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Abstract 
The formation of heterostructures between two van der Waals materials creates new interactions 
and functionalities. In this work we show that vicinity to an atomically thin WSe2 sheet 
dramatically impacts the energies of the symmetry-broken low Landau levels of bilayer 
graphene, possibly due to screening. We present a systematic study of the magnetic field and 
electrical displacement field dependences of the Landau level gaps at filling factor ν = 1, 2, 3, 
and compare to BN encapsulated pristine bilayer graphene. The exchange-dominated energy 
splitting between the N = 0 and 1 orbital wave functions is significantly enhanced, which leads to 
a modified phase diagram at filling factor  ν = 0 and larger energy gaps at ν = 1 and 3 in 
WSe2/bilayer graphene heterostructures. The exchange-enhanced spin gap at ν = 2, on the other 
hand, is reduced by approximately two-fold. Our results demonstrate a possible way to engineer 
quantum Hall phenomena via van der Waals heterostructures.    
 

I. INTRODUCTION 
     The ability to form close coupling between dissimilar van der Waals materials opens the 

door to engineer new interactions and device functionalities absent in individual components [1-
6]. Through proximity coupling, graphene can become superconducting [7], magnetic [8, 9] or 
acquire spin orbit coupling (SOC) strength to develop topological band structures or spintronic 
applications[10-17]. Engineering the dielectric environment provides an effective means to 
control Coulomb interactions and reduce charged impurity scattering [18, 19]. In atomically thin 
transition metal dichalcogenides, electron-electron interaction-dominated phenomena such as 
band gap and exciton binding energy are particularly sensitive to dielectric engineering. There, 
even the presence of a monolayer graphene capping layer has been shown to cause a significant 
reduction in the band gap [20, 21].        

In a magnetic field, bilayer graphene (BLG) possesses eight closely spaced Landau levels 
near zero energy, which originate from the spin, valley, and orbital electronic degrees of freedom 
[22]. The E = 0 octet (−4 < ν < 4) exhibits a complex Landau level (LL) structure and fascinating 
quantum Hall ferromagnetism as a result of competing many-body interactions [23-34]. A 
particularly intriguing and challenging aspect of the BLG LLs is E10, the energy splitting 
between the N = 0 and 1 orbital wave functions that are illustrated in Fig. 1(a). The N = 0 
orbitals, labeled as | േ 0ۧ states occupy the top/bottom layer solely while the | േ 1ۧ  states have a 
small component occupying the opposite layer. Here, “+/−” signs denote states in K/K’ valleys 
respectively. Each of the four states above has two spin configurations corresponding to σ =↑ or 



 

 2

↓. Because of the different wave function distribution of the two orbitals, interlayer potential U 
[35] and the interlayer Slonczewski-Weiss-McClure (SWM) hopping parameter γ4 [36] 
contribute to E10. Moreover, exchange corrections originating from the filled LLs strongly 
renormalize the energies of the two levels [24, 32, 37, 38]. The resulting E10 is notoriously 
difficult to calculate but plays an important role in determining the nature of the ground states in 
the fractional quantum Hall regime [39-41]. Experiments show that E10 is small and depends 
strongly on both the magnetic field B and the perpendicular electric field D but measurements 
have been incomplete [29, 30, 33, 42]. BLG samples used in these experiments are typically 
sandwiched between hexagonal Boron Nitride (BN) layers to obtain high quality. 
Heterostructures incorporating other van der Waals materials have not played a role in studying 
the LL physics of bilayer graphene.     

