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Recent experiments on magic-angle twisted bilayer graphene have

shown the formation of flat bands, suggesting that electronic correlation
effects are likely to dominate in this material. However, a global transport
measurement showing distinct signatures of strong correlations—such as
local moments arising from the flat bands—is missing. Here we demonstrate
the presence of emergent local moments through their impact on entropy
extracted from thermopower measurements. In addition to sign changes
inthe thermopower at the Dirac point and full filling of the flat bands, we
observe sign changes near the quarter-filled bands that do not vary with
temperature from 5 Kto 60 K. Thisisin contrast to temperature-dependent
crossing points seen in our study on twisted bilayer graphene devices

with weaker correlations. Furthermore, we find that applying a magnetic
field reduces the thermopower, consistent with spin entropy suppression
observed in layered oxides under partial spin polarization. Neither the
robust crossing points nor the suppression by amagnetic field can be
explained solely from the contributions of band fermions; instead, our data
suggest adominant contribution coming from the entropy of the emergent
localized moments of a strongly correlated flat band.

Theintroduction of arelative twist angle between two or more van der
Waals layers, resulting in the formation of a moiré superlattice, has
opened a new field of exploration in condensed matter research,
termed twistronics'*. Within the family of twisted heterostructures,
the magic-angle twisted bilayer graphene (MATBLG) with a twist
angle (6, = 1.1°) is extensively studied'>*°. The interlayer hybridi-
zation between the rotated monolayers of MATBLG plays a crucial
roleinformingisolated flat bands, resulting in the effective electronic
kinetic energy being substantially smaller than the effective Coulomb
interactions, thus enabling the realization of a rich phase diagram
dominated by strong correlations*" >, Emergent phenomena such

as superconductivity>*'*'¢, correlated Mott insulators'?, Coulomb
blockade in scanning tunnelling microscopy (STM)""*", orbital
ferromagnetism'®", anomalous Hall effects*, quantized anomalous
Hall effects”, nematicity”, Chern insulators>**, strange metals®, the
Pomeranchuk effect** and giant thermopower*® at low temperatures
havebeenreported. These experimental features show a combination
of properties: some are associated withitinerant electrons, while others
relate to atomic orbital physics with localized moments.

To elucidate these experimental observations, a comprehensive
framework of heavy fermion physics has been invoked”*. In this
framework, the more dispersive c-band and the flat f-band hybridize
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to formthe emergent band of MATBLG with narrow bandwidth. In addi-
tionto the normalized bands, we expect that the flat band of MATBLG
would lead tothe formation of emergent local moments due to strong
correlations, with orbital, valley and spin characteristics. Although
thermodynamic probes such as compressibility measurements®**
haveindicated the presence of local moment fluctuationsin MATBLG,
and STM studies®" " suggest that strong correlations dominate in
MATBLG (one of the key ingredients for exhibiting local moments), a
global transport measurement s still lacking to conclusively establish
the presence of emergent local moments in MATBLG. Recent experi-
ments on twisted bilayer® and twisted trilayer graphene® using pho-
tothermoelectric effects have turned to heavy fermion theory** to
interpret the observed results, primarily originating from the lighter
c-electrons, as opposed to f-electrons with amuch shorter lifetime. In
this work, we use thermopower—aglobal transport probe to measure
asystem’s entropy—to study the presence of emergent local moments
duetostrong correlations inthe flat band of MATBLG. We believe this is
acrucial step in understanding thermopower and its dichotomy with
electrical transport.

We have conducted comprehensive thermopower studies, vary-
ing the filling factor (v) and temperature (T), on two types of twisted
bilayer graphene (TBLG)-based devices: (1) type 1, MATBLG device
with expected U/W =1, and (2) type 2, TBLG devices with expected
U/W 51, where U and W represent the interaction strength and
bandwidth, respectively. Except for low temperatures (7 <7 K), the
thermoelectric voltage (Vy,) of the MATBLG for both the conduction
and valence bands remains symmetric with respect to the Dirac point
(DP) with opposite signs. Aside from the anticipated sign changesin V7,
at the DP (v=0) and full band filling (v = +4), additional sign changes
or crossing occur around v = t1. Our key observations are as follows:

(1) Thepositionsofthethree crossing points (atthe DP and the addi-
tional crossing points, V. =+1) remain constant from 7=5K
to 60K for MATBLG with U/Wz1. This is in contrast to the
temperature-sensitive behaviour of the three crossing points
for TBLG devices with U/W < 1, for which three crossings merge
into a single one around 30 K.

