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A growing body of experimental work suggests that magic angle twisted bilayer graphene exhibits
a “cascade” of spontaneous symmetry breaking transitions, sparking interest in the potential re-
lationship between symmetry-breaking and superconductivity. However, it has proven difficult to
find experimental probes which can unambiguously identify the nature of the symmetry breaking.
Here we show how atomically-resolved scanning tunneling microscopy can be used as a fingerprint of
symmetry breaking order. By analyzing the pattern of sublattice polarization and “Kekulé” distor-
tions in small magnetic fields, order parameters for each of the most competitive symmetry-breaking
states can be identified. In particular, we show that the “Kramers intervalley coherent state,” which
theoretical work predicts to be the ground state at even integer fillings, shows a Kekulé distortion
which emerges only in a magnetic field.

Since superconductivity and correlated insulators8

(CIs) were found in magic angle twisted bilayer graphene9

(MATBG) [1–3], there have been vigorous attempts to10

identify the nature of the ground states at integer fill-11

ings. While widely believed to arise from spontaneous12

symmetry-breaking in the space of spin and valley, theo-13

retical works have identified a wealth of candidate states14

which are close in energy, including insulators in the15

U(4)×U(4) manifold [4–6], a nematic semi-metal (nSM)16

[7, 8], and the incommensurate Kekulé spiral (IKS) [9].17

However, clear experimental identification of the ground18

state order has proven difficult.19

Scanning tunneling microscopy (STM), which mea-20

sures the local density of states (LDOS), is a promis-21

ing tool for distinguishing between these phases. Thus22

far STM measurements in MATBG have largely focused23

on modulations in the LDOS at the Moiré-scale [7, 10–24

13]. STM has found evidence for a “cascade” of putative25

symmetry breaking transitions [11, 14], but has not yet26

detected the relevant order parameters. Take, for ex-27

ample, the Kramers-intervalley coherent (K-IVC) state28

[4, 6, 9, 15] and the nSM [8], which are believed to com-29

pete at the charge neutrality point (CNP) [16–18]. While30

there are quantitative differences between the DOS of the31

two phases (they are gapped and semimetallic respec-32

tively), given finite energy resolution their DOS are in33

practice very similar (Fig. 1(c)), making discrimination34

difficult [16]. Furthermore, the Moiré-scale spatial mod-35

ulation of the LDOS is largely dominated by the peaks36

at the triangular-lattice of AA-regions [7, 10, 13]. This37

is a feature of the flat bands common to all the phases,38

and it is thus inadequate for identifying the ground state.39

What is needed is a probe capable of directly measuring40

the order parameter of the symmetry breaking.41

In this work we show that atomically-resolved STM42

measurements are an ideal method for distinguishing be-43

tween these competing states. By measuring sublattice44

polarization, bond nematicity, and Kekulé pattern, we45

can distinguish the following states based on their sym-46

metry properties: 1) symmetric Dirac semimetal 2) nSM47

3) K-IVC 4) Generic IVC state (e.g. IKS) 5) valley Hall48

(VH) and 6) valley polarized (VP) (Table. I, Fig. 1).49

The fact that the K-IVC can be distinguished from a50

generic IVC state may come as a surprise. This is because51

the “Kramer’s time-reversal” symmetry T ′ extinguishes52

any Kekulé charge-density signal. Applying perpendic-53

ular magnetic field breaks this symmetry, which reveals54

the underlying IVC nature of the state.55

The ability of atomically-resolved STM to detect sym-56

metry breaking in low-density flat-bands was recently57

demonstrated experimentally by Liu et al. [19]. They58

were able to probe the symmetry breaking in the zeroth59

Landau-level of monolayer graphene by directly measur-60

ing sublattice polarization and Kekulé order. As the61

Landau-levels and MATBG bands have comparable elec-62

tron densities and energy scales, their findings are en-63

couraging for the analogous measurements in MATBG.64

65