  We have fabricated dual-gated, BN encapsulated WSe2/BLG heterostructures to explore 
proximity-induced SOC and the effect of dielectric screening on the LLs of BLG. Remarkably, 
we found that the presence of even a monolayer WSe2 sheet has a significant impact on the LL 
energies of the BLG. The orbital energy splitting E10, which manifests as the LL gap Δ1 and Δ3 at 
filling factors ν = 1 and 3, is significantly enhanced compared to pristine BN encapsulated BLG. 
Meanwhile, the LL gap Δ2 at ν = 2 is reduced by approximately two-fold. We performed a 
systematic study of the D- and B-dependences of Δ1,2,3 and a quantitative comparison to the 
corresponding energies in pristine BLG. Our results provide fresh experimental insights to 
understand the interaction-driven LLs in bilayer graphene and offer a potential pathway of tuning 
quantum Hall physics via van der Waals heterostructures. Extensive measurements on our 
devices have not uncovered significant proximity-induced SOC. Results are briefly discussed in 
Appendix B. 

 
II. SAMPLE PREPARATION 

WSe2/BLG devices are fabricated through a multi-step exfoliated from Kish graphite onto a 
290 nm SiO2/doped Si wafer coated with poly-propylene carbonate (PPC) and identified 
optically. The PPC film carrying the BLG flake is then peeled off and placed onto a poly 
dimethyl siloxane (PDMS) stamp. The standard dry transfer technique [43] is used to transfer the 
BLG flake to a hexagonal Boron Nitride (BN) flake already exfoliated onto a SiO2/doped Si 
wafer. We perform standard e-beam lithography and reactive ion etching to pattern the BLG 
flake into a Hall bar [44, 45] followed by annealing in Ar/H2 at 450°C for 3 hours to remove the 
resist residue. A BN/WSe2 stack is then assembled and transferred onto the BLG/BN device to 
cover half of the Hall bar as shown in Fig. 1(d). The WSe2 sheet is a monolayer in device #4 and 
bilayer in devices #2 and #3. Finally, we use e-beam lithography and physical vapor deposition 
to make Cr/Au top contacts to the exposed BLG terminals and the top gate, which covers the 
entire rectangular area of the Hall bar. The doped Si serves as the back gate. 

 
III. MEASUREMENTS 

A schematic sideview of our devices, a color-enhanced optical micrograph of device #2 and 
an atomic force microscope (AFM) image of the central area of the device are shown in Figs. 
1(b)-(d). The area probed in transport measurements (between electrodes 6 and 2) appears mostly 
flat and bubble-free in the AFM image, suggesting a good van der Waals coupling. 
Measurements are performed using standard low-frequency lock-in four-probe configurations on 
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both WSe2-covered (hereby denoted as WSe2/BLG) and uncovered BLG (pristine BLG) regions 
at varying temperatures down to 20 mK and magnetic fields up to 18 Tesla. We use the top and 
bottom gates to independently control the carrier density n and the electric displacement field D 
of the BLG [33, 34]. The WSe2 sheet is not electrically contacted. Figure 2(a) plots the resistance 
vs top gate voltage of the WSe2/BLG side in device #2 at fixed Si back gate voltages Vbg as 
labeled in the plot. This measurement allows us to track the Vtg-Vbg gating relation of the charge 
neutrality point (CNP) and identify the D =0 point as the global minimum of the CNP resistance 
peak.  Figure 2 (b) plots such gating relation obtained on both the pristine and the WSe2/BLG 
side of device #2 and their respective D=0 positions. That fact that both of them follow the same 
slope indicates negligible effect of the WSe2 on the capacitance of the top gate. This is not 
surprising given the atomic thickness of the WSe2 sheets used in our devices. The Fermi level of 
the system remained inside the band gap of WSe2 in our experiments. The D = 0 positions on 
both sides of the device displays only a small shift in Vtg. This indicates a negligible amount of 
charge transfer between the WSe2 and the BLG sheets.    

Our WSe2/BLG devices exhibit field effect mobility of 30,000−50,000 cm2/Vs and well-
developed Shubnikov-de Haas oscillations in a magnetic field B. Figure 3(a) compares two 
magnetoresistance traces Rxx(B) obtained on the WSe2/BLG side of device #2 (red trace) and the 
pristine BLG side of device #3 (blue trace). Both traces are tuned to the same electron density n 
= 2.7×1012/cm2 and the same displacement field D = 95 mV/nm. Both oscillations start at B ~ 1.2 
T and are approximately sinusoidal, indicating high, comparable sample quality. A detailed 
comparison of the ν = 2 gap energy obtained on these two devices is shown in Fig. 5(a).   

