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ABSTRACT: Strain superlattices (SL) in 2D materials like graphene
provide an ideal test bed for generating flat bands and exploring the
effects of strong correlations. Here we report STM/STS measurements
on an engineered SL generated by placing graphene on a periodic array
of silica nanospheres. A pseudomagnetic field as high as 55 T is
observed along with the formation of pseudo-Landau levels (pLLs),
not only at the expected integer values but also at fractional values. In
regions where the Fermi energy intersects the zeroth pLL, we observe
that this pLL splits. Using tight binding calculations, we show that our
system supports formation of quasi-flat bands. We are also able to
simulate the strain induced pLL splitting and show how on-site
interaction may create fractional pLLs. Thus, we have demonstrated a
customizable, reproducible, and scalable graphene strain superlattice system that can host a range of different correlation driven
states.

KEYWORDS: Graphene, Periodic strain, Flat bands, Fractional pseudo-Landau levels, Peak split, Electron—electron interactions

S trong correlations in two-dimensional electron gases lead physics.">'****" Strained graphene should also be able to
to a range of interesting phases such as strange metals,’ host FQH phases or even superconductivity if Coulomb
magnetically induced Wigner crystals,” fractional quantum Hall interactions are introduced.*” Although pLLs were observed at
(FQH) states’™ and unconventional superconductors.6 both integer and fractional values in strongly strained graphene
Dispersion-less “flat” energy bands are known to enhance CVD grown on copper substrates,” the strain was released and
correlations,7_9 due to the reduced kinetic energy of charge PMF effects were significantly diminished upon transfer onto
carriers. For example, when a strong perpendicular magnetic insulating silica substrates, making this strain technique
field is applied to a 2D electron gas, like graphene, a series of incompatible with standard CMOS device fabrication. The
quantized density of states called Landau levels are formed. %! exact role of Coulomb interactions in generating the fractional
The increased Coulomb interactions in these flat energy levels energy levels was also not well understood due to

complications posed by conducting substrates.

To incorporate the effects of strain globally in graphene
devices, it is important to generate periodic strain “super-
lattice” potentials. Buckled graphene superlattices have been
observed to naturally form on substrates such as NbSe, due to
thermal cycling.”* Such periodically buckled graphene has been
shown to host nearly flat bands and signatures of correlated
states. Furthermore, these strained systems also show valley
polarization i.e. opposite signs of PMF in the K and K’ valleys,
necessary for valleytronics.”>*® Graphene strain superlattices

have led to the observation of a fractional quantum Hall effect
in low-disordered graphene.'”'® More recently, unconven-
tional intrinsic superconductivity was observed in magic angle
twisted bilayer graphene due to enhanced correlation effects
from the superlattice potential.”'* However, engineering flat
bands using 2D moiré superlattices has limitations in terms of
material choice, precise control of the twist angle, and the
inability to induce "ideal” flat bands."> This calls for more
robust techniques for realizing flat bands in 2D materials.
Mechanical strain can also generate flat bands in

graphene.'*™"® Nonuniform strain in naturally formed
graphene nanobubbles has been shown to give rise to pseudo Received: July 23, 2024
magnetic fields (PMFs) in excess of 300 T, and corresponding Revised: ~ November 21, 2024

Accepted: December 10, 2024

integer pseudo-Landau levels (pLL)."” Imposing a periodic
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strain of specific trigonal geometry on graphene can induce a
C,; symmetry breaking leading to gap opening, quasi-flat band
formation with strong correlations, and rich edge-state
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made by thermal cycling, however, are not scalable, and
difficult to reproduce. They are also predominantly made on a
metallic substrate which hinders their use as a potential
platform to study strong correlation effects in topological
bands."

