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Abstract: The flat bands [1] of magic-angle twisted bilayer graphene (MATBG) host 
strongly-correlated electronic phases such as correlated insulators [2-6], 
superconductors [7-11] and a strange metal state [12]. The latter state, believed to be 
key for understanding the electronic properties of MATBG, is obscured by various 
phase transitions and thus could not be unequivocally differentiated from a metal 
undergoing frequent electron-phonon collisions [13]. Here, we report transport 
measurements in superconducting MATBG in which the correlated insulator states are 
suppressed by screening. The uninterrupted metallic ground state shows resistivity that 
is linear in temperature over three decades and spans a broad range of doping including 
those where a correlation-driven Fermi surface reconstruction occurs. This strange-
metal behavior is distinguished by Planckian scattering rates and a linear magneto-
resistivity. In contrast, near charge neutrality or a fully-filled flat band, as well as for 
devices twisted away from the magic angle, we observe the archetypal Fermi liquid 
behavior. Our measurements demonstrate the existence of a quantum-critical phase 
whose fluctuations dominate the metallic ground state throughout a continuum of 
doping. Further, we observe a transition to the strange metal upon suppression of the 
superconducting order, suggesting a relationship between quantum fluctuations and 
superconductivity in MATBG.


Conventional metals, in which electron interactions are described by Landau's Fermi-
liquid theory, feature a hallmark temperature-dependent resistivity  and a  
magneto-resistivity [14]. However, a strikingly different behavior arises in the presence of 
strong electron correlations, where alongside superconductors, magnets and insulators, 
unusual ‘strange’ metal phases can survive down to , as reported in cuprates [15,16], 
ruthenates [17], pnictides [18], heavy-fermion systems [19] and, recently, in twisted di-
chalcogenides [20]. Such ‘strange’ metal phases display the unique dependences  
and  and are associated with ultra-fast carrier scattering governed by the universal 
Planckian dissipation rate , with  the reduced Planck’s constant and  the 
Boltzmann’s constant [21]. The observation of  down to  signals the 
proximity to a quantum critical point: the neighboring metallic ground state is dominated by 
inelastic scattering with electronic quantum-critical fluctuations. These fluctuations have 
been mostly related to magnetic ordering [22], yet purely nematic fluctuations were also 
reported [23]. Understanding the intricate relationship between quantum fluctuations, finite-
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temperature ‘strange’ metallicity and the exotic phase transitions found in a wide variety of 
strongly-correlated systems is a major conundrum in condensed matter physics.


Early measurements in twisted bilayer graphene rotated by the magic angle of 
 (MATBG) observed a metallic phase at temperatures 0.5 K < T < 30 K with a linear 

 [12,13] and Planckian scattering rates in close proximity to correlated-insulating [2-6] 
and superconducting phases [7-11] for electron filling factors of  per moiré unit cell. 
First interpretations suggested a ‘strange-metal’ phase [12] emerging from purely electronic 
interaction [24] and drawing an analogy to other strongly correlated systems [15-23]. 
Subsequently, however, it was proposed that a conventional electron-acoustic phonon 
scattering mechanism [25] above a characteristic Bloch-Grüneisen temperature  
(typically, exceeding a few kelvin), could also result in a similar behavior under favorable 
assumptions [13, 26]. An investigation of the  regime of MATBG would allow to 
definitively differentiate between these distinct scenarios, yet, such studies have so far been 
impeded by the abundant low-temperature insulating and superconducting phase transitions.


This manuscript reports on comprehensive electronic transport measurements 
extending down to  mK, firmly establishing the existence of a ‘strange’ metal phase. In 
order to reveal the low-temperature metallic states, we deliberately chose MATBG devices 
with ultra-close metallic screening layers and twist-angles that slightly deviate from 1.1° [9, 
27]. In particular, we focus on device D1 with a twist-angle  and a screening layer 
spacing of d = 9.5nm (inset of Fig.1.a), which did not show correlated-insulating phases (in 
the hole-doped region) but still showed a robust superconducting dome (see Fig.1.a). We 
performed resistivity measurements for a broad parameter space of  with carrier 
density  tuned across the entire flat-band region, temperatures from  mK to  
K and magnetic fields up to B = 1 T (see SI section B for extended measurements up to 100 
K). Our measurements confirm the existence of a T-linear resistivity in the center of the flat-
bands above  K, in agreement with previous results [12, 13], and firmly establish its 
uninterrupted continuation down to  mK, which cannot be explained by conventional 
electron-phonon collisions. Further, we unveil another signature of the ‘strange’ metal state: a 
linear B-dependence of the resistivity. In contrast, we find a typical Fermi-liquid behavior 

