Article

Quantum twisting microscopy of phononsin
twisted bilayer graphene

https://doi.org/10.1038/s41586-025-08881-8

Received: 16 July 2024

Accepted: 11 March 2025

Published online: 23 April 2025

Open access

M Check for updates

J. Birkbeck', J. Xiao", A. Inbar"’, T. Taniguchi? K. Watanabe? E. Berg', L. Glazman®,
F. Guinea*®, F. von Oppen® &S. Ilani'™

The coupling between electrons and phononsis one of the fundamental interactionsin
solids, underpinning a wide range of phenomena, such as resistivity, heat conductivity
and superconductivity. However, direct measurements of this coupling for individual
phonon modes remain a substantial challenge. In this work, we introduce a new
technique for mapping phonon dispersions and electron-phonon coupling (EPC)

in van der Waals (vdW) materials. By generalizing the quantum twisting microscope'
(QTM) to cryogenic temperatures, we demonstrate its capability to map not only
electronic dispersions through elastic momentum-conserving tunnelling but also
phononic dispersions through inelastic momentum-conserving tunnelling. Crucially,
theinelastic tunnelling strength provides a direct and quantitative measure of the
momentum and mode-resolved EPC. We use this technique to measure the phonon
spectrum and EPC of twisted bilayer graphene (TBG) with twist angles larger than 6°.
Notably, we find that, unlike standard acoustic phonons, whose coupling to electrons
diminishes as their momentum tends to zero, TBG exhibits a low-energy mode whose
coupling increases with decreasing twist angle. We show that this unusual coupling

arises from the modulation of the interlayer tunnelling by a layer-antisymmetric
‘phason’ mode of the moiré system. The technique demonstrated here opens the
way for examining a large variety of other neutral collective modes that couple to
electronic tunnelling, including plasmons?, magnons® and spinons* in quantum

materials.

EPC plays a key role in determining the thermal and electrical prop-
erties of quantum materials. In monolayer graphene, for instance,
an exceptionally weak EPC? results in ultrahigh electronic mobility,
micrometre-scale ballistic transport® and hydrodynamic behaviour’. By
contrast, the nature of EPCin moiré systemsis much less understood.
Various theories have attributed superconductivity® and ‘strange-metal’
behaviour® in magic-angle twisted bilayer graphene (MATBG) to a
strong coupling of electrons to optical™ ™ or acoustic*"**® phonons.
Specifically, as well as the phonons of the individual layers, twisted
interfaces with quasiperiodic structures exhibit unique phononic
modesinvolving an antisymmetric motion of atomsin the two layers.
These modes, dubbed moiré phonons' 2 or phasons* %, resemble
acoustic modes and constitute a new set of low-energy excitations.
Phason modes may induce strong electronic effects because the moiré
pattern acts as an amplifier’*—small shifts on the atomic scale lead
to notable distortions of the moiré pattern—which, in turn, strongly
couples to the moiré energy bands.

Existing techniques for examining phonon dispersions and EPC
rely on inelastic scattering of photons (angle-resolved photoemis-
sion spectroscopy®?®, Raman? % and X-ray®**), electrons (electron
energy loss spectroscopy>*), neutrons® or helium atoms®, as well
as on indirect measurement through the effect of EPC on electrical

resistance®. Tunnelling across twistable graphitic interfaces®?®
revealed sharp conductivity peaks at commensurate angles of 21.8°
and 32.8° superimposed on a continuous background attributed to
momentum-resolved phonon absorption. These experiments were
limited toroom temperature, preventing the observation of phonon
emission processes, key for examining their EPC. Quantitative extrac-
tion of EPC thus remains a challenge, especially for the low-energy
acoustic modes in vdW devices, which are central to the physics at
low temperatures.

In this work, we developed a cryogenic QTM and used it to directly
map the phonon spectrum and mode-resolved EPC in TBG through
inelastic momentum-resolved spectroscopy. Notably, we identify a
low-energy mode whose couplingincreases with decreasing twist angle,
providing a clear signature of a layer-antisymmetric phason mode
coupling directly and strongly to the interlayer tunnelling.

Measuring phonon dispersion with the cryogenic QTM

Our cryogenic QTM (Fig. 1a and Methods) consists of a custom-built
cryogenic atomic force microscope (AFM) that allows forming a twist-
able two-dimensional interface between two vdW heterostructures,
oneonits tip and one on a flat substrate. The interface is created at
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Fig.1|Measuring phonondispersion with the cryogenic QTM. a, Schematics
of the cryogenic QTM (inset), allowing us to form a continuously twistable
interface between two vdW materialsat 7 =4 K (main panel). We use aninelastic
momentum-conserving electronic tunnelling process to emit and measure
phononsat the interface with awell-defined momentum, continuously tunable
by twisting (black arrow). b, The experimentsin this figure are all performedin
atwistedjunction between two graphite flakes (several tens of nanometres
thick), shown schematically. We apply abias V, across the junction and measure
current,/,and conductance G = d—’b. ¢,Measured G versus twistangle, 6, for
V,=0mV (black) and 50 mV (blue).d, Measured G versus V, at 8 =30°, exhibiting
discrete steps (arrows), indicative of aseries of inelastic tunnelling processes.
e, Two-dimensional measurement of G versus 8 and V,,, showing that the steps
inGappearatalltwistangles and that their turn-on bias disperses smoothly

obtained numerically from panele,

2
with 6.f, The second derivative, 4 ’2
d

v
highlighting the stepsin Gthat nove appear as peaks. We see several peaks that
disperse slowly with 6, exhibiting a mirror symmetry around 6 =30° and
showing good symmetry between positive and negative bias. Also, we see

low temperatures, gets self-cleaned in situ and remains in contact
throughout the experiment.

Webegin our experiments with atwisted interface formed between
two graphite layers, both several tens of nanometres thick (Fig. 1b).
We set the bias across the interface, V;,, and measure the tunnelling
current,/,and conductance, G = ddTI,,' versus twistangle, 6. At zero bias,
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sharply dispersing peaks near 6 =21.8°and 38.2°. The theoretically calculated
phononspectrumofgraphite (dashedblack lines; Methods section ‘Bulk-graphite
phonondispersion model’) shows excellent agreement with the slowly
dispersing peaks. From the measurement, we can identify the acoustic (TA, ZA)
and optical (LO, TO, ZO) phonon branches. The layer-antisymmetric ZA phonon
isoftenalsocalled ZO’.g, The Fermi surfacesin k-space of the top (blue) and
bottom (red) graphite layers. h, The corresponding energy bands. At afinite
twist angle, thereisamomentum mismatch between these energy bands,

and momentum-conservingelectronic tunnelling between the layers can
occuronly by means of the emission of aphonon that provides the missing
momentum, g,;, = 2Kpsin(6/2). Thisis aninelastic process that turnson when
thebias voltage equals the phonon energy at thismomentum, V;, = @,4(q,n)-

By following the turn-oninthe 6-V, plane, we directly map the phonon
dispersion line (orange). Symmetry around 30° in the experiment is explained
by phonon emission processes starting from the K or K’ of one layer and ending
atthesamepointintheotherlayer.

G exhibits a pronounced peak at commensurate angles 6 =21.8° and
38.2°(refs. 37,38) (Fig.1c) resulting from elastic momentum-resolved
tunnelling owing to overlapping Fermi surfaces on both sides of the
interface. At V,= 50 mV (blue), G increases substantially across all
twistangles. The bias dependence of Gat 8 = 30°shows that itincreases
in steps (Fig. 1d), signifying the onset of discrete inelastic tunnelling



processes. Similar steps, observed in scanning tunnelling microscopy
experiments of graphene*® and with fixed-angle tunnelling devices* ™,
were attributed to inelastic electron tunnelling mediated by phonon
emission.

