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Recent studies have suggested that the strongly correlated flat bands

of magic-angle twisted bilayer graphene may host coexisting light and
heavy carriers. Although transport and spectroscopic measurements

have hinted at this behaviour, distinct signatures of incoherent heavy
carriers have not been reported. Here we provide evidence of this by
performing thermoelectric transport measurements of magic-angle twisted
bilayer graphene using the photo-thermoelectric effect in gate-defined
p-njunctions. At low temperatures, we observe sign-preserving,
filling-dependent oscillations of the Seebeck coefficient at non-zero integer
fillings of the moiré superlattice. This suggests the preponderance of one
carrier type even when the Fermilevel is tuned through the charge neutrality
point of the correlated states. At higher temperatures, the thermoelectric
response provides evidence of strong electron correlations in the unordered,
normal state. Our observations are explained by the interplay between light,
long-lived electron states and heavy, short-lived hole excitations near the
Fermilevel of the symmetry-broken ground states. These findings are in
qualitative agreement with the topological heavy fermion model.

The flat bands of magic-angle twisted bilayer graphene' (MATBG) offer
arich playground for condensed matter physics, as they host both
strong electronic interactions and non-trivial topology”. A variety of
symmetry-breaking ground states emerge at non-zero integer fillings
of the moiré unit cell v, where v=4n/n,and n, is the carrier density in
afully occupied moiré band. The contrasting properties of its ground
states (which include superconductivity®~, Mott-like physics*° and
topological states’'°) suggest the coexistence of itinerant and localized

electrons withinthe flat bands. In addition, the sawtooth-like evolution
of the electronic entropy” " aroundinteger v, as well as the presence of
Landau fans that only disperse away from the charge neutrality point
(CNP)*¢, point to adistinct asymmetry of the charge + 1 excitations of
the symmetry-broken ground states.

Thermoelectric transport, parameterized by the Seebeck coeffi-
cient (S), constitutes an accurate probe of Fermi surface properties of
condensed matter systems. In particular, S is highly sensitive to the
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Fig.1| PTE effectin a gate-defined MATBG p-njunction. a, Alocal thermal
gradient is created at the interface of a MATBG p-njunction using a focused
laser beam. The gate-defined step in u enables the generation of V,,;; across the
junction. Vg, and Vq,, top-gate voltages; hBN, hexagonal boron nitride. Insets:
origin of V,r; (left; x, denotes the junction position), an optical micrograph
ofthe sample (middle) and a schematic cross-section of the heterostructure
(right; V¢, back-gate voltage; Vs, source-drain voltage for the transport
measurements; w, junction width; G, few-layer graphite used as top and back
gates.). b, Temperature-dependent four-terminal resistance of Device 1(6 = 1.14°)
before splitting the top gate at2.25,2.8,3.6,5, 6.5,8,10,12,14,16,18,20, 24,30 and
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36 K. ¢, Dual-gate map of R, of Devicelat 7, =35 mK. Correlated states for each side
ofthejunctionappear atinteger values of v,and v,.d, V,; response in the electron-
doped flatbands of Device1at T, =10 K. Oscillations emerge around each integer
filling. e, Vo1 response near the CNP shows a characteristic six-fold symmetry,
which confirms the thermoelectric origin of the response. Dashed lines ind and
eare visual guides. Insets: linecuts of the dual gate map along the horizontal and
vertical dashed lines, where one of the top gates is kept at neutrality. All gate
voltage dependences are plotted as a function of the filling of the moiré bands.