 in the vicinity of the band edges, and in twisted bilayer graphene (TBG) with 
twist-angles that strongly deviate from the magic-angle  (see SI section C for more 
details). Lastly, we demonstrate that the ‘strange’ metal state extends into the 
superconducting dome region after suppressing superconductivity by an applied magnetic 
field. These observations establish the existence of a quantum-critical continuum and 
demonstrate a strong resemblance between MATBG and a variety of quantum-critical 
systems, pointing to an intricate relationship between electronic quantum fluctuations and 
superconducting/correlated insulating states. While recent findings of the isospin 
Pomeranchuk effect in MATBG [28, 29] point to soft spin and valley fluctuations as a driving 
mechanism of the low-T phase diagram, the nature of the quantum fluctuation in MATBG 
remains an open question.


Fig. 1.a shows the four-terminal resistivity  of device D1 as a function of the moiré 
band filling factor with  (  is the area of the moiré unit cell) for 
temperatures ranging from 40 mK up to 20 K. We observe insulating behavior, i.e. an 
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increasing resistivity when temperature is decreased, at electrostatic doping levels which 
correspond to the vicinity of the charge neutrality point , for the fully-filled flat band 

 and around . Superconducting domes are found close to half-filling 
( ). By choosing a screening layer separation that is smaller than a typical Wannier 
orbital size of 15nm [9] we were able to quench the correlated insulators at  and 
leave the hole-doped region entirely metallic (apart from the superconducting dome). Clearly 
resolved is also the isospin Pomeranchuk effect, where the resistance peaks at  are 
more pronounced at elevated T [28, 29]. The simplicity of the phase diagram of the hole-
doped D1 allows for an in-depth study of the metallic ground state and its ties to the 
neighboring superconducting ground state. Similar datasets measured on other devices (listed 
in section A of the SI) are shown in the sections B and C of the SI and draw a consistent 
picture of the metallic ground state.


We first discuss the temperature dependence of the resistivity and its evolution with 
the filling factor. A basic zero-order picture emerges from the (numerical) derivative 

 shown in Fig. 1.b : this quantity is roughly temperature independent in a wide 
range of filling factors and is weakly sensitive to doping. The details of this behavior are 
illustrated in Fig.1.c which present the resistivity vs. temperature for successive filling 
factors. Starting from the insulating regime at the charge neutrality point, metallicity is 
recovered at , which first shows a super-linear temperature dependence below 15 
K, and then saturates into a linear dependence. With increased doping, the onset of the linear 
dependence is quickly shifted to lower temperatures. Starting from , the T-linear regime 
extends down to the base temperature and remains T-linear until a second super-linear regime 
is found for . This ‘strange’-metal phase is only interrupted by a superconducting 
transition observed around half-filling.


We analyze the temperature dependence below  K by fitting the resistivity 
with , where the parameters  and  define the prefactor and the 
exponent of the T-dependence while  is the residual resistance at T = 0. Fig 1.d shows 

 on a log-log scale, which allows to trace  over three orders of magnitude 
down to centikelvin temperatures. We fit each curve with , which results in linear lines 
on the log-log plot, with a slope that is directly defined by . 
In proximity of the charge neutrality point ( ) and of full filling ( ), we 
find a  which results in a super-linear  dependence. However, for 
the filling factor range of -3.5 <  we find , which gives rise to a strictly linear 

 dependence with a high slope of  kΩ/K, which is shown in the inset of 
Fig.1.d. Strikingly the T-linear dependence extends without interruption from the base 
temperature of 40 mK to a temperature of 10 K, above which it saturates (see the sections D 
and E of the SI for a discussion on this saturation upon reaching the Mott-Ioffe-Regel limit).


