the 
potential of substitutional doping to engineer magnetic prop-
erties of 2D TMDCs.

2. Results

Bulk crystals of V-doped WSe2 were grown by CVT (see  
Section  4). All concentrations of V-dopants (atomic percent) 
are the nominal amounts added during the CVT-process. For 
low doping concentrations (on the order of few atom percent), 
vanadium is substitutionally incorporated into the tungsten 
lattice of WSe2 (Figure  1a) and results in p-type doping with 
vanadium acceptor states near the valence band.[12,19,22–24,26] 
For the investigated crystal batch, the substitutional incorpora-
tion was independently confirmed by Raman measurements 
(Figure  1b), where we find a small, but systematic blue shift 
of the overlapping E2g

1  and A1g mode for monolayer WSe2 with 
increasing doping concentration (inset of Figure 1b). The shift 
may either arise from a decrease of the average unit cell mass 
or from a carrier density dependence of the Raman modes, as 
reported for example in gated monolayer MoS2.[30] Specifically 
for WSe2, a similar blue shift of the E2g

1  and 2LA(M) modes 
has been observed upon plasma-induced p-type doping.[31–33] 
Importantly, Raman signatures of VSe2 are absent and spatial 
mapping shows no indications of possible VSe2 clustering. We 
note that defect activated modes, which have previously been 
reported for V-doped WSe2 prepared by metal organic CVD, are 
not detectable.[13] This may be a consequence of the different 
growth methods, as in the present study monolayers are exfoli-
ated from bulk, CVT-grown WSe2, eliminating substrate-related 
strain, which is often prevalent for direct CVD growth onto 
oxide substrates.[34]

Figure 1c shows PL spectra of monolayer WSe2 for different 
nominal doping concentrations, which are 0% (pristine), 0.3%, 
0.5% and 1%. All samples are fully encapsulated in hBN, with 
the exception of the capped 0.3% V-doped sample (for details 
see Figure S1, Supporting Information). All spectra were taken 
at low-temperature (T = 1.7 K), and they are referenced to the 
neutral exciton to aid comparison between the different sam-
ples. The excitation wavelength was 637 nm (1.946 eV). Pristine 
WSe2 typically exhibits slight n-type character due to uninten-
tional doping from intrinsic defects, and therefore we assign 
the peaks to a neutral exciton (X0), a negative trion (X−), and a 
negatively charged biexciton (XX−).[35,36] Due to inhomogeneous 
broadening, it is not possible to resolve independently singlet 
and triplet trion. The red-shift of the trion (29 meV) and the 
biexciton (48 meV) relative to the neutral exciton agree with 
reported values.[37] Consistently, the excitation power depend-
ences are linear for the neutral exciton (α = 1), close to linear 
for the trion (α = 1.2), but super-linear (α = 1.5) for the biexciton 
(see Figures S2 and S3, Supporting Information).[38,39]

Upon increasing the vanadium concentration, the overall 
PL is strongly quenched in accordance with previous reports 
on doped WS2 and WSe2.[13,40] Furthermore, a broad emission 
band arises about 160 meV below the neutral exciton. The rela-
tive intensity of this emission band increases monotonously 
with doping concentration (Figure 1d), suggesting that it stems 
from transitions involving vanadium defects. More precisely, 
we interpret the V-related emission as a consequence of a hole 
dopant level near the valence band of WSe2, where bound 
exciton transitions involve the delocalized WSe2 conduction 
band and the localized vanadium defect level. We note that the 
additional broadening of the excitonic features observed in the 
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0.3% V-doped sample may arise due to the absence of a bottom 
hBN encapsulation layer. The PL spectra for all three doping 
concentrations show a second sub-gap emission 85–95 meV  
below the neutral exciton (light blue peak in Figure 1c). In this 
energy range, intra- and intervalley dark excitons and their 
phonon replicas have been reported in undoped WSe2.[41,42] 
Emission from such dark transitions typically requires a 
scattering process, which can be mediated by phonons or  
lattice defects, such as potentially the vanadium impurities in 
the doped samples.[43,44] However, a definite assignment of the 
transitions in this energy range would require samples with 
reduced inhomogeneous broadening. Vanadium doping of 
WSe2 is known to change the carrier doping character from 
n-type to p-type, and consistently, emission from the nega-
tively charged biexciton decreases and emission from a posi-
tively charged trion appears with increasing vanadium content  
(Figures  1c and 1e).[12,22–24,26] Intriguingly, the defect emission 
DV is stable up to 200 K, similar to PL reported on rhenium 
doped WSe2.[45] The stability at temperatures above 200 K is 
notably high compared to localized emitters in 2D transition 

metal dichalcogenides, which are often stable only well below 
100 K (Figure 1f).[46–48]