This conversionis calculated using the carrier density at full filling and the gate
capacitances, which are both extracted from magneto-transport data.

band dispersionand the scattering mechanisms near the Fermilevel Ey.
Generally, the sign and magnitude of S contain information about the
charge of the majority carriers and their effective masses, as described
by the semiclassical Mott relation' (SMR) Sy « —T%ln o),

where T, uand o are the temperature, chemical potential and conduc-
tivity, respectively. In strongly correlated systems, such as cuprate
superconductors’’*?, heavy fermion compounds*** or narrow gap
semiconductors** %, deviations from the SMR can arise due to
the coexistence of contrasting electronic orbitals?*, reconstructing
Fermi surfaces’® and the finite lifetimes of incoherent electron
excitations'*,

The thermoelectricity in the MATBG flat bands has been shown
to violate the SMR*"?%, Previous works reported no sign changes
in S atinteger fillings, where o(u) peaks, and observed a nonlinear
temperature dependence where S does not extrapolate to zero in
the limit of T~ 0. This non-semiclassical thermoelectric response
was attributed to electron-hole (e-h) asymmetry in the density
of states of the flat bands. However, these studies used MATBG
samples that lacked well-developed, symmetry-broken correlated
states, which are predicted to be e-h asymmetric?’ . These findings
were modelled using weakly interacting frameworks based on the
SMR. Crucially, the SMR is not applicable to the MATBG flat bands,
because it assumes rigid band filling. In addition, it neglects effects
such asband-dependent scattering rates, which can substantially alter
thermoelectric transport®*.

Inthis Article, we explore the low-temperature thermoelectricity
of the MATBG flat bands through optical excitation of gate-defined
p—njunctions. We find strong evidence of photo-thermoelectric
(PTE) voltage generation driven by the Seebeck effect in the MATBG
flat bands. The PTE response develops oscillations at each integer fill-
ing, which arise from the formation of symmetry-broken correlated
states. The thermoelectricity remains electron-like for positive fill-
ings of the flat bands, despite interaction-induced reconstructions of
the charge-one excitation bands and the opening of gaps around
integer fillings. This observation points to a scenario in which elec-
trons with long transport lifetimes dominate the thermoelectric
transport over incoherent hole-like excitations. We provide a natural
interpretation via the topological heavy fermion (THF) mapping of
MATBG*?¢, where the contrasting properties of light and heavy elec-
trons” inherently account for the observed response. We also study
the high-temperature thermoelectricity of the flat bands, finding
signatures of the persistent influence of strong electron correlations,
eveninthe absence of symmetry-breaking ordered states.

We probed the low-temperature thermoelectric transport of
the flat bands using laser excitation (at wavelength A=1,550 nm)
to locally heat up a MATBG p-n junction, as sketched in Fig. 1a. We
focused on two high-quality MATBG samples (with twist angles
6=1.14°and 8 =1.06°) thatexhibit well-developed correlated resistive
statesatnon-zerov (Fig. 1b), as well as superconducting phases (Supple-
mentary Information). We note thatboth devicesfeaturelargeactivation
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Fig. 2| Sign-preserving thermoelectric responses in the flat bands at low
temperatures. a, PTE response across the flat bands at 7, =10 K under low-power
excitation for Device1(0=1.14°) and Device 2 (0 =1.06°). In this measurement,
S,=0.Bottom: expectation from the semiclassical Mott formula, where

SMott & d% In(R,). The response of Device 1 has been scaled by a factor of 4.

b, Temperature-dependent thermoelectric response for Device 2at 10 K (top),
15K (middle) and 20 K (bottom). As T, increases, the response evolves towards
conventional sign-changing thermoelectricity at integer fillings. c, Left:
two-band model for a generic symmetry-broken ground state at v = Z with large

effective mass asymmetry (m; > mg) and equal scatteringlifetimes 7, = 7.. Right:
computed Seebeck coefficient in the scenario of extreme mass asymmetry

(my =150 my), exhibiting slight e-h asymmetry but preserving the sign change
near v=Z.d, Left: band structure for v= Z in atwo-band, light-heavy scenario
where the two bands feature distinct scattering rates (carrier lifetimes). The hole
band has ashorter carrier lifetime, illustrated by spectral broadening of the
states (7 = 1/AE). Right: computed Seebeck coefficient in the light-heavy scenario
with m* =150 m}, 7, = 67;,. The lifetime asymmetry drastically modifies the

h
Seebeck coefficient, which becomes fully negative across the integer filling.

