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Abstract

Charged dopants in 2D transition metal dichalcogenides (TMDs) have been asso-

ciated with the formation of hydrogenic bound states, defect-bound trions, and gate-

controlled magnetism. Charge-transfer at the TMD-substrate interface and the prox-

imity to other charged defects can be used to regulate the occupation of the dopant’s
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energy levels. In this study, we examine vanadium-doped WSe2 monoloayers on quasi-

freestanding epitaxial graphene, by high-resolution scanning probe microscopy and ab

initio calculations. Vanadium atoms substitute W atoms and adopt a negative charge

state through charge donation from the graphene substrate. V−1
W dopants exhibit a

series of occupied p-type defect states, accompanied by an intriguing electronic fine-

structure that we attribute to hydrogenic states bound to the charged impurity. We

systematically study the hybridization in V dimers with different separations. For

large dimer separations, the 2e− charge state prevails, and the magnetic moment is

quenched. However, Coulomb blockade in the nearest-neighbor dimer configuration

stabilizes a 1e− charge state. The nearest-neighbor V-dimer exhibits an open-shell

character for the frontier defect orbital, giving rise to a paramagnetic ground state.

Our findings provide microscopic insights into the charge stabilization and many-body

effects of single dopants and dopant pairs in a TMD host material.
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Introduction

Chemical doping is the prime method for controlling the electronic and optical properties of

bulk semiconductors. In two-dimensional (2D) semiconductors, this approach is less efficient

because of the generally large defect ionization energies involved.1 However, the inherent

charge localization at dopants in 2D semiconductors offers exciting pathways to explore

strong many-body physics and to control the magnetic properties via the dopant’s electron

spin.2 Transition metal dichalcogenides (TMDs) are a particularly suited for this purpose

due to the established scalable synthesis of various types of substitutionally doped TMDs

such as V,3 Re,4,5 Nb,6 and Mn.7 Despite the significant impact of point defects in TMDs

(intentional or otherwise), a comprehensive understanding of charge localization at TMD

dopants and dopant–dopant interactions remains largely elusive at the microscopic level.

While the hydrogen-like impurity model of dopant-bound electronic states has served very

well for shallow dopants in bulk semiconductors, it fails to accurately describe the defect

wavefunctions in 2D, which are sensitive to the extrinsic dielectric environment8,9 and prone

to interfacial charge transfer.10

In this paper, we use high-resolution scanning probe microscopy to study the effects

of charge localization and dopant–dopant interactions between V substitutional dopants in

WSe2 on the atomic scale. Substitutional V-doping in WSe2 has been shown to create a

room temperature dilute semiconducting ferromagnet through the coupling of magnetic ions

via itinerant spin-polarized charge carriers.11–14 Critical in this regard is the charge state of

the dopant, which can be controlled by adjusting the electro-chemical potential of the host

TMD through methods such as charge-transfer doping by the substrate10 and electrostatic

gating.15 Here we control the dopant charge state and electron spin by the proximity to other

dopants and discover an intriguing electronic fine-structure associated with the charged im-

purities.
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Specifically, we investigate the interaction between vanadium dopants in WSe2 monolay-

ers grown on quasi-freestanding graphene on 6H-SiC(0001) (QFEG/SiC) as a function of the

separation distance between the dopants by means of scanning probe microscopy/spectrocopy

(STM/STS), density functional theory (DFT), and ab initio many-body perturbation the-

ory. The V impurities adopt a negative charge state V−1
W , even in the limit of high doping

concentrations on the order of 1%. At such high V concentrations, spontaneous dimer-

ization becomes more frequent, providing an opportunity to study the distance-dependent

interaction between V dopants. We find that down to second nearest neighbor (2NN) V–V

separation both defects are singly charged and the dimer hosts 2 e−. However, the strong

Coulomb interaction in the nearest-neighbor (1NN) dimer configuration results in an open-

shell paramagnetic ground state with a nominal charge state of 1 e−. For both, the isolated

V−1
W as well as for V dimers we find a characteristic series of low-intensity resonances at

smaller binding energies than the main defect states in our STS data that we attribute

hydrogenic states bound to the charged impurity.