The first prominent effect of the WSe2/BLG heterostructure manifests in the (B, D) phase 
diagrams of the ν = 0 state, where several phases with different order parameters have been 
observed in pristine BLG [23, 26-28, 42, 46]. Figure 3(b) plot the phase diagram obtained in Li 
et al. [33] on pristine BN encapsulated devices, where we have labeled the low-D canted-
antiferromagnetic (CAF) and the high-D layer polarized (LP) phases. Phase diagrams obtained 
by other groups on BN-encapsulated BLG are in excellent agreement with ours [28, 29, 32, 47]. 
At the phase boundaries labeled as D*

h and D*
l (blue dashed lines), the ν = 0 gap closes and 

Rxx(D) exhibits a local minimum as shown in Fig. 3(c). In pristine BLG, an intermediate phase 
region between D*

h and D*
l (gray shaded area in the plot) starts to appear at B = 12 T and grows 

with increasing B and D. As the inset to Fig. 3(c) shows, this phase is expected to be partially 
polarized in the orbital index N , and its area is directly related to the magnitude of E10 [33]. The 
main panel of Fig. 3(c) plots several R(D) traces taken at ν = 0 on device #2. Each trace 
corresponds to a fixed B-field. The splitting of D*

h and D*
l occurs at B ~ 4−5 T, much smaller 

than the onset field in pristine BLG[28, 29, 32, 47]. The resulting phase diagram is plotted in Fig. 
3(b) using red symbols. In this diagram, the intermediate phase occupies an area significantly 
larger than its counterpart in pristine BLG. Interestingly, the expansion of the intermediate phase 
comes at purely the expense of the CAF phase while D*

h, the phase boundary to the LP state, are 
nearly identical in pristine and WSe2/BLG.  

 To further examine the influence of the WSe2 on the LLs of BLG, we measure directly the 
LL gap energy Δ1,2,3 at ν = 1, 2 and 3 using the temperature dependence of the magnetoresistance 
Rxx(T). Figure 4(a) shows a set of Rxx(n) sweeps that span ν = 1, 2, and 3 at selected temperatures 
ranging 3−20 K. Here D = 100 mV/nm and B = 8.9 T. Figure 4(b) shows the Arrhenius plots for 
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the three filling factors and the corresponding fits to ܴ௫௫ ן expሺെ ୼ଶ௞ಳ்ሻ, where Δ1,2,3 = 1.6, 4.3 
and 1.6 meV respectively from the fits. We chose the temperature range where the background 
of Rxx remains constant (indicated by bundle points on either side of the integer fillings). The fits 
are well behaved and insensitive to the exact Vtg choice of the analysis. Similar measurements 
are repeated at other magnetic and displacement fields.  

 

IV. ANALYSIS AND DISCUSSION 

Figure 5(a) plots the B-dependence of Δ1,2,3 on the WSe2/BLG side of device #2, together 
with Δ2 on the pristine side of device #3 (black stars) and Δ2 reported in the literature (shaded 
areas). Our Δ2 (B) measurements yield a slope of 0.6 meV/Tesla for WSe2/BLG (purple dashed 
line) and 1.4 meV/Tesla for pristine BLG (black line). This comparison offers strong evidence 
that the gap of ν = 2 is significantly reduced in WSe2/BLG. Results of Δ2 (B) reported in the 
literature exhibit larger spread due to quality variations and the lack of control in the D-field. 
Nonetheless, they are consistent with the results of our pristine BLG in slope and magnitude and 
are all significantly larger than Δ2 of our WSe2/BLG devices. In contrast to the behavior of Δ2, 
Δ1,3 in WSe2/BLG (inset of Fig. 5(a)) becomes measurable at B ~ 6 T and are considerably larger 
than values reported for pristine BLG [29, 30, 42]. The increase of Δ1,3 is consistent with the 
large splitting of D*

h and D*
l shown in Fig. 3(c); both reflect the enhancement of E10 in 

WSe2/BLG samples. Measurements in device #4 show qualitatively consistent results but with 
smaller gap energies. The analysis and comparison are shown in Appendix A.   