Given that the QTM is a momentum-resolved tunnelling probe,
it is natural to ask whether the observed inelastic processes are
momentum-conserving by investigating their twist angle evolution.
Figure 1le shows G measured versus 68 and V,, revealing again that
Gincreases in steps w1th bias. This becomes even more apparent in
the second derlvatlve d% (Flg 1f), which exhibits sharp peaks at the

turn-onbiases of the steps The measurementrevealsarich spectrum
of low-energy peaks that slowly disperse with 0, exhibiting a mirror
symmetry about 8 =30° and between positive and negative biases.
To understand these observations, we turn to momentum space
(Fig. 1g). At large twist angle between the two graphite flakes, the
momentum mismatch between their bandsistoolarge to allow elastic
momentum-conserving tunnelling. However, owing to the shallower
dispersion of phonons, their emissionin aninelastic tunnelling process
across the interface may provide the missing momentum, g, =
2K,sin(6/2) (Fig. 1h; K, is the Dirac point momentum). This process
turns onwhenthebiasis larger than the phonon energy atthismomen-
tum, eV, > hw,,(q,n). Thus, the positions of the ﬂ peaksinthe 6-V,

plane directly trace the phonon spectrum. lndeed overlaying the
theoretically calculated spectrum for bulk graphite (dashed lines;
Methods section ‘Bulk-graphite phonon dispersion model’) shows
excellent agreement. Specifically, we identify various acoustic (TA, ZA)
and optical (LO, TO, ZO) branches and follow their dispersion. However,
because the graphite flakes have complex band structures, and their
twisted interface has phonons both in the bulk of the graphite and at
the interface, to better understand the underlying EPC mechanisms,
itisinstructive to switch to asimpler system.

EPCinTBG

We turn to the main systemin this paper—TBG—in which EPCis believed
tobe of the mostimportance® 22624446 We create a tunable TBG sys-
tem by bringing a hexagonal boron nitride (hBN)-backed monolayer
graphene, placed on a tip, into contact with another monolayer gra-
phene on abottom sample that incorporates a buried graphite gate
(Fig.2a). Whenin contact, the Dirac cones of the two graphene layers,
now at the corners of amini-Brillouin zone (mini-BZ), hybridize to yield
the TBG energy bands (colour-codedin Fig. 2c by layer weight). For the
twist angles in the current experiment, the hybridization is small and
the bands remain largely similar to the original Dirac cones. For each
6, our experiment realizes a different TBG system and examines a spe-
cificzone-boundary phonon mode witha momentumg, = 2Ksin g ,
connecting the two corners of the mml BZ (Fig.2b), aswellastheback

folded phonon with g,,= 2KDsm( ) Figure 2d,e plots G and & dv2

measured versus 8 and V,, showing how the energy of this zone-
boundary phonon changes with the TBG twist angle. For comparison,
the dashed lines show the energy of bulk graphite phonons at momenta
g (black) and g, (grey). Extended Data Fig. 3 shows the trajectory of
guinthe phonon Brillouin zone (BZ).

Akey feature of our momentum-resolved inelastic tunnelling tech-
nique is that it allows us to directly determine the mode-dependent
and momentum-dependent EPC. As willbe shown below, ghe height of
thestepin G, or equivalently the area under the peak in 4L a2 ,isdirectly

proportional to the strength of the EPC. Notably, Fig. 2d,e shows that
the EPCvaries greatly between the different phononbranches. Around
V, =160 mV, we observe a pronounced step in G that corresponds to

the intervalley K-point optical phonons (LO and TO). Indeed, strong
EPC to optical phonons is expected in monolayer graphene**® and is
believed to be notable in MATBG™?. More puzzling behaviours are
observed in the acoustic branches. First, although the peaks corre-
sponding to the out-of-plane and transverse modes (ZA and TA) are

evident, the longitudinal mode (LA) is conspicuously missing. Second
is the twist-angle dependence of the peak height (highlighted in colour
in a detailed view of the TA branches at positive and negative bias,
Fig. 2f). Instead of decreasing with decreasing momentum, as typically
anticipated for acoustic modes, the measured EPC actually increases.

Tounderstand these unusual observations, we consider the relevant
EPC mechanismsin TBG. The simplest EPC occurs within the layer (an
‘in-layer’ mechanism Fig. 2g; Methods section ‘Theory model forinelas-
tic tunnelling through phonon emission and the two mechanisms of
EPC’): a phonon modulates the in-layer hopping amplitudes, ¢, scat-
tering the electron within the layer. However, because our measurement
examines electrons tunnelling betweenthe layers, this EPC appearsin
asecond-order process:initially, an electron tunnels to a high-energy
v1rtualstatew1th thesame momentuminthe other layer, withamplitude
A= G kod /< - <1, followed by phonon emission through in-layer EPC, or
v1ceversa(Flg 2g).InTBG, there exists another ‘interlayer’ mechanism
that couples electrons to antisymmetric vibrations of the two layers
(Fig. 2h), whose acoustic branch is the phason of the TBG”2*. These
antisymmetric vibrations stretch the interlayer bonds and therefore
modify the tunnellingamplitudes between the layers, ¢, (Fig. 2h). This
leadstoaninterlayer EPC that already contributesin afirst-order pro-
cess (Methods section ‘Theory model forinelastic tunnelling through
phonon emission and the two mechanisms of EPC’).

The unusualbehaviour of the phason’s EPC becomes apparentin the
limitof gy, > 0. The strength of EPCis proportional to the stretching of
the atomic bonds by a vibration whose amplitude is the zero-point
motion (ZPM) of the phonon, ;= ./ i/2Mwy (w is the phonon fre-
quency and Mis the carbonatom mass). Forin-plane bonds, the stretch-
ing by &y is distributed over many bonds, N = (qya) ™ (Fig. 2g) and thus,
in the limit gy, > O, the corresponding in-layer EPC tends to zero, as
expected for an acoustic mode. Notably, when the layers vibrate
antisymmetrically, the interlayer bond stretching is directly given by
&, independent of gy, (Fig. 2h). For a linearly dispersing phason

-~ Nk ,this predicts thatits interlayer EPC should increase asW

inthelimitgy, > O.

To study this quantitatively, we determine all key experimental
parameters in situ. The inelastic conductance step is directly related
to the interlayer, Sieriayer» and in-layer, gy, o, EPCs through (Methods
sections ‘Theory model for inelastic tunnelling through phonon emis-
sion and the two mechanisms of EPC’ and ‘Extracting EPC from the
measured inelastic conductance steps’):

AG =ﬁVTVBAtiP(lginterlayerlz + a2N|3yef |gin—layerlz) (1)

inwhich = Nbez"e a f ,N;=4istheflavour degeneracy (spin/valley),
N,=3isthe number ofBragg scattering processes, Ny, = 2 is the num-
ber of layers, a=0.246 nmisthelattice constant of graphene and ais as
defined above. The experiment-specific parametersin equation (1) are
the tip contact area (4,;,) and the density of states (DOS) of the bottom
and top layers (v and v;), all of which we can tune and measure in situ.

To determine the dependence on tip contact area, we use unique
QTM capabilities to both modify and image the tip area in situ. The
imaging is achieved by spatially scanning the tip along fixed atomic
defects (on an adjacent area with defectsina WSe, layer; see Methods
section ‘Imagingthe tip contactareainsitu and determining the pres-
sure in the experiment’). The measured current in such a spatial scan
(Fig.3b,c) reveals several replicas of the tip shape, each produced when
the tip overlaps a single atomic defect. Imaging after using mechanical
manipulation to change the tip size shows a tip area that is enhanced
approximately twofold (Fig. 3b, tip 1). Figure 3a shows the G versus
V, traces measured for the two tip areas, featuring conductance
steps resulting from the ZA and TA phonon modes. When plotting G
normalized by the measured area, the curves collapse on each other
(Fig. 3ainset), demonstrating that we capture the area dependence
quantitatively.
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Fig.2|Measured phononspectrumand EPCin TBG. a, A tunable TBGis formed
by bringinginto contactamonolayer graphene on thetip (blue) witha monolayer
grapheneonaflatsample (red), both backed by hBN and with aglobal graphite
backgate.b, TBG’s mini-BZ, with Dirac points of the top and bottom layers at its
corners (labelled K;and Kg). The measured inelastic tunnelling processesinvolve
anelectrontunnelling between the layers while emitting a mini-BZ phonon that
provides the missing momentum (g, orange).c, The corresponding TBG band
structure along the K;-K;line, colour-coded by layer weight. d, Measured
conductance, G, versus bias voltage, V,, and twist angle, 8, exhibiting steps in
Gthatdispersewith 6.e, The second derivative, ddVIZ' obtained numerically from
paneld, overlaid with the theoretically calculated Bhonon spectrumofgraphite
(dashedlines, various modes labelled; Methods section ‘Bulk-graphite phonon
dispersionmodel’). Phononlines measured at g = q,,are marked in black and
phononlines measured at g = §,, (see text) are marked in grey. f, Zoom-ins on the
TA phonon peaksin panele, at positive and negative bias, but with a colour map