(2) Using non-interacting band electrons and weak coupling inter-
actions with Hartree-Fock (HF), we find that theoretical models
based on the single-particle picture predict that the additional
crossing points (v,,) are highly temperature dependent and
fail to capture the robustness of these crossings observed ex-
perimentally for MATBLG.

(3) Our theoretical models, based on dynamical mean-field theory
(DMFT) and a minimal model of the atomic limit with strong
correlation (W 5 U), successfully capture the robustness of the
additional crossing points v, to temperature changes.

Tovalidate the presence of astrong correlation, we investigate the
effect of amagnetic field (B) on Vy, for MATBLG. We find that, with B,
andB,, V;,shows a30%and 50% reduction, respectively, with minimal
change inresistance. The response to the magnetic field, along with
the robust v, suggests that V;, in MATBLG arises predominantly
from the emergent local moment degrees of freedom (spin/valley),
highlighting the importance of strong correlations in flat bands.

Thermopower of band versus strongly correlated
electrons

Figurelbillustrates aschematic of TBLG featuring AA and AB stacking
regions. The f-electronslocalize at the AA sites”*****’, while c-electrons
move primarily through the AB regions* ™, as depicted in the
schematic. These f-and c-electrons hybridize, resulting in the norma-
lized flat band of MATBLG. In the strongly correlated regime (W < U)

of aflat band, the thermopower (S;,) and the total entropy (S.,) are

related by the Heikes limit®** (S, = —é X a;% ), where Nis the total

number of particles and eis the electronic charge. The entropy canbe
considered a combination of configurational (S.,,¢) and spin (Syi,)
contributions®. The S, can be envisioned as follows: because the
AA sites contain approximately 95% of the carriers®?¢, at any filling
(v<t4),the S, represents the number of ways the AA sites can be
filled with carriers (Fig. 1b), and its behaviour with vis illustrated
inFig.1d (top) for two regimes, k; T < U (blueline) and k; 7> U(red line),
where kg is the Boltzmann constant. The S, arises from the local
moment’s degrees of freedom (spin/valley). The corresponding
thermopower®**is depicted in Fig. 1d (bottom). As long as k,T< U,
thermopower exhibits additional sign changes around v = +1.3.

In the regime where U = 0, the thermopower of a flat band can
be represented by non-interacting band electrons, for which S, is
expected to be proportional to the derivative of the density of states
(DOS), g(¢). However, as temperature increases, one must consider
the impact of the effective DOS (Jg(¢)(-df/de)de) due to thermal
broadening. This effect is represented by the blue and red lines in
Fig.1c (top) for5Kand 50K, respectively. The calculated thermopower
using a semi-classical description with a DOS following the conti-
nuum model is displayed in Fig. 1c (bottom) and is highly sensitive to
temperature. If thermal broadening becomes comparable to half of
thebandwidth (3.5k; T = W/2), the additional sign changes merge with
the DP.

Device and measurement set-up

Figure 1a illustrates the schematic of our thermopower meas-
urement set-up. The devices comprise hexagonal boron nitride
(hBN)-encapsulated TBLG with Si/SiO, or graphite back-gated. Further
detailsare provided in Supplementary Section 1and Methods. For the
thermopower measurement, anisolated gold heater line, depicted in
Fig.1a, is positioned parallel to one side of the stack. The thermoelectric
voltage, V;,, measurement uses awell-established 2w lock-in technique
at w =7 Hz (refs. 41-47) in linear regime (Supplementary Section 2),
whereas we have used Johnson noise thermometry®® to measure the
temperature difference (AT) to extract the thermopower (Supple-
mentary Fig. 5). However, except low temperatures (below 10 K), we
have only concentrated on the thermoelectric voltage, V,, because
extracting AT using noise thermometry is challenging at elevated
temperatures owing to high background equilibrium thermal noise.
We have carried out measurements on four devices: MATBLG (1.05°),
near MATBLG (0.95°), twisted double bilayer graphene (TDBLG around
1.1°) with SiO, back-gate and approximately 1.2° TBLG with graphite
back-gate. The advantages of our geometry (Fig. 1a and Supplemen-
tary Section 1) are discussed in Supplementary Section 2, and further
details can be found in our previous work?%, where Vy, isinvestigated
at lower temperatures, specifically below 10 K.