gaps at half-filling (4., =1.9 meV), demonstrating the presence of
strong electronic interactions. A gate-defined p-n junction was
created by splitting the top graphite gate, allowing independent
control of the carrier concentration on each side. The junction was
defined in a section of the Hall bar device with a homogeneous
twist angle near 1.1°. Figure 1c depicts the dual top-gate map of the
junction’s longitudinal resistance (R,,), where both sides of the junc-
tion feature pronounced correlated states that can be addressed
independently.

The continuous-wave excitation induces a local increase in the
electronic temperature AT, centred at the junction’s interface. Using
the split top gates, we established a chemical potential difference
Ap (and so a Seebeck coefficient difference AS) across the junction.
The gate-dependent response around the CNP exhibits multiple
sign changes in a characteristic six-fold pattern (Fig. 1e), as reported
previously for single-layer graphene’®. This pattern reflects the
antisymmetric gate-dependence of S in e-h-symmetric semimetals
and semiconductors. Here, the sign of the net PTE voltage (V1) does
not depend only on the polarity of the junction (p—n or n-p), asin
the photovoltaic effect, but is instead determined by the Seebeck
coefficient on each side of the junction (the sign of the response is
reversed between pp+and p‘p). This clearly establishes the PTE effect
asthe origin of the optoelectronic response®*.In the Supplementary
Information we discuss and rule out contributions from other potential
mechanisms of voltage generation.

We consistently found six-fold symmetric patterns around the
CNP across multiple samples and various experimental conditions
(Supplementary Fig. 18). This results in a net PTE voltage given by
Vere = —(S, — S)AT,, with S,(1;) the Seebeck coefficient of each side
of the junction®* (see the lower left sketch in Fig. 1a). We note that
the PTE effect confers multiple advantages for the study of

thermoelectric transport, including spatial control of the AT, profile
and efficient carrier heating in graphene-like systems***,

The PTE response indicates graphene-like, hot carrier dyna-
mics in MATBG for above-gap excitation. Here the absorbed photon
energy is efficiently converted into an increased temperature
T.+ AT, of the carrier distribution at £, while the phonon degrees
of freedom stay in equilibrium at lattice temperature T, (ref. 44).
As the MATBG flat bands lie near E;, thermoelectric transport of
the hot carriers serves as a powerful tool to probe the low-energy
electronic spectrum of MATBG. This picture is consistent with
existing studies of light-matter interactions in MATBG in this wave-
length range**¢, which we discuss in Supplementary Section V. In
the following, we leverage the PTE response of the p—n junction to
investigate the low-energy electronic spectrum of the strongly inter-
acting flat bands.

We explored the thermoelectric response of the p—n junction,
focusing on the conduction flat band (v > 0), which exhibits stronger
correlated statesintransport.InFig. 1d, the dual gate map of Vy1(v,,v,)
reveals multiple sign changes that appear atinteger v;for each side of
thejunction. These features coincide with the correlated statesin the
dual-gate R,, map, indicating that V,; captures the interaction-driven
instabilities of the MATBG flat bands" . To study these oscillations
in more detail, we simplified the measurement scheme by fixing one
side of the junction at the CNP, so that S, =S¢y, = 0. The PTE response
then reads Ve =—(S, - S;)AT, = S,AT,, and can be directly linked to
S;. We focused on this side of the junction because R, (v;) exhibits
larger resistive peaks than R,,(v,). This measurement scheme mimics
the configuration used in Joule heating approaches, which feature
ahomogeneous S and an asymmetric AT,. We restricted ourselves
to the linear heating regime (AT, < T, = T,) by using low excitation
powers. We estimated AT, using a steady-state, two-temperature
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Fig. 3 | Seebeck coefficient of the symmetry-broken ground states in the THF
model. a, Illustration of the coexisting electronic species in the THF mapping

of MATBG. The c electrons (red) are itinerant and weakly interacting, while the
felectrons (blue) are highly localized in the moiré scale and incoherent due to
strong electronic interactions. b-d, THF band structures for the KIVC symmetry-
broken correlated ground states around v=0 (b), 0.8 (c) and 2 (d). The colour
coding of the bands indicates their light or heavy character. The band structure

incisshownaway fromv=1to highlight the spectrally broadened f states.