Results and Discussion

V-doped WSe2 monolayers with varying V concentrations

V-doped monolayer WSe2 was grown on quasi-freestanding graphene on 6H-SiC(0001)

(QFEG/SiC) using metal-organic chemical vapor deposition (MOCVD).3,16 Several sam-

ples were studied with a nominal V concentration of 0.5% (per W atom) as verified by

X-ray photoelectron spectroscopy (XPS). Using STM, we observe a substantial variations

of the local V density ranging from 0.15% to 4% (see Fig. S1) in several samples. These

fluctuations can occur within a relatively abrupt transition region of a few nanometers.17

We take advantage of this naturally occurring inhomogeneity of the dopant distribution to

study isolated single V impurities and V dimers of different spacing. In Fig. 1a-d STM to-

pographies of V-doped WSe2 with different local V concentrations are shown. Close to the
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WSe2 conduction band edge at positive sample bias, isolated V dopants are imaged as dark

featureless depressions. This is due to their negative charge and the associated upwards band

bending as reported previously.3,18,19 At higher V concentrations the appearance changes to

a flower-like contrast. Moreover, V dimers (denoted as (VWVW)−1 in Fig. 1a,d) are more

frequently observed. Independent of the separation between the VW defects, V impurities

substitute W in the WSe2 lattice, as measured by CO-tip nc-AFM (Fig. S3d).

Electronic fine-structure of single V−1
W in WSe2 monolayer

To set the basis for further investigations of VW dimers, a rigorous characterization of single,

isolated V impurities is needed. The dI/dV spectrum of a single, isolated V−1
W impurity is

presented in Fig. 1e. We observe three dominant resonances (labelled A-C in Fig. 1e) above

the Γ valence band maximum (VBM). These p-type VW states are found only in the occupied

spectrum and contrast with the observations in Ref. 14, which report in-gap defect states

in both the occupied and unoccupied states, but are consistent with the results reported in

Ref. 18. In addition to the three prominent dI/dV peaks, we consistently observe a strik-

ing series of low-intensity dI/dV resonances (labelled D-I in Fig. 1e) in the bias range of

[-0.6V, -0.5V]. These resonances, which can only be resolved by increasing the energy res-

olution in our STS experiments, have a ten times lower intensity than the dominant defect

peaks, with a full width at half maximum (FWHM) as small as 3meV, as determined from

fits to Voigt functions (see Fig. S5). The energy difference between the dominant dI/dV

peak (C) and the low intensity peak (I) is 164meV. Additional low-intensity peaks (F-H) are

found between C and I, with energy differences of 18.9meV, 34.4meV, and 42.6meV with

respect to I. While a broad low-intensity peak has been previously reported,18 the intriguing

fine-structure consisting of a series of peaks has not been resolved so far.

The spatial mapping of all localized defect resonances is shown in Fig. 1f, and reveals
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three distinct orbital shapes. The first shape is an extended donut-like orbital (A) resem-

bling a p-like hydrogenic state, which has previously been reported for another negatively

charged TMD defect.20 The second shape is a trilobal orbital (B-D, F-H) comprising the

main defect resonance and is also repeated in some of the low-intensity STS peaks. Finally,

a hexagonally-shaped orbital (E,I) forms the highest occupied defect orbital.

To gain a better understanding of the experimentally observed defect states of V−1
W , we

conducted density functional theory (DFT) calculations.21–23 The calculated V−1
W band struc-

ture using a Perdew-Burke-Ernzerhof (PBE)24 functional and spin-orbit coupling (SOC) in

a 5×5 WSe2 unit cell is shown in Fig. 2a. We find two prominent localized flat-band states

near the Γ VBM and another state with 170meV lower energy, in agreement with previous

studies.11,25 The top of the valence band near K is dispersive and has significant contribu-

tions from V d electrons, as shown in the projected density of states (pDOS) onto the V d

orbitals with j = 5/2 and 3/2 in Fig. 2b,d. The corresponding spatial distribution of the

highest occupied defect orbital level (HODO) and HODO-1, depicted in Fig. 2c, accurately

reproduce the trilobal and hexagonal shapes observed in the experimental dI/dV maps.

However, while the DFT-level calculations can replicate the shapes of the experimental de-

fect states, they cannot account for the series of low-intensity resonances at higher binding

energies. To address this issue, we calculated the spectral function within the GW approx-

imation26,27 to capture the strong many-body interactions commonly found in TMDs and

other low-dimensional materials. Fig. 2e shows the spectral function within G0W0 at the Γ

and K points. In addition to the primary excitation peaks from the HODO and HODO-1,

we find a series of satellite peaks at lower energies for all defect orbitals that result from

strong electron–electron interactions of the charged defects. These satellite peaks are absent

if a neutral V is considered. While these satellite peaks are sensitive to the super cell size,

we calculate the spectral functions for a 5×5 and 7×7 super cell and then perform a linear

extrapolation to infinite distance (Fig. S9). The resulting spread between the main quasi-
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particle peak and the closest satellite feature is 0.2 eV.