Active bands of twisted bilayer graphene.— We first66

review the flat band physics of MATBG and set the no-67

tation. We focus on a single spin-species case for simplic-68

ity. A convenient basis for the four flatbands (per spin) of69

MATBG is the “Chern” (or chiral) basis |k, τ, C〉, where70

k is crystal momentum in the mini-BZ, τ = ±1 is the val-71

ley label, and C = ±1 is the Chern number [4, 20]. We72

can obtain the Chern basis by demanding C2T symmetry73

to act as C2T |k, τ, C〉 = |k, τ,−C〉. To a good approxi-74

mation, the Chern basis is sublattice-polarized according75

to A/B = σ = Cτ . We further gauge-fix by demanding76

two-fold rotation C2 to act as C2 |k, τ, C〉 = |−k,−τ, C〉.77

Neglecting small Umklapp terms, the Hamiltonian is78

invariant under valley-dependent phase rotation UV (1).79
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FIG. 1. Spectroscopy calculation results for the self-consistent HF solutions of spinless nSM, K-IVC0, K-IVCB states at CNP
(ν = 0) and IKS states at ν = −1. We present (a) total LDOS ρ(r; z) (b) total FTLDOS ρ(q; z) (c) total and Kekulé -DOS
ρ(z = E+ iη) signals for the bottom layer AA-region of MATBG. The signals are normalized by their maximum. For FTLDOS,
logarithm is taken on the normalized signals. Cyan lines in (c) indicate the scanning-energy, and the energy range was chosen
to show the occupied states. White dots in (a) denote carbon lattice sites.

Using the Pauli matrix notation for τ , the action of UV (1)80

is written as eiτzθ |k, τ, C〉 = eiτθ |k, τ, C〉.81

STM-spectroscopy from self-consistent Hartree-Fock82

calculation.— Let us now review our numerical method.83

While many of our predictions presented below are based84

on symmetry considerations, we also numerically com-85

puted the LDOS of various competing phases using self-86

consistent Hartree-Fock (HF) method. We consider an87

interacting Hamiltonian in which the Coulomb interac-88

tion is projected into the flatbands of the Bistritzer-89

MacDonald (BM) continuum model [21]. Several studies90

have shown that HF is accurate at even-integer fillings91

[4, 6, 15, 22–24], in some cases producing ground states92

nearly identical to the semi-exact solutions obtained from93

DMRG and exact diagonalization [16, 25–27].94

We also incorporate the effect of a perpendicular mag-95

netic field via the phenomenological Hamiltonian Hpert =96

EBC, where EB = 0.1 meV. This choice will be justified97

in a later section. States under magnetic field are denoted98

by a subscript B.99

We use the single-particle eigenstates |Ei〉 of the HF

effective Hamiltonian Heff to obtain the LDOS:

LDOS(E, r) = − 1

π
=
∑
i

|〈r|Ei〉|2
Ei − E + iη

, (1)

where E is the scanning-energy of the electron and100

η is a Lorentzian-broadening parameter [28]. We101

may similarly obtain the Fourier-transformed LDOS102

(FTLDOS) ρ(q;E), and the total DOS ρ(E). We re-103

fer to the Supplementary Material (SM) [29] for the104

full specification of the model, HF calculations, and105

LDOS/FTLDOS/total DOS calculations.106

STM-spectroscopy of competing phases.— Different107

ground state candidates have different symmetry proper-108

ties (Table. I), which allow us to distinguish them using109

STM. The main features are 1) Breaking of C2 symmetry110

via sublattice polarization, 2) breaking of C3 symmetry111

via bond nematicity, and 3) breaking of graphene-scale112

translation symmetry via a Kekulé pattern. In order to113

observe rotational symmetry breaking, we measure the114

LDOS around C2 and C3 symmetry invariant AA-region115
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Phase UV (1) T ′ C3 Kekulé S.L. Pol.
B = 0 B 6= 0 B = 0 B 6= 0

DSM 3 3 3 7 7 7 7
nSM 3 3 7 7 7 7 7
VH 3 3 3 7 7 3 3
VP 3 7 3 7 7 7 3

K-IVC 7 3 3 7 3 7 7
IKS 7 7 7 3 3 7 7

TABLE I. Symmetry properties of various ground state can-
didate states. DSM stands for symmetric Dirac semimetal.
The column for Kekulé denotes absence (7) or presence (3)
of Kekulé pattern in LDOS. The column for S.L. Pol. indi-
cates whether the LDOS is A/B sublattice polarized at the
very center of the AA-stacking region, when averaging over 3
unit cells to remove contributions from the Kekulé signal.