Figure 5(b) plots the D-dependence of Δ1,2,3 on the WSe2/BLG side of device #2 at a fixed B 
= 8.9 T. Measurements of this kind are lacking in pristine BLG. Δ3 (open and solid blue symbols) 
exhibits a rapid rise with increasing D then saturates at approximately D* ~ 75 mV/nm to a 
magnitude of 1.3 meV. In comparison, both Δ2 (black symbols) and Δ1 (magenta symbols) are 
non-monotonic in D, with Δ2 showing a maximum and Δ1 showing a significant dip in the 
vicinity of D*. These complex trends can in fact be well captured by an effective LL energy 
diagram Li et al. developed for pristine BLG [33]. The inset to Fig. 5(b) illustrates the order and 
crossings of the LLs in the vicinity of D*

h, D*, and D*
l. Several features of the model, i.e. the 

simultaneous maxing of Δ2 and vanishing of Δ1 at D*, the equal magnitude of Δ1 and Δ3 at D > 
D*

h, and the monotonic D-dependence of Δ3 = E10 are validated by our measurements. We 
conclude that LLs in WSe2/BLG follow the same basic structure as in pristine BLG.      

We fit the measurements of Δ1,2,3 obtained here to the effective model described in Li et al. 
[33] to examine the quantitative difference of the two systems. The fitting results are plotted as 
orange, dark olive and blue solid lines in Fig. 5(b). The overall agreement with data is very good. 
The blue line plots a polynomial fit to E10(D) = Δ3(D), the salient feature of which is the 
saturation of Δ3 at D > D*. The orange line plots Δ2 (meV) = 0.09D (mV/nm) − 0.05B (Tesla), 
which represents the gap of ν = 2 in the regime of D < D*. In this regime, Δ2 is a valley splitting 
as the inset shows and is primarily given by the size of the D-field induced band gap of BLG. 
The coefficient 0.09 is determined from independent band gap measurements at B = 0 in this 
device using methods similar to that described in the Supplementary material of Ref. [33]. The 
dark olive line plots Δ2 (meV) = 0.67B (Tesla) − E

10
(D), which fits the gap of ν = 2 in the regime 

of D > D*. In Fig. 5(b), B =8.9 T. Using the same expression and setting D = 100 mV/nm, we 
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obtain Δ2(B) = 0.67B – 1.3. This equation is plotted as a dark olive line in Fig. 5(a) and also 
provides an excellent description of the measurements there. Consistency checks such as this 
show the effective model captures data really well. As the inset to Fig. 5(b) shows, Δ2 in the 
regime of D > D* is mostly an exchange-enhanced Zeeman gap, with the size of the spin splitting 
given by the linear term Δs = 0.67B. Here the coefficient 0.67 is significantly smaller than Δs 

=1.7B obtained for pristine BLG in Ref. [33], indicating a much weaker exchange effect at ν = 2 
in WSe2/BLG. This is opposite to the situation of E10, which is significantly enhanced in 
WSe2/BLG.       

