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Abstract: Transition metal dichalcogenide (TMD)-based moiré superlattices exhibit strong electron-electron correlations, thus giving rise to strongly correlated quantum phenomena such as generalized Wigner crystal states, a delicate electron crystalline phase1-11. The evidence of Wigner crystal in TMD moire superlattice has been widely reported in various optical spectroscopy1,2 and electrical conductivity measurements3,11, while their microscopic nature remains mostly unknown. Previous work on imaging of 2D Wigner crystal only provided limited information such as lattice structure5. Important physical properties of the Wigner crystal such as its elementary excitations and the corresponding energy gaps are still unclear microscopically. Theoretical studies predict that unusual quasiparticle excitations across the correlated gap between upper and lower Hubbard bands can arise due to long-range Coulomb interactions in generalized Wigner crystal states7,9,12. The microscopic probe of such quasiparticle excitations, however, is non-trivial because of the fragility and low excitation energy of the Wigner crystal. Here we describe a new scanning single-electron charging (SSEC) spectroscopy technique with nanometer spatial resolution and single-electron charge resolution that enables us to directly image electron and hole wavefunctions and to determine the thermodynamic gap of generalized Wigner crystal states in twisted WS2 moiré heterostructures. High-resolution SSEC spectroscopy was achieved by combining scanning tunneling microscopy (STM) with a monolayer graphene sensing layer, thus enabling the generation of individual electron and hole quasiparticles in generalized Wigner crystals. We show that electron and hole quasiparticles have complementary wavefunction distributions and that thermodynamic gaps of order 50meV exist for the 1/3 and 2/3 generalized Wigner crystal states. 


A Wigner crystal is the crystalline phase of electrons stabilized at low electron density when long-range Coulomb interactions dominate over quantum fluctuations in electron motion13. The recent discovery of flat moiré minibands in van der Waals heterostructures has opened a new route to realize Wigner crystal states at zero magnetic field1-8. A variety of generalized Wigner crystal states have been reported in transition metal dichalcogenide (TMDC) moiré superlattices1-5, and real-space imaging of the electron lattice of generalized Wigner crystals has been performed using a new form of non-invasive STM imaging5. A microscopic understanding of elementary excitations in generalized Wigner crystal, however, is still lacking. Theoretical studies predict that unusual quasiparticle excitations across the correlated gap between upper and lower Hubbard bands can arise due to long-range Coulomb interactions in generalized Wigner crystal states7,9,12. However, because of the fragile electron lattice and small energy scale, it is challenging to image quasiparticle (e.g., electron/hole) wavefunctions and to spectroscopically determine the correlated gaps of generalized Wigner crystals. 
 Several scanning probe microscopy techniques have previously been developed to probe fragile correlated states, such as scanning charge accumulation microscopy14-16 and scanning single-electron transistor microscopy17-19. The spatial resolution of these microscopy tools, however, is typically limited to ~100nm, and so is not sufficient to image generalized Wigner crystal quasiparticle states at the single unit cell level. Here we describe a new scanning single-electron charging (SSEC) spectroscopy that has ~1 nm spatial resolution as well as single electron sensitivity. SSEC spectroscopy technique combines STM with a monolayer graphene sensing layer and enables local manipulation of individual electron- and hole-quasiparticles in generalized Wigner crystals via STM tip-based local gating. It enables direct visualization of quasiparticle excitations and spectroscopic determination of the thermodynamic gap of generalized Wigner crystals. Using this technique, we observe that electron and hole quasiparticles excitations exhibit complementary wavefunction distributions and that thermodynamic gaps of order 50meV exist for the 1/3 and 2/3 generalized Wigner crystal states.
Fig. 1a shows the design of the sample and the measurement scheme. The sample is a near-60 twisted WS2 (t-WS2) moiré heterostructure encapsulated in hBN layers. It is dual gated by a monolayer of graphene on top (the top gate) and graphite on the bottom (the bottom gate). The hBN dielectric layer thicknesses for the top and bottom gates are 5.8nm and 37nm, respectively.  Sample fabrication details are included in Methods. The charge carrier densities of the t-WS2 and the top graphene sensing layer are tuned independently by applying a bottom gate voltage VBG and a top gate voltage VTG. A bias voltage (Vbias) is applied between the graphene top gate (otherwise known as the sensing layer) and the STM tip. Application of Vbias allows electrons in the t-WS2 moiré heterostructure to be manipulated by local tip-gating and to be detected through charging events measured via the tunnel current to the graphene sensing layer. 