In the upcoming sections, we discuss our measurements of the
temperature-dependent evolution of the thermoelectric voltage (V7).
We explore different temperature ranges in relation to the key energy
scales of the system, including the bandwidth (W) of the flat band, the
interaction strength (U) and the energy gap between the dispersive
lower and upperbands (4,). We compare the results from two types of
device: (1) U/W=21-SiO,back-gated 1.05° MATBLG and (2) U/W <1-1.1°
TDBLG and1.2° TBLG with graphite gating. This categorizationis based
ontheirresistance response tofilling and temperature, as well as their
distinct thermopower responses. The stronger correlation in SiO,
back-gated MATBLG is indicated by the more pronounced resistance
peaks at integer fillings, which persist beyond 100 K, in contrast to
the weaker resistance peaks in graphite-gated TBLG, which vanish
within 50 K (Figs. 2 and 5 and Supplementary Fig. 9). This is further
supported by experimentally determined typical energy scales for
the SiO, back-gated MATBLG (via STM'), which are approximately
W=20 meV, U=20-30 meV (refs. 9,12) and 4, =~ 30-40 meV (ref. 1),
suggesting that SiO, back-gated MATBLG devices are in the strong
correlationregime.
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TBLG/TDBLG

Fig.1|Device schematic and thermopower fromband electrons versus
strongly correlated electrons. a, Schematic of the measurement set-up. The
devices comprise hBN-encapsulated TBLG on a Si/SiO, substrate. For the Vy,
measurement, anisolated gold heater line (H) is positioned parallel to one

side of the stack. Passing a current in heater line (/,,) raises the temperature of the
source contact (S), while the drain contact (D) is kept fixed at bath temperature
via cold ground (CG). Bottom inset: the side view of the heterostructure.

b, Aschematic of TBLG with AA and AB stacking regions. In the strongly
correlated regime, the majority of the carriers are localized at the AA sites
withlocal moments as indicated by the black arrow, while the mobile itinerant
carriers move primarily through the AB regions as indicated by the blue lines.
Atagiven partial filling, v, some sites are occupied (yellow filled regions) while
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others remain empty (grey regions), and various ways to occupy the AA sites
giverise to the dominant contribution to the thermopower via configurational
entropy together with the local moment’s degrees of freedom (spin/valley
character). ¢, By contrast, the contribution of thermopower from the
non-interacting band electrons arises from the particle-hole asymmetry of a
band. Top: the effective DOS (fg(¢)(-df/de)de) due to thermal broadening, where
g(e) isthe DOS. Bottom: the expected thermopower from band electrons using
the semi-classical equation at different temperatures. d, Top: the entropy per
unit moiré unit cell (SQ’L) from the atomic limit with vfor k7> Uand k;T< U,
where Uis the onsite Coulomb repulsion. Bottom: the thermopower,

1 asM .
Stn = —= X =S withv.
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Anomalous thermopower response of MATBLG at
low temperature

Inthis section, we showcase the data within atemperature range that is
bothlesser and comparableto W, yetlower than Uand 4,.InFig. 2a, the
resistance (R) as afunction of filling (v) is plotted for several tempera-
tures (T) between 6 Kand 50 K. The v=4n/n;is the moiré filling factor,
where nand n;are the carrier density induced by the gate voltage and
the carrier density required to fully fill the flat band (four electrons/
holes per moiré unit cell), respectively. Insulating resistance peaks
can be observed at the DP (v = 0) as well as the band full-filling points
(v=t4).Additional prominent peaks emerge at positive integer filling
(v=1,20r3), thatis, for the conduction band, which survives even up
to 100 K. By contrast, such peak features at integer filling remain very
weak for the valence band.