2
thatreveals the variation ofﬂ‘_’2 peakamplitude with 6.g, In-layer EPC mechanism,
dv,
b

Toinvestigate the dependence onthe DOS, we plot Gand j_z’z meas-
v

ured versus back-gate voltage, V,,,, and V,, (Fig. 3d,e) exhibitinbg steps
in G. Visibly, the steps amplitude scale linearly with V. (Fig. 3f,g, details
in caption). An electrostatic model (Methods section ‘Electrostatic
model for the QTM junction’) shows that, to a good approximation,
bothnzand n;vary linearly with V,,,and thus the product of their Dirac
DOS follows vyvg = .|| |ng|, which aligns well with the observed linear
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originating from the phonon modifying the in-layer hopping amplitude, ¢, (top
illustration). EPCstrengthis proportional to the stretching of the bonds by a
single phonon, namely, with ZPM amplitude (marked). In the limitg > O, the
ZPMstretchingis distributed over many bonds and the EPC tends to zero.
Moreover, because our experiments measure only electrons that tunnel
betweenthe layers, thein-layer EPC appearsinthemonly asasecond-order
process—avirtual tunnelling between the layers (right brackets) followed

by phonon emission (left square). h, Interlayer EPC mechanism: herean
antisymmetric motion of atomsin the two layers (aphason of the moiré lattice)
directly modifies the tunnellingamplitude ¢, between them (topillustration).
In this case, the maximal bond stretchingisindependent of gy and is equal to
the fullZPM. Because the latter increases with decreasing g, counter-intuitively,
this EPC should intensify with decreasing g,,. Moreover, because here the
phonon couplesdirectly to theinterlayer tunnelling, this process appearsin
thefirstorderinour experiment (box).i, The experiment examines phasons
withmomentum g = gy, (illustrated).

dependence (Fig. 3g) and the flipping of its slope on carrier polarity

change (Methods section ‘Further data from different samples and
QTMtips’). Combining data from other twist angles (Methods section
‘Further data: Gas afunction of V, and V,,, measured at two more twist
angles, =22.7° and 9.4°’), Fig. 3g highlights the distinct behaviour:
AGq,increases with decreasing 8, showing that the coupling to the TA
mode becomes stronger as g, decreases.
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We can now determine the EPC from our experiments. For the opti-
calphonons, we extract the inelastic conductance step near V, =160 mV
from Fig. 2d (intervalley, K-point optical phonons), divide by 2 to obtain
the average of the LO and TO modes (dominated by the TO mode; Meth-
ods section ‘Theory model for inelastic tunnelling through phonon
emissionand the two mechanisms of EPC’), normalize by the measured
prefactors in equation (1) and plot the resulting quantity,
AG piical/ 2BViVeAsp, Versus fintheinset of Fig. 4a (dots). Thisis compared
with the theoretically predicted in-layer (’Ner|gin -y and interlayer
(Iineenaverl ) contributions, calculated* using existing models (Methods
section ‘Theory model for inelastic tunnelling through phonon emis-
sion and the two mechanisms of EPC’). The theory reveals that, for
optical phonons, the interlayer EPC is negligible and thus we can

directly extract the average optical coupling Eoptical = l(gTz0 +gL20)/2
by identifying the measurement with the in-layer term. Plotted as a
function of @ (main panel), we see that g, is weakly dependent on 6
and amounts to 300-350 meV, approximately two times larger than
that determined by angle-resolved photoemission spectroscopy?2
and in good agreement with Raman**’,

Figure 4c analyses the EPC of the gauge (TA) acoustic phonon,
comparing its measured and normalized conductance step (AGy,/
BviveAy,, plotted versus @in the inset (dots)) with theoretically calcu-
lated in-layer and interlayer terms (lines). Notably, the in-layer coupling
contributes negligibly (Methods section ‘Theory model for inelastic
tunnelling through phonon emission and the two mechanisms of EPC’)
andtheinterlayer coupling, which exists only for alayer-antisymmetric

Vg V)

Vg V)

electrostatic model of the junction (Methods section ‘Electrostatic model for
the QTMjunction’). Inelastic tunnelling stepsin G are visible as horizontal
liges (corresponding phonon modes are marked). e, The second derivative,
j/—é,obtained numerically from panel d, exhibiting horizontal lines that
correspond to the various phonon modes. We also see superimposed Fabry-
Pérot oscillations owing to the finite size of the tip. f, Measured linecuts of G
versus V,, taken from paneldat V,,=2Vand 8 V (vertical dashedlinesin panel d).
g, Amplitude of the conductance step of the TAmode, AGy, versus Vy,, extracted
from paneld (6 =16.8°) and from two similar measurements in Extended
DataFig.9 carried outat =9.4°and 22.7°. Dashed lines plot the theoretical
model that predictsalinear dependence of AGr, on V., agreeing closely

with the experiment. Notably, the overall AG;, amplitude (and therefore the
corresponding EPC) increases with decreasing 6.

mode (phason mode) is dominant. Identifying the measured AG;, with
this mechanism provides the gauge phason EPC, g,,s0n, PlOtted versus
Ointhe main panel. Notably, we see that g,;,,.,, increases with decreas-

ing twist angle as —L_ (dashed line). The importance of this coupling

becomes evident whenitis compared with the measured mode energy,
hqu, which diminishes linearly with g, (Fig. 4d). We note that the
theory also explains the absence of the LA mode in our experiment
(Methodssection ‘Theory model for inelastic tunnelling through pho-
non emission and the two mechanisms of EPC’), resulting from an
orthogonality between its momentum and polarizatiozn. 2

We can estimate the dimensionless coupling, A = % hi"M ,from the
EPCwemeasureatqy, (ng) by assumingthatg,follows . /q foracoustic
phonons (independent of g for optical phonons) and integrating it
over the mini-BZ (Methods section ‘Implications for superconductiv-
ityinTBG’; Wis the flat-band width). Our inelastic tunnelling measure-
mentsextend downto 8 = 6° (limited by ohmic conductance background
atsmaller angles), but if we crudely extrapolate our results to lower
angles, assuming that the observed dependence of the phason EPC on
qu persists to the magic angle, we get that A, phason = 1.1/W (MeV).
We note that, close to the magic angle, several assumptions of our
model break down owing to strong renormalization of the energy
bands, atomicreconstruction and phonon-phononinteractions (more
detailsinref. 49 and Methods section ‘Implications for superconduc-
tivity in TBG’). Also, our measurements show that each optical mode
contributes Ay,c. = 0.45/W (meV). Recalling that there are four
intervalley-coupling optical modes (LO/TO, top/bottom layers), we

Nature | www.nature.com | 5
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a, Inset, measured inelastic conductance step, versus 6, corresponding to the
intervalley (near the K pointin the phonon BZ) optical modes (TO and LO),
normalized following equation (1) using the measured tip areaand DOS (we
divided the measured step by 2 to obtain the average contribution of the TO
and LO modes). Solid lines are theoretically calculated in-layer (green) and
interlayer (yellow) contributions. Visibly, for optical phonons, the dominant
EPC mechanismis thein-layer one (Methods section‘Theory model for inelastic
tunnelling through phonon emission and the two mechanisms of EPC’). Main,
theintervalley average optical modes EPC, Eoptical = * (gT2o +gLf))/2, determined
fromthe measurementsintheinset. Error bars are obtained from differences
between measurements at positive and negative bias and all other experimental

see that the phason and optical modes have comparable and possibly
important contributions to superconducting pairing. Optical phonons,
onthe other hand, have too high energy to contribute to the observed
linear-in-Tresistivity (strange-metal) behaviour, and here the coupling
to the phason is the main source of scattering®.