This calls for more controlled approaches to engineering
periodic strain in graphene on a dielectric substrate. One
possibility is to place graphene on nanopatterned sub-
strates.”” ° Patterned substrates can induce periodic electro-
static potentials in graphene, resulting in emergence of
multiple Dirac cones, fractal mini-gaps of the Hofstadter
spectrum, and even flattening of the Dirac cone.””** They may
also act as a source of 3D deformation and generate a strain
superlattice, with a tunable strain depending on their size.’’
Transport studies on monolayer graphene layered on quasi-
periodic, hexagonal arrays of silica nanospheres have
demonstrated the formation of a strain superlattice.””’"
However, to fully comprehend the effects of local variations
of strain, and hence PMF, on the electronic properties,
nanoscale studies are needed.

In this work, we report low temperature scanning tunneling
microscopy (STM) and spectroscopy (STS) studies of
graphene stacked on an array of 20 nm SiO, nanospheres
(NSs) (Figure 1(a)). STS measurements show the formation
of strain-induced pLLs and a spatially varying PMF profile with
values as large as 55 T on top of the nanospheres. In regions
where the Fermi energy moves across the zeroth pLL peak, the
peak splits, resulting in a low-energy gap. The width of this gap
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Figure 1. Graphene-covered NSs system: (a) A schematic
representation of the sample geometry and sample setup for the
STM and STS measurements at 4.5 K. (b) AFM topography of the
sample taken prior to insertion in a UHV chamber. Inset shows a
Fourier transform of this AFM image after masking the NSs and
applying a Gaussian filter to smooth the mask. The visible periodicity
corresponds to a real space superlattice of 21.6 nm. (c) An atomically
resolved STM topography of the flat graphene on SiO,, with a Fourier
transform of the image shown in inset confirming the hexagonal
structure. As previously reported, such areas exhibit low level
corrugation in STM, which is not gurely topographical but also
partially attributed to charge puddles.”® (d) STS point spectrum of
graphene on flat SiO,. Red arrow indicates the position of the Dirac
point, while the gap-like feature at Fermi level corresponds to
phonon-mediated inelastic tunneling.**
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varies with the spatial variation of the PMF. Although this
effect has been theoretically predicted by earlier studies™ it
was never experimentally observed. Finally, we also observe the
emergence of pLLs at fractional values. Our theoretical
calculations elucidate the role of the Coulomb onsite and
next-nearest neighbor interactions in the formation of
fractional pLLs. Understanding the effect of electron—electron
interactions on generating fractional pLLs had been missing in
previous studies. More broadly, our experimental data and
numerical calculations are consistent with significant flattening
of the electronic bands over the entire k space. Thus, we are
able to demonstrate a reproducible, scalable strain superlattice
in graphene where periodic variations of PMF drive band
flattening, increasing Coulomb interactions and thus leading to
signatures of strongly correlated phases like fractional pseudo-
Landau levels. Unlike previous graphene strain superlattices,
which were generated as a byproduct of growth procedures,
the strain superlattices in our graphene systems have been
designed and engineered using custom substrates, and thus
have been reproducible and tunable. The conducting nature of
the substrates in previous studies meant that the tunneling and
transport response of the strained graphene layer merged with
that of the substrate, and there was no scope for gate-induced
carrier density tunability - a basic requirement for CMOS
device technology. The insulating silica substrates in this study
meet this criterion for CMOS compatibility, and transport
signatures of strain superlattices have been successfully
observed in these systems.”’

SiO, NSs deposited on Si wafer have an average 20 nm
diameter and form a quasi-periodic hexagonal close-packed
pattern®® as seen from large scale atomic force microscopy
(AFM) image (Figure 1(b)). The average graphene
corrugation, ie. draping between two NSs, measured with
AFM is 447 + 0.0S nm. While graphene does not perfectly
follow the NS shape, by using 20 nm NSs we ensured to
minimize appearance of folds while maximizing strain.”’’ NSs
tend to cluster in close-packed areas containing hundreds of
NSs separated by bare substrate. Since graphene covers both
those regions this allows us the choice to position the STM tip
on either corrugated or flat graphene (cf. Supplementary
Figure 1). Atomically resolved images of flat regions reveal the
honeycomb pattern characteristic of graphene (Figure 1(c)).
We attribute these regions to areas without NSs such that
graphene covers a flat SiO, substrate. These regions also
exhibit a standard noninteracting density of states (DOS) that
is visible in STS with a dip at 40 meV (Figure 1(d) red arrow)
corresponding to the charge neutrality point (CNP) i.e. Dirac
point position®>*” indicating an electron doped graphene.

