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Coulomb interactions among graphene’s massless Dirac fermions are unusually strong, making graphene a

unique testbed for correlated quantum phases and interacting field theories. Among the predicted phases is

an excitonic insulator, in which strong interactions drive spontaneous electron-hole pairing and condensation

into a superfluid ground state. This transition has evaded experimental observation because unscreened long-

range Coulomb interactions renormalize and enhance the Dirac velocity, keeping graphene in a weakly coupled

semimetallic regime. Here, we overcome this constraint by decorating graphene with nanoscale metals that

screen long-range interactions and suppress velocity renormalization. Scanning tunnelling spectroscopy down

to 150 mK reveals a hard spectral gap (2∆ ≈ 14 meV) that emerges strictly at the Dirac point and is strongly

susceptible to doping, temperature, and magnetic field — signatures of a many-body rather than single-particle

gap. The gap closes at an anomalously low critical temperature (∆/kBTc ≥ 100), consistent with a Berezinskii–

Kosterlitz–Thouless transition, and coincides with a charge-density wave at q⃗ = K⃗′ −K⃗ that reflects intervalley

excitonic pairing. Together, these results provide strong evidence for spontaneous excitonic mass generation in

graphene, a correlated insulating phase long predicted but never before observed.

Graphene has long been viewed as a unique platform to ex-1

plore interaction-driven quantum phenomena in two dimen-2

sions [1, 2]. Its low-energy electronic structure consists of3

massless Dirac fermions whose linear dispersion and vanish-4

ing density of states at the Dirac point amplify the role of5

Coulomb interactions [3–5]. The strength of the long-range6

Coulomb interaction can be characterized by an effective di-7

mensionless coupling constant [6],8

α =
e2

4πεrε0ℏv
, (1)