In the next step, we characterize the carrier density depend-
ence of the excitonic properties at doping of nominally 0.3%. 
On the one hand, previous reports evidenced ferromag-
netic order at these moderate vanadium concentrations for  
CVD-grown films.[18,19,23,24,26] On the other hand, the initial PL 
measurements for 0.3% in Figure 1 indicate a low background 
carrier density, which is desirable to maintain good tunability. 
For fabricating the field-effect devices (Figure  2a), the 0.3% 
doped monolayers were exfoliated onto Si/SiO2 with 300 nm 
oxide thickness, contacted by Ti/Au electrodes using e-beam 
lithography and capped by hBN (in the following referred to as 
sample 1 and 2).

Individual PL spectra at three selected gate voltages are 
shown for a monolayer device with 0.3% doping in Figure 2b 
(sample 1). The spectra show the neutral exciton (indicated 
by the dot), the negatively charged trion (indicated by the 
triangle) and vanadium defect peak (indicated by the diamond). 
Figure 2c depicts the integrated areas for the different emission 
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Figure 1.  Optical spectra of V-doped monolayer WSe2. a) Schematic crystal structure. b) Normalized Raman spectra showing the overlapping 2
1E g and 

A1g (249 cm−1) and 2LA(M) (262 cm−1) modes. The inset demonstrates a sub-wavenumber shift of 0.8 cm−1 per 1% V-dopants. c) Low-temperature PL 
spectra of monolayer V-WSe2 (T = 1.7 K, 637 nm, Plaser = 1 mW). The emission energies are referenced to the neutral exciton. Pristine (undoped) WSe2 
exhibits a neutral exciton X0 and a negative trion X− redshifted by 29 meV. At high excitation density, a third peak (yellow) consistent with a negatively 
charged biecxiton XX− is observed 48 meV below X0. The intensity of the pristine sample was scaled by 0.1. Vanadium doping results in p-type character 
with a positive trion emission X+ redshifted by 17 meV. DV is a defect emission due the vanadium dopant levels. d) Integrated intensity of DV versus 
intensity of X0 as function of V-concentration. e) Intensity ratio between neutral exciton and positive trion as function of concentration. f) Temperature 
dependent PL at 0.3% vanadium concentration.
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peaks defined in Figure  2b as a function of the gate voltage. 
As expected, the negatively charged trion weight decreases with 
decreasing gate voltage, that is, when moving toward intrinsic 
doping.[49] We note that the intensity of the neutral exciton 
and the vanadium defect appear to be directly correlated, sim-
ilar to observations on defect emitters due to sulfur vacancies 
in MoS2.[50] Based on the trion intensity, the transition from 
the intrinsic to n-type regime occurs approximately at 40 V 
(Figure 2d). Therefore, a concentration of 0.3% constitutes an 
intermediate case, in which the p-type vanadium doping par-
tially compensates the slight intrinsic n-type character.

Having established the carrier tunability of the V-WSe2 
monolayer, we now turn to the magnetic field dependent trans-
port properties. For electrical characterization, the V-WSe2 
layers were contacted in a two-terminal configuration using 
gold electrodes as sketched in Figure 2a. The transfer curve of 
sample 2 at 4 V bias is displayed in Figure 3a. The dark cur-
rent exhibits overall low values of a few hundred picoamperes, 
but a clear tunability from p-type to n-type behavior. The overall 
good gate tunability at low doping levels agrees with previous 
studies on substitutionally doped WSe2, both with rhenium and 
vanadium dopants.[13,19,23] To improve the signal to noise ratio, 
we employed differential conductivity measurements at a DC 
bias of VSD  = 4 V, a superimposed AC bias VSD  = 0.1 V, and 
lock-in detection at 777 Hz. The corresponding hysteresis loops 
are displayed in Figures 3b–d at gate voltages of −70 V, 0 V and 
65 V, respectively. At negative gate voltages (−70 V), the Fermi 
level is close to the vanadium impurity band, where theory 
predicts the maximum magnetization.[19] Consistently, a clear  
hysteresis is observed when the magnetic field is swept from  
3 T to −3 T and back. The open triangles highlight the switching 

of the hysteresis features close to 0.75 T. At 0 V gate voltage, 
the Fermi level is deep inside the gap of V-WSe2, and no dark 
current is detected within the resolution of our measurements. 
At large positive gate voltages (+65 V), corresponding to n-type 
doping, we do not observe a clear hysteresis within the noise 
level, which may be an indication of the theoretically predicted 
gate tunability of the magnetization.[19]