We now focus our attention on the graphene-covered close-
packed NS regions(Supplementary Figure 1) and their local
density of states (LDOS) (Figure 2). The high-resolution STM
image of graphene-covered NS in Figure 2(a) shows that
graphene forms complex bubble and fold-like shapes as it
bends over the NS with evident deformations in the graphene
unit cell (cf. Supplementary Figure 2). Atomic resolution
images reveal a local transition from a honeycomb to a
triangular pattern (cf. Supplementary Figure 2(b)). This
sublattice polarization of the electronic wave function has
been previously shown to be a hallmark of PMFs”**>***¢ and
indicates PMF sign switching along with a zero crossing.

Examining the LDOS of the graphene-covered NS shown in
Figure 2(a) we find that the spectra in this region are highly
location dependent. We first focus on the two extremes, the
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Figure 2. STM/STS of graphene-covered NS: (a) 3D STM topography of graphene-covered NS. Green and purple arrows mark directions along
and transverse to the ridge. (b) STS point spectra taken at color-coded positions marked on (a) reveal three distinct LDOS peak behaviors: single
pronounced N = 0 peak (black), N = 0 peak split in two (red) and a sequence of equidistant peaks (blue). Dots mark the position of peaks used to
fit data in (c). To fit the actual peak positions we used negative of second derivative of this data (cf. Supplementary Figure 2). The sequence of
pLLs on the side of the NS (red) corresponds to a PMF of 29 + 1 T. (c) Upper panel: Plot of peak energy position versus square root of index
number N and linear fit for the black spectrum in (b). Linear fit yields a local PMF of 54 + 1 T, a value significantly larger than the PMF obtained
from magneto-transport measurements on samples with the same geometry, which represent a macroscopically averaged value.”” Lower panel: Plot
of peak energy position versus peak index N and linear fit for the blue spectrum in (b). The electrons in this region are trapped in a PMF-induced
potential well due to the si%zliﬁcant spatial gradient of the PMF. Strain-induced quantum confinement (QC) has been previously observed in

buckled graphene on NbSe,”* and in graphene ripples on Cu foil.*’

apex of the NS and the valley between NSs, indicated by the
black and blue dots as shown in Figure 2(b). Spectrum taken
at the apex of the NS (black) show a prominent peak at 41
meV and a sequence of weaker peaks. The energy Ey of the N-
th pLL is given by the relation

Ey = Ep, + sgn(N)vg./2¢AINIBpyp, where Ej is the energy
of Dirac point, vy the Fermi velocity and # = h/2z."” We
identify the prominent peak as the N = 0 pLL which sits at
CNP of the graphene on flat SiO, (cf. Figure 1(d)). By
plotting Ey—E, versus /N and fitting a linear curve (Figure
2(c) upper panel) we get a PMF of 54 + 1 T. In contrast to the
apex, the spectrum taken at the valley between two NSs (blue)
is symmetric with an equidistant sequence of peaks spaced
approximately by 95 meV. This linear relationship between
energy and peak index N, Ey ~ N, as shown in the bottom
panel of Figure 2(c) is likely due to strain induced
confinement.”* Comparing the equidistant energy levels of
AE = 95 meV to the confinement in quantum dots in 2D
semiconductors AE = Avy 7 /W** we estimate approximate
quantum dot size of 20 nm which is in accordance with the
average distance between two NSs in our system.