that, analogous to the fine-structure constant α = 1/137,9

makes graphene a condensed-matter analogue of relativistic10

quantum electrodynamics (QED) [7, 8].11

In contrast to the fine-structure constant, the effective inter-12

action strength in graphene is of order unity—enhanced by a13

Dirac velocity v ≈ 1 × 106 m/s, 300 times slower than the14

speed of light, and tunable through the dielectric constant (εr)15

of its environment. A strong-coupling regime can be defined16

for αc = 0.9 ∼ 1.6 [8–10], for which theoretical models [11–17

15] predict that Coulomb interactions give rise to stable elec-18

tron–hole pairs (excitons). These excitons can spontaneously19

condense, driving a transition from a semimetal to an exci-20

tonic superfluid ground state, exhibiting a spectral mass gap21

and broken translational symmetry [16–19] (Figure 1).22

However, despite two decades of theoretical work, direct23

experimental evidence for this interaction-driven instability24

has remained elusive, which is usually attributed to long-range25

Coulomb interactions renormalising the band dispersion and26

† These authors contributed equally to this work.
∗ b.weber@ntu.edu.sg

enhancing the Dirac velocity near the Dirac point (Figure 1b)27

[5, 20, 21]. As observed in suspended graphene [22], such28

enhanced velocity effectively reduces the coupling constant29

as per Eq. (1) and retains the system in a weakly coupled30

semimetallic state, in which excitonic pairing is suppressed.31

Metallic screening can suppress the interaction-driven ve-32

locity enhancement [23, 24], thereby providing an alternative33

pathway to increasing the effective coupling constant. Indeed,34

recent experiments on proximity-screened graphene devices35

have demonstrated that the low-energy electronic structures36

of graphene can be dramatically altered [25–27], enabling ul-37

trahigh carrier mobility and unconventional quantum Hall re-38

sponses. However, no evidence for exciton formation and con-39

densation has been reported to date [28].40

Here, we follow a different approach. Decorating the41

graphene surface with nanometre-scale metals as local screen-42

ing centers, we achieve a two-fold reduction of the Dirac43

velocity near the Dirac point, enabling access to the strong44

coupling regime, where α ≃ 2 > αc [8–10]. Scanning45

tunnelling microscopy and spectroscopy (STM/STS) down to46

150 mK [30] confirms the opening of a spectral gap—as large47

as 2∆ = 14 meV—only at charge neutrality in decorated sam-48

ples, and strongly suppressed by temperature, carrier density,49

and magnetic field. In agreement with theoretical predictions,50

we interpret our findings by the spontaneous formation of ex-51

citons and their condensation into a superfluid ground state,52

described by a Berezinskii–Kosterlitz–Thouless (BKT)-type53

phase transition. Atomic-resolution STM reveals a charge-54

density-wave (CDW) order that strictly coincides with the55

gapped state and melts upon field-effect doping. The pe-56

riod of the observed modulations corresponds well with the57

wavevector (q⃗ = K⃗ ′ − K⃗) connecting the two inequivalent58

Dirac valleys—expected from intervalley excitonic pairing,59

and providing strong evidence for the presence of an exciton60

condensate. Our observations thus confirm that controlling61
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Fig. 1. An excitonic condensate in graphene. a, Schematic of a graphene-based field-effect device for STM. A gate voltage is applied to

the silicon back-gate to tune the carrier density. b, Schematic of pristine graphene exhibiting a gapless Dirac spectrum, accompanied by an

atomic-resolution STM image and a large-scale topographic image (150 nm × 150 nm, inset). c, Schematic of metal-decorated graphene

in the excitonic-condensate state, in which an interaction-induced gap opens at charge neutrality, accompanied by the corresponding atomic-

resolution STM image of a clean graphene region in between metals and large-scale topography (150 nm × 150 nm, inset). d, Differential

tunnelling conductance (dI/dV) spectra of graphene measured at gate voltages ranging from –60 V to +60 V (curves vertically offset for

clarity). The Dirac point energy with respect to the Fermi level (black arrow) shifts in energy with doping as indicated by the dashed red curve.

The inset shows an expanded view of the spectra in the n-doped regime, highlighting the systematic shift of the Dirac point with gate voltage.

e, Dirac point energy ED, extracted from d, as a function of gate voltage, where |ED| = e|V ∗
D | − ℏω, with ℏω ∼ 65 meV corresponds to an

inelastic tunnelling suppression [29]. The solid red line shows a fit to |ED| = ℏv
√

πγ|VG − V0| (See Supplementary Information for detail),

to extract the Dirac velocity v and charge neutral point at VG = V0. f, High-resolution dI/dV spectra acquired at charge neutrality point, and

at different temperatures, exhibiting a hard spectral gap emerging at EF below T < 0.5 K, fingerprint of the exciton condensate.

the dielectric environment can drive graphene into a regime of62

strong electronic correlations where the excitonic instability63

becomes energetically favorable.64

Figure 1a shows a schematic of the graphene monolayer65

field-effect devices used in the experiment. A monolayer66

graphene crystal was exfoliated onto a SiO2/Si++ substrate,67

through which a global back-gate allows for continuous tun-68

ing of the charge carrier density from hole (p-type) to elec-69

tron (n-type) doping. This is confirmed by the gate-voltage-70

dependent tunnelling spectra in Figures 1d, and 1e allowing71

us to precisely pinpoint the charge-neutrality condition, where72

the Fermi level coincides with the Dirac point (ED = EF).73

Fits to the Dirac point energy (Figure 1e) as a function of74

doping (see Supplementary Information for detail) allow for75

an extraction of the Dirac velocity in pristine graphene (v ≃76

1 × 106 m/s), in excellent agreement with previous reports77

[29] and theoretical estimates [1]. Nanoscale metals were sub-78

sequently deposited onto the graphene top surface including79

both tungsten (W) and metallic tungsten ditelluride (WTe2)80

[31, 32]. In both cases, clusters/islands (Figure 1c, inset) are81

separated by areas of clean high-quality graphene, as con-82

firmed by the atomic-resolution STM topographic images in83

Figure 1c, taken after deposition.84

Figure 1f shows the key observation of this study—the85

emergence of a large (2∆ ∼ 14 meV) spectral gap—centred86

at E = EF, and only at charge neutrality (EF = ED) in87

metal-decorated graphene. Figures 2 and 3 confirm that this88

gap is absent in pristine graphene, and is strongly suppressed89
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Fig. 2. Charge doping dependence of the mass gap. a, d, Dirac point energy as a function of gate voltage in pristine (a) and W-decorated