The transistor devices fabricated from V-WSe2 still suffer 
from high contact resistances, which render detailed electrical 
characterization difficult.[51–53] To further enhance the sensitivity 
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Figure 2.  Gate-dependent PL of V-doped WSe2. a) Schematic of V-doped WSe2 (0.3%) on a 300 nm Si/SiO2-substrate with top layer hBN. The TMDC 
ML is contacted using two gold contacts. b) PL spectra at selected gate voltages for the sketched device with a nominal V-doping of 0.3%. c) Normal-
ized intensities of exciton, trion and impurity emission as function of gate voltage. The intensities are integrated across the spectral ranges indicated 
in (b). d) This device exhibits compensated character.

VGate = -70 V

VGate = 65 VVGate = 0 V

Figure 3.  Magneto-transport of V-doped WSe2. a) Transfer character-
istics of the source-drain dark current at 4 V bias voltage (sample 2).  
b,c,d) Magnetoresistance (MR) (without illumination, VSD  = 4 V, 
dV = 0.1 V). MR was calculated as following: MR(%) = [R (resistance) −  
R0 (resistance at 0 T)]/R0.
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of our electronic measurements, we illuminated the device with 
Ephoton = 1.95 eV and Plaser = 0.3 mW. Furthermore, the illumi-
nation allows to establish a close correspondence between the 
PL and electric transport properties under equivalent experi-
mental conditions. Figure  4a depicts the transfer curve of a 
V-WSe2 transistor device (0.3%, sample 1). The device scheme 
is the same as sketched in Figure 2a.

The device exhibits a minimum in photoresponse around 
VGate  = 0 V, which agrees with the intrinsic regime in PL 
(Figure  2) and transport (Figure  3). Figures  4b–d show mag-
netic hysteresis loops for the photocurrent measured with cir-
cularly polarized light and an excitation wavelength of 637 nm 
(1.946 eV). The photocurrents at gate voltages −70 V, 0 V and 
70 V show a clear magnetic hysteresis with switching features 
at approximately 2 T and 0.75 T (again highlighted by open 
triangles), when the magnetic field is swept from 3 T to −3 T 
and back. A similar magnetic hysteresis has been observed in 
the dark current of multilayer V-WSe2, and importantly it was 
absent in undoped control samples.[17] Since the magnetic hys-
teresis persists across the full gate range, it is distinct to recent 
results on multilayer WSe2, where a hysteresis was only found 
when the Fermi level was aligned to the in-gap vacancy states.[54]

The B-field and gate-dependence for left circularly polarized 
light (σ−) exhibits the exact same behaviour suggesting that 
the observed hysteresis is independent of the valley polariza-
tion of the optically injected carriers. The hysteresis of the 
photocurrent was reproduced on a second sample (sample 2,  
Figure  S4, Supporting Information) and also for an excita-
tion energy of 1.59 eV, which corresponds to a (near) resonant 
excitation of the vanadium defect transitions. The fact that the 
hysteresis is clearly observed throughout the full gate range, in 
contrast to the dark current measurements in Figure  3, sug-
gests that under illumination the quasi Fermi levels of the 
photoexcited electrons and holes need to be taken into account, 
in particular the photoexcitation of the vacancy impurity level.

We further investigate the magnetic behavior by means of 
magneto-PL measurements of the exciton g-factors from −6 T 

to 6 T. Figure 5a shows PL spectra of 0.3% V-doped WSe2 for 
three different gate voltages (sample 1). Since the inhomoge-
neous line width broadening (≈15 meV) is considerably larger 
than the Zeeman shift (≈2 meV), we determined the g-factors 
from numerical fits of the data as the difference in the peak 
position between circularly left and circularly right excitation 
and detection ΔE  = Eσ ++ - Eσ −−. To avoid over-parametrization 
of our fit model in the spectral region where the defect-related 
peaks (purple and blue curve) are not clearly separated, we 
fixed their energetic separation in the analysis, and we quote a 
common g-factor for this spectral range.

