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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.

s Since superconductivity and correlated insulators
o (CIs) were found in magic angle twisted bilayer graphene
o (MATBG) [1H3], there have been vigorous attempts to
identify the nature of the ground states at integer fill-
12 ings. While widely believed to arise from spontaneous
13 symmetry-breaking in the space of spin and valley, theo-
14 retical works have identified a wealth of candidate states
15 which are close in energy, including insulators in the
U(4) x U(4) manifold [4H@], a nematic semi-metal (nSM)
v [7, 8], and the incommensurate Kekulé spiral (IKS) [9].
18 However, clear experimental identification of the ground
state order has proven difficult.
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2 Scanning tunneling microscopy (STM), which mea-
2 sures the local density of states (LDOS), is a promis-
ing tool for distinguishing between these phases. Thus
23 far STM measurements in MATBG have largely focused
2 on modulations in the LDOS at the Moiré-scale [7, [I0-
25 [13]. STM has found evidence for a “cascade” of putative
2 symmetry breaking transitions [I1] [I4], but has not yet
detected the relevant order parameters. Take, for ex-
s ample, the Kramers-intervalley coherent (K-IVC) state
20 [41 161 91 [15] and the nSM [8], which are believed to com-
pete at the charge neutrality point (CNP) [I6HIS]. While
a1 there are quantitative differences between the DOS of the
» two phases (they are gapped and semimetallic respec-
33 tively), given finite energy resolution their DOS are in
u practice very similar (Fig. (c))7 making discrimination
difficult [T6]. Furthermore, the Moiré-scale spatial mod-
3 ulation of the LDOS is largely dominated by the peaks
w at the triangular-lattice of AA-regions [7, 10, 13]. This
3 is a feature of the flat bands common to all the phases,
and it is thus inadequate for identifying the ground state.
w0 What is needed is a probe capable of directly measuring
a1 the order parameter of the symmetry breaking.
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22 In this work we show that atomically-resolved STM
»s measurements are an ideal method for distinguishing be-
w tween these competing states. By measuring sublattice
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s polarization, bond nematicity, and Kekulé pattern, we

can distinguish the following states based on their sym-
metry properties: 1) symmetric Dirac semimetal 2) nSM
3) K-IVC 4) Generic IVC state (e.g. IKS) 5) valley Hall
(VH) and 6) valley polarized (VP) (Table. [, Fig. [1]).

The fact that the K-IVC can be distinguished from a
generic IVC state may come as a surprise. This is because
the “Kramer’s time-reversal” symmetry 7' extinguishes
any Kekulé charge-density signal. Applying perpendic-
ular magnetic field breaks this symmetry, which reveals
the underlying IVC nature of the state.

The ability of atomically-resolved STM to detect sym-
metry breaking in low-density flat-bands was recently
demonstrated experimentally by Liu et al. [I9]. They
were able to probe the symmetry breaking in the zeroth
Landau-level of monolayer graphene by directly measur-
ing sublattice polarization and Kekulé order. As the
Landau-levels and MATBG bands have comparable elec-
tron densities and energy scales, their findings are en-
couraging for the analogous measurements in MATBG.

Active bands of twisted bilayer graphene.— We first
review the flat band physics of MATBG and set the no-
tation. We focus on a single spin-species case for simplic-
ity. A convenient basis for the four flatbands (per spin) of
MATBG is the “Chern” (or chiral) basis |k, 7, C'), where
k is crystal momentum in the mini-BZ, 7 = £1 is the val-
ley label, and C' = £1 is the Chern number [4, 20]. We
can obtain the Chern basis by demanding CoT symmetry
to act as CoT |k, 7,C) = |k, 7,—C). To a good approxi-
mation, the Chern basis is sublattice-polarized according
to A/B = o0 = C'r. We further gauge-fix by demanding
two-fold rotation Cy to act as Cs |k, 7,C) = |-k, —1,C).

Neglecting small Umklapp terms, the Hamiltonian is
invariant under valley-dependent phase rotation Uy (1).
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FIG. 1. Spectroscopy calculation results for the self-consistent HF solutions of spinless nSM, K-IVCy, K-IVCp states at CNP
(v = 0) and IKS states at v = —1. We present (a) total LDOS p(r;z) (b) total FTLDOS p(q; z) (c) total and Kekulé -DOS
p(z = E+in) 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.

s Using the Pauli matrix notation for 7, the action of Uy (1)
a1 is written as ¢™=? |k, 7, C) = ¢ |k, 7, O).