(d) graphene. The solid red lines show fits to extract the Dirac velocity in pristine (v ≈ 1.0 × 106 m/s) and decorated (0.5 × 106 m/s),

respectively (data in a same as in Figure 1e). b,e, dI/dV intensity maps as functions of gate voltage and energy for pristine (b) and W-

decorated (e) graphene. A mass gap is only observed after decoration. c,f, Individual point spectra at different doping extracted from the

corresponding maps in (b),(e). g, Dirac velocity in monolayer graphene extracted from fits to gate-dependent tunnelling spectroscopy (open

symbols) and Landau level spectroscopy (filled symbols). Triangles and squares denote WTe2-decorated and W-decorated graphene samples,

respectively (see Figures S3 and S4 of Supplementary Information). h, Corresponding coupling constant α calculated from Eq. (1). Graphene

is semimetallic for α < 1.1, but develops a spectral gap for α > 1.1, as resolved by high-resolution spectroscopy in (e,f) and Figure S5 in the

Supplementary Information.

by field-effect doping (Figure 2), temperature, and magnetic90

field (Figure 3). Notably, we find that the gap narrows and dis-91

appears at a critical temperature of only Tc ≃ 0.5 K, giving92

rise to an exceptionally large gap ratio (∆/kBTc ≥ 100)—93

two orders of magnitude beyond the BCS-like weak coupling94

limit. Above Tc, the hard gap closes, leaving only a weak V-95

shaped suppression at EF, likely a Coulomb gap arising from96

long-range disorder [31, 33]. The latter persists over a wide97

range of carrier densities, temperatures, and magnetic fields,98

and remains largely insensitive to them (see Figure S9 in Sup-99

plementary Information).100

The emergence of a spectral gap centred at the Fermi level101

and at charge neutrality suggests the formation of a correlated102

electronic state. In principle, such a gap could arise from sev-103

eral physical mechanisms, such as exciton condensation [28],104

a Mott insulating phase [34], or superconductivity [35]. Al-105

though the temperature and magnetic-field evolution of the106

gap resemble that of a superconductor, the observed gapped107

phase emerges only at charge neutrality, where graphene’s108

density of states vanishes. This behavior disfavors a super-109

conducting origin, as the gap is tied specifically to charge neu-110

trality rather than to a finite-size Fermi surface. Likewise, the111

magnetic-field dependence contrasts with that expected for a112

Mott insulator, whose gap is primarily governed by on-site113

Coulomb interactions and is generally insensitive to moderate114

magnetic fields [36].115

Instead, the strong sensitivity to carrier density, tempera-116

ture, and magnetic field is consistent with an excitonic insta-117

bility. The gap emerges only near charge neutrality, where118

electron and hole excitations coincide, and is observed to119

rapidly collapse upon charge doping (Figures 2e and 2f).120

This is expected when the electron–hole balance is disrupted121

away from the Dirac point. Increasing temperature similarly122

destabilises the condensate. Such pronounced susceptibility123

to doping and temperature is a characteristic feature of ex-124

citonic condensation as reported in other candidate systems125

[28, 31, 37, 38].126

An excitonic instability in graphene demands enhanced127
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(c) and (e). The blue lines are fits to ∆(B) =
√

∆2

0
− 1

4
eℏv2B (see Supplementary Information), yielding Dirac velocities v ≈ 0.8×106 m/s

(WTe2) and v ≈ 0.4 × 106 m/s (W) respectively, in excellent agreement with those measured from the gate voltage-dependent spectroscopy

(Fig. 2g and Table I).

