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Heterostrain Determines Flat Bands in Magic-Angle Twisted Graphene Layers
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The moiré of twisted graphene bilayers can generate flat bands in which charge carriers do not possess
enough kinetic energy to escape Coulomb interactions with each other, leading to the formation of novel
strongly correlated electronic states. This exceptionally rich physics relies on the precise arrangement
between the layers. Here, we survey published scanning tunneling microscope measurements to prove that
near the magic-angle, native heterostrain, the relative deformations between the layers, dominates twist in
determining the flat bands as opposed to the common belief. This is demonstrated at full filling where
electronic correlations have a weak effect and where we also show that tip-induced strain can have a strong
influence. In the opposite situation of zero doping, we find that electronic correlation further renormalizes
the flat bands in a way that strongly depends on experimental details.
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The strongly correlated electron physics recently
observed in twisted graphene layers [1,2] develops in flat
bands [3,4], which are very sensitive to the relative arrange-
ment between the layers. For instance, the superconducting
phase has been reported to occur in a very narrow range of
rotation angle between the layers around the magic angle. As
another illustration, hydrostatic pressure changes the inter-
layer distance, which also strongly influences superconduc-
tivity [5,6]. Heterostrain, the in-plane deformation of one
layer with respect to the other, is an ubiquitous source of
modification of the relative arrangement between the layers
[7-16]. Experiments [7] and theory [17,18] have shown that
heterostrain affects the flat bands, which could have an
impact on the strongly correlated electron physics. Bi et al.
have even predicted that near the magic angle, the bandwidth
becomes insensitive to the twist angle and that the effect of
heterostrain is dominant [18], calling for systematic exper-
imental study of its effect. Such program is, however,
difficult to implement owing to the lack of controllability
of heterostrain and its inhomogeneity, sometimes referred to
as “twist angle disorder’” and which was also found to impact
strongly correlated states at the macroscopic scale [14,19].
In order to overcome these issues, we survey already
published experimental scanning tunneling microscope
(STM) data [7-15] in view of quantifying the effect of
homogeneous heterostrain on the physics of magic-angle
twisted graphene layers.

Figure 1 presents typical STM images collected from
Refs. [7-9] (see Supplemental Material for further
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information [20]). An immediate observation is that the
STM images all look very similar. This is not surprising
because these samples have a twist angle (6;,,) very close to
one another. This similarity is only apparent as evidenced
by the variety of shapes of the local density of states
(LDOS) measured from the dI/dV(V) spectroscopy
[Fig. 1(d)]. Despite the fact that the flat bands should merge
at the magic angle, the spectra of Refs. [8,9] show two van
Hove singularities, indicating that the flat bands are still
separated. Their spacing AE.,, is doping dependent, which
has been attributed to electron-electron interactions [8—13]. It
can reach several tens of meV, even at large doping where
correlations are not expected to renormalize strongly the
bands. Still, while the two samples have a twist angle
differing by only 0.1°, doping does not explain why their
AE,,, differ by a factor of 2-3. Sample to sample variation is
obvious from other published data [10-15]. Strikingly, the
data of Ref. [7] show a third peak at zero energy, a result that
was recently reproduced [16]. In order to determine whether
this variety in sample behavior can be understood within the
framework of heterostrain, we use the method described in
Ref. [27] to determine the precise arrangement of the layers
and calculate the corresponding local density of states using
a tight-binding method [3,28,29].

Figures 1(a)-1(c) include our estimates of heterostrain.
In all cases, biaxial heterostrain (e;) is smaller than
uniaxial heterostrain (g,,;), which varies by a factor of 3
from the smallest to the largest. Figure 1(e) shows that the
calculated local density of states agrees very well with
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Heterostrained twisted graphene layers. (a)-(c) STM images of twisted graphene layers near the magic angle adapted from