Insummary, using the first realization of a cryogenic QTM, we dem-
onstrate anew technique for measuring phonon dispersions as well as
mode-resolved and momentum-resolved EPC in vdW materials. Our
findingsreveal that the phason couplingis atleastasimportant to the
physics of TBG as the coupling to optical phonons and that both couple
rather strongly to the electronic degrees of freedom. More generally,
the method demonstrated here should be applicable to a broad class
of vdW materials as well as to mapping the dispersions and couplings
of other collective modes, including plasmons?, magnons?or spinons*,
making it a powerful new tool for studying collective behaviour in
quantum materials.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
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Methods

Cryogenic (T = 4 K) QTM

The cryogenic QTM consists of two nanopositioner towers facing
each other. One tower is equipped with three translational degrees
of freedom (XYZ2) and carries a flat sample. The opposing tower holds
an AFM cantilever and has a rotational degree of freedom (8), as well
as two lateral degrees of freedom for positioning the AFM tip at the
centre of rotation. The entire assembly is cooled down in vacuum to
liquid helium temperatures. In the experiment, we bring into contact
avdW heterostructure on the tip with a flat vdW heterostructure on
the bottom sample, creating a two-dimensional interface, typically
several hundred nanometres across inboth directions. vdW attraction
between the two heterostructures self-cleans the contact area, lead-
ing to a pristine interface. The tip and sample remain in continuous
contact throughout the experiment, including during any twisting
or scanning operation. Self-sensing AFM cantilevers equipped with
piezoresistive elements are used for monitoring and maintaining a
constant force, ensuring that the area of the contactinterface remains
constantduring the scans. The QTM junctions in this paper donot have
atunnelling barrier separating the two conducting sides (apart from
Fig.3b,c, inwhich we used defects in the WSe, barrier to image the tip
shape). This means that the resistance of the tunnel junction, especially
atlowtwistangles or at high bias, can be comparable with or lower than
the resistance of the contacts or of the bulk of the two-dimensional
layersleading from the contact to the junction. We obtain this contact
resistance from measurement close to 0° twist angle and then directly
calculate how much bias decreases on the contactresistance and how
much is decreasing on the junction, V,, which is the variable we use
throughout the paper (Methods section ‘Removing contact resistance
inthe two-probe measurement’).

Fabrication of the vdW-devices-on-tip

The fabrication of the vdW-devices-on-tip follows the procedure we
described previously'. In brief, we use tipless AFM cantilevers that
have a thin metallic line reaching its end, which we use for electri-
cally connecting to the active vdW layer. We make a custom tip using
focused-ion-beam-deposited platinum pyramid, with base dimensions
of2 x2 pmandaheight of 1-2 um. The vdW layers are transferred onto
the pyramid using the polymer membrane transfer technique.

Conductance measurements

Voltages are applied using a custom-built digital-to-analogue con-
verter consisting of a.c. + d.c. sources. Current is measured using a
FEMTO amplifier, followed by an NI sampler. We use a Zurich Instru-
ments lock-inamplifier (MFLI) for force feedback of the piezoresistive
AFM cantilevers.

High-resolution elastic momentum-resolved tunnelling near
the commensurate angle 0f21.8° and the upper bound it puts on
straininthe tip and sample

InExtended Data Fig. 1, we show high-resolution momentum-resolved
imaging experiments conducted near the commensurate angle of 21.8°.
These cryogenic experiments, performed during the same cooldown
and using the same sample and tip as in the experiments in the main
text, reveal an exceptionally sharp momentum-resolved map that
aligns well with theoretical predictions. Below we explain how this
measurementallows us to putatight upper bound on the strain of the
graphene layers onthe tip and flat sample and show that the strains are
very small, less than 0.1%.

Our experiment involves a TBG interface that is formed in situ, by
bringing into contact a graphene layer on a tip and one on a flat sub-
strate. Itis instructive to ask whether this interface has substantial
strains, owing to a strain present in one or both participating layers.
Although monolayer graphene typically exhibits minimal strainwhen

placed onaflathBN substrate, we may imagine that placing graphene
ontheroughtopography of the tip could introduce substantial strain,
particularly near its apex.

Toestimate the strain, we use elastic momentum-conserving tunnel-
ling experiments. Insuch experiments, performedina QTM geometry,
we map the electronic energy bands by rotating two samples relative
to each other and measuring the tunnelling current as a function of
the rotation angle and bias’. Because current flows between the lay-
ers only when their states match in both momentum and energy, a
two-dimensional 8-V, scan effectively maps the energy bands of the
system. For these experiments, we typically use athininsulating barrier
between the two layers, ensuring that the experiment remains in the
tunnelling regime and allowing for the application of a well-defined bias
across thejunction. However, in this study, the two graphene layers are
indirect contact, withno barrier materialinbetween. Notably, whenthe
experimentis conducted around a twist angle of 21.8°, we still observe
elasticmomentum-resolved current and the experiment is operating
inthe tunnelling regime even without abarrier. To understand this, we
recall that, although at a twist angle of 21.8° the Fermi surfaces of the
two graphene layers do not overlap in the first BZ, they do overlap in
the third extended BZ*"*, as shown in Extended Data Fig. 2. Namely,
the momentum-resolved tunnelling is performed between very high,
in-plane momentum components of the wavefunction, which cor-
respondingly decay much more rapidly in the z direction. As a result,
despite the direct contact between the layers, the experiment operates
in the tunnelling regime.

Extended DataFig.1a-c shows the measured tunnelling currentand
its derivatives versus twist angle and bias. The dashed lines in these
panels correspond to theoretically calculated crossing conditions
betweenthe Fermisurfacein eachlayerand the empty energy bandsin
the other layer, asillustrated in Extended Data Fig. 1d. The agreement
betweenthe measurementand theoryisnotable, giventhe fact that the
theoryis performed without free parameters (we used the capacitance
values measured independently in the main text).

Evenatiny straininthe sample or in the tip would make the measure-
mentlook completely different—without strain, the BZ of grapheneis
aperfect hexagon withits six Dirac cones exactly 60° apart from each
other. With strain, this perfect hexagon deforms and the Dirac points
are no longer equidistant in angle. For example, 1% strain will make
the angle between adjacent Dirac points vary between 59.5°and 60.5°.
Remembering that our experiment examines momentum-conserving
tunnelling collected simultaneously from all six Dirac pointsinthe tip
matching their corresponding six Dirac points of the bottom sample,
itis clear that, if the layers are strained, we will see several copies of
the crossing conditions, displaced along the angle axis. Each copy will
result from one of the six Dirac points crossing its corresponding Dirac
pointinthe otherlayer. The same holds for the experiments performed
near 21.8°, at which the six crossing Dirac points are at the corners of
the third BZ (Extended DataFig. 2). Indeed, occasionally, we obtain tips
that have strains and then we can clearly resolve such multiple copies.
The fact that in the measurement in Extended Data Fig. 1 we see only
one copy meansthatall six Dirac points are crossing at approximately
the same twist angle. Infact, if we assume that the angular width of the
linesinthe measurement comes from smearing owing to several copies
crossings, thenwe can put an upper bound onthe strainin the tip and
sample. Inthe measurement, we can identify lines whose full width at
half maximum is approximately 0.05°, which puts an upper bound of
0.1% on the strain in our experiments.

Flatsamples and QTM tips

Extended Data Fig. 4 shows the optical image of vdW devices used in
the experiment. Extended Data Fig. 4a shows a monolayer graphene
QTMtip. Extended Data Fig. 4b,c shows the graphite sample used in
Fig.1and multilayer graphene (MLG)/hBN/graphite sample used in
Figs.2and 3.



Symmetry of phonon modes in voltage bias

Extended Data Fig. 5 shows the mirrored /-V curve (in voltage bias) of
the graphite-graphite tunnelling junction (as shown in Fig. 1d). The
phonon peak positions appear at the same energy for both positive
and negative voltage biases. However, there is an asymmetry in pho-
non peak intensity, which may arise from the complex, electron-hole
asymmetric band structure of graphite.