e, Seebeck coefficient for the KIVC stateinb at v=0.f, Seebeck coefficient for
the KIVC + valley-polarized (VP) state in cin the vicinity of v =1. g, Seebeck
coefficient for the KIVC state ind in the vicinity of v = 2. At positive, non-zero
integer fillings, the hole bands are formed by incoherent f electron excitations
and giverise to a sign-preserving, oscillating Seebeck coefficient. The Seebeck
coefficientsin e-gare computed for T= 0.657T,4e,.

model thatincludes the experimentally determined thermal relaxation
time of the devices (Supplementary Section IV).

The low-temperature, gate-dependent thermoelectric response
Vere(vy) of both devices is shown in Fig. 2a. The evolution of V¢
across the CNP is conventional, exhibiting an antisymmetric, sign-
changing doping dependence, where holes result in a positive S and
electronsinanegative S. Following electron doping of the flat bands,
we observed oscillatory features of the thermoelectric response
around each integer v;. These oscillations can be attributed to the
formation of symmetry-breaking ground states®. Strikingly, Ve
remains electron-like (negative) at v,=1,2, despite the prominent
gap-like oscillations. This sign-preserving thermoelectric response
contrasts with the SMR expectation, where the Seebeck coeffi-
cient Sy, sShould cross zero when the carrier type changes across
gaps or at extrema of the density of states. The negative sign of V¢
indicates reduced hole contributions to thermoelectricity, high-
lighting the pronounced e-h asymmetry of the charge excitations of
the symmetry-broken ground states.

In the electron-doped flat bands (v, > 0), the magnitude of Vo
decreases for increasing T,, as shown in Fig. 2b. Within the studied
temperature range, the Seebeck-driven response did not extrapo-
late to zero as T~ 0. This observation, previously reported in
strongly correlated systems' %, underscores the key role of non-
semiclassical correlation effects in thermoelectric transport in the
MATBG flat bands. The hole peakinthe V1 oscillations around v, =1,2
recoversits positivesignat 7, =20 K, inagreement with the computed
ordering temperatures of the symmetry-broken phasesin MATBG®.

InFig.2c,d weillustrate different scenarios for e-h asymmetryin
the electron-doped correlated states. Following the interaction-
induced reconstruction of the Fermi surface, the MATBG flat bands
are known to support symmetry-broken ground states at integer
fillings v = Z. The charge-one excitations above these ground states
canbe phenomenologically modelled by two quadratically dispersing
bands around E; (Fig. 2¢)**?'. We first considered strong mass
asymmetry of the bands as the potential origin of the sign-preserving
thermoelectric response. In this scenario, the hole band has larger
effective mass m; > mg, but all carriers share a common carrier life-
time 7. Within a two-band model*’, we computed S under conditions

of extreme mass asymmetry (m; = 150my). The Seebeck coefficient
(Fig. 2c, right) exhibits reduced hole-like contributions but still features
a zero crossing across the gap. The persistence of the sign change
suggests that asymmetry in the dispersion of the electron and hole
bandsisinsufficient to explain the observed behaviour. Other factors
beyond the band dispersion, such as the carrier scattering rate in the
flat bands, must also be considered.