Conventional STM measurement of the graphene sensing layer provides information on the corrugation of the heterostructure sample as shown in Fig.1b. The thin top graphene and hBN bend conformally and thus inherit the topography of the t-WS2 moiré superlattice. Two sets of moiré superlattices with distinct periods are observed. The larger periodicity (9 nm) originates from the t-WS2 moiré superlattice which has a twist angle of 58, while the smaller periodicity (~1.5 nm) corresponds to the moiré superlattice formed by the top graphene and hBN which has a twist angle of 9.6. The 58 t-WS2 moiré superlattice exhibits a triangular lattice with three types of high symmetry stacking regions in each unit cell: a bright region (BS/S stacking), a dark region (AB stacking), and a medium height region (BW/W stacking)20 (see Fig. 1b inset). The bonding arrangements of the BS/S, AB, and BW/W stacking orders are sketched on the left side of Fig. 1b.
Figure 1c-f illustrates the dual role of the STM tip in SSEC spectroscopy.  In Fig. 1c the biased STM tip is seen to act as a local gate on the t-WS2 because its electrical field partially penetrates the monolayer graphene. This is because graphene has a small electron density of states and weak screening, especially when its Fermi level is near the Dirac point. When the sample-tip bias Vbias = Vbias0, where Vbias0 is a small offset bias voltage that cancels the work function difference between the tip and the graphene the tip exerts no local gating effect (Fig. 1d). With a decreased (increased) Vbias, positive (negative) charge accumulates at the tip apex and generates local band bending in the t-WS2 due to E-field penetrating through the monolayer graphene (Figs. 1e and 1f). With sufficiently strong band bending a single electron (hole) quasiparticle will be injected into the t-WS2. The added charge due to this tip-induced quasiparticle excitation will, in turn, alter the tip-graphene tunnel current via long-range Coulomb interactions (see more discussion in the SI). SSEC spectroscopy has some similarity to capacitance spectroscopy in that the tip bias voltage drives charging of the t-WS2. However, unlike conventional capacitance spectroscopy, SSEC spectroscopy locally manipulates individual electrons/holes in the heterostructure and is responsive to individual charge excitation through the tunnel current to the graphene sensing layer. A spatial resolution of ~ 1 nanometer can be achieved in SSEC spectroscopy for thin top hBN layers having a thickness of several nanometers. 
[bookmark: _Hlk47640341]Figure 2a shows the backgate voltage (VBG) dependence of the dI/dV spectra of the tip-graphene tunnel junction when the tip is placed over the BS/S site of the moiré unit cell. We started by setting the top gate voltage to VTG = 0.52V, which shifts the t-WS2 chemical potential up to the conduction band edge while keeping the graphene Fermi level close to the Dirac point5. Under these conditions increasing the backgate voltage, VBG, increases the global electron doping in the t-WS2 layers. The resulting dI/dV measurement of the sensing layer is dominated by a broad increase in the dI/dV signal for increased Vbias regardless of polarity, which mostly reflects the local density of states of graphene and does not show an obvious dependence on VBG (i.e. on the t-WS2 doping). The impact of electrical charge added to the t-WS2 moiré superlattice is better seen by normalizing the dI/dV spectra at each VBG by the averaged dI/dV spectrum over all VBG values as seen in Fig. 2b (see the SI for normalization details). This normalization removes the broad rising background and reveals multiple dispersive bright lines that correspond to peaks in dI/dV that shift in energy with applied VBG. These peaks are clustered around several electron doping levels in the t-WS2 moiré superlattice (i.e., different VBG values), as denoted by horizontal arrows in Fig. 2b. Their VBG values correspond to t-WS2 electron filling factors of n = 0, 1/3, 2/3, 1 (as labeled in red), where n is the number of electrons per moiré site. The filling factors shown here are based on carrier densities extracted using the device capacitance as described in reference5. Our SSEC imaging (see SI and Fig.3) is also consistent with these filling factors.
The dI/dV spectra of Fig. 2b show two or more dispersive lines clustered around each correlated insulating state at n = 1/3, 2/3, and 1. To better understand this behavior Fig. 2c shows higher resolution VBG-dependent dI/dV spectra near the n = 2/3 generalized Wigner crystal state (the phase space inside the white dashed box in Fig. 2b). Two bright dispersive lines with similar slope move together through the VBG region associated with the n = 2/3 state, as well as several weaker features nearby. Figure 2d displays a horizontal line cut of Fig. 2c at VBG = 1.60V, where clear dI/dV peaks (labeled with vertical arrows) can be observed at the Vbias positions of the bright lines in Fig. 2c. These dI/dV peaks do not mark the energy locations of resonances in the local density of states (LDOS), but rather arise from electron and hole charging events in the generalized Wigner crystal states of t-WS2. 