Can the observed linear dependence be explained by electron-phonon scattering? The 
electron-phonon mechanism yields a weak T-linear resistivity only above the Bloch-
Grüneisen temperature with typical values K, whereas below  the T-dependence 
is superlinear,  [26]. The temperature of 40mK at which the T-linearity is 
observed in device D1 is several orders of magnitude lower than , and the observed slope 
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of  kΩ/K is much higher than expected from an electron-phonon mechanism. 
Since  [25], it has been suggested that near the charge neutrality point ) or 
at the Fermi energy resets ( ) [5], the values n and  become small enough to yield 
a  dependence with an enhanced slope that can persist to temperatures as low as 

K [13, 26]. In addition to the temperature range, this scenario however appears 
inconsistent with our findings as we observe 1) a large interval of dopings where the low-T 
linear regime occurs, 2) the emergence of a -dependent resistivity of the same amplitude 
near the flat band edges and 3) the evolution of the prefactor  as a function of doping, 
which sharply increases for  as shown in the inset of Fig.1.d.


These low-temperature observations are summarized in a schematic phase diagram in 
Fig.2.a. The metallic ground state at the edges of the band displays typical Fermi liquid 
behavior: a quadratic -dependent resistivity. However, doping away from the band edges 
induces ‘zero-temperature’ phase transitions, to a non-Fermi liquid state with a -linear 
resistivity for filling factors . It is thus tempting to identify the latter state as 
a ‘strange’ metal, wherein the finite-T metallic properties are dominated by critical 
fluctuations [15-20]. Support for this interpretation is offered by a comparison to the 
celebrated property of strange metals - a quasiparticle scattering time which is set by the 
Planckian limit  regardless of the nature of the scattering events [30]. A rough 
estimate of the scattering rate (see SI section D) indicates that the inelastic T-linear resistivity 
is indeed consistent with Planckian dissipation, confirming previous reports [12]. Overall 
these findings resemble the T-linear resistivity observed in LSCO and Bi2201 [31] down to 

, both at and away from a quantum critical point, and are possibly associated with the 
reconstruction of the Fermi surface [32].


Additional evidence for the quantum-critical scenario is provided by the 
superconducting state close to , where we observe a recovery of the strange-metal 
phase upon suppression of the superconducting dome by a small perpendicular magnetic field 

 mT (Fig. 2.b). As shown in Fig.2.c at 40 mK, above , the magnetoresistivity 
(MR) scales linearly  up to B = 1.5 T. This allows us to evaluate the MR-corrected 
resistivity of the superconductivity-suppressed state from the zero-field intercept of the linear 
B-dependence. Following this protocol for all temperatures we find similar ‘strange’ metal 
behavior  with a slope of kΩ/K, for as for  
(Fig.2.b). A similar universal recovery of the ‘strange’ metal phase below the 
superconducting dome was previously reported in a wide variety of strongly-correlated 
systems [20, 31], in spite of the vast differences in their Fermi surfaces, their structural and 
magnetic properties. 


Interestingly, the T-linear resistivity is accompanied by a B-linear magneto-resistivity 
(MR) also outside the superconducting dome. Such linear MR provides additional evidence 
for the existence of critical fluctuations that interact with the metallic ground state, and are 
characteristic of ‘strange’ metal phases in a multitude of superconductors [33, 34]. We 
illustrate the evolution of the MR across the band, where in Fig.3.a we show the (numerical) 
derivative  and in Fig.3.b the resistivity vs. magnetic field for a variety of fillings. 
To quantitatively analyze the power-law scaling of the MR, we use a similar analysis as for 
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the T-dependent resistivity, where we assume a B-dependence , where the 
parameters  and  define the pre-factor and the exponent of the power-law B-dependence. 
We fit each B-field segment of the curves in Fig.3.b with , and plot the evolution of the 
corresponding logarithmic derivative  as a function of B in 
Fig. 3.c. Overall we find a behavior very similar to the temperature dependence. In proximity 
of the charge neutrality point ( ) and of full filling ( ), we find a  and 
a  dependence for low B-fields B < 0.4T, which saturates at higher field. This 
saturation, as well as the saturation of the resistivity at high temperature are discussed in the 
SI (section F). For the filling factor range of -3.5 <  we find a , which gives rise 
to a linear  dependence with an ultra-high slope of kΩ/K for B > 0.2 T 
(shown in the inset of Fig.1.d), but which saturates for . We additionally show similar 
concomitant B-linear (up to 3T) and T-linear resistivities in another device with nearly 
identical twist angle (only 0.01° apart) in the section H of the SI. Similar study of the 
electron-doped region, although made more difficult by the presence of successive phase 
transitions, also highlights the emergence of a -linear resistivity in the center of the 
electron-doped flat band (see SI section I).


