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Supplementary Materials for
Broken symmetries and excitation spectra of
interacting electrons in partially filled Landau
levels

Materials and methods

Sample preparation

Samples in this work were fabricated using a mechanical transfer technique. Our pickup
stamp is made from a polyvinyl alcohol (PVA) coated transparent tape, which covers a poly-
dimethylsiloxane (PDMS) block on a glass slide handle. We first pick up monolayer graphene
directly with PVA, and use graphene to pick up the bottom layers, hBN and graphite respec-
tively to serve as the backgate. The stack was then transferred onto a Si02/Si substrate with
pre-patterned gold contacts after dissolving the PVA film with water. After fabrication, all three
samples were rinsed in water, n-methyl-2-pyrrolidone (NMP), and acetone in order to dissolve
polymer residue from the surface. The devices were eventually baked in UHV at 400C overnight
before transferring to the STM chamber. The hBN thickness for device MLG8 and MLG12 are

58nm and 50nm, respectively.

STM measurements

The experiment is done in a home built UHV STM operating at T = 1.4 K. All data shown

unless specified otherwise are taken at B = 6T. The measurements are performed with a tungsten



tip prepared on a Cu(111) single crystal. Through controlled indentation, we shape the tip until
its poke mark is confined and its spectrum features the Cu(111) surface state at the right energy.
We then locate the graphene sample with a capacitance guiding technique (1).

In measurements the tip is grounded and the tunneling current is measured from the tip. Bias
voltage Vj is applied to the graphene sample while V + V, is applied to the gate to achieve a
gate voltage of V, relative to the graphene sample. Differential tunneling conductances shown
in this study are measured using the lock-in method with ~0.5mV AC modulation at 4 kHz.
In order to circumvent setpoint effects, all the gate-tuned spectroscopy maps in this study are

measured with a constant tip height, which is set at v=1/2, V,_, = —0.4V, I, = 1-2 nA.

STM Tip Preparation

In our tip shaping recipe, we veto tips based on three main features:

* The large-scale shape of the tip must be confined. This can be confirmed by poking the tip
tens of nm into Cu(111) and scanning a large ( 300x300nm?) area that is centered around
the poke mark. If we see a single protrusion at the location of poking that is of the same

size as the depth of the poke, we proceed to next step.

* The small-scale shape of the tip also must be confined. We poke the tip about 2nm deep
into copper and scan a 50x50 nm? area to ensure there are not double poke marks, if the

poke mark is spherical and about the same size as the poke, we check the spectrum of the
tip.

* Ifthe spectroscopy on a clean area shows Cu(111) step-like surface state at V g ~ 470meV,
and is otherwise featureless, we proceed to the measurement. Otherwise, we repeat steps
(a) and (b) until criteria (c) is achieved.

It is noteworthy that the ultimate state of the tip is confirmed after tunneling into the device
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and making sure we see Haldane sashes in our data.

Numerical calculation of the LDOS

Numerical simulations of the LDOS in the presence of a tip-induced potential was per-
formed using the standard formalism for many electrons projected to the N = 0 Landau
level on the surface of a sphere (2). The symmetries of the electron system — the total z-
projection of both spin and angular momentum of the electrons, as well as there spin and val-
ley polarization — were explicitly resolved. The effective interaction between the electrons
is modeled according to Ref. (3), and it includes the dielectric constant (for one-sided hBN)
enpy = (1 + \/e”?)/Q ~ 2.5, with € = 3.0 and ! = 5.33, as well as the screening by the
filled Dirac sea at the RPA level (4). The screening by the gate at distance z = 50nm below
the 2DEG is weak, as this distance corresponds to z =~ 6/z away from the sample. We fix
the magnetic field to B = 6T, which is assumed to be strong enough to fully spin-polarize the
ground state in the range < —2r < —1 of interest. Finally, the tip-induced impurity potential
is modelled by assuming the tip is a uniformly charged sphere of radius R whose surface is
1nm above the 2DEG. Because the tip potential is screened by the gate below the 2DEG, the
potential produced at the 2DEG is