Coulomb interactions. Their strength is usually quantified by128

the coupling constant α expressed in Eq. (1) and depends on129

the Dirac velocity. Figures 2g and 2h plot the Dirac velocity130

and coupling constant, respectively, measured across differ-131

ent pristine and decorated samples. Dirac velocities were ex-132

tracted from both gate-dependent conductance and magnetic-133

field dependent (Landau level) spectroscopic measurements134

(See Figure S4 in Supplementary Information). Only in the135

decorated samples, we find that the Dirac velocity is markedly136

reduced by up to a factor down to 1/2 (v ≈ 0.5 × 106
137

m/s), compared to that of pristine graphene (v ≈ 1.0 × 106
138

m/s) [29, 39, 40]. It is also found to scale with metal cover-139

age. We attribute this reduction to enhanced Coulomb screen-140

ing induced by the metallic decoration, which suppresses the141

interaction-driven velocity renormalization [24] that ordinar-142

ily stabilises a weakly coupled semimetallic ground state. In-143

deed, as shown in Figure 2h, we observe that the spectral gap144

emerges only when the effective coupling constant exceeds145

α > 1.1, in close agreement with theoretical estimates of the146

threshold (αc ∼ 0.9–1.6) beyond which excitonic condensa-147

tion is expected [8–10].148

A striking signature of the excitonic insulating state is the149

unusually large gap ratio ∆/kBTc ≥ 100 (Figures 3a and150

3b)—indicative of a strongly correlated pairing instability,151

consistent with the enhanced coupling constant for the dec-152

orated samples. In a 2D condensate, the transition would be153

expected to be of the BKT type [41], satisfying kBTBKT =154

π
2

ρ(TBKT) [42], where ρ(TBKT) is the condensate stiffness.155

As discussed in the Supplementary Information, within mean-156

field theory the stiffness scales linearly with the gap, ρ(T ) ≈157

∆(T )/16π, so that the temperature dependence of the spec-158

tral gap follows directly from ρ(T ). Indeed, taking ρ(T ) from159

established Monte Carlo results for a finite size of N ×N clus-160

ters in a 2D XY model [43], we find excellent agreement with161

the experimental data for an effective cluster size N ≈ 16162

(solid blue line in Figure 3b). This size agrees remarkably163

well with the estimate N = R/ls that follows from compar-164

ing the separation between metallic islands, R ∼ 10 − 30 nm165

with the effective screening length ls ∼ 1 nm (See Supple-166

mentary Information for details).167

Similar to the effect of temperature, Figures 3c and 3e il-168

lustrate how the spectral gap is suppressed by an out-of-plane169

magnetic field, and with a critical field that depends strongly170

on metal coverage. The suppression is also highly anisotropic,171

with an in-plane magnetic field only weakly affecting the gap172

(see Supplementary Information for details). We note that173

conventional theoretical studies have established that an out-174

of-plane magnetic field is generally expected to enhance ex-175

citonic instability through magnetic catalysis of long-range176

Coulomb interactions [6, 44, 45]. Our observations show the177

opposite trend. The key distinction is that in our samples, the178

long-range attraction is strongly screened by the metallic dec-179
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oration, leaving only shorter wavelength components.180

