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ABSTRACT: The importance of phonons in the strong correlation phenomena
observed in twisted-bilayer graphene (TBG) at the so-called magic-angle is under Vo's o)

debate. Here we apply gate-dependent micro-Raman spectroscopy to monitor the G é; IN—
band line width in TBG devices of twist angles = 0° (Bernal), ~1.1° (magic-angle), =21 p-doping n-coping 00000 1

and ~7° (large-angle). The results show a broad and p-/n-asymmetric doping behavior
at the magic angle, in clear contrast to the behavior observed in twist angles above and
below this point. Atomistic modeling reproduces the experimental observations in close
connection with the joint density of electronic states in the electron—phonon scattering
process, revealing how the unique electronic structure of magic-angle TBGs influences
the electron—phonon coupling and, consequently, the G band line width. Overall, the K M

value of the G band line width in magic-angle TBG is larger when compared to that of ) T ! !

phonon linewidth
>
1

.%

the other samples, in qualitative agreement with our calculations.

carrier concentration (10'? cm)
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he unusual electronic structure of graphene, with massless
Dirac Fermions, along with the relatively light C atoms
bound together by strong covalent o-bonds, is responsible for
electron—phonon scattering that rules the lifetime of phonons,
in departure from the broadly adopted adiabatic Born—
Oppenheimer approximation.' The breakdown of the adiabatic
Born—Oppenheimer approximation generates a Kohn anom-
aly,” which has been studied in graphite,” single-layer
graphene,' ~* double-layer graphene with the graphite-like AB
(Bernal) stacking,’™® and in metallic carbon nanotubes’™ "'
using Raman spectroscopy.'” Electrons dress the phonon
quasi-particles and thus modify phonon frequencies, decrease
their lifetimes, and, ultimately, cause corresponding spectral
broadening.* These effects in the Raman spectra were shown
to be dependent on the materials Fermi level (Eg), because the
electron—phonon coupling can be changed, including the
suppression of some Raman scattering paths due to the Pauli
exclusion principle, thereby offering a unique way to accurately
monitor Ep in the family of sp? carbon nanostructures,"
including the influence of different environments, such as
different substrates."*™'® Although phonon—phonon interac-
tions also influence phonon properties,3’17 within a low doping
regime where the Fermi level changes are in the order of the
phonon energies or smaller, the anharmonicities are negligible
when compared to Kohn anomaly effects.”
Twisted-bilayer graphene (TBG) represents a new class of
sp> carbon nanostructures for the development of graphene-
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based twistronics with novel properties, such as twist-angle 6-
dependent van Hove singularities in the electronic density of
states (DOS) for large-angle TBGs (2° < 6 < 30°);'%"
unusual superconductivity at the magic-angle (8 ~ 1.1°);*° and
lattice reconstruction with the formation of strain soliton and
topological points for low-angle TBGs (6 < 1°).'~>* Recent
spectroscopic and imaging resolved with nanometer spatial
resolution (nano-Raman) measurements show that in the low-
angle regime the electronic and 2phononic structures feature
significantly localized properties.”” Consequently, the C—C
stretching energy uncertainty, as measured by the Raman G-
band phonon line width (I'g), varies spatially, following the
moiré lattice structure governed by atomic reconstruction.
Additionally, it was shown, at the micrometric scale, that I'g
reaches a maximum at the magic angle, decreasing toward the
expected graphene line width far below and above 1°, both in
the large- and low-angle domains. These findings motivate
exploring the Kohn anomaly in TBGs using Raman spectros-
copy gate-doping experiments. These experiments enable the
quantification of the importance of electron—phonon in I';, as
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contrasted to other possible structural effects,”**® thus

shedding light into the role of phonons in TBG strongly
correlated phenomena.” >

Figure la shows a simplified schematic of the electro-
chemical TBG devices. Electrochemical devices were utilized
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Figure 1. (a) Simplified schematics of the TBG electrochemical
device with bottom illumination and Raman detection. We show the
contacts (yellow stripes) with the electrical wiring, and the ionic
liquid drop (transparent blue) covering the entire device. (b) magic-
angle TBG G band spectra vs carrier concentration An.