At −70 V (Figure 5b), the g-factor exhibits a linear magnetic 
field dependence throughout the applied field range. The deter-
mined g-factor for the neutral exciton (g = −3.3) is close to the 
expected value of −4, which is based on the magnetization of 
the bands in a single particle picture, and it is consistent with 
experimental values reported for undoped WSe2.[37,55,56] Since 
the negatively charged trion is suppressed at −70 V, we could 
not resolve the Zeeman-shift for this transition. For the vana-
dium defect transition, we find g = −2.9, which can tentatively 
be explained by transitions between localized defect levels 
without contributions from the valence band. The latter are 
expected to yield larger g-factors.[57] The undoped WSe2 con-
trol sample also demonstrates linear g-factors (g = −4.7 for the 
exciton, and g = −6.4 for the trion) in line with literature values.

Upon increasing the electron doping via sweeping the 
gate voltage to 0 V and 70 V, respectively (Figures  5c and 5d), 
we observe a pronounced nonlinearity of the Zeeman-shift. 
Similar nonlinear shifts have also been observed for WSe2 
by Wang et  al. and for MoS2 by Klein et  al. We can describe 
the curves with an effective g-factor ΔE  = geff · μB · H* · tanh 
(H/H*) according to the model used in ref. [58]. Here, H is the 
external magnetic field, H* is a critical magnetic field which  
phenomenologically describes the nonlinear behavior and μB is 
the Bohr magneton 5.788 × 10−5 eV/T. From this fit model, we 
assign an effective g-factor (labelled geff) which corresponds to 
the slope of the nonlinear curve around B = 0 T. Intriguingly, a 
saturation behavior occurs at magnetic field values of roughly  
3 T, which corresponds to the field values in which the hysteresis 
closes in Figure 4b–d. The nonlinearity is further accompanied 
by an increased splitting energy and consequently increased 
effective g-factor for the vanadium defect and trion. The observed 
nonlinear g-factor and the magnetic hysteresis in Figure  4 
are possible signatures of a magnetic order in V-doped WSe2 
samples. Nevertheless, a magnetic hysteresis of the Zeeman 
shift is not observed within our experimental uncertainty, and 
the photocurrent hysteresis is independent of the excitation  
polarization. In addition, nonlinear Zeeman shifts of the exciton 
have also been reported in pristine WSe2 and MoS2.[58,59] 
The nonlinearity of the g-factor in pristine samples has been 
assigned to many-body interactions of the exciton with free car-
riers, although a recent study suggests that also the magnetic 
moment from intrinsic selenium defects may be relevant.[54]

3. Conclusion

In summary, we report on the magnetooptical and optoelec-
tronic properties of vanadium-doped WSe2 monolayers. We 
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VGate = -70 V

VGate = 70 VVGate = 0 V

Figure 4.  Magneto-photocurrent of V-doped WSe2. a) Transfer character-
istics of the source-drain current under illumination (637 nm) at 2 V bias 
voltage (sample 1). b,c,d) Magnetic hysteresis loops of the photocurrent. 
A clear difference between the up-sweep (dark) and down-sweep (light) 
direction is observed across the full gate voltage regime, b) −70 V, c) 0 V 
and d) 70 V, respectively.
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find that the incorporation of vanadium into the tungsten lat-
tice leads to a broad emission band 160 meV below X0 from 
bound excitons and systematic emergence of charged trion 
emission due to the p-type doping. We provide magnetic field-
dependent transport and optoelectronic measurements of 
0.3% V-doped WSe2, which show hysteresis within the applied 
external magnetic field range. Furthermore, we establish good 
gate tunability of the lightly doped films while maintaining a 
magnetic hysteresis for different carrier densities. Since the 
magnetic hysteresis persists across the full gate range, it is dis-
tinct to recent results on multilayer WSe2, where a magnetic 
hysteresis was found only when the Fermi level was aligned 
to the in-gap vacancy states.[54] In magneto-PL, we find a non-
linear Zeeman shift of the exciton at large n-type doping, but 
no systematic magnetic field hysteresis. For further studies of 
the magnetic properties, it will be beneficial to improve the 
electronic contact characteristics, for example by using metals 
which form small contact barriers, as has been reported for 
molybdenum or niobium.[22] By improving the excitonic line 
widths, for example, by full encapsulation in high quality hBN 
and by using graphite gate electrodes, the impact of the doping 
induced magnetic order, which is clearly apparent in electronic 
transport, may be resolved also for the excitonic ensemble. 
With optimized devices, local probes, such as photocurrent or 
Kerr rotation imaging, can potentially be used to elucidate the 
magnetic structure in more detail. Furthermore, comparison 
of the effect of in- and out-of-plane magnetic field may shed 
light on the orientation of the magnetic axes. Lastly, nanoscale 
magnetometry using nitrogen-vacancy centers in diamond may 