The observed linear MR is distinct from previous reports of linear MR for graphene 
systems which originate from classical effects [35] and persist to T = 300K and B = 62 T 
[36]. Our MR is 100 times stronger and is considerably more fragile, as it saturates near 1T 
and is quickly suppressed at elevated T, as is illustrated in Fig. 3.d. As can be seen in Fig. 3.e, 
between 40 mK and 50 K the slope of the MR (  decreases ten-fold. In contrast, for 
devices with , we observe an almost absent magneto-resistivity (see SI section C). 
The identical scaling for the B- and T-dependences suggests the absence of an intrinsic energy 
scale in the ground state. We propose that it is dominated by scattering off quantum 
fluctuations, with a quasiparticle scattering rate which is given by the dominant energy scale  

, where  and  are the magnetic and 
thermal scattering times, and is the Bohr magneton  and  are numerical factors. We 
estimate that at 1.9 K,  at B = 0.25 T (see SI section F for a detailed discussion), 
which corresponds exactly to the onset of the saturation observed in the low-field MR in Fig. 
3.c. Hence, for  we can conclude that the MR saturates because of finite temperature 
effects, similarly to the case of LSCO [34]. The Ansatz proposed to describe transport 
relaxation rates of most pnictides, cuprates, heavy fermions and twisted chalcogenides near a 

quantum critical point,  [20, 33], does not account for the MR 
of MATBG at finite temperatures.


These findings make a clear case that MATBG hosts a Planckian-limited T-linear 
resistivity that extends down to unprecedently low temperatures of 40 mK and occurs 
alongside a quantum B-linear magnetoresistance. Such behavior is incompatible with a purely 
Fermi-liquid picture with conventional electron-phonon scattering. Nonetheless, Fermi-liquid 
behavior is observed throughout the entire moiré band at non-magic angles (as shown in a 
study of a variety of twist angles discussed in section B of the SI); in contrast, in MATBG it 
is pushed to the flat-band edges. We therefore conclude on the existence of a ‘strange-metal’ 
phase arising from a quantum-critical region spanning a range of dopings including but not 
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limited to those where the Fermi surface reconstructs, and where quantum fluctuations 
dominate the metallic ground state of MATBG. Our observation reveal that superconductivity 
in MATBG emerges in a state dominated by quantum fluctuations. While the precise 
relationship between quantum fluctuations and phase transitions, as well as the microscopic 
nature of the fluctuations, remains an open problem, our work establishes a clear connection 
between strongly correlated and highly-tunable electronic moiré systems and the universality 
class of the quantum critical matter.
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Figure : 


Fig. 1. Temperature dependence of the resistivity of hole-doped MATBG. a Resistivity  of 
device D1 (  as a function of the filling factor ν for successive temperatures ranging from 
40 mK to 20K. The charge neutrality point (CNP), band insulators (BI) and the superconducting (SC) 
domes are highlighted. Away from these regions, a metallic ground state is observed. Inset shows an 
optical image of the Hall bar device in which a four-terminal geometry is used to measure . b Map of 

 vs.  in D1. Vertical dotted lines represent the line cuts which are highlighted in the next 
sub-figure. c Temperature dependence of the resistivity for successive filling of the flat band from 
near CNP (bottom) to near full-filling (top). Curves are shifted for clarity and the typical residual 

 resistivity  is shown. The low-T resistivity evolves from a super-linear T-dependence at the 
band edges, to a T-linear dependence in its center. d Log-log plot  vs.  for the highlighted 
filling factors in c. Power law fits of the low-T dependence are shown by straight lines. An evolution 
from a quadratic  dependence near CNP and full-filling, to a linear  dependence inside 
the flat-band region is seen. Inset shows the evolution of the prefactor  upon doping both for the 
linear-in-T resistivity (left y-axis) and the T-square resistivity (right y-axis).
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Fig. 2. Quantum critical fan. a Schematic representation of the ( ,T) phase diagram of hole-doped 
MATBG. The superconducting dome is enclosed in a ‘strange’ metal region dominated by quantum 
fluctuations. The canonical Fermi liquid behavior is recovered near the boundary of the flat-band 
region. b  for  across the superconducting phase transition at , and the in-field 
corrected  for the critical field mT. After suppression of the superconducting order, the 
uncovered metallic state is a ‘strange’ metal. Error bars correspond to the 95% confidence bound on 
the linear fit of the magnetoresistivity. c Evolution of the resistivity at  and mK vs. 