(2hR + R?) 1 1
Vimp(r) = v o _
VG2+U%¥R—ZV v@”+Up+R+zf

; S

with R = 5nm the radius of the tip, z = 50nm is the sample-gate distance, and A~ = 51nm is the
gate-tip distance. The overall magnitude of the impurity potential is taken to be v = =10meV.
We evaluate the LDOS by computing the spectral functions (5, 6). Let us first ignore for a

moment the spin and valley degree of freedom. The spectral functions are
Ai(e) =X gd(e— (B - EN))(N+1,E[R'0)|N) [, (S2)
A(e) =X po(e+(E—En))(N—1,E[O0)N) (S3)
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where Ey is the energy of the ground state | V) at particle number N. The difference between
theory and experiment in FQH gaps is that, in experiment particle number N is constant and the
gate axis represents the chemical potential shift, whereas in these calculations particles are being
continously added to the system. So the x-axis in theory and experiments are not equivalent in
the gaps.

Note that the Hamiltonian used to evaluate the eigenstates | V) now includes the perturbation
from the tip potential in addition to the usual Landau-level projected Coulomb interaction. If
A, =Eyn,, — Eyand A_ = Ey_; — Ey, the thermodynamic charge gapis A = A + A_.
The chemical potential is defined by A, — u(N) = A_ + u(N), or u(N) = (A, — A_)/2.
A has support for e > A, and A_ has support fore < —A_.

The spectral functions in Egs. (S2)-(S3) obey a number of sum rules (6, 7). For example,

the zeroth-moment sum rules give the density:

20ty [ A0 de= (B O) =1 -, (34)
2nty [ A(Qde= (W10 OBO) =1, (5)

where |v) denotes the ground state at filling v.

We now address the spin and valley degree of freedom. Focusing on —2 < v < —1, we
assume the fractional filling is fully spin and valley polarized by the Zeeman energy E; and
sublattice potential A 45 = 0.6meV respectively (note in the N = 0 LL, sublattice is locked
to valley). As a result, spin and valley remain conserved quantum numbers and we may define
spectral functions for each isospin separately, A%°. Assuming the fractional filling is polarized
into 7 = +,0 =%, the bulk fillings satisfy v, , = 2 + v and v,, = 0 otherwise. The Af
spectral functions can then be computed within a single-isospin model. For the unfilled spectral
functions, exact diagonalization must be performed keeping the Hilbert space of two isospins;

the majority isospin (+ 1), and that of the injected / removed minority isospin.
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Explicit evaluation of Egs. (S2)-(S3) is impractical due to a sum over (in principle, all)
eigenstates |E/, N + 1) in the spectrum. Consequently, we used a Kernel Polymonial Method
(KPM) (8) which allows to iteratively evaluate LDOS by applying a Chebyshev expansion. We

use KPM expansion into a Chebyshev basis of size ~ 100 with the Jackson kernel from Ref. (8).

Extracting valley polarization and intervalley coherence phase from Fourier analysis of conduc-

tance maps

Focusing on one spin species (or when assuming a spin-singlet state in which the two spins
are equivalent), the IQHE state is described by a spinor (¢, ,1%_) = (cos(8/2),sin(8/2)e)
in the valley space. ¢ is the phase of the intervalley coherent (IVC) order while 6 describes
the degree of valley polarization, which we may also express as Z = |, |* — [¢Y_|*. We
would like to extract these angles from STM images of the occupied/empty density, which is
in proportion to the current /(V,r) for bias-voltages just above/below the top/bottom peak.
The K-valley orbitals are localized at sites R, ; = R, + r4, while the K " sites are localized
at Rp; = R; + rp. We let wy(r) denote the wavefunction for the A orbitals, with Fourier
transform [ e**|w,(r)]> = F(q). For B, C, symmetry implies wy(r) = w4(—r). Since
sublattice and valley are locked in the N = 0 LL of MLG, it will be convenient to let 7 = £
denote (A/K) vs (B/K') together.