&2 STM-spectroscopy from self-consistent Hartree-Fock
83 calculation.— Let us now review our numerical method.
s While many of our predictions presented below are based
g on symmetry considerations, we also numerically com-
puted the LDOS of various competing phases using self-
consistent Hartree-Fock (HF) method. We consider an
interacting Hamiltonian in which the Coulomb interac-
s tion is projected into the flatbands of the Bistritzer-
MacDonald (BM) continuum model [21I]. Several studies
o1 have shown that HF is accurate at even-integer fillings

o [4 6], 15 22H24], in some cases producing ground states
o3 nearly identical to the semi-exact solutions obtained from

s DMRG and exact diagonalization [16] 25H27].
s We also incorporate the effect of a perpendicular mag-
s netic field via the phenomenological Hamiltonian Hyery =
o EpC, where Ep = 0.1meV. This choice will be justified
¢ in a later section. States under magnetic field are denoted
9 by a subscript B.

We use the single-particle eigenstates |F;) of the HF
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effective Hamiltonian H.g to obtain the LDOS:

2
LDOS(E,r) = —lsz EKr‘A
™

w0 where FE is the scanning-energy of the electron and
7 is a Lorentzian-broadening parameter [28]. We
may similarly obtain the Fourier-transformed LDOS
(FTLDOS) p(q; E), and the total DOSp(E). We re-
fer to the Supplementary Material (SM) [29] for the
full specification of the model, HF calculations, and

LDOS/FTLDOS/total DOS calculations.

STM-spectroscopy of competing phases.— Different
ground state candidates have different symmetry proper-
ties (Table. E[)7 which allow us to distinguish them using
STM. The main features are 1) Breaking of Co symmetry
via sublattice polarization, 2) breaking of C5 symmetry
via bond nematicity, and 3) breaking of graphene-scale
translation symmetry via a Kekulé pattern. In order to
observe rotational symmetry breaking, we measure the
us LDOS around C; and Cs symmetry invariant AA-region
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Phase ' ey Kekulé S.L. Pol.
B=0B#0B=0B#0
DSM
nSM
VH
VP
K-IVC
1IKS

<
=
\]
Q

N X[ X %X %X %
N N> X X X%

*x XN NSNS
*x NX% NSNS
> NN N X% SN
*x XX N\ %X X%
> XN\ N\ X X%

TABLE I. Symmetry properties of various ground state can-
didate states. DSM stands for symmetric Dirac semimetal.
The column for Kekulé denotes absence (X) or presence (v')
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]).

To illustrate this point, here we will focus on the fol-
lowing three states that were shown by prior works to
be most competitive at even integer fillings of the spin-
ful model: the nSM [8|, 25| 26], K-TVC [4, [6, 15| [16], and
IKS [9]. These states are predicted to undergo a quantum
phase transition to each other under change of heteros-
train [9, [16], so it is of great interest to distinguish them
using a local probe.

In Fig. (1} we present the total LDOS/FTLDOS/DOS
of the bottom layer in the region of A A-stacking for these
phases. Let us now walk through the features which are
characteristic of each phase.

(i) nSM: Reflecting the nematic nature of the state,
the LDOS strongly breaks Cs but preserves C3. The or-
der manifests in two forms: first, in the orientation of
the strong bonds, and second, while the very center of
the AA-region has equal weight on the two sublattices,
to the right(left) the dominant weight shifts to the A(B)
sublattice. This polarization is not observed along the
axis rotated by 27/3 (Fig. [1| (a)). FTLDOS also show
nematicity, where two of the six Bragg peaks (at the re-
ciprocal vectors of the graphene lattice) have a nodal line
across which the phase changes over the mini-BZ (Fig.
(b)). Similar nematic behavior was observed in earlier
STM experiments [13].

(ii-a) K-IVCq: The LDOS respects all the symmetries
(Fig.[1] (a)). The absence of a Kekulé pattern despite the
inter-valley coherence is enforced by the T’-selection rule
to be derived later. The FTLDOS is peaked only at the
graphene reciprocal vectors (Fig. [1] (b)).