The pronounced magnetic-field anisotropy further points to181

an orbital origin of the suppression. In graphene, the in-plane182

electronic motion couples efficiently to an out-of-plane mag-183

netic field through the orbital moment, whereas the orbital re-184

sponse to an in-plane field is strongly suppressed in strictly185

2D electronic systems.186

As our fits to the magnetic field dependence show (solid187

blue lines in Figures 3e and 3f), the observed gap suppres-188

sion can be modelled quantitatively considering that an out-189

of-plane magnetic field suppresses excitonic pairing when the190

magnetic length becomes shorter than exciton radius (lB <191

aB) (see Supplementary Information for detail). In this case,192

the gap can be shown to follow ∆(B) =
√

∆2
0 − 1

4
eℏv2B,193

depending on the Dirac velocity v and the gap magnitude194

∆0(B = 0) as the only free parameters. Despite a differ-195

ence with observed critical magnetic field by a factor of nearly196

6, our fits (solid blue lines in Figures 3e and 3f) reproduce197

the measured suppression well in both data. Indeed, the ex-198

tracted Dirac velocities v = 0.42 ± 0.02 × 106 m/s (W) and199

v = 0.77 ± 0.08 × 106 m/s (WTe2), setting the scale of the200

critical field, are in excellent agreement with those measured201

in gate-voltage dependent spectroscopy respectively, as sum-202

marised in Table I, demonstrating remarkable internal consis-203

tency of the model.204

A hallmark of many correlated electronic phases is the205

emergence of translation-symmetry-breaking charge orders.206

For an excitonic condensate, we would expect pairing of elec-207

trons and holes at finite momentum across graphene’s inequiv-208

alent K⃗ and K⃗ ′ valleys [46], giving rise to a CDW modula-209

tion with wavevector q⃗ = K⃗ ′ − K⃗. Figures 4a–c demonstrate210

the presence of the expected charge modulations—only in the211

gapped phases near charge neutrality—and further confirmed212

by corresponding Fourier components (Figures 4d–f). The213
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TABLE I. Measured Dirac velocity across different samples. Dirac velocity v for pristine, WTe2- and W-decorated graphene, extracted

independently from gate-dependent STS (Gate), Landau-level spectroscopy (LLs), and fits to the magnetic-field dependence of the spectral

gap size (Mag.). The close agreement across values obtained using different measurements provides a consistent determination of the Dirac

velocity. All velocity values are given in units of 106 m/s.

Sample Coverage (%) Gate LLs Mag.