Realistic modelling of the transport properties of the correlated
states of MATBG must account for the energy (or band) dependence of
the carrier lifetime 7 = 7(F). Next, we included aband-dependent carrier
lifetime in the two-band model (Fig. 2d). By considering 7. = 67, and
maintaining the mass asymmetry ratio at m; = 150mg, we replicated
the electron-like oscillations of the Seebeck coefficient (Fig. 2d). In
thisscenario, hole-like transportis suppressed through the combined
effects of theincreased scattering rate, which reduces r;,, and the lower
group velocity v,(E) of the hole band. Notably, S exhibits electron-like
characteristics even for sizable hole doping of the symmetry-broken
groundstateat v = Z — 6. This observation strongly suggests that the
energy dependence of 7(£), set by the scattering processes, profoundly
influences the thermoelectric transport of such general correlated
ground states. Similar effects have been reported in other strongly
correlated systems*?*, including heavy fermion compounds®*. In
localized heavy bands, e-e interactions can induce large scattering
rates that resultinshorter transport lifetimes and diminished transport
contributions.

While this minimal model already contains the main features
needed to explain the anomalous PTE response—the mass and lifetime
asymmetry—we further compared our results with the recently devel-
oped THF mapping of MATBG®. In the THF model, the flat bands result
from the hybridization between strongly correlated, highly localized
heavy f electrons and highly dispersive, itinerant light c electrons
(Fig.3a). Thetopology is then carried by the light electrons, while the
flatness of the bandsis a direct consequence of the localized nature of
the heavy electrons. This model therefore naturally accommodates
coexisting electronic species with contrasting transport coefficients.
The celectrons form coherent excitations that dominate the transport
properties, whereas the incoherent excitations formed by felectrons
donotcontribute directly totransport. Indirectly, however, the strong
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Fig. 4| Thermoelectricresponsein the high-temperature, symmetric state
of MATBG. a, PTE response in Device 2 (6 =1.06°) at T, =30 K (purple) and 50 K
(red). The grey trace shows the expectation from the non-interacting limit of
the THF model (Syon.in) for 7, =15K, 7./7,, = 4.b, Zoom-in of the high-temperature
oscillations of the thermoelectric response near v=2.c, S,,,, of the THF model at
T, =15K.Thegrey trace depicts Syon.inc at the same temperature.

interactions between localized felectrons may impact electronic trans-
port by breaking the global symmetries of MATBG and inducing gaps
in the dispersion of the c electrons. In what follows, we provide a
microscopic model for the low-temperature thermoelectricity of
MATBG by considering the symmetry-broken phases of the THF model.
The latter have been shown to persist for finite doping and relatively
low temperatures®.

Using self-consistent second-order perturbation theory*, we
computed the interacting energy bands and corresponding Seebeck
coefficients for the correlated insulating ground states of MATBG
at twist angle 6 =1.06°. All computed band structures and S corre-
spond to temperatures 7= 0.6-0.7T,,4.,» Where T, denotes the
self-consistently determined ordering temperature of each ground
state. The low-temperature band structures of the Kramers inter-
valley coherent (KIVC)***°, or KIVC + valley-polarized, ground states
nearinteger fillings v=0,1,2 are shown in Fig. 3b-d. The colour coding
denotes the light (c) or heavy (f) character of the bands (Fig. 3a). The
coherent (incoherent) excitations appear as sharp (blurred) energy
states, associated with long (short) transport lifetimes. Generally, the
celectronstates formthebands near I, while f states appear away from
the Brillouin zone centre.

The essential properties of the THF band structures discussed here
do not depend on the exact choice of the symmetry-broken ground
state®. Other states, such as the intervalley coherent Kekulé spiral
state’’, can be considered but do not change the light-heavy dichotomy
in the dispersion of the symmetry-broken states. At v= 0, the bands
near E; consist of light excitations for both holes and electrons. As the
charge t1excitations are symmetric around £, the Seebeck coefficient
(Fig. 3e) exhibits aconventional antisymmetric line shape, consistent
with our observations for MATBG near CNP (Fig. le).