(ii-b) K-IVCp: For a small range of tunneling bias
(Fig. (c)) the LDOS shows a v/3 x v/3 Kekulé pattern
respecting C3. The FTLDOS exhibits dominant peaks at
the Bragg points and subdominant peaks at intervalley-
scattering momenta K — K’ (Fig. [1] (b)). The Kekulé
signal only shows up for a range of bias close to the van-
Hove peak (see Kekulé -DOS, Fig. c)), and in fact the
signal changes sign as the peak is crossed. The origin of
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this energy dependence will become clear shortly.

(iii) TKS: The LDOS exhibits a v/3 x v/3 bond nematic
pattern(Fig. [1] (a)). [30]. The graphene Bragg peaks
show similar nodal line as in the nSM (Fig. [1| (b)), re-
flecting the similarity of IKS to nSM [9]. The Kekulé
-DOS is on the same order as the total DOS over the
entire range of occupied band energies (Fig. (1] (c)) [31].

The other three phases (DSM, VP, and VH) are dis-
cussed in detail in the SM [29)].

Vanishing Kekulé signal of the K-IVC' state.— We now
explain why the K-IVC Kekulé signal emerges only in a
magnetic field. We focus on the spinless case for sim-
plicity, and leave the spinful case to the SM [29]. In
Ref. [] it was shown that the K-IVC state produces a
Kekulé -like pattern of circulating currents not charge, as
shown in Fig. [J[(a). This is a consequence of a modified
“Kramer’s” time-reversal symmetry of K-IVC 7' = 7, T
which applies a m-phase rotation between the valleys [4].
We may formalize this extinction as a selection rule on
the FTLDOS

(TelpaCi(2)) = Telp—oG(2)]) .
2)

. -1

plasz = E+in) = 5—
where G(z) is the electron Creen’s function and pq
e~iT i5 the density operator [29]. The “Kekulé -LDOS”
is the portion of the FTLDOS at inter-valley momentum
transfer q = +(K — K’) + Aq, where Aq is small.

We consider either a unitary symmetry with
U G(z)U = G(z) or an anti-unitary symmetry with
K‘lé(z)K = GT(Z) Suppose further that for some q of
interest the density transforms either as U ™! pqld = *pq,
or K™1pgK = £p_q, where the sign + will depend on
the symmetry. By inserting these transformations into
Eq.(2) [29], we obtain p(q; z) = £p(q;z). The odd case
then enforces an extinction.

For the case at hand, we expand the inter-valley part
of fiq in a plane-wave basis (r|k,7) oc e?kFHKr)r

Pla—k—K+aq) = P K+ Aq,m=1) (k,7=-1|, (3)
k

where k is restricted to the vicinity of the graphene
Dirac points. In the absence of IVC order, the sym-
metry U = 1, € Uy(1) gives U™ pqd = —pq, enforc-
ing an extinction, while for a generic IVC the Kekulé
-LDOS will be present. For the K-IVC we instead lever-
age T'|k,7) = 7|—k,—7), giving T 'pqT’ = —p_q
and conclude the K-IVC has vanishing Kekulé -LDOS.

Effect of a T'-breaking perturbation.— In the presence
of a T'-breaking perturbation Hpey - €.g., an applied
perpendicular magnetic field B - the selection rule is in-
operative and the K-IVC g phase will generically manifest
a Kekulé pattern. In order to understand its magnitude
and the sensitive E-dependence found in Fig. [Ifc), we
now analyze an approximate form of Hye in detail.

An out-of plane B-field will have two effects. First, it
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FIG. 2. (a) Total current-density of K-IVC eigenstates
(Eq.() |k = Mpm,n==%1). M, 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.(@)). Red(blue) corresponds to super-
posed states with predominantly Chern +1 (—1) character.
(c) Kekulé charge-density of |k = M, occ,n = £1).

will reconstruct the flat bands into a Hofstadter butter-
fly; however this effect is small for weak (B < 1T) fields
[32]. Second, B will couple to the orbital magnetic mo-
ment m(k,7,C) = pupg(k,7,C) of the flat bands, where
g ~ 2 —10 [33H35]). For simplicity we neglect the k-
dependence, in which case symmetry enforces the simpler
form m(k,7,C) = ppgC, so that Hpery = EgC,Ep =
upgB. For a B = 1T field, Egp ~ 0.1meV is thus a
conservative estimate of its magnitude.