In Fig. 2b, thermoelectric voltage (V;,) with vis plotted for same
Tvalues between 6 K and 50 K. V;, shows sign changes at the primary
DP and full-filling points. In addition, we observe sign changes near
v=+0.95. It is to be noted that the position of the crossing point at
v=+0.95 barely evolves with increasing T from 5K to 50 K, which is
an order-of-magnitude change in temperature. At low temperatures,
apeakin Vy, appears around v = 2. However, at temperatures above
8K, Vi, appears very symmetric between the valence and conduction
band with opposite signs, whichisinstark contrast to the asymmetric

nature of the resistance data in Fig. 2a. Specifically, V;, violates the
Mott relation*” (dInR/dv) at integer fillings, as depicted later in the
paper aswellas Supplementary Fig.27. The dInR/dv, according to Mott’s
description of thermopower®, anticipates sign changes at resistance
peaks and dips, shown in Fig. 5¢ and illustrated by the blue curves
in Supplementary Fig. 27. Even up to T= 90K, six sign changes are
observed for the conduction band, distinct from the sign changes at
the DP and band full filling. This is in stark contrast to the measured
Vi,datashowninFig.2b. The Mottrelationis violatedinall our devices
within certain density and temperature ranges, as shownin Supplemen-
tary Section 15. Various possible origins for this violation are discussed
inSupplementary Section16. Among these, the presence of interaction
is one of the origins; however, it does not alone elucidate the physics
oflocal moments.

Togetasense of the effect of the band on temperature-dependent
Vin (non-interacting), we have calculated the thermopower using
a semi-classical approach (details in Methods and Supplementary
Section 8). The non-interacting single-particle DOS of the flat band
calculated using the continuum model™ (W =10 meV) with the inclu-
sion of parabolic dispersing®lower and upper bandsis shown in Fig. 2c.
Semi-classically, the thermopower can be approximated as follows:
Ssc=-(1/Te)[[(e - wg(e)(-df/de)del/[Jg(e)(-df/de)de], wheree, T, u,
g(¢) and —df/de are, respectively, the electronic charge, temperature,
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Thermopower (ky/€)

Fig. 2| Low-temperature evolution of R and V;,, of MATBLG, contrasted with
the expected thermopower of band fermions. a, R as a function of v plotted

for several T. For visual clarity, each dataset is of fset by 10 KQ along the y axis
withincreasing 7. In general, R(T) shows metallic behaviour except at the DP
(v=0),and at v=+4 when the bands are fully filled, where R(T) shows insulating
behaviour. Additional peaks in R(v) emerge at positive integer filling (v=1,2 or 3),
thatis, for the conduction band, but are weaker for the valence band.

b, Vi, (v) for several Twith an offset of 10 pV. V4, is symmetric for the conduction
and valence bands with opposite signs (except at 6 K), whichis in stark contrast

to theasymmetry of resistance data. The sign of V;,changesatDPand v=+4
with additional points at v, = 1. It is important to note that the location of
Veross Darely changes with increasing 7. ¢, Non-interacting single-particle DOS of
flat bands using a continuum model'® with the inclusion of parabolic dispersive
bands’.d, Thermopower in shifted plot calculated semi-classically (Ssc) using
the DOSin c. Note that, at low T, Ssc shows crossing between O < |v| < 4, which
isstrongly dependent on Tand vanishes beyond 18 K. Ss. at higher Tbecomes
positive (negative) for the conduction (valence) band caused by the thermal
broadening (-df/de).