allow for a higher magnetic field sensitivity with nanoscale spa-
tial resolution to directly resolve the magnetic ordering in these 
devices.[60–63] Overall, WSe2 exhibits a rich and complex inter-
play of charge doping, magnetic doping, defect properties and 
exciton physics calling for further investigation.

4. Experimental Section
Sample Preparation: Bulk crystals of pristine WSe2 and V-doped WSe2 

were grown using a chemical vapor transport (CVT)-growth mechanism 
with tungsten, selenide and vanadium powder precursors and iodine 
gas as the transport agent, as reported in ref. [17]. The bulk crystals were 
exfoliated using mechanical cleavage. Monolayers were transferred onto 
Si/SiO2 with 300 nm oxide thickness, contacted by Ti/Au electrodes 
using e-beam lithography and capped by hBN.

PL Measurements: PL was measured at  1.7 K (unless explicitly noted 
otherwise) in a closed-cycle cryostat with an optional magnetic field up 
to 6 T in Faraday geometry using a confocal dip-stick microscope. For 
excitation, a 637 nm diode laser was used with σ+ or σ− polarization. The 
polarization was adjusted using an achromatic λ/4-waveplate inserted 
into the beam path. The emission was collected using an achromatic, low-
temperature objective (NA = 0.82). The collected light passed through 
the achromatic λ/4-waveplate and the polarization was selected by a  
λ/2-waveplate and a polarizer inserted into the detection path. The 
spectrum was analyzed using a 500 mm spectrograph (grating 300 g/mm)  
and a N2-cooled CCD.

Dark Current Measurements: Transport measurements of 0.3% 
V-doped WSe2 were investigated at 1.7 K. The gate voltages were 
applied to the silicon backgate using a sourcemeter, the bias voltages 
were applied to the source contact, and the current was measured at 
the drain contact using a transimpedance amplifier simultaneously. The 
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Figure 5.  B-field-dependent PL of 0.3% V-doped monolayer WSe2. a) Circularly polarized (σ++) PL spectra of 0.3% V-doped WSe2 at 0 T and +70 V, 0 V,  
and –70 V. The spectra are fitted with two Lorentzian and two Gaussian for the neutral exciton, negatively charged trion and the two defects, respec-
tively. The difference of the determined peak energies of both configurations, σ++ and σ−, is calculated and fit using a nonlinear fit approach.[58] The 
resulting energy differences and fits are plotted in panels b–d) for X0, X− and DV for each gate voltage, respectively. For −70 V, the emission of X− is 
suppressed and no Zeeman shift is resolved. Experimental data in grey, fit in solid lines. A linear dependency is observed for small magnetic fields 
and a nonlinearity for higher magnetic fields.
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differential conductance modulated at 777 Hz was measured using a 
lock-in amplifier with an AC bias amplitude of 0.1 V that was added to a 
DC bias voltage of 4 V.

Photocurrent Measurements: Optoelectronic properties of 0.3% 
V-doped WSe2 were investigated at 1.7 K using the same setup as for 
PL. The gate voltages were applied to the silicon backgate using a 
sourcemeter, the bias voltages were applied to the source contact, and 
the current was measured at the drain contact using a transimpedance 
amplifier. The excitation wavelength was λexc = 637 nm, unless explicitly 
stated otherwise. The laser intensity was modulated with a modulation 
frequency of 37 Hz at a 50% duty cycle square-wave and the resulting 
photocurrent was measured using a lock-in amplifier.

Raman Spectroscopy: Raman spectroscopy of pristine and V-doped 
WSe2 were implemented with a 532 nm excitation laser (Plaser = 0.1 mW) 
coupled into a commercial confocal microscope (WITec Alpha 300 R)  
using a 63x (0.7 NA) objective and a 1800 g/mm grating. The spectra 
were oversampled by moving the grating in sub-cm−1 steps. All 
measurements were conducted at room temperature and in a vacuum 
chamber (base pressure <1 × 10−5 mbar).
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