(AB/BA-region can also show interesting features[29]).116

To illustrate this point, here we will focus on the fol-117

lowing three states that were shown by prior works to118

be most competitive at even integer fillings of the spin-119

ful model: the nSM [8, 25, 26], K-IVC [4, 6, 15, 16], and120

IKS [9]. These states are predicted to undergo a quantum121

phase transition to each other under change of heteros-122

train [9, 16], so it is of great interest to distinguish them123

using a local probe.124

In Fig. 1, we present the total LDOS/FTLDOS/DOS125

of the bottom layer in the region of AA-stacking for these126

phases. Let us now walk through the features which are127

characteristic of each phase.128

(i) nSM: Reflecting the nematic nature of the state,129

the LDOS strongly breaks C3 but preserves C2. The or-130

der manifests in two forms: first, in the orientation of131

the strong bonds, and second, while the very center of132

the AA-region has equal weight on the two sublattices,133

to the right(left) the dominant weight shifts to the A(B)134

sublattice. This polarization is not observed along the135

axis rotated by 2π/3 (Fig. 1 (a)). FTLDOS also show136

nematicity, where two of the six Bragg peaks (at the re-137

ciprocal vectors of the graphene lattice) have a nodal line138

across which the phase changes over the mini-BZ (Fig. 1139

(b)). Similar nematic behavior was observed in earlier140

STM experiments [13].141

(ii-a) K-IVC0: The LDOS respects all the symmetries142

(Fig. 1 (a)). The absence of a Kekulé pattern despite the143

inter-valley coherence is enforced by the T ′-selection rule144

to be derived later. The FTLDOS is peaked only at the145

graphene reciprocal vectors (Fig. 1 (b)).146

(ii-b) K-IVCB : For a small range of tunneling bias147

(Fig. 1 (c)) the LDOS shows a
√

3×
√

3 Kekulé pattern148

respecting C3. The FTLDOS exhibits dominant peaks at149

the Bragg points and subdominant peaks at intervalley-150

scattering momenta K − K ′ (Fig. 1 (b)). The Kekulé151

signal only shows up for a range of bias close to the van-152

Hove peak (see Kekulé -DOS, Fig. 1(c)), and in fact the153

signal changes sign as the peak is crossed. The origin of154

this energy dependence will become clear shortly.155

(iii) IKS: The LDOS exhibits a
√

3×
√

3 bond nematic156

pattern(Fig. 1 (a)). [30]. The graphene Bragg peaks157

show similar nodal line as in the nSM (Fig. 1 (b)), re-158

flecting the similarity of IKS to nSM [9]. The Kekulé159

-DOS is on the same order as the total DOS over the160

entire range of occupied band energies (Fig. 1 (c)) [31].161

The other three phases (DSM, VP, and VH) are dis-162

cussed in detail in the SM [29].163

Vanishing Kekulé signal of the K-IVC state.— We now164

explain why the K-IVC Kekulé signal emerges only in a165

magnetic field. We focus on the spinless case for sim-166

plicity, and leave the spinful case to the SM [29]. In167

Ref. [4] it was shown that the K-IVC state produces a168

Kekulé -like pattern of circulating currents not charge, as169

shown in Fig. 2(a). This is a consequence of a modified170

“Kramer’s” time-reversal symmetry of K-IVC T ′ = τzT171

which applies a π-phase rotation between the valleys [4].172

We may formalize this extinction as a selection rule on173

the FTLDOS174

ρ(q; z = E + iη) =
−1

2πi

(
Tr[ρ̂qĜ(z)]− Tr[ρ̂−qĜ(z)]

)
,

(2)
where Ĝ(z) is the electron Green’s function and ρ̂q =175

e−iq·r̂ is the density operator [29]. The “Kekulé -LDOS”176

is the portion of the FTLDOS at inter-valley momentum177

transfer q = ±(K −K ′) + ∆q, where ∆q is small.178

We consider either a unitary symmetry with179

U−1Ĝ(z)U = Ĝ(z) or an anti-unitary symmetry with180

K−1Ĝ(z)K = Ĝ†(z). Suppose further that for some q of181

interest the density transforms either as U−1ρ̂qU = ±ρ̂q,182

or K−1ρ̂qK = ±ρ̂−q, where the sign ± will depend on183

the symmetry. By inserting these transformations into184

Eq.(2) [29], we obtain ρ(q; z) = ±ρ(q; z). The odd case185

then enforces an extinction.186

For the case at hand, we expand the inter-valley part187

of ρ̂q in a plane-wave basis 〈r|k, τ〉 ∝ ei(k+Kτ )·r
188

ρ̂(q=K−K′+∆q) =
∑
k

|k + ∆q, τ = 1〉 〈k, τ = −1| , (3)