While cursory analysis of the peaks and troughs of the NS
array yields results consistent with previous work, as we
traverse the transition region between the peak and trough of
an individual NS, we observe significant deviations. Closer
examination of the differential conductance spectrum in Figure
2(b) taken around 5.5 nm from the NS peak (red dot in Figure
2(a)) reveals two prominent peaks at —110 and 57 meV, with
an estimated 80 meV gap between them, and seven weaker
peaks on either side of energy scale (cf. Supplementary Figure
3). These energetically segregated peaks correspond to the
split N = 0 peak where the CNP is shifted and lies in between
the two peaks at approximately —27 meV (cf. Supplementary
Figure 3). To understand the emergence of the split N = 0
peak, we plot the spectra along the two directions marked
green and purple in Figure 2(a). We focus on the two peaks
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corresponding to the N = 0 split peak (Figure 3). The distance
between peaks (around 0.1 V and —0.1 V) varies with the
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Figure 3. Split N = 0 peaks: (a) and (b) Map of STS point spectra
taken along the color-coded positions marked with green and purple
arrows on Figure 2 (a) respectively. Gray dashed lines are a guide to
the eye marking approximate positions of the two peaks we attribute
to the N = 0 split peak.

STM tip’s position on the NS. As the tip scans across the
graphene fold in Figure 3(b), the peaks, initially separated by
approximately 240 meV, move closer together toward E = 0. At
the fold’s apex, they merge into one peak, but moving the tip
away causes them to separate again, increasing the energy gap
to around 340 meV. Similar behavior was predicted by
theoretical calculations of Mao et al.,** which showed that for
PME lower than the critical value, specific for the periodicity of
the system, the N = 0 peak will split but only for the LDOS of
one graphene sublattice. They also calculate that the gap
between peaks follows local changes in PMF and is the highest
in the regions of lower PMF, in correlation to our data. While
their paper does not directly address the origin of the split, we
attribute it to a combination of three factors based on their
calculations and the work of Milovanovi¢ et al®° First,
progressive band narrowing and flattening occurs with
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Figure 4. Pseudo Landau levels: (a) A dI/dV point spectrum at 10 nm position from a line scan taken along the marked red arrow in the inset.
Inset shows a STM topography of graphene on NS where line scan was taken, representing different sample location than the one in Figure 2. (b)
Residual after second polynomial retraction from spectra in (a). Inset shows the energy, Ey — Ej,, versus \/ N of integer pLLs marked in (b). Dirac
point was determined as a halfway point between N = 1 and N = —1. Fitting a linear fit we get a local PMF of 52 + 3 T. (c) A full map of dI/dV
spectra taken along the red arrow in (a) with second polynomial retraction applied. Black arrows mark the N = —1,2/3, 1, and 2 pLLs. (d) A height
profile of the crest region from inset in (a) versus calculated PMF at that position. Two STS point missing at 16 and 17 nm could not be processed
in this manner as their shape deviates from parabolic. The PMF diminishes on the sides of the graphene-covered NS structure indicating the onset
of a region characterized by highest strain gradient. (e) Residual after second polynomial retraction presented in 4(c) shown in a narrower bias
range, for a point spectra marked by an orange arrow in 4c. The fractional peaks appear in a region with a constant PMF (cf. Figure 4(d)), in
addition to being clearly segregated from the valley between two NSs, where quantum confined states typically appear (cf. Figure 2(b)). (f) Ey
versus \/ N fit for all detected peaks including fractional pLLs which are marked in red.