Our findings suggest that the series of low-intensity peaks resolved in high-resolution

STS of V−1
W are a result of occupation of defect-bound states at the charged impurity.20

While the relative energies of the fine-structure peaks overlap with the phononic density

of states of monolayer WSe2,
28 they are unlikely to be of vibronic origin because inelas-

tic excitations by tunneling electrons would be expected at energies higher than the elastic

excitation peaks (more negative bias) and, therefore, cannot account for the low-intensity

fine-structure peaks. The ground state binding energy of the hydrogen-like series of a single

V dopant in WSe2, 164meV, is several times higher than in bulk materials,29 analogous to

the difference in exciton binding energies.30 Interestingly, binding energies similar to those

of the observed low-intensity peaks have been reported in recent photoluminescence mea-

surements of unidentified defects in WSe2.
31 It is worth noting that the vanadium dopants

are negatively charged and that holes are injected into the sample at negative sample bias,

rendering the creation of defect bound excitons and trions a plausible mechanism as well.

Further investigations are needed to explain the characteristic fine-structure motif and its

potential link to similar optical signatures observed in other TMD samples.

Electronic fingerprints of vanadium dimers

The electronic spectrum of V dopants can be influenced significantly by their proximity to

other dopants due to their negative charge. We thus investigated the interaction between

vanadium pairs as a function of their separation and found that their interaction evolves

from purely electrostatic for large separations to the formation of hybrid dimer orbitals at

very close distances. In Fig. 3, we present three types of dimers with different distances

separating the two vanadium dopants. The nomenclature of n NN is used to refer to the

nth nearest neighbour (NN) dimers, as sketched in Fig. 3a. The STM topography at 1.3V is
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characteristic for each dimer, as seen in Fig. 3b,d,f. By resolving the Se sublattice (colored

grid in Fig. 3b,d,f) at -0.7V we can determine the exact lattice registry of the V dopants and

thereby their dimer configuration. We studied 1NN, 2NN-5NN, 7NN and 10NN dimers (see

also Fig. S4), and found that except for the 1NN dimer, all dimers exhibit similar STS features

like the single V−1
W : a prominent STS resonance in the range of [-0.5V, -0.2V] (Fig. 3c,e,g

darker shade) followed by a series of low-intensity peaks (Fig. 3c,e,g lighter shade). Intrigu-

ingly, we observe two recurring fine-structure motifs: a series with five resonances similar to

the single V−1
W (found in the 2NN, 7NN and 10NN dimer, cf. Fig. S5) and a series with three

resonances (found in the 3NN-5NN dimer, cf. Fig. S6). It is unclear why these patterns re-

peat, as there is no apparent systematic relationship to the dimer spacing or crystal direction.

Furthermore, we observe that the low-intensity peaks in the dI/dV spectra replicate

within the same spectrum, which is most evident for large dimer separations such as the

7NN dimer shown in Fig. 3g. As the dimer separation decreases, the splitting between

these duplicates increases, from 113meV for the 10NN dimer to 183meV for the 4NN dimer.

However, for dimer separations less than 4NN, the higher energy branch of the fine-structure

series merges with the dominant dI/dV peak, making it difficult to distinguish between

them. The bonding-antibonding-like splitting of the fine-structure series in V dimers can be

explained as interactions between atom-like orbitals associated with the V dopants, where

the interaction strength decreases with increasing V dopant separation.

Coulomb blockade in nearest neighbor vanadium dimers

The nearest neighbor (1NN) dimer stands out among all the dimers we studied. As seen

in Fig. 4, its dI/dV signature of the occupied states is qualitatively different from all other

dimers, as there is no observation of any low-intensity fine-structure in the 1NN dimer.

Moreover, 1NN is the only dimer that also features multiple defect states in the unoccupied
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spectrum (G-L). The defect orbital G and its satellite peaks H,I resemble a characteristic

Franck-Condon-like vibronic progression with a dominant mode at 21meV, similar to previ-

ous findings on S vacancies32 and C substituted S defects in WS2.
33

The resonances at negative bias are less likely to originate from vibronic excitations,

as their energy differences are larger, and no characteristic sequence is observed. Mapping

of the 1NN V dimer defect orbitals (see Fig. 4d and Fig. S7d) indicates that the defect

has an open-shell character with a similar shape of the highest occupied (F) and lowest

unoccupied (G) defect orbitals. Therefore we assign the resonances F and G to the same

singly-occupied defect orbital (SODO). The different level occupation of nearest neighbor V

dimer is attributed to a different charge state. The V dimer in the 1NN configuration can

only accommodate a 1e− charge state (VWVW)−1, whereas for all other dimers, a doubly

negative charge state is adopted (VWVW)−2. The open-shell character in the 1NN dimer

therefore arises from Coulomb blockade, driven by the stronger confinement of the 1NN

dimer states.