To compute the change in the LDOS, we diagonalize
Heg + Hpert, as shown schematically in Fig. b). Since
Hpers is small compared to the gap Axrve ~ 20 meV of
H.g (Fig. a)), we project Hpery into the space spanned
by the two occupied eigenstates |k,n = 0/1) of Heg. To
constrain the form of Hpey, we combine Ca, T, and a
relative valley phase to obtain a second symmetry of the
K-IVC, CoT" = CyTei™=(0ve=7/2)/2  which acts locally
in k. Because EgC anti-commutes with Co7", the pro-

2 jection is constrained to take the general form
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The effect of the perturbation is controlled by the ratio
of AE(k) = E;(k) — Ep(k) and the perturbation Ag(k).
In Fig. [}[a,c) we see that AE(k) is much smaller than
the band-gap Akrve across most of the mini-BZ. A small
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Ap could thus result in a significant change in the LDOS
even while the ground-state itself changes by a negligible
amount of order Hpert/AKIVC < 1.

It is instructive to construct eigenstates of Hpery in
terms of the valley/Chern basis |k, 7,C). In the strong-
coupling limit, it is given by the following Chern polar-
ized states that span the occupied K-IVC bands[4]:

+)/V2, (5)
-)/V2. (6)

Individually, each Chern sector |k,occ,+) contributes
to Kekulé -LDOS, as shown in Fig. [J[c). However, T’
ensures that the Kekulé contribution from |k,occ, +)
and |—k, occ, —) cancel [29]. The perturbation, however,
shifts their contributions to the LDOS in energy, and a
net signal appears.

|k, occ, +) & (|k, +, +) + eve [k, —,

|k, oce, —) ~ ([k, 4, —) — e"1ve |k, —

K-IVC band-structure.— As an explicit illustration
of the 7’-breaking mechanism we compute the band-
structures of K-IVCy and K-IVCp. The occupied DOS
of KIVCy (Fig. [3[d)) has a dominant peak at E.y ~
—20meV which is in fact composed of two van-Hove sin-
gularities separated by AFE.g ~ 0.5meV. These two
peaks originate from two different bands |k,n = 0/1), so
we may estimate |[AFE (k)| ~ AE,g. Indeed, the eigen-
states of K-IVCp shows substantial Chern-polarization
(Fig. c)) for Eg = 0.1meV. When probing the LDOS
at energies near the higher (lower) vH peak, we couple
predominantly to the C'= 1(—1) sector, and hence their
Kekulé signals (Fig. fc)) no longer cancel. The two
peaks have opposite Kekulé signal; for the experiment
to work, it is thus crucial that the broadening n remains
smaller than the peak separation ~ AFE, g.

Discussion.— There has already been some work
on atomically-resolved STM measurement of MATBG.
In particular, Ref. [13] found a nematic state at the
CNP, and observed a stripe-like signal in the atomically-
resolved LDOS of the AB/BA-regions. This feature is
consistent with our LDOS calculations for the nSM (see
[29] for AB/BA-regions), suggesting they have identified
the nSM as the ground state of this sample.

We note that while we have analyzed insulators of
MATBG, the symmetry analysis applies more generally.
It should thus be possible to map out the symmetry-
breaking order as a function of electron density, and cor-
relate it with the observed “cascade”. Furthermore, since
magic angle twisted trilayer graphene (MATTG) features
the same symmetries and band topology [36H38], our con-
clusions apply to STM measurements [39] 40] of MATTG
mutatis mutandis.

We thank P. Ledwith, E. Khalaf, D. Parker, and A.
Vishwanath for discussions on the role of magnetic fields
in producing a K-IVC Kekulé signal. We thank N. Bult-
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M. Crommie for helpful discussions. MPZ is indebted to
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FIG. 3. (a-b) Self-consistent HF band-structure and DOS

of K-IVCy at CNP and n = 0.5meV. Yellow patch denotes
the spectrum within valence bands probed at n = 0.1 meV in
(c-d). (c) Band-structure of K-IVCp at Ep = 0.1 meV. Area
of the blue (red) dots corresponds to the degree of positive
(negative) Chern polarization of the wavefunction. (d) To-
tal/Kekulé -DOS of K-IVCy and K-IVCp along with Chern
polarization-weighted total DOS.
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