because one can obtain higher doping capacities to tune the
Fermi level, which is important to observe the results described
here. Electrical contacts were prepatterned on a coverslip by
optical lithography, followed by deposition of a 1 nm
chromium adhesive layer and a 50 nm gold layer. TBG
samples were prepared by a dry “tear-and-stack” method, using
a polydimethylsiloxane (PDMS) semipyramidal stamp covered
with a polycarbonate (PC) sheet, as described in ref 37. The
TBGs were then transferred onto the prepatterned electrical
contacts for in situ electrical and optical studies. An
electrochemical gate composed of a phosphate-buffered saline
(PBS) solution is utilized (NaCl, 0.137 M; KCI, 0.0027 M;
Na,HPO,, 0.01 M; and KH,PO,, 0.0018 M). A potential
(Viongate) is applied to a free electrode that is not connected
electrically to graphene, with Vi ... kept low enough to avoid
electrical breakdown, while the electrical contacts connected to
graphene are grounded. The device was built directly on the
coverslip, based on our experiences with twisted bilayers,
which have shown to have less twist-angle disorder than
samples built on hBN.*>***7** The ionic liquid behavior is
calibrated utilizing a Bernal bilayer graphene deposited on 285
nm thick SiO,, which has a known capacitance.’” More details
about the device structure and on how the carrier
concentrations are determined can be found in the Supporting
Information.
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Micro-Raman scattering experiments were carried out on an
inverted microscope, with a high N.A. = 1.4 oil-immersion
objective, excited with a HeNe laser (4 = 633 nm), achieving
~400 nm spatial resolution. The backscattered light is
collected by an spectrometer equipped with a charge-coupled
device (CCD) and a 600 g/L grating (Andor Solis). Figure 1b
shows the spectral evolution of the magic-angle TBG Raman G
band spectra as a function of the carrier concentration (An),
where positive and negative An were adopted for n- and p-
doping, respectively. Spectra were obtained with 3 accumu-
lations of 20 s (for Bernal and large-angle TBGs, 3 X 10 s of
accumulation). We use laser powers lower than 1 mW in the
sample to avoid laser-induced sample heating.

We fit the G bands with a single Lorentzian to extract their

characteristics, including the band line widths (full width at
half-maximum, fwhm, ['G) values, reported here after
correction to account for the spectrometer resolution. By
carrying out Raman mapping, we estimate contributions from
inhomogeneity to the experimental I'g data to be smaller than
3 cm™' (see refs 24, 26, and 40 and the Supporting
Information for further details, including the 2D peak,12 also
named G’ in the literature, which is not addressed here, and
the D-peak range showing the absence of defects in the
sample).
The phonon frequency is given by ) = a)go)l’ + a)gz)l’ , where
o' and wgz)” are, respectively, the unperturbed phonon
frequency and the frequency correction due to renormalization
by the electron—phonon interaction (Kohn anomaly).”*'
Although gate experiments change the intensities, frequencies,
and line widths of different Raman bands in graphene-related
systems,” here we focus on the G-band line width I'¢ behavior
to collect information related to the electron—phonon
coupling.

The phonon line width is directly obtained from the
imaginary part of a),(iz)” :

h,v 2 dk 2
I = §() = 4z Y /A—|M:P(k, k+ gl

BZ

n,m

x [f(E) - f(EL )] 8(ha®™ — El + E)

(1)
where Ef and Ef., are the energies for the electronic states
before and after the g-phonon mediated scattering, f(E}) is the
Fermi distribution, Mg (k, k + ¢) is the electron—phonon
matrix element, and Agy is the area of the first Brillouin zone
where the k-integral is carried out. Throughout this work,
theoretical results are calculated/presented within the moire
Brillouin zone.

Generally, previous work on sp” carbon systems
considered Mg, (k, k + ¢) as weakly varying (almost constant
over the experimental range), and the phonon behavior
(frequency and line width) can be reduced to the calculation
of the JDOS, while taking the Pauli exclusion principle into
account: ['™ o« JDOS (hwg) [(—hwg/2) — f(hwg/2)], where
@g is the frequency of G band phonons. This simplified
expression reproduces the behavior of single-layer, AB-bilayer,
and large-angle TBG, but it fails when applied to magic-angle
TBG, as shown in this work. In the former cases, the simple
electronic structures, with linear or parabolic energy
dispersions, are obtained in a large range of energies around
the Eg; therefore, their low-energy bands can be accurately
modeled using a single-particle tight-binding model, even when
the system is doped. However, around and below the magic-
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Figure 2. (a—c) Gate-dependent G-band fwhm, I'g, and (d—f) electronic band structures for Bernal (a, d, # = 0°), magic-angle (b, e, ~1.1°), and
large angle (c, f, ~7°) TBGs, near the Fermi level (0 eV). (a—c) The dots are experimental data, while red lines are theoretical predictions upshifted
by AQ ) =7 em™ to fit the 6 = 0° AB-stacked data. (d—f) The gray arrows indicate the electronic transitions induced by the G band (~0.2 eV)
phonon interaction. (e) The thick arrow represents a large JDOS near the flat bands.

angle TBGs, strong electron localization occurs near Eg,*
therefore leading to strong Coulomb interactions.”’ These
Coulomb interactions have been shown to smooth out the
spatial distribution of charge carriers and to lead to significant
changes in the electronic structure upon doping.**~* Due to
these doping effects on the electronic structure and the effects
of atomic reconstruction on phonon properties in small-angle
TBG,”” the doping dependence of electron—phonon inter-
actions in magic-angle TBG cannot be described simply as in
the cases of nontwisted systems and large angle TBG, as
detailed below.