increased strain. Second, higher N > 0 bands reach “flatness” at Dirac point now sits around —130 meV, constituting an
lower PMFs compared to N = 0°° and therefore show no approximate 170 meV shift in position compared to flat
splitting even when the N = 0 level does. Third, the PMF unstrained graphene on an SiO, substrate. The shift in the
breaks the sublattice symmetry localizing the N = 0 electronic energetic position of the N = 0 peak is due to a difference in
wave function on a single sublattice for a particular PMF sign local doping brought about by trapped charge in SiO, (cf.
(cf. Figure 1c in Milovanovi¢ et al.> and Suppl. Figure 2b). We Supplementary Figure 5).>** These integer pLLs are visible
hypothesize that as we move from the side of the sphere to its across the entire scan of the graphene-covered NS, as is visible
crest, transitioning from a region of lower to higher PMF, we from an intensity plot of the STS line scan shown in Figure
observe the continuous narrowing of the split N = 0 band as 4(c). The variation in the calculated PMF across the presented
we move to a region of higher PMF, ultimately resulting in a line scan, shown in Figure 4(d), is homogeneous near the crest
single peak. We note that while our system deviates from the region. This homogeneity of PMF over length scales several
perfect superlattice used in their calculations, Mao et al. times larger than the magnetic length is extremely important as
showed that flat bands are stable even when they introduce it can affect the occurrence of pLLs vs effects of quantum
high levels of disorder.”* confinement.**?*3%3
Beyond the splitting of the N = 0 peak, we observe the We find additional peaks at energies proportional to square
existence of pLLs at noninteger values. Figure 4(a) shows a root of fractional numbers +1/3 and +2/3, as shown in Figure
representative dI/dV spectrum obtained along the line marked 4(b). By fitting the fractional pLLs to an Ey versus \/N
by a red arrow corresponding to the point of maximal strain together with the integer pLLs we show that they follow the
within the local coordinates of the array addressed by the tip. same linear trajectory (Figure 4(f) red points). The resultant
The spectrum has a parabolic shape with several noticeable linear trajectory is crucial as this is a clear indication that the
peaks. To better visualize the peaks we subtract a parabolic peaks cannot be interpreted as states resulting either from
background from the spectrum'””*® and plot resulting data in quantum confinement”* or from interference of opposite
Figure 4(b) (cf. Supplementary Figure 4 for more detail). propagating Hall states.””
Peaks at energies proportional to \/ Nwith N=0, +1, +2, 3, 4, If the noninteracting relation between filling factor and LL
and §S are clearly visible. The N = 0 peak corresponding to index v = 4(N + 1/2) holds when the interaction is included,
44 https://doi.org/10.1021/acs.nanolett.4c03542
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Figure S. Tight-Binding Calculations of Graphene Strain Superlattice: (a) Depiction of the distribution of 20 nm Gaussian shaped nanospheres
implemented in the calculation visualized in continuous configuration prior to discretization. We observe a clear hexagonal close packed
configuration with 20 nm of center to center separation. Gaussian peak height can be varied to simulate different strains and is specified for each
panel (b) The calculated pseudomagnetic field distribution arising from the strain modified bond lengths in the graphene corresponding to a
Gaussian peak of 4 nm. The PMF in the system is significant in magnitude, in the order of +130 T at peak value that occurs when the gradient of
the strain tensor is maximum, and reaches zero magnitude directly on top of the individual NSs. Plot of the calculated band structure in high
symmetry directions for the (c) unstrained 20 nm superlattice with (d) 4 nm peak height nanospheres and (e) S nm peak height nanospheres
where colors denote high (red) and low (blue) intensity values. As the nanosphere height is increased, we observe a gradual flattening of the bands
in addition to gaps opening between different groupings of bands. Naturally, as the bands become flatter, one expects to find stronger many-body
interactions. (f) Plot of the local density of states (LDOS) of strained graphene covering a NS in the nanosphere lattice at the peak position of the
pseudomagnetic field or, x = 75 nm and y, = 63 nm. We show comparison between the weakly interacting case, Uyg = 0 eV (black), and the
strongly interacting case, Upg = 9.3 eV (red).

then our measured pLLs —2/3, —1/3, 1/3, and 2/3 superlattice of an extended period but with no modification to
correspond to the filling factors of —2/3, 2/3, 10/3, and 14/ the bond lengths of graphene (i.e., no strain) which shows the
3 respectively. In that case the filling factors for both the N = expected cloning of the graphene Dirac points. In Figure 5(d),
—2/3 and —1/3 pLL would lie within the 0-th pLL, and the N we repeat the calculation for a strained system, using an
= —1/3 pLL corresponds to a v = 2/3 that has been undulation height of 4 nm corresponding to the experimental

theoretically predicted to be a more stable fractional filling
factor,”> though the same picture might not hold when
interactions are included.