To understand this, we look to the sketch in Fig. 2e that illustrates the charging diagram of the t-WS2 moiré superlattice in the n = 2/3 state. There are three different regimes as shown in Fig. 2f: the “intrinsic” generalized Wigner crystal insulator phase (I) (solid red dots mark the locations of electrons in the moiré unit cell while open circles mark empty cells), the electron excitation regime (E) where an electron (blue solid dot in Fig. 2f) is injected below the tip at a large negative Vbias, and the hole excitation regime (H) where a hole (blue open circle in Fig. 2f) is injected at a large positive Vbias. These regimes are separated by two dispersive lines in the VBG-Vbias parameter space in Fig. 2e with the slope of the dispersive lines being determined by the efficiency of the tip as an effective top gate relative to chemical potential shifts induced by the bottom gate. Starting from the intrinsic regime (e.g., Fig. 1d), a reduction of Vbias causes the tip to become positively charged. Crossing the boundary from (I) to (E) corresponds to pushing the UHB energetically below the t-WS2 chemical potential  and locally inducing an electron charging event (Fig. 1e). Similarly, if Vbias is increased and crosses the boundary from (I) to (H) then the LHB is energetically pushed above , resulting in a local hole charging event (Fig. 1f). These charge excitations alter the tunnel junction conductance and result in a peak in the dI/dV spectra (see more discussion in the SI). The dispersive dI/dV peaks in Figs. 2b,c correspond to the electron/hole excitation boundaries sketched in Fig. 2e. The reason that the intrinsic region does not bracket Vbias = 0 is most likely because of the work function difference between the tip and the graphene sensing layer. Additional weaker dI/dV peak features observed in Fig. 2c at higher positive (negative) Vbias correspond to the injection of additional electrons and holes at nearby moiré cells adjacent to the tip location. 
To establish our assignment of the features seen in Fig.2 as electron and hole excitations of the generalized Wigner crystal, we directly image these charging events using SSEC spectroscopy. Fig. 3a displays an STM topography image of a highly defect-free t-WS2 moiré region chosen for imaging electron/hole excitations. Fig. 3b shows a dI/dV map measured over this same area at VBG = 1.50V, VTG = 0.52V, and Vbias = -0.59V, which corresponds to the electron excitation boundary denoted by the filled circle in Fig. 2c. A triangular lattice of bright dots is seen with a period larger than the underlying moiré superlattice by a factor of . This new triangular lattice reflects the wavefunction distribution of the excited electron in the generalized n = 2/3 Wigner crystal. To confirm that this pattern originates from tip-induced electron excitations we tested how it evolves with Vbias. A typical aspect of charging features is “ring expansion” with increased bias21-25 because the tip can then induce charging events from more distant positions. Figs. 3d-g show the evolution of the charging rings with increasing |Vbias|, obtained at VBG = 1.50V and VTG = 0.52V. The electron charging signal at the different moiré unit cells is seen to expand into a wide charging ring with increasingly negative Vbias, precisely as expected for electron injection.
[bookmark: _Hlk92490175]Fig. 3c shows a dI/dV map taken at the hole excitation boundary for n = 2/3 filling, corresponding to the open circle in Fig. 2c (VBG = 1.65V, VTG = 0.52V, and Vbias = -0.14V). A honeycomb lattice of bright dots (open circles) here reflects the wavefunction of hole excitations in this generalized Wigner crystal. The tip bias dependence of this pattern also confirms its origin as shown in Figs. 3h-k. Here the hole charging signal in the different moiré unit cells is seen to expand into a wider charging ring for increasingly positive Vbias.
The complementarity of the electron and hole excitation wavefunctions of the generalized Wigner crystal state can be seen by overlaying the hollow circles and solids dots of Figs. 3b,c onto the topography of Fig. 3a. Both the hollow and solid circles are seen to be localized in the BW/W stacking regions, where the lowest-energy conduction moiré flat bands are predicted to reside20. The electron excitation distribution (red dots) and the hole excitation distribution (open circles) combine perfectly to yield the full moiré superlattice. Hole excitations correspond precisely to the filled electron locations for an n = 2/3 generalized Wigner crystal (i.e., a honeycomb lattice) whereas electron excitations occur at the hollow centers of the honeycomb lattice. This is the pattern that one might intuitively expect from classical electrostatic reasoning.