Pristine-G 0 1.04 ± 0.02 – –

WTe2-Gr

18 0.93 ± 0.05 – –

75 0.78 ± 0.01 0.53 ± 0.03 0.77 ± 0.08
85 0.71 ± 0.09 – –

W-Gr 37 0.46 ± 0.01 – 0.42 ± 0.02

amplitude of these components is rapidly suppressed upon214

carrier doping (Figures 4g and 4h), coinciding with the dis-215

appearance of the spectral gap. No such charge order was216

observed in pristine graphene, indicating that the charge mod-217

ulations are intrinsically linked to the gapped state.218

A minimal symmetry-based description of the intervalley219

excitonic state follows directly from the low-energy Dirac the-220

ory (see Supplementary Information). Starting from H0 =221

v(kxσxτz + kyσy), the simplest mass term that (i) gaps the222

spectrum, (ii) preserves lattice symmetries, and (iii) carries223

momentum q⃗ = K⃗ ′ − K⃗ is δH = ∆σxτx. This term encodes224

intervalley coherence and naturally generates a charge density225

modulation at q⃗, exactly as observed in experiments.226

While other mechanisms such as intervalley scattering or227

Kekulé order [47, 48] can in principle give rise to similar228

modulations, these would be expected to persist over a wide229

range of carrier density. In stark contrast, here doping acts230

to destabilise the condensate once the chemical potential ex-231

ceeds the pairing scale and the modulation subside. The sim-232

plest mean-field treatment would lead us to expect an energy233

scale µc ∼ ∆0 for this transition. Experimentally, we observe234

stability up to |µ| ≈ 70 meV ∼ 10∆0 (see Figures 2e and 2f),235

substantially larger than this bare expectation. As detailed in236

the Supplementary Information, this can be reconciled as A1237

phonon mode at the K point (Ω0 ≈ 150 meV) couples to the238

identical σxτx structure, thereby reinforcing the same inter-239

valley excitonic channel. For 2|µ| ≲ Ω0, this interaction pro-240

vides an additional attractive contribution, leading to a natural241

scale µc ∼ Ω0/2 ≈ 85 meV, consistent with the experimen-242

tal observations. So, while the phonon does not constitute the243

primary pairing mechanism, it enhances and stabilises the in-244

tervalley excitonic condensate under doping.245

Conclusion246

In summary, we have presented strong evidence for an exci-247

tonic condensate in graphene stabilised by enhanced Coulomb248

interactions. Our tunnelling spectroscopy reveals a hard spec-249

tral gap with a remarkably large gap-to-critical-temperature250

ratio ∆/kBTc ≥ 100, gate-tunable density-wave order at251

q⃗ = K⃗ ′ − K⃗, and strong susceptibility to carrier doping252

and magnetic fields. These findings collectively provide com-253

pelling evidence for spontaneous excitonic mass generation254

in graphene, long sought in theory but elusive in experimental255

demonstrations.256

Methods257

Device fabrication. Graphene monolayers were mechan-258

ically exfoliated onto a SiO2(300 nm)/Si substrate using259

Scotch tape and identified by optical contrast, Raman spec-260

troscopy, and atomic force microscopy (Figure S1 in the Sup-261

plementary Information). The freshly exfoliated graphene262

was annealed in ultra-high vacuum (UHV) at 400 °C with a263

slow ramp rate of ∼2 °C/min to avoid cracking. Electrical264

contacts to the graphene were fabricated by indium micro-265

soldering [49], while the heavily doped Si substrate served266

as the back-gate electrode.267

MBE deposition. Both WTe2 monolayer islands and W268

clusters were deposited in UHV (below 1 × 10−10 mbar)269

by molecular-beam epitaxy (MBE). Prior to deposition, the270

substrates were degassed in UHV at 180 °C for 30 min.271

WTe2 islands were grown by co-deposition of high-purity272

W (99.998%) and Te (99.999%) with a flux ratio of 1:280273

with the substrate held at 160 °C for 1–3 h, yielding 20–274

80% monolayer coverage, consistent with previous reports275

[31, 32, 50, 51]. W clusters were obtained by direct depo-276

sition of W (99.998%) onto graphene held at room tempera-277

ture. After deposition, all samples were directly transferred to278

the STM stage under UHV without exposure to air, ensuring279

pristine measurement conditions.280

Scanning tunnelling microscopy/spectroscopy. Scan-281

ning tunnelling microscopy and spectroscopy (STM/STS)282

were performed in a customized ultra-low temperature STM283

(USM1600, Unisoku) operating under UHV conditions (<284

1 × 10−10 mbar), with an effective electronic temperature be-285

low 150 mK [30] at a base temperature of 40 mK. The ef-286

fective junction temperature was calibrated by analyzing the287