Imaging the tip contact areainssitu and determining the
pressure inthe experiment

The QTM geometry creates a clean two-dimensional interface
between the QTM tip and the sample side. We can image this inter-
face by scanning the tip laterally across aregion of the sample that
hasatransition metal dichalcogenide (TMD) layer with atomic defects
(three-monolayer-thick WSe, in the current experiment, placed adja-
cent to the area in which the main experiment is performed). The
defects provide an extra channel for the tunnelling current (Extended
DataFig. 6a). Thus, whenever the tip overlaps withadefect, we observe
anincreased current. As a result, in a measurement of the current as
afunction of lateral scanning (X and Y coordinates), each defect pro-
duces animage of the tip’s contact area. Extended Data Fig. 6b shows
such imaging, in which we resolve several copies of the bulk and out-
line of the tip. Knowledge of the exact area of the tip is crucial for the
quantitative analysis of the EPC strength. The left panel of Extended
Data Fig. 6b shows the tip contact area of the hBN-backed monolayer
graphene tip used in this work. The area of tip 1is 37,602 nm? and that
of tip 2is 18,106 nm? We apply a d.c. bias close to the band edge (on
the order of +1V for WSe,); in this energy window, many defects are
active for tunnelling.

Inthe experiment, we use the built-in AFMin our cryogenic QTM to
measure and maintain a constant force throughout the experiment.
We generally apply small forces F =100 nN. Combined with the area
of tip 1 mentioned above, this amounts to a pressure on the interface
of P=2.5 MPa,whichis muchsmaller thanthe vdW adhesion pressure,
whichisonthe order of 1 GPa.

Theory model for inelastic tunnelling through phonon emission
and the two mechanisms of EPC

The phonon-assisted inelastic tunnelling is modelled using Fermi’s
goldenrule:

2meN,
"; EYY Y S Kk, SiTalp’, s’ QI
Q r kp’ss (2)
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in which we assume the interlayer tunnelling current 6/, is flowing
fromthetip (top layer) to the sample (bottom layer). 6/, results from
the tunnelling of an electronic state |k, s) in the top layer to another
electronicstate |p’, s') inthe bottom layer, with the emission of a pho-
nonmode rand momentum Q.sands’ arethebandindex of graphene
layers. E, ;and w, o are the corresponding electronic state energy and
phonon mode energy. N;= 4 accounts for the spin and valley degen-
eracy. fr(Ey ) and fy(£, ) are the Fermi-Dirac distribution functions
for the top and bottom layers. The chemical potential for the top and
bottom layers and their relative energy shift are determined from the
electrostaticmodel (Methods section ‘Electrostatic model for the QTM
junction’). Here we denote Q for the phonons emitted in the top layer
and Q’ for the phonons emitted in the bottom layer. For each layer,
there are three possible Q vectors contributing to the tunnelling cur-
rentintheleadingorder, which correspond to three Bragg scatterings
within the first BZ.

The above formulais ageneral expression for phonon-assisted tun-
nelling and the matrix element <Kk, s|T;,..|p’, s’; r, Q) contains two types
of EPC*:

Tin-el = Hinter + HTGOHin»Iayer + Hin-layerGOHT tee (3)

H,..ristheinterlayer EPC, for which the phonon field affects theinter-
layer tunnelling amplitude ¢, and gives rise to the coupling between
thelayers, as shownin Fig. 2h. The other two terms correspond to the
in-layer mechanism shown in Fig. 2g. The microscopic expression
includes: H;, accounting for the pure electronic interlayer tunnel-
ling; G,, the Green’s function of the uncoupled layers accounting for
the energy denominators of the virtual intermediate states; H;,ayers
the in-layer EPC originating from the changes of hopping ampli-
tudes in the layer. The detailed derivation of the two types of EPC is
shown inref. 49. Here we give the final expressions of the interlayer
EPC:
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These two coupling matrices are for phonons emitted in the top and
bottom layers, respectively. Inside the square bracketsin equations (4)
and (5), the first term describes in-plane phonons and the second
term describes out-of-plane phonons (both ZA mode and ZO mode).
aand Bare sublattice indices and d, is the interlayer distance. w,q and
£ o are the phonon energy and polarization vector, respectively, for
phonon mode r at momentum Q. M is the total mass in the unit cell.
Nisthenumber of unitcells.K (K’) and G, , (G ;) are the Dirac point
and reciprocal lattice vectors of top (bottom) layer, respectively.
G, = 0 corresponds to the no Bragg scattering case. d is the shift
vector between the two layers. q;is the vector connecting the Dirac
points betweenthe top and bottom layers, for whichj=0, 1, 2accounts
for three Bragg scatterings within the first BZ. They correspond to
three emitted phonon vectors, as seen by the delta functions 6quj
and 6Q,yqj in equations (4) and (5). Note that q, = q,,in our notation in
the main text. The interlayer electronic tunnelling matrix Tj‘?‘ﬁ is
expressed as

11 _(e"0 1
TO_tJ_(l j! 7-1,2_tl_(e+iz exizj (6)

in the sublattice space and {= 27" For the interlayer mechanism, the
theory predicts: (1) the dominant twist angle dependence in equa-

tions (4) and (5) is coming from the ZPM factor ZMZ " whichresults

inanenhanced EPC as the twist angle decreases for the acoustic modes,
whereas for optical modes, the coupling approximately remains con-
stant. (2) There is a geometric factor between the K-G; vector and
phonon polarization vector, as seen by the term (K’ - G') - £ g inequa-
tion(4)and(K-G;) - s;’fQ,in equation (5). For the transverse mode, this

dot productgivescos (g) factor, inwhich @isthe twist angle, whereas
for thelongitudinalmode, it givessin g factor, whichsuppresses the
EPC. This explains the missing LA mode in the experiment. In the
experiment, the measured EPC is averaged over the Fermi surface of
the top and bottom layers, and we define it as:
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inwhich 6,and 6,, are the polar angle of the electron momentum rela-
tiveto thetop and bottom layer Dirac point, respectively. Here we can
change the phonon field basis of the top (Q) and bottom (Q’) layers
into layer-symmetric and antisymmetric mode and account|gimer’,’Q=qM|
as the EPC only for one phason mode, as the layer-symmetric mode
does not couple to tunnelling electrons.

As for the second mechanism, the in-layer EPC is given by*’:
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inwhich , = d¢,/0r, and &;is the unit vector along the in-plane carbon-
carbon bond direction. The in-layer contribution to the tunnelling
current s given by T, = i GoH, tayer t HintayerGoHr- After averag
ing over the Fermi surface, the matrix element is approximated by*’:
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inwhichthefactora=—— h Yod IS from the virtual tunnelling process and

|2isthe Ferml surface averaged in-layer EPC. As g,, gets
smaller, Sintayer.r Q-ay for the acoustic mode tends to zero as g, ,
whereas the coupling to the optical mode remains constant. Compared
with the phason mode, we have the extra N,,,., = 2 factor coming from
phonons emitted in the top and bottom layers.

In the numerical calculations for the interlayer and in-layer EPC in
Fig. 4, we use the following parameters®: ¢, =0.1eV, v, =10°ms™,
Bo=4.22 eV A The phonon dispersion and polarization vectors are
solved by diagonalizing the dynamic matrix of graphene®. The numer-
ical calculations are shown in Extended Data Fig. 7, for Fermi surface
averaged mterlayer|gmter]ayer Fau |and intralayer a. [Ny, |, layer, a
contributions asafunction of rotation angle. To simplify notation, we
denote them as |giyer,| and |giy.1ayer, in Extended Data Fig. 7. For the TA
mode, the interlayer mechanism dominates over the in-layer mecha-
nism. For the LA mode, the in-layer process is stronger than the inter-
layer one, owing to the geometric factor that suppresses the interlayer
coupling. The overall coupling strength of the LAmode at the momen-
tum g, thatthe QTM tip examinesis weak compared with the TAmode.
For TO and LO modes, we plot both the separate and averaged valuein
Extended Data Fig. 7c. The averaged contribution is dominated by
in-layer coupling contributions, which become stronger as the twist
angle decreases. The experiment measures the EPC to the TO and LO
modes together, near the K point, along anarcin the momentum space.
Along this trajectory, the TO and LO modes have anavoided crossing,
asseenin Extended Data Fig. 7d. The corresponding bare in-layer EPC
of TOand LO also differs, as shown in Extended Data Fig. 7e. Note that,
near theK point, the TO phononhaslarger bare EPC than the LO phonon.
In Extended Data Fig. 7f, we further decompose the TO and LO contri-
bution in terms of @’Nj,y, |gin_layer’r’qM|Zand |gimerlayer'r'qM|2(r =TO, LO)
and compare with the data: AG,pc./2BV:VeA.i, from Fig. 4a. In the
experiments, we cannot separate LO and TO phonon contributions,
andtheaveraged valueis consistent with the theory estimate, for which
TO phonon has a stronger contribution. In short, both the interlayer
andin-layer mechanism are, in general, the same order of magnitude.
However, parametrically, the interlayer mechanism is much stronger
forthe acoustic TAmode, whereas the in-layer mechanism dominates
for the optical modes.