(a) Refs. [8], (b) [7], and (c) [9], respectively. The scale bar is 10 nm in each image. Topographies were taken at 0.5 V and 30 pA, 0.4 V
and 50 pA, and 0.5 V and 50 pA, respectively. Insets present the parameters describing the relative arrangement of the layers in good
agreement with estimates of the original studies [7-9]. (d) Local density of states measured in the AA regions for each of the samples of
(a)—(c). (e) Corresponding tight-binding calculation of the LDOS including heterostrain. (f) Tight-binding prediction for the local
density of states in AA regions as function of energy and for increasing uniaxial heterostrain. The variations are plotted for three different
angles 0, of application of heterostrain. (g) Local density of states calculated for 0.4% of heterostrain applying along varying 6. The
white dotted lines indicate the values of angles used in (f). (h) Sketch of uniaxial heterostrain configuration. One layer is deformed by a
uniaxial heterostrain applied along the direction defined by 6, and then rotated by an angle 8 with respect to the undeformed layer.

experimental data. In particular, the number of peaks is
controlled by heterostrain, which also influences their
spacing, pointing to a strong contribution of heterostrain
to the observed phenomenology. The tight-binding calcu-
lations presented in Fig. 1(f) show that the van Hove
singularities separate linearly with uniaxial heterostrain for
all angle O, of application of heterostrain. This angle
controls the splitting of the van Hove singularities
[Fig. 1(g)], leading to three typical behaviors reported in
Fig. 1(f). Figure 1(g) shows that the density of states
interpolates between these behaviors for other 6, (see
Supplemental Material and videos for more theoretical
results [20]). These results agree with those of the

continuum model [18]. The more quantitative comparison
of Fig. 2(a) shows that AE,,, converges to the value AEg
predicted by our tight-binding calculation at the full doping
of the flat bands. This has to be expected because the effect
of electronic correlations measured by the ratio of Coulomb
to kinetic energy reduces with doping and the system
evolves toward the noninteracting situation modeled by our
tight-binding calculations. It establishes that heterostrain
controls the physics of twisted graphene layers near the
magic angle at such large doping. This can be viewed
explicitly in Fig. 2(b), which shows that AE‘e)Xp, the
experimental spacings of van Hove singularities at full
filling, depends linearly on heterostrain as predicted by
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FIG. 2. Comparison between theory and experiments. (a) Representative doping dependence of the spacing between van Hove
singularities. The horizontal line corresponds to prediction by tight-binding calculations with heterostrain. (b) Experimental spacing of
van Hove singularities at large doping (AEBXP), zero doping (AEZ,,), theoretical tight binding (AE+g), low-interaction Hartree-Fock
(AEGE™®), and large interaction (AE%;I:FS). Such presentation of all the data on a single graph is justified by (i) the weak dependence of
AE,, on the twist angle near the magic angle (see Ref. [18] and Supplemental Material [20], Fig. S5) and (ii) the weak dependence of
AFE on 6, if it is estimated as the spacing between the outermost singularities [Fig. 1(g)]. This is also why the Hartree-Fock model was
calculated for a twist angle of 1.1° and #; = 30°. On the contrary, AErg were calculated with the full relative arrangement of the
experimental data and show a better agreement with experiments. The twist angle has still a small influence, which explains the small
deviations from a purely linear strain dependence. The measurements showing a cascade of transitions are indicated by a double border.

(c) Relative deviation of AESXp to AE1g as a function of the tunneling resistance R, = V,/i,. The figure includes new unpublished data

for the sample of Fig. 1(b) (red crosses).

tight-binding and the continuum model. On the contrary,
the same data plotted as function of the twist angle
do not show particular correlation with this parameter
(Supplemental Material [20], Fig. S5).

Figure 2(c) provides a deeper level of comparison
between theory and experiment. It presents the relative
difference between the AErg and the experimental Angp
as function of the tunneling resistance R, = V, /i, (V;, and
i; are the tunneling bias and current). The deviations
from the theory are small for R, > 2 GQ. They become
larger at lower R,, pointing to a possible influence of tip-
induced strain which is known to be controlled by R, [30].
The deformations seen in the additional measurements of
Figs. 3(a)-3(c), showing of the evolution of the image of
Fig. 1(b) for decreasing R, corroborate this interpretation

(the reader may also refer to Fig. S3 of Ref. [9] for
another example).