chemical potential, DOS and derivative of Fermi function. Ssc has been
calculated with self-consistently solved . At low temperatures, Ssc also
shows a crossing between 0 < |v| < 4, which is strongly tunable with
T and vanishes beyond 18 K as shown in Fig. 2d. At elevated tempera-
tures, Sqc transitions to positive (negative) values for the conduction
(valence) band. This arises due to thermal broadening (full width at half
maximum of —df/de = 3.5k;T), treating the flat bands as a single band,
and the charge neutrality point behaves resembling a transition point
fromelectronto hole-like for a half-filled single band. In Supplementary
Section 8, calculations were further extended to varying bandwidths
up to 40 meV and using different types of DOS, from continuum to
saw-tooth. The results show that the crossing points in thermopower
from non-interacting band electrons are highly sensitive to tempera-
ture, although the merging to a single crossing point depends on the
magnitude of the bandwidth. Moreover, calculations were performed
in the presence of interaction in the weak-coupling regime using HF,
as shown in Supplementary Fig. 16, and the outcome remains similar
to that of non-interacting band electrons. Comparing Fig. 2b with
Fig. 2d, itis evident that single-particle band electrons fail to capture
the measured V4. Inthe next section, we will discuss how thermopower
from local moments qualitatively captures our experimental data.

Local moment versus experimental thermopower

To capture the effect of correlation, we have considered various theo-
retical models (Supplementary Sections 10 and 11) with increasing
correlation effects. Among these, the DMFT atintermediate interaction
strength U/W < 1captures the robust crossing in thermopower as shown

inFig.3e and Supplementary Fig.17. To see the effect of strong correla-
tion*’ in thermopower, we use a minimal model of atomic limit, the
limiting case of extremely strong interaction and the bandwidth
approaching zero, t < k;T < U. In the atomic limit, the thermopower

. . - 1 osM .
is known as Heikes limit>** (S, = —= x =, where SM is the entropy

ov
per moiré unit cell) and further can be derived from the Kelvin formula*

(detailsin Supplementary Section11). In the regime of strong correla-
tion, areduction in entropy occurs when the band is half-filled (with
four out of eight orbitals filled), as depicted by the blue line in Fig. 1d
(top). Thisreduction leads to additional crossing pointsin the thermo-
power at v, = 1.3, as observed in our theoretical calculations
for U=20 meV (ref. 12) shown in Fig. 3a. The temperature indepen-
dence of the crossing points in the atomic limit for varying U from
15to40 meVis demonstrated in Supplementary Fig.19c. Toincorpo-
rate finite hoppingin our calculation, thermopower is computed using
exact diagonalization for a small cluster of moiré sites via the Kelvin
formula, showing the robust crossing (Supplementary Fig. 22). As
shown below, among the various theoretical models, the simplest
minimal model of atomic limit explains the most striking features of
our experiment.

Thesolid violetline in Fig. 3billustrates the evolution of v, with
temperature, for thermopower from strong correlations using atomic
limitin comparisonwith the non-interacting band electrons, Sy (solid
blackline). Figure 3b highlights that v, from the strong correlations
orlocal moments remains nearly constant, contrasting with v, from
band electrons, which are sensitive to temperature. In Fig. 3c, the evo-
lution of experimentally measured v,,., within O < |v| < 4 is presented
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Fig. 3| Expected thermopower from the local moments and comparison
with the experiment. a, Theoretically calculated thermopower in a strongly
correlated regime using the atomic limit***° at different temperatures with
U=20 meV. The additional crossings, v.,.,; around +1.3, are indicated by vertical
black arrows. b, The extracted v, from Fig. 3a as a function of temperature
isshowninasolid violet line. For contrast, v, from non-interacting band
electrons using semi-classical theory (for W =10 meV) is shown by ablack line.
¢, Evolution of the crossing points (within O < |v| < 4) with Tfor MATBLG (red
circles) and near MATBLG (blue triangles). Note that, for the strongly correlated
MATBLG with flatter bands, v, remains almost constant, resembling the
thermopower from the local moments in Fig. 3b. However, for the near MATBLG
device with bands that are not as flat, there is greater variation in v,. d, TDBLG

with weaker correlation exhibits notable v,,, variations with 7:in the valence
band, v, shifts to lower vand disappears by 20 K, while in the conduction band,
Veross ApProaches v= 0 around 35 K and qualitatively resembles the solid black
line that is non-interacting band electrons in b. e, The temperature evolution of
the crossing points of thermopower calculated using DMFT for U, W= 6,10 meV
(blue), U, W=12,20 meV (black) and U, W= 20, 20 meV (red) contrasted with
crossing points evolution for HF thermopower at U, W=12,20 meV (green).
Even DMFT with U 5 W (blue plot) has only weak temperature dependence over
abroad range, unlike the HF thermopower, where the crossing point varies
significantly with temperature and merges to a single crossing point at much
lower temperature.