The suppression of the superconducting order leads to a sharp increase of the resistivity, and is 
followed by a linear MR up to  = 1.5 T. The linear MR is highlighted by a solid red line.
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Fig. 3. Magnetic field dependence of the resistivity of hole-doped MATBG. a Map of  as a 
function of . b Resistivity  as a function of magnetic field  for several filling factors 
(matching those detailed for the -dependence in Fig.1). c Shows the logarithmic derivative 

 vs. B for the highlighted filling factors. A B-linear MR is found in 
the ‘strange’ metal phase in the band center, while a -dependence prevails at the band edges. A 
saturation is seen at low field B < 0.2 T, which marks the crossover from thermal and magnetic 
dominated scattering times . Inset shows the evolution of the linear and quadratic prefactors 

 upon doping. d Plots of  vs.  for different temperatures from T = 40 mK to T = 50 K. 
Curves are shifted for clarity. The linear magnetoresistance is suppressed upon increasing 
temperature. e Shows the slopes  as extracted from d, as a function of T. Error bars correspond to 
the 95% confidence bound on the magnetoresistivity linear fit.
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Methods section:


Screening layer fabrication process: The devices presented in this study were produced 
following the “cut-and-stack” method: a thin hBN flake is picked up with a propylene 
carbonate (PC) film, then placed on a 90 ºC polydimethyl siloxane (PDMS) stamp. The hBN 
flake then allows to pick up a portion of a pre-cut monolayer graphene flake previously 
exfoliated mechanically on Si++/SiO2 (285nm) surface. Then, the remaining graphene sheet is 
rotated to a target angle usually around 1.1º - 1.15º and picked up by a hBN/graphene stack 
on PC (introduced previously). The resulting heterostructure is placed on top of another thin 
hBN flake (which thickness is chosen by optical contrast and further confirmed with atomic 
force microscopy measurements). Finally, the last layer of the heterostructure, sitting at the 
very bottom, is composed of a graphite flake (typically a few layer graphene thick) to create 
both a local back gate and a screening layer. The final stack is then placed on a target Si++/
SiO2 (285 nm) wafer, where it is etched into a multiple Hall bar geometry using CHF3/O2 
plasma and edge-coupled to Cr/Au (5/50 nm) metal contacts.


Transport measurements: Transport measurements were carried out in a dilution refrigerator 
(with base temperature 20-40mK) and an “Ice Oxford” VTI (with base temperature 1.6K). 
We used a standard low frequency lock-in technique using Stanford Research SR860 
amplifiers with excitation frequency f = 13.131 Hz and Stanford Research SR560 pre-
amplifiers. The back-gate voltage was controlled from Keithley 2400s voltage source-meters. 
DC voltage vs. DC excitation current measurements are also performed using SR560 low-
noise DC voltage preamplifier in combination with a Keithley 2700 multimeter. 
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Superconducting-type coaxial cables (2m long, Lakeshore) connect the mixing chamber plate 
to the room-temperature plate. Each line is equipped with a pi filter (RS-239-191) at room 
temperature, a powder filter (Leiden cryogenics) and a two-stage resistor-capacitor filter at 
the mixing chamber plate to avoid any unwanted heating of the charge carriers at low 
temperature. Our measurements show no sign of saturation of the electronic temperature 
down to 40mK. Investigations to lower temperatures will require advanced filtering to avoid 
heating of the charge carriers and advanced thermometry techniques to accurately evaluate 
the electronic temperature. The measurement were realized for various excitation currents I 
(obtained by applying a tension to a 10 MΩ resistor) ranging from (I<10 nA) not to break the 
superconducting state and up to I=200 nA (to enhance the signal in the metallic phase), with a 
special attention given to ensure consistency between datasets and not to increase the 
electronic temperature by gradually increasing the current and tracking the output voltage. All 
in-field measurements reported in this work were realized with an applied out-of-plane 
magnetic field.
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A. Table of studied devices


Supplementary Table S1: Geometry of the various devices discussed in this study.