It is remarkable that close vicinity to an atomically thin sheet of WSe2 can lead to such large 
and contrasting changes of the LL gaps in BLG. It is possible that the dielectric screening of the 
WSe2 sheet plays a role. However, unlike a thick BN dielectric layer used in existing BN 
encapsulated devices, here the WSe2 sheet is less than 1 nm in thickness so it primarily impacts 
the short-range components of the Coulomb interaction. Indeed, the physics of the E = 0 octet in 
BLG is well known to be sensitive to interactions at the lattice scale [26, 27], where the presence 
of the WSe2 sheet may well have an impact. The modified phase diagram of ν = 0 we obtained in 
Fig. 3(b) supports this hypothesis. At finite fillings, both the enhanced Zeeman gap at ν = 2 and 
the orbital splitting E10 arise from exchange effects. How they are modified in the presence of a 
thin WSe2 layer requires more in-depth calculations to understand. In addition to screening, we 
have considered the effect of twist alignment between the two lattices. Because the WSe2 lattice 
is 34% larger than that of graphene, the Moiré pattern formed between the two has a wavelength 
of less than 1 nm for any given twist angle [48]. Guided by optical images of the devices, we 
produced various alignment scenarios between the selenium sublattice of WSe2 and the carbon 
sublattice of BLG. All show the majority of the Se and C atoms do not directly overlap. Thus, 
direct on-site interactions could not have been significant in our devices. Further, the magnitude 
of the interlayer hopping term γ4 is important to the size of E10. Whether γ4 is altered by the 
presence of the WSe2 sheet requires calculations to clarify. We hope that the comprehensive and 
high-quality data we obtained on the LL energy gaps motivate future calculations and 
experiments to answer these open questions and by doing so shed more light on the complex 
many-body effects in BLG and van der Waals heterostructures in general.   

 
V. CONCLUSION 

In conclusion, we have performed a systematic study of the LL energy gaps at filling factors 
ν = 1, 2 and 3 in WSe2/bilayer graphene heterostructures. The presence of an atomically thin 
WSe2 sheet gives rise to a significantly enhanced N = 0 and 1 orbital splitting E10 and a 
significantly reduced exchange Zeeman gap at ν = 2. These measurements provide fresh input to 
understand interaction-driven quantum Hall phenomena in bilayer graphene and point to the use 
of van der Waals heterostructures as an effective knob to tune the strength of the interactions.   
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APPENDIX A: MEASUREMENTS on DEVICE#4 
Figure 6(a) shows an AFM image of the central area of device #4. The BLG is partially 

covered by a monolayer WSe2 sheet outlined in orange and we performed measurements on the 
WSe2/BLG side of the device. Compared to device #2, more bubbles formed in the transfer 
process. The gating characteristics of the device is shown in Fig. 6(b), in styles similar to Fig. 2. 
Figures 7(a)-(c) compare the measured LL gap energies Δ1,2,3 in both devices as a function of D- 
and B-fields. In all three figures, device #4 displays trends similar to device #2 but with 
consistently smaller gap values. Since the gaps at ν = 1, 2, 3 are all sensitive to exchange effects, 
larger density inhomogeneity generated by the bubbles in #4 may have caused a reduction in the 
gap energies.  Despite a stronger disorder, Fig. 7(d) shows that in device #4 signs of splitting 
between D*

h and D*
l of the ν = 0 state appear at B = 6 T whereas even in very high quality 

pristine BLG samples, the splitting does not occur until B ~ 12 T[32, 33]. This observation 
supports the enhancement of E10 in device #4 also, which likely comes from modified Coulomb 
interactions.   

 

APPENDIX B: PROXIMITY-INDUCED SPIN ORBIT COUPLING 
An original goal of our study is to examine the experimental signatures of spin orbit coupling 