for MATBLG (red circles) and near MATBLG (blue triangles) devices,
while Fig.3d shows the results for TDBLG and shown for graphite-gated
TBLG in Supplementary Fig. 9b. Comparing Fig. 3b with Fig. 3c and
Supplementary Fig. 9b, the MATBLG device closely resembles atomic
limit physics with strong correlation, atrend also observed for the near
MATBLG device, albeit with some variation (possibly arising from the
larger bandwidth and effect from the higher-dispersive band). How-
ever, the TDBLG and graphite-gated TBLG devices qualitatively align
closely with the thermopower from single-particle band electrons (or
weaker correlation effect), which is not unexpected, considering that
for TDBLG with1.1°, correlation effects are weaker at zero displacement
field as well as expected for the screened TBLG device. The raw data
of Vp, related to all the devices are shown in Supplementary Section
3. The DMFT results and the HF calculations are shown in Fig. 3e (see
Supplementary Section 10 for details).

Note that an effective model of flat bands for MATBLG*? requires
amultiorbital SU(8) description to account for Hubbard interactions
involving spin, valley and band quantum numbers. This model pre-
dicts multiple additional crossings in thermopower (Supplementary
Fig. 21), which are absent in experiments. By contrast, the minimal
SU(2) atomic-limit model best captures the observed crossing points at
v=+1. DMFT and exact diagonalization calculations on a small cluster of
moiré sites, incorporating finite hopping, closely match experimental
data. These calculations corroborate the connectionbetween strongly

correlated local moment regimesinthe extreme atomic SU(2) limitand
away from strictly atomic limit of SU(8) with finite bandwidth effects.
Thefinite energy dispersion of MATBLG flat bands, along with intrinsic
and extrinsic symmetry breaking, is expected to reduce the large SU(8)
symmetry of the atomic limit to lower-symmetry groups®*>**°52 For
adetailed discussion, see the ‘Atomic limit with multi-orbitals’ section
inSupplementary Section11.

Magneticfield dependence of thermopower

Figure 4a (top) shows Vy, withvfor different B, at 25 K. Here, the V, at
agiven field is normalized to B, = OT. With increasing B,, in the range
between a quarter (Jv| =1) and full (|v| =4) filling of both valence and
conductionband, aclear decrease of Vy, is observed. The effect is more
pronounced inthe valence band and quantified by plottingitsrelative
magnitude with B, in Fig. 4a (bottom) for v=-3.2, and 30% reduction
canbeseen. Thereductionin Vy, with B isinstark contrast to theresist-
anceresponse (Supplementary Fig.10b), where no noticeable change
in Rwith B, can be observed. Figure 4b (top) illustrates the evolution
of normalized Vy, with B, at 20 K. In contrast to B, amore substantial
decrease in the V;;, signal is observed with increasing B, , quantified
in Fig. 4b (bottom) for v=-3.5, where a 50% reduction is evident. It
isworth noting that, at 20 K, no clear signature of Landau level for-
mation was observed with B, in the resistance data (Supplementary
Fig.10f).Inaddition, Landau levels are expected to exhibit oscillations
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Fig. 4| Magnetic field dependence of thermoelectric voltage. a, Top: V;, with
vfor different B, at 25 K. Here the Vy,is normalized to V;, measured at B, = OT.
Bottom: the reduction of Vy;,can be observed with increasing B,, and the effect
ismore pronounced for the valence band and plotted at v = -3.2 (vertical black
arrow), which shows 30% reduction. b, Top: the evolution of normalized Vy,
with B, at 20 K. Bottom: in contrast to B, a larger decrease of the Vy, signal is

observed withincreasing B, and plotted for v=-3.55 (vertical black arrow),
where 50% reduction can be seen. ¢, Normalized entropy estimated from the
integral of the V;,, with vat 20 K from B, data. The peak position of the entropy
saturates to v = +1.3 (vertical dashed black lines) with higher B, . d, Theoretical
entropy calculated using atomic limit for zero magnetic field. The shape of the
experimental entropy in c resembles the theoretical entropy of local moments.