spectral broadening of the layered superconductor 1T-PdTe2288

(see Section SVIII of the Supplementary Information). Chem-289

ically etched PtIr tips were calibrated against the Shockley290

surface state of Au(111) ahead of spectroscopic measurement.291

Unless otherwise specified, STS measurement was performed292

at base temperature using a standard lock-in technique with a293

modulation amplitude of Vac = 5 mV for large-energy-scale294

spectra, and 0.1 mV for high-resolution spectra, both at a fre-295

quency of 726 Hz.296



7

Acknowledgment297

This work was supported by the Singapore Ministry of298

Education (MOE) Academic Research Fund Tier 3 grant299

(MOE-MOET32023-0003) Quantum Geometric Advantage300

and a Singapore National Research Foundation (NRF)301

Grant (No. NRF-F-CRP-2024-0012). MSF, OPS, and BW302

acknowledge support from the FLEET Centre of Excellence,303

ARC Grant No. CE170100039. We acknowledge very useful304

discussions with Jürgen Smet and Alexander R. Hamilton.305

BW acknowledges a Visiting Fellowship at the University of306

New South Wales (UNSW).307

308

Author Contributions. YQ performed the STM/STS ex-309

periments with assistance from AK, ZT, ZH, and GS. AK310

and YQ prepared the samples. HDS and OPS developed the311

theoretical model. YQ, BW, HDS, OPS and MSF analysed312

the data. YQ wrote the manuscript with the help of BW.313

BW conceived, supervised, and coordinated the project.314

All authors discussed and provided input and edits to the315

manuscript.316

317

Correspondence and requests for materials should be318

addressed to b.weber@ntu.edu.sg319

320

Competing financial interests321

The authors declare no competing financial interests.322

323

[1] A. H. Castro Neto, F. Guinea, N. M. R. Peres, K. S. Novoselov,324

and A. K. Geim, The electronic properties of graphene, Reviews325

of Modern Physics 81, 109 (2009).326

[2] V. N. Kotov, B. Uchoa, V. M. Pereira, F. Guinea, and A. H.327

Castro Neto, Electron-electron interactions in graphene: Cur-328

rent status and perspectives, Reviews of Modern Physics 84,329

1067 (2012).330

[3] I. F. Herbut, Interactions and phase transitions on graphene’s331

honeycomb lattice, Physical Review Letters 97, 146401 (2006).332
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S. Klemenz, F. A. Cevallos, M. Onyszczak, N. Fishchenko,452

X. Liu, G. Farahi, F. Xie, Y. Xu, K. Watanabe, T. Taniguchi,453

B. A. Bernevig, R. J. Cava, L. M. Schoop, A. Yazdani, and454

S. Wu, Evidence for a monolayer excitonic insulator, Nature455

Physics 18, 87 (2022).456

[38] Q. Gao, Y.-H. Chan, Y. Wang, H. Zhang, P. Jinxu, S. Cui,457

Y. Yang, Z. Liu, D. Shen, Z. Sun, J. Jiang, T. C. Chiang, and458

P. Chen, Evidence of high-temperature exciton condensation in459

a two-dimensional semimetal, Nature Communications 14, 994460

(2023).461

[39] Z. Jiang, E. A. Henriksen, L. C. Tung, Y.-J. Wang, M. E.462

Schwartz, M. Y. Han, P. Kim, and H. L. Stormer, Infrared spec-463

troscopy of landau levels of graphene, Physical Review Letters464

98, 197403 (2007).465

[40] A. Luican, G. Li, and E. Y. Andrei, Quantized Landau level466

spectrum and its density dependence in graphene, Physical Re-467

view B 83, 041405 (2011).468

[41] J. M. Kosterlitz and D. J. Thouless, Ordering, metastability469

and phase transitions in two-dimensional systems, Journal of470

Physics C: Solid State Physics 6, 1181 (1973).471

[42] D. R. Nelson and J. M. Kosterlitz, Universal jump in the super-472

fluid density of two-dimensional superfluids, Physical Review473

Letters 39, 1201 (1977).474

[43] Y.-D. Hsieh, Y.-J. Kao, and A. W. Sandvik, Finite-size scal-475

ing method for the Berezinskii–Kosterlitz–Thouless transition,476

Journal of Statistical Mechanics: Theory and Experiment 2013,477

P09001 (2013).478

[44] E. V. Gorbar, V. P. Gusynin, V. A. Miransky, and I. A.479

Shovkovy, Magnetic field driven metal-insulator phase transi-480

tion in planar systems, Physical Review B 66, 045108 (2002).481

[45] V. P. Gusynin, V. A. Miransky, S. G. Sharapov, and I. A.482

Shovkovy, Excitonic gap, phase transition, and quantum hall483

effect in graphene, Physical Review B 74, 195429 (2006).484

[46] H. D. Scammell and O. P. Sushkov, Exciton condensation in485

biased bilayer graphene, Physical Review Resesearch 5, 043176486

(2023).487

[47] C. Gutiérrez, C.-J. Kim, L. Brown, T. Schiros, D. Nordlund,488

E. B. Lochocki, K. M. Shen, J. Park, and A. N. Pasupathy,489

Imaging chiral symmetry breaking from kekulé bond order in490
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