An electron in orbital m, valley 7 of the N = 0 LL thus has an ansatz real-space wavefunc-
tion

LpT,m(r) = Z (pm(r)eiTK.RTYin(r - R‘r,i) (S6)
R

T,

I
Here ¢,,(2) ~ z™e A are the lowest LL wavefunctions. The density of a uniform IQHE



state can then be obtained using

() = D UG m(D)Py m(r) (S7)
1} * —iK-(TR,;—TR_/ )
= e s ~iwy(r— R, )w (r—R_ . S8
27’[',623 Zw ,(/)7- ( ,) ( 7',_7) ( )
T,T 42,7
where we have used the LLL completeness relation 3 |¢,,(r)|* = #
T®B
Valley polarization

We first focus on the valley-diagonal contribution to the density 7 = 7'. If the orbitals are

tightly localized we can restrict to ¢ = 7 and obtain the contribution
n(r) 3 Z [ Plwa(r — R )[* + [_[*lwp(r — Rp,)|’] (S9)
In Fourier space at reciprocal vector G,
n(G) > [F(G)fs e ™ + F(Q)l e (510

where F(q) is the Fourier transform (form factor) of |w 4 (r)|?.

From this expression we would like to extract the degree of valley polarization Z = |1, |2 -
|1b_|?. However, under a shift of the origin by Ry, the result transforms as n(G) — n(G)e *¢ o,
Since we don’t a priori know where to fix the origin in a given region of the STM image, we
need a way to extract order parameters in the presence of this ambiguity.

To do so, we consider products of the form [] " n(q;), where ) . q; = 0, which is thus
invariant under a shift of Ry. Let G; = [C3]°Go, i = 0,1,2, be the three Cj-related re-
ciprocal vectors. The combination ® = arg n(G)n(G,)n(G,) = 3arg(F(G)[y, 2>/ +
F*(G)[y_[*e™2™/3) = 3arg(|1h, |2e**+|1_|*e™**) is thus an invariant, where arg F/(G)e*™/3 =
a. Without knowing «, we can’t convert this directly to Z. However, if we assume w4(r) =

2

wa(—r) so that F(G) is real, a = 2% or @ = %* + , and assuming the former we find



Z = —tan(%)/ v/3. By applying this method at v = —1, where we know the sublattice split-
ting ensures the valley-polarized state Z = 41, we can confirm that o ~ 27/3.
Procedure to extract Z

In practice, we first perform Fourier transform of the real-space dI/dV maps. The com-
plex amplitudes of the Fourier peaks corresponding to the graphene lattice are extracted as
n(Gy),n(G1),n(G,), where Gy ; , are three reciprocal vectors related by C; symmetry. The
sublattice polarization Z = — tan(arg(n(Gg)n(G;)n(G,)/3))/+/3, in which arg denotes tak-

ing the angle of the complex amplitude.

Extraction of the tunneling current proportional to spectral weight

In addition to the presence of the sash-like feature, the spectrum weight can also reveal the
tip condition. The spectrum weight is the integral over all the electron(hole)-like excited states
of the ZLL and represents the ground state of the unoccupied(occupied) state. If the workfunc-
tion between the tip and sample matched (i.e. charge-neutral tip), the density underneath the tip
will follow the filling factor and the spectrum weight will be proportional to the gate voltage.
While if the tip possesses a large work function difference to the sample, the local density will
be pinned to the maximum or minimum of a LL allowed (n= B/¢, or =0) and the spectrum
weight will be constant over one filling factor.

Extracted spectral weights (S) are obtained using gate dependent currents (1,(V5, v)) at bi-
ases set just below(above) the hole(electron) excitation peaks (V3), yielding the spectral weight
for integrated density of states of the ZLL in the (un)occupied levels. In order to correct for
setpoint effects (since the tip height is reset at every gate), we normalize the spectral weight by
multiplying the obtained currents by a reference current curve taken at a constant height (set at
v=1/2,V,,; = —0.4V, I, = 1-2 nA), setting the bias to the initial bias (V},;:;,;) where each I/'V

curve is measured, turning off the feedback and recording the current while the gate voltage is




