in Vy, (ref. 53), whichis not seenin Fig. 4b owing to thermal broadening
except for a weak modulation near DP. Similarly, no signature of the
Hofstadter-butterfly effect® was seenin our dataat 20 K. The reduction
in V3, with Bmay be arising due to partial polarization of spin/valley
degrees of freedom. However, further experiments (with temperature,
comparingtheresponse withscreened versus unscreened devices) and
theoretical explorationare needed to understand theinfluence of the
magnetic field onthermopower andits connection withlocalmoments.
InFig.4c, we have plotted theintegral of V;,to vto see how the relative
magnitude of entropy (S.,) reduces withincreasing magnetic field. One
can notice that the shape of Fig. 4c resembles the theoretically calcu-
lated entropy fromthe atomiclimitin Fig.4d (detailsinSupplementary
Fig.19). The study with the magnetic field is performed with a fixed
heater current, keeping other parameters fixed. The measurements
aredone ata constant AT (asinref. 26); hence, the relative change in
V,is expected to be the same as in the thermopower. The exact mag-
nitude of the entropy is shownin Supplementary Fig. 25 at 6 Kin units
of ky/moiré, and an estimation is shown for 20 K.

High-temperature response of thermopower of
MATBLG

After discussing the V4, in the intermediate temperature (5-60 K), in
this section, we present the results for a higher temperature range of
70-300 K, such that we can study V, for the non-interactive regime
(kg Tz U) as well as the effect of upper and lower dispersive bands
(kgT2 4,).

Figure 5a illustrates the evolution of R with T in the range of
70-300 Kasafunctionof v. At 70 K, flat-band features persist, evident
inresistance peaks at v =4 andkinks atinteger values. The asymmetry
betweenvalence and conduction bands is noticeable. As temperature
increases beyond 120 K, flat-band features fade, and the resistance
spectrum resembles a graphene-like behaviour with a single Dirac
peakat the charge neutrality point. The spectrum becomes more sym-
metric with rising temperature. In Fig. 5b, the evolution of Vy, with T
is depicted for vin the range of 70-300 K. Above 70 K, no crossings
occur inside the flat band, except at the DP. Between 80 K and 120 K,

Vr,remains nearly flat and close to zero within |v| = 2. Beyond 120 K, the
response of Vy, is consistently negative (positive) throughout the con-
duction (valence) band, akinto the thermopower response observedin
graphene***%, The comparison between the measured V7, and deriva-
tive of resistance (dInR/dv) of MATBLG versus vis shownin Fig. 5¢,and
details can be found in Supplementary Section 15. Beyond 120 K, V7,
startstofallin good agreement with Mott, asevidentin Fig. 5c (bottom).

In this paragraph, we summarize the observed thermopower
across different temperature ranges. As previously mentioned, the
key energy scales include the bandwidth (W) of the flat band, the
strength of interaction (U) and the energy gap (4,) between the dis-
persing lower and upper bands (illustrated schematically in Supple-
mentary Fig. 23). (1) When W< U <A, < kT, the contributions from
higher-dispersing bands dominate, resulting in positive thermopower
for v< 0 and negative for v> 0 at high temperatures, as depicted for
T>120KinFig.5b. Thisbehaviouris characteristic of graphene-based
systems due to electron-hole symmetry, which manifests as a cross-
ingatv=0(DP).(2) When W< U< kT = 4,, the effect of the flat band
starts contributing along with higher-dispersing bands. However,
these contributions exhibit opposite signs, leading to nearly flat,
close-to-zero Vy;, as observed for T within 80-120 K in Fig. 5b. (3)
In the scenario where W< U= k3T < 4, the influence of the flat band
dominates, overshadowing contributions from higher-dispersing
bands. This regime, illustrated by the solid red line in Fig. 1d (bottom),
with single crossing at v =0 with positive values for v> 0 and nega-
tive for v < 0. This behaviour is observed within a narrow tempera-
ture range around 70 K, as depicted in Fig. 5b. (4) When W<k, T< U,
the strong correlation starts to dominate, leading to three promi-
nent crossings (v=0, vt1), asillustrated in Fig. 2b. Supplementary
Fig.24 provides a pictorial summary of the thermopower response of
MATBLG across various temperature ranges, comparing it with
theoretical expectations.