The interacting THF band structures for the symmetry-broken
ground states atnon-zero integer v(shownin Fig. 3c,d) exhibitamarked
asymmetry of the charge +1 excitations. We found that the low-energy
hole-like excitations correspond to localized f states, while itinerant ¢
electrons formthebandsjust above E;. The stronginteractions between f
statesleadtoareduced tforthe heavy carriers near Er. Indeed, we found
that the symmetry-broken correlated insulators at positive integer fill-
ingsreplicate the light-heavy scenario sketched in Fig. 2d, as the weakly
dispersive hole band features states with reduced carrier lifetimes.

We then computed the Seebeck coefficient for the symmetry-
brokenstates at non-zero integer fillings (Fig. 3c,d). The hole-like con-
tributionsto thermoelectricity are quenched due to the reduction of T
forthelocalized fstates, resultinginafully negative Seebeck coefficient
across theinteraction-driven gapsnearv=1,2. These findings align well
with our experimental observations (Fig. 2a). Notably, for v=1,2, the
negative peak of Sis shifted towards the CNP in the theoretical compu-
tations. This effect, also present in the experimental data, arises from
the highly broadened spectral weight of the f-electronbands below £;
(ref. 33). Detailed THF band structures and Seebeck coefficients for dif-
ferentground states, fillings and temperatures are presented inref. 36.

Overall, the light-heavy structure of the symmetry-broken cor-
related states within the THF model provides a natural explanation
for the observed PTE response at low temperatures. The crucial role
of thefinite carrier lifetimes of the f states is emphasized in the obser-
vation of a negative, sign-preserving Seebeck coefficient. From the
measured response and the estimated AT, (Supplementary Section V),
we obtained S = 50-150 pV K for T, =10 K across the conduction
flat band, in good agreement with theoretical computations® and
previous reports* 2%, We note that, while the Seebeck coefficient is
typically smallin semimetals, due to e-h compensation, the asymmetry
in dispersion and lifetime in the correlated states of MATBG leads to
alarge Seebeck coefficient.

We now focus on thermoelectric transport at higher lattice tem-
peratures. As the temperature rises, the symmetry-broken ground
states disappear and MATBG transitions into a symmetry-preserving
unordered state*””!, with Hubbard bands observed in scanning
tunnelling microscopy experiments®***. Theoretical calculations
estimate the critical temperature for this symmetric state to be
around 10-20 K (ref. 47). The PTE response at T, = 30 Kand 50 K for an
absorbed optical power P, =5.47 pWisillustrated in Fig. 4a. Unlike the
low-temperature behaviour, we observe hole-like thermoelectricity
with S > 0for 0 <v, <3,whichweattribute to the activation of carriers
in higher energy bands. The overall trend of the signal resembles
the thermoelectric response in the non-interacting limit (grey trace
in Fig. 4a). However, the distinct gap-like oscillations around each
integer v, (Fig. 4b) indicate the persistence of electron correlations
inthe high-temperature, symmetric state.

To model the high-temperature thermoelectric transport, we
used the THF model withidentical parameters to the low-temperature
case. However, we examined symmetric solutions, in which none of
the model’s symmetries are spontaneously broken®**"**, The com-
puted symmetric Seebeck coefficient S, is illustrated in Fig. 4c for
T, =15K, and shows marked oscillations atinteger valong with a posi-
tive (hole-like) offset, similar to the non-interacting scenario’. The
oscillations arise from gap openings through interactions between
thelocalizedfstates. Overall, the THF model qualitatively reproduces
the Seebeck effect at high temperatures under the assumption that the
solutionmust preserve symmetry. The temperature mismatch between
the theory and experiment stems from less precise modelling of the
non-interacting dispersion, which is susceptible to extrinsic effects
such as strain or lattice relaxation.