Our measurements shown in Fig. 3 demonstrate that,
while spatial variations of the LDOS at high R, only reflect
electronic localization in AA regions, the response to tip-
induced strain at low R, strongly depends on the position
on the moiré pattern. While AB regions are weakly
affected [Fig. 3(e)], AE,y, is reduced by 40% at low tunnel
resistance in AA regions indicating a flattening of the bands
[Fig. 3(d)]. The flattening culminates in intermediate
regions between two AA regions where a 15 meV wide
single LDOS peak signals that very flat bands can be
engineered there [Fig. 3(f)]. It is not surprising that
these regions are the most sensitive to tip-induced strain,
because they are characterized by an excess of elastic
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FIG. 3. Tip-induced strain. (a)—(c) STM images measured at decreasing tunnel resistance. The tunneling set point is i, = 100 pA and

the bias is (a) V, = 175, (b) V,, = 55, and (c) V;, = 15 mV. The images are 25 x 25 nm?. (d)—(f) Local density of states measured by
STM for decreasing tunneling conductance in (d) AA, (e) AB, and (f) intermediate regions. The vertical dotted lines are guides for the
eyes to track the position of the LDOS peaks. The tip-sample interaction was defined by the tunneling set point prior to switching off the
feedback loop and subsequent sweeping of the bias voltage between —200 and 200 mV. In each panel from top to bottom, the tunneling
set point is i; = 100 pA and the bias is, respectively, V, = —800, V,, = =200, V,, = —125, and V;, = =50 mV. The dI/dV (V) signal
was measured using phase sensitive detection with a 2 mV oscillation at 263 Hz added to the tunnel bias. The dI/dV curves were

normalized to 1 at —200 mV.

energy [31-34] and are therefore more easily perturbed. We
note that the tip may induce a complex strain pattern
including hetero- or homostrain, as well as vertical dis-
placement, all of which depend on the position on the
moiré. It follows that the relative arrangement between the
layers can no longer be determined from STM images at
low R, and that the response to tip-induced strain is largely
sample dependent. This is illustrated by Fig. S5 of Ref. [9]
in which, contrary to our experiment, the spacing between
van Hove singularities increases with decreasing R;. We
therefore prescribe to perform the spectroscopic measure-
ments at the highest possible tunneling resistance and to
pay great care to the quantitative discussion of experimental
results. From this perspective, Fig. 2(c) shows that the data
used to construct Fig. 2(b) do not deviate from theory by
more than 20%. It follows that Fig. 2(c) can be considered,
to a large extent, as free of tip-induced strain effects. Also,
from the large deviations that we could intentionally
achieve in our sample [see red crosses in Fig. 2(c)
and data in Fig. 3], we conclude that the STM tip can
be used to locally engineer the relative arrangement
between the layers.

The very good agreement between experiments and
theory obtained so far raises the question about the influence
of heterostrain on electronic correlations which role is more

important at zero doping [8—13]. Figure 2(b) shows that
AEZ,,, the experimental spacing of van Hove singularities in
this regime, is increased by electronic correlations and
increases with strain. This tendency is well pictured by
our Hartree-Fock calculations presented in Fig. 2(b), includ-
ing both heterostrain and electron-electron interactions for
the dielectric constant ¢ = 5 (see Refs. [20,35]). These
calculations, however, underestimate AEZ,,. Further
increasing the effect of interactions by decreasing the
dielectric constant does not lead to a better agreement,
especially at large strains where the low-energy bands
become so wide that they merge into the continuum of
the higher energy bands and van Hove singularities can no
longer be clearly defined [20]. Also, the calculations do not
capture the large experimental scatter of AEZ,,, which we
were not able to correlate to any experimental parameter
(twist angle, heterostrain value, or angle of application,
bandwidths as measured by the FWHM of van Hove
singularities, tunneling resistance, temperature). The scatter
also does not correlate with the appearance of polarized
states, leading to the cascade of transitions seen in some
samples at intermediate fillings [13—15]. This points to a
strong sensitivity of electronic correlations to some addi-
tional experimental parameters beyond those investigated
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here. This could be due to the substrate or, more generally, to
the detailed electrostatic environment, as suggested by
several studies reviewed in Ref. [36], and to atomic lattice
relaxation effects [33], calling for a systematic experimental
study of the effect of those parameters.

Returning to heterostrain, its strong impact on the flat
bands of magic-angle twisted graphene layers also calls for
a systematic investigation of its influence on the strongly
correlated phases and that of other moiré materials. In this
context, it would be extremely desirable to be able to tune
it. Alternatively, one could also rely of the variability in the
fabrication process to generate a representative set of
samples such as the one we have studied here.
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