(SOC) in BLG, introduced through proximity coupling to a transition metal dichalcogenide 
(TMD) material with large SOC strength such as WSe2 or WS2 [14-16].  Previous experiments 
have indeed identified the signatures of proximity-induced SOC in the splitting of the bands– 
manifesting as a beating pattern in the Shubnikov-de Haas (SdH) oscillations– and weak 
antilocalization [14, 15]. The magnitude of the induced SOC is found to be of order 10 meV. 
Guided by band structure calculations [16] and previous experiments [14, 15] , We have 
carefully looked for these signatures in our devices over a wide range of carrier type and density 
and at varying D-fields, with parallel studies performed on the pristine BLG region of the 
devices. We have not observed evidence that points to significant proximity-induced SOC. At 
very low magnetic field, our devices exhibit weak localization signals consistent with BLG 
behavior in our devices and reported previously [49]. No weak antilocalization was found. No 
clear beating pattern was present in the SdH oscillations of our devices. Figure 8(a) shows a few 
examples in device #2 at hole carrier density nh = 3.5 െ 4 ൈ 10ଵଶ/cm2 and selected D-fields from 
−200 mV/nm to +200 mV/nm. For comparison, we also show the illustrated band structure 
evolution calculated by Gmitra et al. [16]. The SdH oscillations in all four panels are similar to 
one another, without clear signs of beating. These observations point to a very small induced 
SOC in our devices, compared to ~ 10 meV observed by Wang et al. [14, 15]. We suspect that 
the discrepancy arises from the different sample preparation processes used. Devices used by 
Wang et al. [14, 15] have the stacking order of graphene/TMD/SiO2. The stack was “ironed” 
with an AFM tip scanning in contact mode to remove contaminations [15]. This process could 
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have also pushed graphene closer to the TMD sheet. In our fabrication process, the van der 
Waals coupling of WSe2 to the BLG is made at the last transfer step, before which the WSe2 and 
the BLG flakes are coupled to two separate BN sheets. In a recent work, Yang et al. [17] showed 
that the immediate vicinity to a BN sheet draws the graphene slightly away from the TMD and 
this distance increase, though only a small fraction of an Angstrom, can have a dramatic effect 
on the proximity-induced SOC strength. The absence of an observable SOC here is perhaps 
related to a larger WSe2-BLG distance in our devices caused by the fabrication process we used. 
This is a speculation that needs to be further examined.  
 
Figure captions 
 
FIG. 1. (a) Illustration of the wave function |ۧߪܰߦ in the E = 0 octet of bilayer graphene. ߦ = +/−, 
N = 0/1 and ߪ = ↑ or ↓ denote the valley (K/K’), orbital and spin indices of the wave function 
respectively. The interlayer hopping parameter γ4 connects a dimered site with a non-dimered site. 
(b) Schematic sideview of our BN encapsulated WSe2/BLG devices. (c) Color-enhanced optical 
micrograph of device #2. The BLG sheet is shaded in purple. The bilayer WSe2 flake is outlined 
in black. The orange dashed and gray dash dotted lines trace out the edges of the top and bottom 
BN sheets respectively. (d) Atomic force microscope image of device #2. The WSe2 sheet is 
outlined in black dotted lines. Rxx measurements on WSe2/BLG use electrodes 5 and 6 on 
WSe2/BLG and 2 and 3 on pristine BLG. 
 
FIG. 2. (a) Resistance vs top gate voltage R65(Vtg) at fixed Si back gate voltage Vbg as labeled in 
the plot. Data show traces taken on the WSe2/BLG side of device #2. The pristine BLG side 
looks similar. The black dashed line tracks the CNPs. (b) The Vtg-Vbg relation of the CNP on both 
the WSe2/BLG and the pristine BLG sides of device #2 with the D = 0 positions marked in the 
plot. The black dashed line is a guide to the eye.  
 
 
FIG. 3. (a) Magnetoresistance Rxx(B) obtained on the pristine BLG side of device #3 (blue trace, 
left axis) and the WSe2/BLG side of device #2 (red trace, right axis). Both devices are set to 
electron density n = 2.7×1012/cm2 and displacement field D = 95 mV/nm. (b) The (D, B) phase 
diagram of the ν = 0 state in BN encapsulated pristine BLG (blue dashed lines, from Li et al. 
[33]), and in WSe2/BLG (red symbols). (c) Semi-log Rxx(D) of ν = 0 at selected B-fields from 3 

to 6 T as labeled in the plot. D
*

h and D
*

l denote the upper and lower coincidence D-fields 
respectively. Inset: Schematic diagram of the LLs near the coincidence points. The black dotted 
line represents the Fermi level of ν = 0. From device #2. T = 20 mK.  
  