In order to take into account the doping effects, we first use
an adjusted electronic model, i.e., a single-particle tight-bindin%
Hamiltonian modified by adding a Hartree potential term,***
that depends on doping concentration (see the Supporting
Information). We then perform atomistic calculations (11164
atoms in the magic-angle TBG unit cell) of the frequency a)gz)"
in eq 1, with the electron—phonon matrix elements for the G
band defined as™>*°

——

h
ng(k, n, m) = 5
2Mcwg

D ei(m, Ko, Hln, k)
i (2)
where M. is the mass of a carbon atom, 0iaI:I is the derivative
of the tight-binding Hamiltonian with respect to the position
of the ith atom along the a-axis, In, k) are the eigenfunctions of
H with eigenvalues Ej, and the polarization vectors eg, come
from phonon calculations.””

The open bullets in Figure 2a—c display the experimental
gate-dependent G-band fwhm ([g) for: (a) AB (Bernal)-
stacked bilayer graphene (6 = 0°); (b) magic-angle TBG (6 ~
1.1°); and (c) large-angle TBG (6 ~ 7°). Three aspects that
summarize the findings are highlighted here: (i) Overall, the
value for I'; is roughly 10 cm™" larger for the magic-angle TBG
(Figure 2b) as compared to the other samples (Figures 2a,c).
(ii) The magic-angle sample exhibits an anomalously broad
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and p-/n-asymmetric doping dependence. (iii) The large angle
TBG (Figure 2c) shows a kink in the I'g gate-dependence at
the neutrality point, different from the other samples.

To explain the three observed aspects in the experimental
data, the theoretical results obtained using eq 1 with the matrix
elements from eq 2 are included in Figure 2 (red lines in panels
a—c). The calculated results are all upshifted by A = 7 cm™!
to fit the data for the Bernal bilayer graphene (6 = 0°),
consistent with values reported in the literature and attributed
to nonelectron—phonon coupling effects (anharmonicity) and
inhomogeneous broadening.””® The red line for the magic-
angle TBG in Figure 2b is limited to low doping values (An <
+4 X 10" cm™?) because the model utilized here is only valid
when the doping is limited to the Fermi levels near the flat
bands (see inadequate extended calculation in the Supporting
Information).

Considering (i), the overall average value for I'g, the higher
values obtained theoretically for the magic-angle sample (red
line in Figure 2b) are due to the higher JDOS in the G-band
electron—phonon coupling, as indicated by the gray arrows in
Figure 2d—f (and further illustrated in the Supporting
Information). Therefore, the JDOS analysis can explain
roughly half (~5 cm™) of the observed higher I'; in the
magic-angle TBG, and our results are in qualitative agreement
with refs. 32 and 36.

The experimental data for I'; in the large-angle TBG
(bullets in Figure 2c) are roughly 3 cm™ higher than the
calculated results (red line), and the discrepancy here is related
to the lower calculated JDOS for a linearly dispersed electronic
sctucture (Figure 2f) as compared to the parabolic dispersion
in the AB-stacked bilayer graphene (Figure 2d). Looking only
at the experimental data, however, the I'; values for 6 = 0°
(Figure 2a) and @ = 7° (Figure 2c) TBGs are close to each
other, while the higher values of I'g for magic-angle TBGs
(Figure 2b) have been observed consistently in other doping-
independent measurements.””*” We also note that the extrinsic
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inhomogeneous broadening are expected to be present in all
samples, and they have been estimated to be less than ~3 cm™
(see the Supporting Information).

Now we analyze the most striking result, that is, (ii) the
considerably broader and asymmetric I'c-dependence on An
for magic-angle TBG (Figure 2b), as compared to that for the
AB bilayer (Figure 2a) and large-angle TBG (Figure 2c). The
broader dependence on An is due to the flat band near the
neutrality point in magic-angle TBGs (Figure 2e), which
requires a considerable amount of carriers to be filled or
emptied, associated with the presence of other electronic bands
within the G band phonon energy range.