Igin-layer,r,Q:q

Extracting EPC from the measured inelastic conductance steps
Equation (2) can be simplified (derivations are detailed inref. 49). Here
we show the result:

dlipel el _ 2me*N;
dv h

dekdep
o Kp’,s’;r,QIT;

Q%vgyr Y ) 6leVy,- Wy,q)
Q r

(10)
Tnelk, S +(Q>Q),

in which Qis the tunnelling area of the twisted junction and, in our
experiment, Q = A;,, imaged directly by atomic defects (see Methods
section ‘Imaging the tip contact areain situand determining the pres-
sure in the experiment’). vy and v are the DOS of the top and bottom
layers, respectively. 8(eV, - w,.o) is the step function, which onsets the
conductance Yir-e when the bias voltage reaches the phonon energy.
We defined the angular averaged coupling:

1 »_ (d6,d6

2 (11)
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in which Nis the number of unit cells in the junction. Inserting into
equation (10), we have:

d/, 2me?N,
drll/el P fAt,pAOvaT Y Y Oehy-w
Qr

r,Q)lgin-eI,r,le’ 12)

inwhich A, = “ZTﬁ isthe unit-cellareaand v;and vgarethe DOS onthe
top and bottom layers, respectively. Because the phonon wave vector
Qisrelated by the C;symmetry (as seen by 6Q a factorinequations (4)
and (5)), we have the conductance step owmg tothe emissionona
phononmoderas:

AG, = BA;ip Vet |gin.e1,r,qM|2r (13)

2
inwhich g= 2%NbeAO, such that N, = 3 accounts for the Bragg scat-
terings and N; =4 accounts for the flavour degeneracy (spin/valley).

Given the two types of microscopicEPC,|g; ., a [2includes:

lgin-el,r,ql\A'2 = Iginter,r,qMI2 + a2N|a)’el'|gin-Iayer,r,qM|2 (14)

Forthein-layer mechanism, N,,,.. = 2because phononsinbothlayers
contribute. For the interlayer mechanism, only the layer-antisymmetric
phasonmode contributes. For extracting the in-layer coupling in Fig. 4,
we use the parameters ¢, = 0.1 eV and v, =10° m s for estimating the
value of the a factor.

Electrostatic model for the QTM junction

The QTMjunctionis modelled by a three-capacitor model'. Agraphene
layer on the tip side and a graphene layer on the sample side are sepa-
rated by a vacuum gap. The third layer is the graphite back gate, sepa-
rated by ahBN spacer on the bottom sample side. We have the following
electrostatic equations:

e’n
eVo=pg—p; - CT (15)
g
eV =y + et ) 16)
bg = Hg Cbg ’

inwhich V, isthe voltage bias applied between the two graphene layers
and V,, is the back-gate voltage with respect to the bottom graphene
layer. ng (n;) and y (u7) are the carrier density and chemical potential,



respectively, of the bottom (top) layer graphene. C, is the geomet-
ric capacitance per unit area between two graphene layers and Gy, is
that between the back-gate and the bottom graphene layer. We use
the values C, =11 uF cm™and C,, = 38.6 nF cm™ to fit the data. From
the electrostatic model, we plot the charge-neutral Dirac point lines
(dashedred andbluelines) inFig.3d,e and Extended Data Figs. 9 and 11.

Bulk-graphite phonon dispersion model

Inthe main text, the phonon dispersion of graphite is modelled using
a dynamic matrix through the force constant approaches. For the
in-layer force constants, we use the parameters from ref. 51 (GGA cal-
culation, column 3 in table 3 in that reference), which includes the
fourth nearest-neighbour coupling that fits to DFT calculations. To
obtain the bulk-graphite phonon spectrum, we further include the
interlayer mechanical coupling in the dynamic matrix, as detailed in
ref. 52. Weinclude only the nearest-neighbour out-of-plane radial and
tangential coupling, denoted by (5rand qst, andrescale these two param-
eterstogether to matchthe ZA phonon gap measuredin experiments,
giving the values ) = 3,296 dyn cm™ and ¢, =-7,121 dyn cm™ . For
other phononmodes, introducing these interlayer coupling parameters
generates an energy splitting of less than 0.5 meV. In Extended Data
Fig. 8, we compare the spectrum obtained fromref. 52 (Extended Data
Fig. 8b) to the model described above (Extended Data Fig. 8a) and we
can see that the latter fits the experiments much better.

Further data: G as afunction of V,,and V,,, measured at two more
twist angles, 6=22.7° and 9.4°

InFig.3, we show the junction conductance as afunction of V,and V,,
attwistangle 8=16.8°.Extended DataFig. 9 shows the same map at two
more angles, 6 =22.7° and 9.4°. These figures show similar features as
inFig. 3d,e: horizontal lines owing to inelastic phonon emission pro-
cesses and conductance dips tracing the neutrality points of the top
andbottomgraphene layers. The dashed blue and red lines correspond
to the neutrality points calculated using the electrostatic model for
the QTM junction.

Further datafrom different samples and QTM tips
Here we show further measurements performed with different bottom
graphene samples and QTM tips to those shown in the main text. Our
scanning set-up allows us to create the twisted interface at different
locations along the bottom graphene, which are separated by several
micrometres. Because the tip contact area is only several hundreds of
nanometres, measuring at such spatially separated positions effectively
means that we have switched to a completely differentbottom sample.
Also, withinthe QTM set-up, we have the capability to modifyinsituthe
tip shape. One example is shown in Fig. 3b, in which the area of the tip
is changed by approximately a factor of two (tips1and 2). Because the
areaadded to the tip is substantial and can potentially have different
strains, edges and so on, the measurements with these two tips effectively
amount to experiments performed with different tips. In Fig.2, we show
the phonon spectrum measured using tip 1. Extended Data Fig.10a,b
shows furtherinelastic phonon spectroscopy data obtained using tip 2,
which was also measured in a different sample location, overlaid with
the theoretical phonon dispersion of bulk graphite. This scan was per-
formed only downto10°,because, at this angle, the tip caught some dirt.
Performingthe same analysis asin Fig. 4, we extract the electron-phason
andelectron-optical couplings and compare themwith the datain Fig.4
over the angular range that they overlap. Extended Data Fig. 10c shows
this comparison for the extracted intervalley optical TO/LO EPC and
Extended DataFig.10d shows the comparison for the electron-phason
coupling. We cansee that thereisagood agreementbothinterms ofthe
magnitudes of the coupling as well as on their twist angle dependence.
Extended Data Fig. 11 shows further measurements performed
with a completely different tip and sample in a different cooldown.
Extended Data Fig. 11a,b shows the graphene-graphene junction

conductance G and d*//dV*and as a function of V,, and V,, at twist
angles 8=30° and 20°. We can clearly resolve in both scans horizon-
tal lines that correspond to inelastic processes with the different
phonon modes. We also see that the step in conductance changes
gradually with back-gate voltage. Performing a similar analysis as
in the main text (Fig. 3g) and plotting the height of the conductance
steps for the TA and ZA modes as a function of gate voltage (Extended
Data Fig. 11c), we clearly resolve the predicted linear dependence.
Moreover, unlike the sample in the main text, which could not be
measured at large negative back-gate voltage owing to a gate leak, in
the sample below, we also explored the hole side and we can clearly
see how that, also there, the dependence is linear with a slope with
inverted sign (dashed lines in Extended Data Fig. 11c are the model
calculations).