where k is restricted to the vicinity of the graphene189

Dirac points. In the absence of IVC order, the sym-190

metry U = τz ∈ UV (1) gives U−1ρ̂qU = −ρ̂q, enforc-191

ing an extinction, while for a generic IVC the Kekulé192

-LDOS will be present. For the K-IVC we instead lever-193

age T ′ |k, τ〉 = τ |−k,−τ〉, giving T ′−1
ρ̂qT ′ = −ρ̂−q,194

and conclude the K-IVC has vanishing Kekulé -LDOS.195

Effect of a T ′-breaking perturbation.— In the presence196

of a T ′-breaking perturbation Hpert - e.g., an applied197

perpendicular magnetic field B - the selection rule is in-198

operative and the K-IVCB phase will generically manifest199

a Kekulé pattern. In order to understand its magnitude200

and the sensitive E-dependence found in Fig. 1(c), we201

now analyze an approximate form of Hpert in detail.202

An out-of plane B-field will have two effects. First, it203
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FIG. 2. (a) Total current-density of K-IVC eigenstates
(Eq.(5)) |k = Mm, n = ±1〉. Mm is the M -point of the
mini-BZ. Lime/pink dots are the A/B sublattice sites. (b)
Schematic representation of the energy levels of K-IVC. From
left to right: the basis states; K-IVC eigenstates; perturba-
tion eigenstates (Eq.(4)). Red(blue) corresponds to super-
posed states with predominantly Chern +1 (−1) character.
(c) Kekulé charge-density of |k = Mm, occ, n = ±1〉.

will reconstruct the flat bands into a Hofstadter butter-204

fly; however this effect is small for weak (B < 1 T) fields205

[32]. Second, B will couple to the orbital magnetic mo-206

ment m(k, τ, C) = µBg(k, τ, C) of the flat bands, where207

g ∼ 2 − 10 [33–35]. For simplicity we neglect the k-208

dependence, in which case symmetry enforces the simpler209

form m(k, τ, C) = µBg C, so that Hpert = EBC,EB =210

µBgB. For a B = 1 T field, EB ∼ 0.1 meV is thus a211

conservative estimate of its magnitude.212

To compute the change in the LDOS, we diagonalize213

Heff + Hpert, as shown schematically in Fig. 2(b). Since214

Hpert is small compared to the gap ∆KIVC ∼ 20 meV of215

Heff (Fig. 3(a)), we project Hpert into the space spanned216

by the two occupied eigenstates |k, n = 0/1〉 of Heff. To217

constrain the form of Hpert, we combine C2, T , and a218

relative valley phase to obtain a second symmetry of the219

K-IVC, C2T ′′ = C2T eiτz(θIVC−π/2)/2, which acts locally220

in k. Because EBC anti-commutes with C2T ′′, the pro-221

jection is constrained to take the general form222

[Heff+Hpert](k) =

(
E0(k) 0

0 E1(k)

)
+

(
0 ∆B(k)

∆B(k) 0

)
.

(4)
The effect of the perturbation is controlled by the ratio223

of ∆E(k) = E1(k)−E0(k) and the perturbation ∆B(k).224

In Fig. 3(a,c) we see that ∆E(k) is much smaller than225

the band-gap ∆KIVC across most of the mini-BZ. A small226

∆B could thus result in a significant change in the LDOS227

even while the ground-state itself changes by a negligible228

amount of order Hpert/∆KIVC � 1.229

It is instructive to construct eigenstates of Hpert in
terms of the valley/Chern basis |k, τ, C〉. In the strong-
coupling limit, it is given by the following Chern polar-
ized states that span the occupied K-IVC bands[4]:

|k, occ,+〉 ≈ (|k,+,+〉+ eiθIVC |k,−,+〉)/
√

2, (5)

|k, occ,−〉 ≈ (|k,+,−〉 − eiθIVC |k,−,−〉)/
√

2. (6)