In order to further elucidate the underlying physics inherent
in strained superlattice graphene, we use a tight-binding
Hamiltonian of graphene (H;) and induce strain into the
graphene lattice via a deformation field that arises from the
presence of Gaussian-shaped insulating NSs, as shown in
Figure 5(a).””*' We additionally study the behavior of a single
Gaussian NS on the properties of the graphene sheet (cf.
Supplementary Figure 6) to distinguish between strain and

system.

The increase in the bond length corresponding to the
undulation of the graphene on top of the NSs causes the band
structure to retain the superlattice Dirac points, however, the
bands clearly have significantly less gradient in the energy
bands throughout the Brillouin zone when compared to the
unstrained superlattice case in Figure 5(c). Under these
conditions, the low energy band flatness implies a quenched
dispersion relation and the associated potential to find
enhanced Coulomb interactions associated with the appear-

superlattice effects. Figure S(b) shows the calculated pattern of ance of fractional phases.'*”""*” In Figure 5(e), the height of
PMF distribution for a NS array with a 4 nm height the nanospheres is increased to 5 nm, the bands structure
modulation. continues to adiabatically flatten though strained monolayer
We next show that graphene strained via a nanosphere array graphene does not possess the proper terms in the
exhibits flat bands. In Figure 5(c), we plot the calculated band Hamiltonian to be perfectly flat as in the case of twisted

structure for Gaussian NSs corresponding to the presence of a bilayer graphene.
45 https://doi.org/10.1021/acs.nanolett.4c03542
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To include interactions, necessary for the appearance of
fractional pLL peaks we follow previous work, where the
fractional ;)hase may be represented in a mean-field
description.””*” We use the interaction Hamiltonian, consist-
ing of the unscreened Coulomb interaction, H¢, an on-site
interaction H,g with magnitude U, and the next-nearest
neighbor (NNN) electron—electron interaction Hyyy charac-
terized by the term Uyyy (cf. Supplementary). We start by
considering only Coulomb interactions for a superlattice of
NSs (Supplementary Figure 8). As can be seen in Figure 5(f)
our calculations reproduce the splitting in the zeroth LL peak.
We note that calculations for graphene on a single NS also
show clear splitting at positions corresponding to a maximal
strain gradient as shown in Supplementary Figure 7.

We next augment the noninteracting graphene Hamiltonian,
H; with the screened, on-site, and next-nearest neighbor
Coulomb interactions to determine whether the appearance of
fractional levels is plausible given the experimental conditions
set forth in this work. First we fix the interaction strength for
the NNN interaction to be a fraction of the bare Coulomb
interaction or Uyyy = —0.04¢*/47€a, eV and vary the on-site
Coulomb interaction, Uy from Upg = 0 eV to the freestanding
graphene calculated value of Upg = 9.3 eV (Supplementary
Figure 9). We now observe additional peaks appearing with the
introduction of the interactions to the model (see also
Supplementary Figure 8). Although the peak positions do
not appear at the expected fillings, our calculations
demonstrate how interactions can lead to noninteger peaks
in the Landau spectra.

In conclusion, we demonstrated that graphene strained on a
quasi-periodic hexagonal array of SiO, nanospheres exhibits
both integer and noninteger pLLs. Additionally, we show that
for certain experimental conditions the N = 0 pLL peak splits
into two which was theoretically predicted,”* but not
experimentally shown. Tight-binding calculations show that
increasing strain adiabatically flattens the low energy electronic
bands, which occurs only with the inclusion of nanosphere
periodicity. Our simulations indicate that both the splitting and
the fractional peaks could arise from interaction effects, though
more must be done to understand the nature of the peaks,
scaling and possibility to facilitate phenomena such as
ferromagnetism, superconductivity or fractional Chern insu-
lators.">'7** We believe that our engineered and device
fabrication compatible approach of periodic straining is not
only a good platform for investigation of interaction related
phenomena in graphene, but also presents an ideal means for
studying interesting effects of strain in other 2D materials and
van der Waals heterostructures.
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