Our calculations confirm that the 1NN dimer favors the 1e− charge state, whereas the

2e− charge state becomes energetically more favorable with larger V–V separations. The

relaxed geometry of the 1NN (VWVW)−1 and the 1NN (VWVW)−2 defects are depicted in

Fig. 5a,b showing an outward relaxation of the two neighboring V atoms at 1e− charge and

no change in the position of the V dimers at 2e− charge. In our band structure calculations of

the 1NN (VWVW)−1 dimer (Fig. 5c), we observe three in-gap defect states, a singly-occupied

defect orbital (SODO) and two unoccupied orbitals (LUDO+1, LUDO+2). The calculated

electron density of the defect states shown in Fig. 5d are in excellent agreement with the

experimental dI/dV maps in Fig. 4d. The calculated total energy for different V dimer

configurations shown in Fig. 5e reveals that the 1e− charge state is most favorable for the

1NN dimer, while at larger V separations 2e− is preferred. Even though a direct comparison
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between the total energies of different charge states is not possible, the calculated trends

are in agreement with the experimental observations. Consequently, we find that the odd

number of electrons in the 1NN (VWVW)−1 yields a magnetic moment of 1µB, which is

quenched for all other dimer configurations. Thus the stabilization of the 1e− charge state

in the 1NN V dimer results in a paramagnetic defect configuration.

Conclusions

Our study provides a comprehensive analysis of charged individual V dopants and dopant

pairs in WSe2, expanding our understanding of the electronic properties of doped transition

metal dichalcogenides. We observed a previously unknown spectroscopic fine-structure re-

sulting from many-body effects arising from the negative charge localized at the defect, which

was present not only in the V−1
W monomer but also in various V dimers with two repeating

motifs. Our analysis of the interaction between charged V atoms showed that the nearest

neighbor dimer can only accommodate a single charge (VWVW)−1, while dimers with greater

separations are doubly charged (VWVW)−2. As a result, the 1NN dimer exhibits an open-shell

paramagnetic ground state, while the magnetic moment is quenched for the V−1
W monomer

and other (VWVW)−2 dimer configurations. These finding establish proximity-controlled

charge state stabilization as promising approach to regulate the magnetic properties.

Methods

MOCVD growth of V-doped WSe2 monolayers

The V-dopedWSe2 samples were synthesized in a custom-designed vertical cold wall gas-source

CVD reactor as reported previously in Refs. 16,34. Tungsten hexacarbonyl (W(CO)6) (99.99%,

Sigma-Aldrich), hydrogen selenide (H2Se) (99.99%, Matheson), and vanadium (V(C5H5)2) (sub-

limed, 95% Strem Chemicals) were used as metal, chalcogen, and dopant precursors, respectively,
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in a 100% H2 ambient.

The metal and dopant precursors are kept inside stainless-steel bubblers where temperature and

pressure are constantly maintained at 25 °C and 970mbar, and 40 °C and 970mbar, respectively.

H2Se is supplied from a separate gas manifold. All three precursors are introduced from separate

lines to prevent intermixing before reaching the reactor inlet. The growth of V-doped WSe2 followed

the three-step growth reported in Ref. 35, which consists of a nucleation, a ripening, and a lateral

growth stage on c-plane sapphire (Cryscore Optoelectronic LTd, 99.95%.). At all three stages, the

growth temperature, pressure, and H2Se flow rate were kept constantly at 800 °C, 930mbar, and

7 sccm.

For the nucleation phase, the metal and dopant precursors are inserted with a flow rate of

20 sccm and 60 sccm, respectively for 2min. At the ripening stage, the metal and dopant precursor

flows are switched off and the formed nuclei are annealed in H2Se for 10min. During the lateral

growth phase, W(CO)6 and V(C5H5)2 are re-introduced with a constant flow of 4.5 sccm and 5 sccm,

respectively. The vanadium density was deduced from STM measurements.