Since the thermodynamic gap of a correlated state is the chemical potential difference for adding a single hole or electron, it is possible to extract the thermodynamic gap of generalized Wigner crystals from our SSEC spectra. To see this we define the energy difference between the chemical potential and LHB as  (Fig. 1d), and the bias applied to the tip to create a hole excitation as Vh. We then write , where  is a geometric constant defined by the tip-gating efficiency when the tip is above a hole site (e is the charge of an electron). Similarly, we can write  where  is the energy difference between the chemical potential and UHB, and the factors Ve and  are defined for electron excitations. If , then the thermodynamic gap, , can be written as
	
	
	(1)


where  is the experimental sample-tip bias difference measured between the hole excitation and electron excitation boundaries as shown in Figs. 2c-e. A key requirement in this analysis is that the capacitive coupling between the tip and surface is equivalent for electron and hole excitations (i.e., ). This requirement is satisfied in the measurements shown in Fig. 2 which were performed with the tip positioned above the BS/S site in the t-WS2 moiré unit cell, which is the same distance to the nearest excited electron or hole.
[bookmark: _Hlk136187085][bookmark: _Hlk134819386][bookmark: _Hlk135517471]In order to obtain a quantitative value of the generalized Wigner crystal thermodynamic gap, , we must determine the value of . It is also useful to introduce the backgate coupling parameter  such that the electric potential change at the t-WS2 moiré site is . The ratio, , is an experimentally accessible quantity since it is the slope of the dispersive features observed in Figs. 2b,c (charging occurs when the -dependent UHB or LHB, becomes equal to the chemical potential). The value of  is obtained by the experimentally determined ratio  through a one-to-one correspondence between  and . This correspondence relation between  and  is obtained through numerical simulation of the tip-surface electrostatics (see SI for simulation details). In the simulation we model the backgate as a metallic plate. Due to the unknown geometry of the STM tip, we model the tip in two extreme situations: (1) as a metallic cone and (2) as a metallic sphere. The screening by Dirac electrons in the graphene sensing layer is included in the simulation (see SI for details). The t-WS2 layer is regarded as a thin insulator since it is in a correlated insulating phase. To obtain , we monitor the local electric potential change, , in the t-WS2 layer that is induced by applying nonzero Vbias. The main variable parameters in the simulation are the tip geometry (cone angle  for the conic tip model and sphere radius for the spherical tip model) and the tip height (). Although these parameters are hard to obtain experimentally, our simulation results indicate that the correspondence relation between  and  is almost independent of the tip shape and height (see Fig. S6 in the SI) where the uncertainty in the correspondence relation due to the unknown tip geometry is less than 3%. With such a tip-geometry-independent correspondence relation, we are thus able to determine  from the experimentally measured ratio . From Eq. (1) this results in the following experimental thermodynamic gaps for the n = 1/3, 2/3, and 1 correlated states: , , and  (the uncertainty here is calculated from both the standard deviation in our measurement of  and the uncertainty of ).
In conclusion, we have demonstrated a non-invasive high-resolution microscopic tool that enables us to induce electron/hole excitations locally in 2D generalized Wigner crystal systems. This technique allows us to measure the thermodynamic gaps of generalized Wigner crystals having different filling factors and to map their electron and hole excitations. This technique should be applicable to the characterization of other fragile correlated electron systems.
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Figure 1. Scanning single-electron charge spectroscopy measurement of a twisted bilayer WS2 moiré superlattice. a. Schematic of the dual-gated near-60 twisted bilayer WS2 (t-WS2) moiré superlattice device. The top hBN thickness (5nm) is slightly smaller than the moiré lattice constant (9nm). Top gate (VTG) and bottom gate (VBG) voltages are separately applied to independently control the carrier densities in the t-WS2 superlattice and top graphene sensing layer. b. A typical large-scale topography image of the top graphene (Vbias = -0.62V and I = 150 pA). Three different stacking regions are labeled in the close-up image in the inset: BS/S stacking (pink dots), AB stacking (yellow dots), and BW/W (red dots). The structures of the BS/S, AB, and BW/W stacking are illustrated in the left pannel c. Illustration of scanning single-electron charge (SSEC) spectroscopy. The electric field from the tip bias partially penetrates the graphene and induces quasiparticle excitations in the t-WS2. The tip-graphene tunnel junction detects changes in the number of electrons in the t-WS2 due to long range Coulomb interactions. d-f. Illustration of tip-induced quasiparticle excitation in a correlated insulator. Solid curves represent the lower Hubbard band (LHB) and upper Hubbard band (UHB), while dashed line represents the chemical potential . (d) For Vbias = Vbias0, where Vbias0 is the offset bias voltage that cancels the work function difference between the tip and the top sensing layer graphene, the LHB and UHB are uniform. (e) For large Vbias < Vbias0 the UHB is pushed beneath EF by tip-gating, inducing a local electron excitation. (f) For large Vbias > Vbias0 tip-gating induces a local hole excitation. The gap between the UHB and LHB is labeled as  while the gap between  and UHB (LHB) is labeled as  ().