As for the asymmetric p/n results, the asymmetry is nicely
explained by our atomistic simulations (see the red line in
Figure 2b), where we include the smoothing of charge
inhomogeneities due to strong Coulomb interactions in
magic-angle TBG. The variation of I' (as described in eq 1)
when varying the doping concentration is dependent on both
the electron—phonon matrix elements (eq 2) and the number
of available electronic states mediating the G-phonon
scatterings (i.e., JDOS at Aiwg ~ 0.197—0.200 eV). Therefore,
the change in both these quantities explain the reduction of I'g
when magic-angle TBG is doped. In magic-angle TBG, there
are both strongly real-space electronic localization®” in the
undoped case and significant charge smoothening effects®
when the system is doped, which can result in the significant
change not only in JDOS but also in electronic wave functions
(accordingly, MeGP) in eq 2 upon doping. This point is very
different from Bernal and large-angle TBG systems, where MSP
is considered as weakly varying with the doping. As illustrated
in Figure 3, these changes in the electronic structure lead to a
reduction of available electronic states that mediate the G-
phonon scatterings (see the gray arrows in Figure 3a—c),
resulting in different JDOSs (Figures 3d—f and S2). These
changes explain, first, the reduction of phonon line width when
magic-angle TBG is doped and, second, why the phonon line
width reduction is observed to be stronger in the n-doped
regime than in the p-doped regime (see Figure 3), as
experimentally observed (see Figure 2b).

Finally we explain (iii), the sharp peak (kink) observed at
zero doping for large-angle TBG (see Figure 2c). The I'g
dependence on the Ep in this case, as well as for Bernal
stacking, can be approximately described by the function
f(—hwg/2) — f(—hwg/2) that smoothly varies with the Eg
(including the region around Ep = 0). In the Bernal bilayer
system, An scales as An « Ep because of its parabolic low-
energy bands. The large-angle TBGs, however, exhibit a Dirac-
like linear energy dispersion, similar to that observed in
monolayer graphene; therefore, An o E2.>' As a consequence,
a kink at zero doping is observed for large-angle TBG. Note
that the simple descriptions above are no longer valid in the
case of magic-angle TBG, because its flat electronic bands and
doping effects make the model significantly different (see the
electronic band structures illustrated in Figure 2d—f).

In summary, micro-Raman spectroscopy is used to study the
G band line width (I'g) in TBG devices of twist angles & = 0°
(Bernal), ~1.1° (magic-angle), and ~7° (large-angle), and
atomistic modeling is carried out in order to explain the
observations. The gate-dependent I';; exhibits a broad and p-/
n-asymmetric I'g doping behavior at the magic angle, in clear
contrast to the behavior observed for both larger and smaller
twist angles. The results are rationalized by our calculations as
due to the unusual electronic structure in the magic-angle
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Figure 3. Doping effect on the electronic structure of magic-angle
twisted bilayer graphene: (a, d) p-doped, (b, e) undoped [analogous
to Figure 2e], and (c, f) n-doped. (a—c) Electronic band structures,
with the Fermi level kept at 0 eV. Arrows are as explained in the
caption to Figure 2. (d—f) JDOS. The gray stripe indicates the G-
band energy range 0.197—0.200 eV.

TBG, specifically the flat bands near the Fermi level, and its
consequences in the JDOS for the electron—phonon scattering.
Furthermore, magic-angle TBGs always show larger I'; values,
in agreement with (gate-independent) experimental results in
the literature.”>*® Our results are also in qualitative agreement
with theoretical work in the literature that predicts stronger
electron—phonon coupling in magic-angle TBG.*® Although
the results here are limited to the Raman-active in-plane
optical phonon at I' (G band), calculations in the literature
indicate that the largest contribution to the total electron—
phonon coupling strength 4 comes from the in-plane optical
phonon modes near wp = 167 and wg = 197 meV, with
momenta corresponding to q = K, K’, and I’, respectively. As
established in the literature, together they contribute to about
70% of A (Ap = 0.914 and Ag = 0.648).>°

Nano-Raman spectroscopy showed larger I'g values
localized at AA sites in reconstructed small-angle TBGs.”
We speculate that an optimized situation happens for the
magic angle, improving the electron—phonon coupling not
only locally at the AA sites but also all over the sample. A
nano-Raman spectrometer with very high spatial resolution (in
the nanometer range or below) would be needed to
demonstrate this assumption.

Our results support previous theoretical studies that
investigated the relevance of electron—phonon coupling in
magic-angle TBGs in order to accurately understand strongly
correlated phenomena, such as superconductivity and its
robustness in twisted layered systems.’”* It is important to
stress, however, that the G band energy is too high as

https://doi.org/10.1021/acs.nanolett.2c00905
Nano Lett. 2022, 22, 6069—-6074


https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c00905/suppl_file/nl2c00905_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c00905/suppl_file/nl2c00905_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c00905?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c00905?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c00905?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c00905?fig=fig3&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.2c00905?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Nano Letters

pubs.acs.org/NanoLett

compared to the typical bandwidth in magic-angle TBG, which
reduces the direct importance of a G-band mediated process to
superconductivity. The effective coupling to the G-band
phonon can be, however, a proxy to the same enhancement
to the lower energy acoustic branches.
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