Scanning Probe Measurements

V-doped WSe2 was prepared ex situ on QFEG on SiC substrates followed by a final 450 °C anneal

in ultrahigh vacuum. The measurements were performed with a commercial LT STM from Scienta

Omicron operated at 5 K and at pressures below 2×10−10mbar. The tungsten tip was prepared on

a clean Au(111) surface (sputtering: 10 min, Ar+, 1 kV; annealing: 10min, 450 °C) and confirmed

to be metallic. For nc-AFM experiments, the metallic tip was modified with a single CO molecule36

that was picked up from the Au(111) surface. STM topographic measurements were taken in con-

stant current mode with the bias voltage given with respect to the sample. STS measurements were

recorded in constant height mode using a lock-in amplifier at 860Hz. The nc-AFM topographies

were acquired in constant height mode with the Qplus sensor driven at its resonance frequency of

≈ 25 kHz with a constant amplitude of 70 pm. The frequency shift from resonance of the tuning

fork was recorded using Omicron Matrix electronics and HF2Li PLL from Zurich Instruments.
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Density-Functional Theory (DFT) and GW Calculations

DFT calculations are performed with the Quantum ESPRESSO software package.23 Optimized

norm-conserving Vanderbilt (ONCV) pseudopotentials37 with the Perdew-Burke-Ernzerhof (PBE)

functional24 are used to to optimize geometry structure and obtain electronic structure at the DFT

level. A cutoff energy of 85Ry is used for the plane-wave basis and the convergence condition for

total energy change in two consecutive self-consistent calculation steps is less than 10−10Ry. Defect

calculations are performed in a 5 × 5 × 1 WSe2 supercell and k-space is sampled with a 3 × 3 × 1

k-grid. Spin-orbit coupling is included through a relativistic spinor formalism.

The spectral function of V−1
W is investigated by BerkeleyGW package calculated within a one-

shot full-frequency GW approach38–40 as implemented in the BerkeleyGW software package.27

Calculations are performed for defects in a 5 × 5 × 1 and 7 × 7 × 1 supercell. A cutoff of 15Ry is

used for plane-components of the dielectric matrix, and 1000 bands are included in the sum over

bands in the calculation of the polarizability and self energy. A 3× 3× 1 k-point sampling is used

with an additional subsampling of 10 k-points in the Voronoi cell.41
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Figure 1: Single vanadium dopant in WSe2. (a-d) STM topographies (I = 100 pA,
V = 1.8V) of V-doped (0.5%) monolayer WSe2 on QFEG with substantial variations of
the local V concentration. At low defect densities (a,b), single V−1

W are imaged as dark
depressions at positive bias due to their negative charge. At higher V concentrations (c,d),
the V impurities adopt a flower-like contrast as the density of nearest-neighbor V dimers
(VWVW)−1 (1NN) increases. (e) dI/dV spectroscopy of an isolated V−1

W in monolayer WSe2
(dark blue: Vmod = 5mV. light blue: Vmod = 1mV). The main defect resonances are labelled.
An intriguing fine structure (peaks D-I) at higher binding energies than the dominant defect
resonance C is resolved when reducing the tip-sample separation. The inset STM topography
indicates the spectroscopy location on the V dopant (blue circle) and substrate (gray circle).
(f) Constant height dI/dV maps (Vmod = 2mV) at the sample voltages labelled in (e). The
WSe2 unit cell is displayed at the bottom left in I (blue: W, yellow: Se).
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Figure 2: Calculated electronic structure of V−1
W . (a) Calculated band structure

(PBE+SOC) for V−1
W in a 5×5 unit cell. (b) Projected density of states (pDOS) of V−1

W

onto the V d orbitals with a total angular momentum of j = 3/2 and j = 5/2. (c) Constant
height map of the electron density of the HODO and HODO-1 state labelled in (b). (d)
Projected band structure onto V d orbitals. (e) Many-body spectral functions of V−1

W at the
Γ and K point. The elastic HODO peak has been chosen as a zero energy reference.
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Figure 3: Evolution of dI/dV spectroscopy of vanadium dimers with different
separations. (a) WSe2 model (black: W, gray: Se) with different transition metal site
pairs highlighted (1NN: Nearest neighbor, 2NN: second nearest neighbor, etc.). (b) STM
topography (I = 100 pA) of the 2NN dimer at 1.3V and -0.7V, respectively. The grid in
the right panel indicates the Se sublattice, resolved at this bias. At the bottom left corner
a different contrast was chosen to highlight the atomic contrast. The black dashed circles
indicate the circumference of the circular STM contrast with their center at the black dots
assigning the lattice site of the V impurities. (c) dI/dV spectroscopy recorded at the center
of the 2NN dimer (dark orange: Vmod = 2mV, light orange: Vmod = 1mV). The light orange
spectrum was recorded at a smaller tip-sample separation and has been vertically offset for
clarity. (d,f) Analog to (b), but for the 3NN and 7NN dimer configuration, respectively.
(e,g) Analog to (c), but for the 3NN and 7NN dimer configuration, respectively.
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