The PTE response at elevated temperatures highlights the
presence of electron correlations beyond the ordering temperatures
of the symmetry-broken ground states. The qualitative match with
the Seebeck coefficient for the symmetric solution of the THF model
provides further support for heavy fermion physics in MATBG. These
findings also emphasize that electron interactions can induce gap
openings in the electronic spectrum of the flat band even when all
system symmetries are preserved.

While the band asymmetry of the correlated ground states has
been predicted in other theoretical frameworks*>*, heavy fermion
mapping of MATBG? offers two distinct advantages. First, it ena-
bles computations beyond the Hartree-Fock level, allowing us to
self-consistently obtain the band and state-resolved carrier lifetime,
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whichis central to the observed low-temperature behaviour. Second,
it provides an intuitive picture of the contrasting ground states
observed inthe MATBG flat bands based on the coexistence of distinct
carrier types with different masses and scattering rates.

Future studies of the thermoelectricity of MATBG flat bands
could investigate the Nernst effect’ or locally map thermoelec-
tric transport®. The role of phonon drag contributions, particularly
for Joule heating schemes, remains an open question due to the
limited experimental insight into the phonon spectrum of MATBG
and its coupling to electronic transport®”®, The signatures of
coexisting light and heavy electrons reported here also motivate the
investigation of Kondo physics in van der Waals heterostructures® %,

In terms of applications, the large measured PTE response (and
predicted Seebeck coefficient) suggest the potential for applications
of MATBG as athermoelectric material; for example, inactive thermo-
electric cooling at cryogenic temperatures®*®*. Correlated materials
have been proposed before as excellent candidates for thermoelectric
materials****. Future MATBG devices based on the PTE effect could
leverage broadband absorption®, efficient carrier heating**** and
ultrafast thermal relaxation®.
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Methods

Device fabrication

The MATBG devices were fabricated using a cut-and-stack technique.
All flakes were first exfoliated on a Si/SiO, (285 nm) substrate and later
picked up using a polycarbonate (PC)/polydimethylsiloxane (PDMS)
stamp. All of the layers were picked up at atemperature of T=100 °C.
We used an atomic force microscope tip to cut the graphene to avoid
strain during the pick-up process. The PC/PDMS stamp first picked up
thetop graphitelayer, the top hBN and the first graphene layer. Before
picking up the second graphene layer, we rotated the stage by anangle
of 8=1.1°. Finally, the stamp picked up the bottom hBN and bottom
graphite gates. We dropped the finalized stack onto a Si/SiO, substrate
by melting the PC at T=180 °C. The resulting stack was etched into a
Hall bar using a CHF,/0, plasma and one-dimensional contacts were
formed by evaporating Cr (5 nm)/Au (50 nm) (Supplementary Fig.1b).
We etched a narrow channel of width d =150 nmin the top gate using
an O, plasma. Before etching the top gate, the device was characterized
intransportusingafour-probe configuration at 7, =35 mKtoidentify
the pair of contacts closest to the magic angle of 8 =1.1°. The junction
was made between this pair of contacts.

Transport measurements

Transport studies for the characterization of the two samples were
carried out in a dilution refrigerator (BlueFors SD250) with a base
temperature of 20 mKand a VTl cryostat (ICEOxford) with abase tem-
perature of 1.55 K. Further transport measurements were performed
insituinthe optical cryostat (Attodry 800, base temperature 6 K) used
for the optoelectronic measurements. All transport measurements
were performed using a standard low-frequency lock-in technique
(Stanford Research SR860 amplifiers) with frequency f=17.177 Hz.

Optoelectronic measurements

We studied the optoelectronic response of the MATBG p-njunctions
using standard d.c. and low-frequency a.c. transport measurements
combined with scanning laser microscopy. All optoelectronic meas-
urements were performed in an Attodry 800 cryostat with free-space
optical access. Further information on the optoelectronic set-up is
provided in the Supplementary Information.

Data availability

Source data are provided with this paper. All other datasets that sup-
portthe plotswithin this publication are available from the correspond-
ing author uponreasonable request.
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