Conclusion
Insummary, our thermopower response is consistent with the effects
of strong correlations in MATBLG. However, there are still puzzles that
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Fig. 5|High-temperature response of R and V;,, of MATBLG, and comparison
with Mott formula. a, The evolution of Rwith vfor Tin the range 70-300 K.
Beyond 100 K, the flat-band features fade and show a graphene-like resistance
spectrum. b, The evolution of Vy;, with vwithin the temperature range 70-300 K.
For Twithin 80-100 K, the V;, remains flat and close to zero within the doping
range |v| = 2. For Tbeyond 120 K, V, remains negative (positive) throughout the

conduction (valence) band, similar to graphene. ¢, Validation of Mott, measured
Vo, and derivative of resistance (dInR/dv) of MATBLG at several T. The dInR/dv
inlight-bluelines and Vy,, in orange curves. The violation of the Mott formula
persists up to120 K, beyond which Vy, starts to fallin good agreement with Mott,
asevident from 200 Kand 300 K data.

require anunderstanding of orbital and valley effects to gaina clearer
picture of the system and to design novel methods to differentiate these
contributions. Suchinsights will pave the way for the future develop-
ment of thermoelectric devices that harness the unique characteristics
of flat bands in twisted heterostructures.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41567-025-02849-1.
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Methods

Device fabrication and measurement scheme

We have used the modified ‘tear and stack’ technique to fabricate the
twisted heterostructures, and details are mentioned in Supplementary
Information. We have used four devices: three of themare controlled by
Si/SiO, gating, whereas the graphite gating controls one TBLG device.
All the contacts are made of Cr (2 nm), Pd (10 nm) and Au (70 nm). For
all the devices, the heater line, which is electrically isolated from the
devices, is used to create the temperature gradient. The thermoelectric
voltageis measured using standard V,, technique, and the temperature
gradient is measured using Johnson noise thermometry. The details
canbe foundin Supplementary Information.

Semi-classical calculation

The semi-classical description of Boltzmann theory to calculate
thermopower for the band electrons is given by the following relation
considering energy-independent relaxation approximation:

1 S5 (e - pgE)(~df/de)de
Te = g(e)(~dfide)de

Ssc(p) = — (1

where g(e) refers to the DOS as a function of energy (€), fis the Fermi
function, eis being the electronic charge and i is the chemical poten-
tial. Note that, in equation (1), df/de has a finite width beyond which
df/de »> 0O, thus eliminating the necessity to integrate over —~ < e <,
For all practical purposes, integral over the low-energy flat band
and some portion of the dispersive band accurately depicts the
semi-classical behaviour of thermopower. The self-consistently solved
pis used to calculate the thermopower. The details can be found in
Supplementary Section 8.

Thermopower from atomic limit

Inthis regime, the flat bands and interactions therein are expected to
dominate. We work in the atomic limit where Hamiltonian is given by
H =73, (Ungng + €.n,) Wwhere a={l, ..., 4} labels the four orbitals and
Uis the Hubbard interaction. Evaluating the partition function Zand
the corresponding Helmholtz free energy is given by F=-k;TlogZ
and the corresponding entropy is given by S, = — (g—';) The thermo-
power is then given by S, = —i BS—V where e is the electric charge.
It should be noted that u is solved self-consistently to fix the filling v.
The details are described in Supplementary Section 11.

Data availability
Thedata presentedin thearticle are available from the corresponding
author upon request. Source data are provided with this paper.
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