B. Extended temperature dependent data of studied devices


Supplementary Fig.S1 shows the resistivity vs. temperature for several devices with various 
twist angles around the magic angle, D2 ( ), D3 ( ), D4 ( , D5 

 and D7  respectively in subplots a, b, c, d and e. The dimensions of the 
devices are presented in Supplementary Table S1. Devices D2 and D3 both show a 
succession of low-temperature superconducting and correlated-insulating states in the center 
of the flat-band region. These states make the metallic ground state hardly accessible. Yet, 
one remains able to see in D3 that the resistivity scales super-linearly with temperature near 
the charge neutrality point and a T-linear term develops in the core of the flat band (although 
here interrupted at low-T by several phase transitions). This behavior, described in D1 in the 
main text, is confirmed in devices D4 and D5 (although not tracked below 1.6 K). In both 
devices, we observe a clear evolution from a low-temperature superlinear (parabolic) 
resistivity near charge neutrality into a T-linear resistivity extending down to the lowest 
temperatures in the center of the flat band. With further doping, the slope of this linear 

Device Width x Length (µm2)

D1 1.04 3x2

D2 1.10 2.5x3

D3 1.03 2.9x3.6

D4 1.02 -

D5 1.3 3x3.5

D6 1.4 1.8x2.8

D7 1.5 1.4x7.4

D8 1.05 1.8x10.4

Twist angle  (°)θ

θ = 1.10° θ = 1.03° θ = 1.02°
(θ = 1.3°) (θ = 1.5°)
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resistivity increases until a superlinear resistivity at low temperature is recovered. On the 
contrary, device D7 with a twist-angle far from the magic angle shows no evidence of low-T 
linear resistivity. Device D6 shows similar  vs. T as device D7: a superlinear (quadratic) 
temperature dependence across the entire hole-doped flat-band, and is discussed in more 
detail in Fig. S2. A quantitative study of the power law dependence of resistivity as a function 
of temperature at half-filling of the hole-doped flat band is featured in Supplementary Fig.S2.


Supplementary Figure S1: Evolution of the resistivity of various twisted bilayer graphene devices both close 
to the magic angle and away from the magic angle. The highlighted filling factors are those discussed on device 
D1 in the main text. While ‘strange’ metal behavior, i.e. a linear-in-T resistivity is seen in D3, D4 and D5, 
device D7 shows only superlinear (parabolic) temperature dependence across the entire flat band.


C. Vanishing ‘strange’ metal phase in non-magic-angle devices.


Our report makes a convincing case that strong electronic correlations in the flat 
bands of MATBG drive the emergence of the low-temperature linear resistivity in quantum-
critical scenario. To check this intricate connection, we explore in more detail other devices 
with twist angles that deviate from the magic angle (presented above in Supplementary table 
S1). These devices have much weaker or absent correlations due to strongly increased 
bandwidths. We find that the transport properties of such devices do not show signs of 
quantum-critical behavior, as it is highlighted in Fig. S2.a and b. Both figures examine the 
temperature and field dependences of device D6 with a twist angle of . These show 

 and  traces for the same filling factors as previously discussed for device D1. In 
stark contrast to device D1, we do not observe any sign of a linear-in-T and linear-in-B 
resistivity extending down to the lowest excitation (as stated in the manuscript, and well 
described in the literature [2,14], above the Bloch-Gruneisen temperature a T-linear 
resistivity is expected). Instead, we find a parabolic temperature dependence across the entire 
hole-doped band, and an almost absent magnetoresistivity, which only shows a very weak 
and superlinear dependence for . To highlight the dependence of quantum critical 

ρ
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transport on the strength of the correlations, we examine a variety of devices, D1 to D7, with 
different twist angles from to  in Fig. S2.c. Similarly to what we have reported 
in Fig.1.d. of the main text, the resistivity of all devices is shown on a log-log scale as 

 for a filling of . We notice that devices D1 to D5, which are close to the 
magic angle, all show linear-in-T resistivity below T < 20 K. 


Supplementary Figure S2: a Temperature dependence of the resistivity of device D6 ( °) for 
the filling factors discussed for device D1 in Fig.1 and Fig.3 of the manuscript. The low-temperature 
dependence remains superlinear over the whole flat-band region. b Magnetoresistivity of device D6 for the 
aforementioned filling factors. The MR vanishes or shows weak and non-linear B-dependence, in stark contrast 
with that of device D1. c Log-log graph of  as a function of T for devices D1 to D7 (sorted by 
increasing twist angle) at filling . The devices are presented in the supplementary table 1. Devices D1 to 
D5 display T-linear resistivity below T < 20 K. The specificity of device D1, i.e. its correlated insulating state is 
extinct due to screening, is illustrated here. On the contrary, devices D6 and D7 with twist angles the furthest 
away from the magic angle, show a low-T T2-dependent resistivity. Top inset underlines the power law 
dependence from the temperature logarithmic derivative . The evolution of 

the slope  as a function of twist angle is shown in the bottom inset.