Removing contact resistance in the two-probe measurement

In the experiments, we apply a voltage V,,,;.s between the contacts
connected to the vdW-devices-on-tip and to the flat sample side and
record the current / flowing through the twistable junction and its
derivative, G = Wyppted” However, as these are two-terminal measure-
ments, there will be a contact resistance R, leading to/from the twist-
ablejunctionarea. Therefore, the voltage bias V,, falling on the junction
will be smaller than V4. The difference between Vs and V,,
becomes notable when the junction resistance is low (either at high
applied voltage or at low twist angles). To remove this effect, we rotate
to zero twist angle (for which the resistance of the junction is the low-
est) and record the resistance R, (about 50 kQ for the monolayer gra-
phene-monolayer graphene experiment (Figs. 2-4) and about 4 kQ
for the graphite-graphite experiment (Fig.1)). For each measurement,
we remove the corresponding R, to obtain:

~-1 B
|/b: Vapp[ied - IRC, G=(G - Rc) 1~ 17)

Limitations at small twist angles

In the experiments, the QTM is capable of controlling the twist angle
of TBG continuously down to 0°. However, the measurements show
that phonon emissions steps in G start to disappear when the twist
angleislessthan 6°and, atlow bias, we measure substantial junction
conductance. There are several possible reasons for this. (1) The tail of
elastic tunnelling processes becomes more and more dominant and
overwhelms the inelastic phonon emission processes. (2) At smaller
angles near the magic angle, the two layers become strongly hybridized
such that Fermi’s golden rule approximation, whichis used tointerpret
our measurements, breaks down, as electrons can tunnel back and
forth severaltimes across the junction coherently (Fermi'sgoldenrule
assumes just a single pass). (3) Processes involving the absorption of
thermal phonons can be notable at low angles and may dominate the
phonon emission processes of interest to us. The energy of aphonon
at g =g, becomes smaller with decreasing twist angle. For 8= 6°, it is
already w,, = 10 meV. For lower twist angles, it will be even smaller.
Because the same EPC element is relevant for both the emission and
absorption of phonons, absorption of thermally activated phonons at
T=4 Kmay well be responsible for the large conductive background
at low angles**. (4) Contact resistance: at lower angles, the EPC gets
stronger as shownin the main text and junction conductance becomes
better. Thetail of the onset of phonon emission already leads to ajunc-
tion resistance that can be much smaller than the contact resistance.
We can account for some of this effect with our theoretical model, but
if the junction resistance becomes negligibly small, then it becomes
impossible to resolve its behaviour.

The EPCfor the ZA (ZO’) phonon mode
In the main text, we show the extracted EPC for the TO/LO and
layer-antisymmetric TA phason mode. Here we show the ZA mode
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(thelayer-antisymmetric ZA phonon s oftenalso called ZO’) (Extended
DataFig.12). Thismode shows agapped dispersionin the measurement.
Inthe angle range we measure, ZA mode phonon energy decreases as
the twist angle becomes smaller. The crossing betweenthe ZAand TA
modes is around 8= 6°. The theory discussions of the ZA mode are
giveninref. 49, which shows that, similar to the TAmode, theZAmode
is dominated by the interlayer mechanism. Its coupling strength
increases with decreasing angle at approximatel

equations (4) and (5). Extended Data Fig. 12b shows the extracted g
asafunction of 8, which shows the coupling strength of around 25 meV
at 0 =6°. At 6=8°, at which this mode overlaps with the TA mode in
bias, we divided the total conductance step according to the ratio of
the conductance steps measured at larger angle. This assumption most
likely overestimates the ZA mode coupling and underestimates the TA
mode coupling at 6 = 8°.

Implications for superconductivity in TBG

Given the EPC we measure, we can estimate the coupling constant
Ain the Bardeen-Cooper-Schrieffer (BCS) theory. The attractive
electron-electroninteraction from EPCis given by:

2
r

8,
Uit (@) == 5 Aunic (18)
q,r

inwhich g, is the EPC for phonon mode r and momentum q. A,
is the unit-cell area. Our experiments measure the EPC at gy, (ng).
For the acoustic phonons and phasons, we assume the g dependence
of the EPCinthe phononmini-BZ to follow . /q. Because for these modes
w, = q,weget thattheir Uy, (g) isindependent of momentum. For opti-
cal phonons, we assume that the EPC is independent of g. Because for
these modes w, isindependent of g, we get that, also for them, U,(q)
isindependent of momentum. We can thus readily integrate equa-
tion (18) over the phonon mini-BZ to obtain a U, that depends only
ong, , measured in our experiments. Consequently, the coupling
constant/l is given by:

quM,rAunit

ha) (19)

Ar = Vol Ukt 1 = 2vg
We approximate the DOS v, = ,inwhich Wis the bandwidth
and A, is the moiré cell area. We then get:
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(20)
w hog,, .

A=

Forthe phason mode, wemeasuredthe g andw,, atf=6°. Assum-
ingthe - dependence ofg that we measured extends to 6=1.1°,
we get:

1.1
Aphason = W (mev) (21)
For the optical modes, we get:
0.45
Aono= W (mev)’ (22)

Here we further discuss the limitations of the perturbative theory
approach and possible breakdowns when extending it to the magic-
angle regime:

a. Hybridization of the energy bands at small angles owing to the strong
interlayer coupling: this strong coupling will cause the lowest-order
perturbative expansion of the interlayer coupling, resulting from
the phonon field, to break down.

b.Gapping of the TA layer-antisymmetric mode owing to inter-
layer mechanical coupling: in our theory, we assume that the

interlayer symmetric and layer-antisymmetric phonons have the
same energy. We may expect, however, that, at small twist angles,
thelayer-antisymmetric mode will be gapped as a result of mechani-
cal coupling between the two layers. Such a mechanical gap was
measured for the layer-antisymmetric mode in Bernal bilayer gra-
phene using Raman?® and already they turned out be rather small,
approximately 4 meV. We note that, in TBG, we expect the mechani-
cal gapping of the TA mode to be much smaller—this gapping is
directly related to the mechanical friction between the layers. In
abilayer, this friction is high because of the perfect commensura-
tion between the layers. However, once the two layers are twisted,
their friction reduces substantially as a result of superlubrication.
Superlubrication should be relevant at angles already as small as
the magic angle.

c. Relaxation near the magic angle: lattice reconstruction effects are
substantial below 2°. For twist angles near or above the first magic
angle of TBG, linear response theory>*** provides an adequate des-
cription of the relaxation effects, as confirmed by more accurate
computational methods**°. The applicability of linear response
theory indicates that the displacements associated with relaxation
do not greatly affect the phonon frequencies. In terms of the EPC,
reconstruction will effectively increase the areas of AB stacking and
decrease those of AA stacking. This will effectively decrease the tun-
nelling between the layers. Because the phason EPCis dominated by
the interlayer coupling, namely the modulation of the tunnelling
elements between the layers, scaling down this tunnelling is expected
to scale down the EPCin proportion.

d.Phonon-phononinteractions. As showninref. 23, the phason mode
canbe damped at low energies owing to the moiré superlattice dis-
order. Thisis veryimportant for understanding phenomenasuchas
the strange-metal behaviour, as studied in that paper, but as long as
this does not reach the strong coupling phonon-phonon limit, this
will not influence the EPC estimated by our model.

Possible future experiments for measuring neutral collective
modes with the QTM

Theinelastic momentum-resolved scanning technique demonstrated
here should be applicable to a wide range of vdW materials, including
both carbon-based systems and TMDs. Beyond phonons, this method
could potentially measure other neutral collective modes as well. Two
fundamental requirements make these measurements particularly
straightforward:

1. Materials with small Fermi pockets, preferably away fromtheT point.
2. TheFermivelocityislarger than the velocity of the collective mode.

Requirement1is well met by many carbon-based materials, for which
theband structureis derived fromsmall Dirac points. More importantly,
this condition is also satisfied by the broader class of TMD materials,
for which small Fermi surfaces are typically found at the K or Q points
inthe BZ for both electron and hole carriers.

Forrequirement 2, the phononsound velocity ismuch smaller than
the Fermi velocity in all realistic materials within these families, includ-
ing both carbon-based materials and TMDs. Other neutral collective
modes, such as magnons and spinons, are also expected to have much
lower velocities than electrons.

Evenwhenthese conditions are not met (for example, for plasmons,
which travelfaster thanelectrons), the technique canstill provide valu-
ableinsights. Insuch cases, however, amore thorough analysis would
berequiredtoseparate the electronic contributions fromthose of the
collective modes.