 
FIG. 4. (a) Rxx(Vtg) at selected temperatures as labeled in the plot. Vbg was swept simultaneously 
to follow a line of constant D = 100 mV/nm. B = 8.9 T. The arrows point to filling factors ν = 1, 
2, and 3 respectively. (b) Arrhenius plot of Rxx(T) at ν = 1 (magenta), 2 (black), and 3 (blue). Fits 
to the data (solid lines) yield gap energies Δ1 = 1.6 meV, Δ2 = 4.3 meV and Δ3 = 1.6 meV 
respectively. From device #2.  
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FIG. 5. (a) The magnetic field dependence of Δ1,2,3 at ν = 1 (magenta triangles), 2 (black squares), 
and 3 (blue circles) on WSe2/BLG of device #2 and Δ2 at ν = 2 (black stars) on pristine BLG of 
device #3. The purple dashed lines have the slope of 0.6 meV/Tesla. The black solid line 1.4 
meV/Tesla. The dark olive line plots Δ2(B) = 0.67B − 1.32. Inset: a magnified view of Δ1,3. D = 
100 mV/nm for all measurements. Shaded areas represent Δ2 reported in the literature (grey for 
[30], light green for [42], peach for [29]). (b) The D-field dependence of Δ1,2,3. B = 8.9 T. 
Symbols follow (a). Solid/open data points are obtained from density/D-field sweeps respectively. 
The solid orange line plots Δv (meV) = 0.09D (mV/nm) − 0.05B (Tesla). The solid dark olive line 
plots 0.67B − E10(D), where B = 8.9 T and E10(D) is given by the blue solid with an empirical 

function of E10(D) = 4.1×10
-2

D − 4.9×10
-4

D
2
 + 2.7×10

-6
D

3
 − 5.6×10

-9
D

4
 for D < 100 mV/nm and 

E10 = 1.3 meV for D > 100 mV/nm. The magenta dashed line is a guide to the eye for the ν = 1 

gap. Inset: LLs near the coincidence points. The ν = 1 gap (shaded in pink) closes at D
*
.  

 
FIG. 6. (a) AFM image of the central area of device #4, where the BLG is partially covered by a 
monolayer WSe2 sheet outlined in orange. (b) Resistance vs top gate voltage R56(Vtg) at fixed Si 
back gate voltage Vbg, from 4V (leftmost, lime) to -11V (rightmost, violet) in 1V steps. The black 
dashed line tracks the CNP of each curve and the D=0 position. Inset: The Vtg-Vbg relation of the 
CNP.  
 
FIG. 7. The Landau level gap energies Δ1,2,3 measured in both devices as a function of the D-field 
(a) and B-fields ((b) and (c)) as labeled. (d) compares log Rxx(D) at ν = 0 in devices #4 (solid 
traces, left axis) and #2 (dashed traces, right axis). In device #4, prominent shoulders that suggest 
the appearance of D

*

l are observed near places where clear splittings of D
*

h and D
*

l are seen in 
device #2.     
 
FIG. 8. (a) Magnetoresistance oscillations at hole density 3.5 െ 4 ൈ 10ଵଶ /cm2 and D = −200 
mV/nm, −65 mV/nm, +65 mV/nm, and +200 mV/nm as labeled in the plots. A slowly varying 
background has been removed from each trace. The positive direction of the D-field points from 
the WSe2 to the BLG to follow the definition used by Gmitra et al. [16]. We calculate D 
following the convention of the field. (b) illustrates the expected evolution of the band structure. 
Beating is expected for the bottom two panels band but not for the top two panels because the 
Fermi level EF is in the valence band.        
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