While this resistivity scales linearly down to the lowest temperatures T = 40 mK in 
D1, it is interrupted by a metal-insulator transition in most other devices. The evolution of the 
half-filling slope with the twist angle is shown in the bottom inset of figure S2.c.  
peaks around the magic angle  at a value of 0.35 kΩ/K. This angle-dependent slope 
is in agreement with previous reports [1,2]. On the other hand, the devices twisted further 
away from the magic angle show a -dependence, i.e. typical Fermi liquid behavior, across 
their entire band at low temperatures. This evolution of the low-temperature dependence of 
the resistivity at half-filling , from T-linear in devices close to the magic angle to a 
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-dependence at larger twist angles is further clarified by the evolution of the logarithmic 
derivative of the inelastic resistivity  as a function of 

temperature in the top inset of Fig. S2.c. Additionally, the prefactor of the T2 term (putative y-
axis intercept in a log-log scale) decreases as the device is twisted away from the magic 
angle. In the Fermi liquid picture,  and  (as well as the 
electronic specific heat) are enhanced by electronic correlations, as described though the 
Kadowaki-Woods ratio [3, 4]. This suggests that electronic correlations in the Fermi-liquid 
ground state are also enhanced near the magic angle. Although elusive in most graphene 
systems, a -dependent resistivity associated with Umklapp scattering has recently been 
reported in graphene-hBN superlattices [5].


D. Planckian dissipation


 

 


Supplementary Figure S3: a Evolution of the resistivity of device D1 up to 80 K. b Evolution of the inelastic 
scattering time with temperature as evaluated from the Drude formula for the highlighted filling factors at which 
we have determined the effective mass of the carriers m* and the carrier density n from a study of the 
Shubnikov de Haas effect (in device D8, see below). The inelastic scattering rate associated with the T-linear 
resistivity matches the Planckian scattering rate. A mismatch is expected from our crude approximation of an 
isotropic Fermi surface which contrasts with the peculiar filling of the flat band [7]. c Evolution of the electronic 
mean free path with temperature. The resistivity appears to saturate when  i.e. when the system reaches 
the Mott-Ioffe-Regel limit.


Supplementary Fig.S3.a shows the resistivity of the device D1, which is extensively 
discussed in this manuscript, up to T = 80 K. As mentioned in the main text, the resistivity 
displays a maximum at a finite temperature which is shifted to lower T with increasing filling 
of the electronic flat band. This result is in good agreement with previous reports on 
MATBG, where it was associated with thermal activation of higher energy bands [2]. 	  
In the Drude picture, the measured resistivity  is related to the scattering time of electrons 
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( ) and holes ( ) (with densities n and p, respectively) and their masses (  and , 
respectively) by Eq.(S1):


	 	 	 	 	 	 	 	 	 (S1)


Here, for electrostatic hole doping, we make the assumption that the electronic density is 
given by the doping n. The inelastic scattering time is then given by the equation Eq.(S1) (see 
Ref [6] for an in-depth discussion on the dichotomy between elastic and inelastic scattering 
rates in systems bound by Planckian dissipation).


	                          	          		 	 	 	 	 (S2)


Supplementary Figure S4: a-e Evolution of the resistivity  of device D8 with  for various temperatures 
and fillings factors. f-j Oscillatory part of the magnetoresistance , obtained by removing a polynomial 
background to  shown in subplots a-e.   is plotted as a function of  k The amplitude of the 
1/B=0.3 T-1 peak is shown as a function of temperature for various filling factors. Fits to the Lifshitz-Kosevich 