Another important point is that the experiment can be performed
in two different configurations. The first is when the ‘launching’ and
‘absorbing’ layers for the collective modes are in contact, as in the
currentexperiment. In this configuration, we can examine the collec-
tive modes of each individual layer or that of the combined twisted



interface. The second configuration involves placing an insulating
material, whose collective modes are to be studied, between the
‘launching’ and ‘absorbing’layers. In fact, momentum-conserving tun-
nelling experiments performed in devices with a fixed twist angle have
already successfully detected the phonons of a hBN barrier between
the layers**2, Two examples of proposed experiments consider the
possibility of studying spinons in quantum spinliquids*and magnons
in magnetic moiré heterostructures’.

Data availability

The datashowninthis paper are provided with the paper. Further data
thatsupportthe plots and other analysis in this work are available from
the corresponding author on request.
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Extended DataFig.1|High-resolution momentum-resolved elastic
tunnelling near the commensurate angle of 21.8°. a, Measured conductance
(G)as afunction of twist angle () and bias voltage (V,), withafinite carrier
density inboth graphene layersinduced by aback-gate voltage of V,, =4 V.
,obtained numerically from panela.c, The

b, The second derivative, ’
dv

derivative of conductance WIth respecttotwistangle, 4%, obtained numerically
from panela. The measured conductance clearly reveals adistinct ‘double X’
structure, within which the conductance is enhanced. This structure exhibits a
mirror symmetry around 6 =21.8°and an approximate mirror symmetry with
respecttobias. Theboundaries of this structure are even more pronounced in
the% plot,inwhichthey appearasnarrowredandbluelines. Superimposed on
these features are nearly horizontal conductance steps, which are more
prominentinthesecond derlvatlve plot inwhich they manifest as

horizontallines. Theselines correspond toinelastic, momentum-conserving
phonon emission processes, as described in detail in the main text. The extra
‘double X’structurearound 6 = 21.8°arises from elastic momentum-conserving

tunnelling between overlapping Fermisurfaces at the corners of the third BZ
(seeillustrationin Extended DataFig.2). These Fermi surfaces are associated
with high-momentum components of the in-plane wavefunctions, which decay
morerapidly inthe zdirection, explaining why the experiment operatesin the
tunnelling regime despite the two layers being in contact. The dashed black
linesinall panels represent theoretically calculated conditions for which the
Fermisurface of one layer touches the unoccupied energy bands of the other
layer, marking the onset of momentum-conserving tunnelling. The various
conditionsareillustratedin paneld and their calculated trajectoriesinthe 8-V,
planeshow excellent agreement with the experimental data. Notably, this
agreementisachieved with no free parameters (the geometric capacitance
usedinthesecalculations was determined by fitting the phonon spectrum
measurements in the main text). As explained in the corresponding Methods
section, this correspondence puts atight upper bound on the strains of the
graphenelayersinthetipand onthe flatsubstrate, to be smaller than 0.1%.



Momentum resolved tunneling at 8 =21.8°

simultaneously ...
overlapping at
six points in
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Extended DataFig.2|Overlap of Fermisurfacesinthe extended BZscheme
foratwistangle close to 21.8°. Schematic of the extended electronic
momentum space for the top graphene (blue hexagons) and bottom graphene
(red hexagons), when the twist between the layersis approximately 21.8°.

overlapping
Fermi surfaces
At the 314 BZ

L

Visibly, the Fermi surfaces of the top and bottom graphene layers (blue and red
circles) at the corners of the first BZdo not overlap. However, at the corner of
thethird extended BZ, the Fermi surfaces overlap (top inset), leading to the
elasticmomentum-resolved structure observed in Extended Data Fig. 1.
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Extended DataFig.3|Thecutinthe phononBZinvestigatedinour
experiments. a, In the electronic momentumspace, we show the first BZ of
thetop (blue) and bottom (red) graphene layersatageneric twistangle. The
inelastic tunnelling processes examined in our experimentsinvolve electrons
scattering between the small Fermisurface of the top bottom layer, around the
Kgpoint (bluecircle), to the Fermisurface of the top layer around the K; point

b  Phononic momentum space

(redcircle), while emitting aphonon withmomentum Gy =2Kpsin (g) Electrons
canalsotunnelfromthe other valley at K’y of the bottom layer to the valley at
theK;pointinthetoplayerand emitaphononwithmomentum g, = 2KDsin(6°2—_9).
b, In the phononic momentum space, qy cuts through the phononic BZ along a
specificarcthatgoes fromthel pointto the K point (orange). For g, the

trajectoryisreversed.



Extended DataFig.4|vdW-devices-on-tipand QTMflat side devices. ¢, Opticalimage of the MLG/hBN/graphite sample used for MLG versus MLG
a, Opticalimage ofamonolayer graphene QTMtip. b, Opticalimage of agraphite ~ experimentsshowninFigs.2and 3. Thissamplealsohasaregionwith3L-WSe,
sample used for the graphite versus graphite measurement shownin Fig.1. fortip contact areaimaging (see Extended Data Fig. 6).



Article

1.5 T T T r T
16} W
—1v .,::

- = IV-mirrored ",

—IV
= = IV-mirrored

l4f

G (S
1d?1,dV2 AV

0.5

0 . .
-200 -150 -100 -50 0 50 100

Vb (mV)

150 200 -200 -150 -100  -50 0
Vb (mV)

2
Extended DataFig.5|Mirrored I-Vcurveinvoltagebias. a,b, Mirrored Gand d_’2 curves fromFig.1d. Phonon peak positions appear at the same energy, whereas
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peakintensity isasymmetric.
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Extended DataFig. 6 | Imaging the tip touchingarea. a, Schematic of the
QTMtip scanning spatially over atomic defectsin WSe,. The tunnelling current
increases when thetip overlaps the defect, generating animage of the shape

300 300
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X(nm)

and areaofthetip. b, Real-spaceimages of the graphene tips (tip contactareais
shadedinblue). d.c.bias during scanningwas -1V fortipland-1.2 Vfortip 2.
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Extended DataFig.7|Calculated EPC for the theoretical modelin Methods
section‘Theory modelforinelastic tunnelling through phonon emission
and the two mechanisms of EPC’. a-c, EPC contributions from the in-layer
(red) andinterlayer (blue) mechanisms for the TA,LAand TO/LO modesasa
function of the twistangle. Inc, the contribution fromthe TO and LO modes are
further decomposed. Inthe experiment, the individual contribution of the TO
and LO modes cannot be distinguished. However, in this plot, both modes

Rotation angle 0

Rotation angle 0

contribute, with the TO mode having the dominant effect. d,e, The phonon
dispersionandbarein-layer EPC for the TO and LO modes near the K point.

f, Comparison ofthe extracted conductance step, AGpical/ 2BViVpAyip, With the
theory estimates (amgin,[ayemwpz and |gimerlayer','qM|2 forbothTOandLO
modes. Thelegend notations for TO, LO and interlayer/in-layer mechanisms
follow thosein panelc.
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Extended DataFig. 8 | Bulk-graphite phonon dispersionmodel.
a, The phonondispersions (dashed lines) obtained from the model inref. 51

augmented by adding interlayer mechanical coupling (detailed in this section).

The calculationis overlaid on the measured graphite-graphite phonon
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spectrumshowninFig.1f.b, Phonon dispersions obtained from the modelin
ref. 52, overlaid with the measured graphite-graphite phonon spectrum shown
inFig.1f. In the main text, we use the first model, as it fits the measurements
more accurately.
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Extended DataFig.10 | Measured phononspectrumand EPCin TBG using
tip2.a, Measured conductance, G, versus bias voltage, V,, and twist angle, 6,

exhibiting stepsin Gthat disperse with 6. b, The second derivative, 4 g,obtained

dv
numerically from panel a, overlaid with the theoretically calculated phonon
spectrum of graphite. ¢, The intervalley optical modes (TO and LO) EPC,

8Boptical ™ (gTZO +gL20)/2, determined from this measurement (tip 2, cyan)
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compared with datain the maintext (tip 1, blue). Error bars are obtained from
differences between measurements at positive and negative bias and all other
experimental uncertainties.d, The electron-phason coupling, gyhason determined
from this measurement (tip 2, cyan) compared with datain the main text

(tip1, blue). Error bars are obtained from differences between measurements
at positive and negative bias and all other experimental uncertainties.
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Extended DataFig.12 | EPC for the ZA (ZO’) mode. a, Extracted EPC of the ZA
(ZO’) mode from Fig. 2d. b, Extracted phonon dispersion ofthe ZA (ZO’) mode

fromthesamefigure.
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