Individually, each Chern sector |k, occ,±〉 contributes230

to Kekulé -LDOS, as shown in Fig. 2(c). However, T ′231

ensures that the Kekulé contribution from |k, occ,+〉232

and |−k, occ,−〉 cancel [29]. The perturbation, however,233

shifts their contributions to the LDOS in energy, and a234

net signal appears.235

K-IVC band-structure.— As an explicit illustration236

of the T ′-breaking mechanism we compute the band-237

structures of K-IVC0 and K-IVCB . The occupied DOS238

of KIVC0 (Fig. 3(d)) has a dominant peak at EvH ∼239

−20 meV which is in fact composed of two van-Hove sin-240

gularities separated by ∆EvH ∼ 0.5 meV. These two241

peaks originate from two different bands |k, n = 0/1〉, so242

we may estimate |∆E(k)| ∼ ∆EvH. Indeed, the eigen-243

states of K-IVCB shows substantial Chern-polarization244

(Fig. 3(c)) for EB = 0.1 meV. When probing the LDOS245

at energies near the higher (lower) vH peak, we couple246

predominantly to the C = 1(−1) sector, and hence their247

Kekulé signals (Fig. 2(c)) no longer cancel. The two248

peaks have opposite Kekulé signal; for the experiment249

to work, it is thus crucial that the broadening η remains250

smaller than the peak separation ∼ ∆EvH.251

Discussion.— There has already been some work252

on atomically-resolved STM measurement of MATBG.253

In particular, Ref. [13] found a nematic state at the254

CNP, and observed a stripe-like signal in the atomically-255

resolved LDOS of the AB/BA-regions. This feature is256

consistent with our LDOS calculations for the nSM (see257

[29] for AB/BA-regions), suggesting they have identified258

the nSM as the ground state of this sample.259

We note that while we have analyzed insulators of260

MATBG, the symmetry analysis applies more generally.261

It should thus be possible to map out the symmetry-262

breaking order as a function of electron density, and cor-263

relate it with the observed “cascade”. Furthermore, since264

magic angle twisted trilayer graphene (MATTG) features265

the same symmetries and band topology [36–38], our con-266

clusions apply to STM measurements [39, 40] of MATTG267

mutatis mutandis.268
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which also computes the STM signal of various TBG285

states.286

∗ These authors contributed equally287

[1] Y. Cao, V. Fatemi, A. Demir, S. Fang, S. L. Tomarken,288

J. Y. Luo, J. D. Sanchez-Yamagishi, K. Watanabe,289

T. Taniguchi, E. Kaxiras, R. C. Ashoori, and P. Jarillo-290

Herrero, Correlated insulator behaviour at half-filling291

in magic-angle graphene superlattices, Nature 556, 80292

(2018).293

[2] Y. Cao, V. Fatemi, S. Fang, K. Watanabe, T. Taniguchi,294

E. Kaxiras, and P. Jarillo-Herrero, Unconventional super-295

conductivity in magic-angle graphene superlattices, Na-296

ture 556, 43 (2018).297

[3] M. Yankowitz, S. Chen, H. Polshyn, Y. Zhang, K. Watan-298

abe, T. Taniguchi, D. Graf, A. F. Young, and C. R. Dean,299

Tuning superconductivity in twisted bilayer graphene,300

Science 363, 1059 (2019).301

[4] N. Bultinck, E. Khalaf, S. Liu, S. Chatterjee, A. Vish-302

wanath, and M. P. Zaletel, Ground state and hidden303

symmetry of magic-angle graphene at even integer fill-304

ing, Phys. Rev. X 10, 031034 (2020).305

[5] O. Vafek and J. Kang, Renormalization group study306

of hidden symmetry in twisted bilayer graphene with307

coulomb interactions, Phys. Rev. Lett. 125, 257602308

(2020).309

[6] B. Lian, Z.-D. Song, N. Regnault, D. K. Efetov, A. Yaz-310

dani, and B. A. Bernevig, Twisted bilayer graphene. iv.311

exact insulator ground states and phase diagram, Phys.312

Rev. B 103, 205414 (2021).313

[7] Y. Choi, J. Kemmer, Y. Peng, A. Thomson, H. Arora,314

R. Polski, Y. Zhang, H. Ren, J. Alicea, G. Refael, F. von315

Oppen, K. Watanabe, T. Taniguchi, and S. Nadj-Perge,316

Electronic correlations in twisted bilayer graphene near317

the magic angle, Nature Physics 15, 1174 (2019).318

[8] S. Liu, E. Khalaf, J. Y. Lee, and A. Vishwanath, Nematic319

topological semimetal and insulator in magic-angle bi-320

layer graphene at charge neutrality, Phys. Rev. Research321

3, 013033 (2021).322

[9] Y. H. Kwan, G. Wagner, T. Soejima, M. P. Zaletel, S. H.323

Simon, S. A. Parameswaran, and N. Bultinck, Kekulé spi-324
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magnetism in a moiré Chern insulator, Science 372, 1323418

(2021).419

[36] E. Khalaf, A. J. Kruchkov, G. Tarnopolsky, and A. Vish-420

wanath, Magic Angle Hierarchy in Twisted Graphene421

Multilayers, Physical Review B 100, 085109 (2019),422

arXiv:1901.10485.423

[37] Y. Cao, J. M. Park, K. Watanabe, T. Taniguchi, and424

P. Jarillo-Herrero, Pauli-limit violation and re-entrant425
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