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Figure 2. STS study of quasiparticle excitations in generalized Wigner crystals. a. dI/dV spectra of the graphene sensing layer as a function of sample-tip bias (Vbias) and backgate voltage (VBG) (measured with tip held over the t-WS2 BS/S site). VTG is fixed at 0.52V. b. Normalized form of the dI/dV spectra shown in a. The dI/dV spectrum at each VBG is normalized by the average dI/dV spectrum for all VBG values (see SI for details). Dispersive bright lines corresponding to dI/dV peaks are clustered around the filling factors n = 0, 1/3, 2/3, 1 (labeled in red). c. High-resolution dI/dV spectra corresponding to the n = 2/3 state measured over the range enclosed by the white box in b. Two bright dispersive lines with similar slopes exist on opposite sides of the n=2/3 state and correspond to electron charging events (solid dot) and hole charging events (open circle), The  offset between them is marked in white. d. dI/dV line-cut of c at VBG = 1.60V shows peaks corresponding to dispersive features in c labeled with a solid arrow (electron charging) and an open arrow (hole charging) that are offset from each other by . e. Schematic shows the charging regimes of the t-WS2 moiré superlattice near the n = 2/3 state. (I) marks the intrinsic generalized Wigner crystal insulator phase, (E) marks the electron excitation regime, and (H) marks the hole excitation regime. The charging regimes are separated by two dispersive lines in the VBG-Vbias parameter space that are offset from each other by . f. Real space sketch of the intrinsic (I), electron excitation (E), and hole excitation (H) regimes. Electron-filled sites (solid dots) and empty sites (open circles) of the n = 2/3 generalized Wigner crystal as shown. Tip-induced electron excitation is marked by a solid blue dot and hole excitation by a blue open circle. The back cross labels the tip position. 
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[bookmark: _Hlk136165755][bookmark: _Hlk114391505]Figure 3. Mapping electron and hole excitations of the n = 2/3 generalized Wigner crystal. a. STM topography image of graphene sensing layer shows the t-WS2 moiré superlattice (Vbias = -0.59V, I = 150pA). b. dI/dV map of same area as (a) for applied voltages corresponding to the electron excitation boundary (VBG = 1.50V, VTG = 0.52V, Vbias = -0.59V). Sites of electron excitations are marked with solid red dots. c. dI/dV map of same area as (a) for voltages corresponding to the hole excitation boundary (VBG = 1.65V, VTG = 0.52V, Vbias = -0.14V). Sites of hole excitations are marked with open circles. d-g. Evolution of dI/dV maps of the electron charging peak of the n = 2/3 state with increasingly negative Vbias. The electron charging signals widen into a growing circle at each moiré site as Vbias becomes more negative. h-k. Evolution of dI/dV maps of the hole charging peak of the n = 2/3 state with increasingly positive Vbias. The hole charging signal widens into a growing circle as Vbias becomes more positive. The solid dots in b and open circles in c are overlaid in a and are seen to be perfectly complementary. (d-k) share the same scale bar.
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Methods
Sample fabrication: The encapsulated near-60 twisted WS2 (t-WS2) moire heterostructure stack was fabricated using a micro-mechanical stacking technique26. A poly(propylene) carbonate (PPC) film stamp was used to pick up all exfoliated 2D material flakes. The 2D material layers in the main heterostructure region were picked up in the following order: substrate hBN, graphite, bottom hBN, first WS2 monolayer, second monolayer, graphene nanoribbon array (not shown in Fig. 1), top hBN, and then monolayer graphene. The graphene nanoribbon array serves as a contact electrode for the t-WS2 and is fabricated by an electrode-free local anodic oxidization (EFLAO) lithography technique27. The two WS2 monolayers are obtained by cutting an originally complete single flake into two pieces using EFLAO to precisely control their crystal directions. The PPC film together with the stacked sample was then peeled, flipped over, and transferred onto a Si/SiO2 substrate (SiO2 thickness 285nm). The PPC layer was subsequently removed using ultrahigh vacuum annealing at 230 °C, resulting in an atomically clean heterostructure suitable for STM measurements. A 50nm Au and 5nm Cr metal layer was evaporated through a shadow mask to form electrical contacts to the graphene layers.

STS measurement:  A modulation of 25mV amplitude and 500~900 Hz frequency was applied to the tip bias to obtain the dI/dV signal.
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