theory, , where  where m0 is the bare electron mass are shown as solid line and 

used to evaluate the quasiparticle effective mass. L The effective mass of charge carriers  in device D8 
( ) is shown as a function of the filling factor. The error bars are associated with 95% confidence 
bounds on the fit.
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To evaluate  we first need to evaluate the effective mass of the quasiparticles . To do so, 
we rely on the study of the quantum oscillations of the magnetoresistivity associated with the 
Shubnikov-de Haas effect. This study could not be carried out in device D1 ( ) 
which shows no clear quantum oscillations, as seen in Fig.3.a. However, device D8 
( ), with almost identical twist angle, shows a clear set of quantum oscillations 
across its electronic flat band. This is shown in the evolution of the transverse 
magnetoresistance  as a function of the magnetic field at various temperatures for an array 
of filling factors in D8 in Supplementary Figure S4 subplots (a) to (e). We extract the 
quantum oscillations by removing a polynomial fit to the total magnetoresistance. The 

oscillatory part, , is then plotted as  as a function of 1/B for the same temperatures 

and filling factors in the subplots (f) to (j). Finally, we show the temperature dependence of 
the amplitude of the 1/B=0.3 T-1 peak for the successive fillings factors in Supplementary 
Figure S4.k. The effective mass is then evaluated by fitting the temperature-dependent part of 

the Lifshitz-Kosevich model , where  where m0 is the bare 

electron mass, to this temperature dependence. The fits are shown as solid lines in 
Supplementary Figure S4.k. The extracted effective mass across the flat band is finally shown 
in Supplementary Figure S4.l. The error bars are associated with 95% confidence bounds. We 
observe an increase of  with filling of the flat band from  near charge neutrality 
(  up to  near half-filling ( . The quantum oscillations, 
however, could not be tracked for  The effective mass we determine across the 
flat band is in very good agreement with the seminal study of the quantum oscillations in 
MATBG realized on a device with, again, the same twist angle ( ) [1]. While fine 
evolutions of the effective mass are expected between devices, the consistency of the 
effective mass between D8 and the literature justifies the use of effective mass determined in 
D8 to evaluate the scattering rate in D1 from the (approximate) Drude formula. 

	 We now consider the linear  traces from Fig.1.d. of the main manuscript where 
we find ultra-steep slopes with kΩ/K for most filling factors. Fig. S3.b. shows the 
extracted Drude inelastic scattering times vs. temperature for several filling factors, and 
compares these with the temperature dependence of the Planckian scattering time. We find 
that  for most filling factors where ρ(T) ∝  T, which firmly confirms that the 
‘strange’ metal phase of MATBG is set by the universal Planckian limit [1]. As 
aforementioned, discrepancies can be explained both from the Drude formula (in light of the 
peculiar fermiology of MATBG [7]) and from the evaluation of the effective mass. Also 
consistent with this finding, we find that for filling factors where a Fermi liquid behavior 
prevails, i.e. , the scattering times are larger than the Planckian limit, . 
Interestingly, for one filling factor, ν = -3.5, we find a skyrocketing slope which is 
enhanced almost tenfold (as can be seen in the inset of Fig.1.d). While for this filling  could 
not be directly determined due to the absence of clear quantum oscillations, upon assuming 
that the scattering rate remains Planckian, the increase of  translates into a steep increase 
of . Such a sharp enhancement of the effective mass in the direct vicinity of a QCP 
has been previously reported in f-electron systems and calls for further investigation [8].
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E. Saturation of resistivity at the Mott-Ioffe-Regel limit


Similarly to the scattering rate, the Drude model allows us to evaluate the inelastic 
mean-free-path . In the degenerate regime,  given by the Eq. (S3) and shown in 
Fig.S3.c vs. temperature.


	 	 	               		 	   	   (S3)


The Mott-Ioffe-Regel limit corresponds to the crossover from coherent to incoherent 
quasiparticle transport and is reached when the charge carrier’s mean-free-path falls below 
any conceivable length scale of the system ( ) where  is the lattice constant. Our 
investigation of MATBG are limited to doping levels such that . We find that  
decreases with temperature and saturates at . We argue that the resistivity saturates when 
the electronic mean-free-path becomes comparable with the Fermi wavelength  , i.e. 
upon reaching the Mott-Ioffe-Regel limit which separates coherent and incoherent 
quasiparticle transport regimes. At even higher temperatures, weakly resistive higher-energy 
electronic bands become thermally populated [2] and the resistivity decreases. Interestingly, 
our findings comply with the Mott-Ioffe-Regel bound even though the scattering rate is of the 
order of the Planckian dissipation rate and the Fermi velocity is small. In contrast, apparent 
crossing of the Mott-Ioffe-Regel limit associated with non-saturating resistivity have been 
reported in cuprates [9] and non-degenerate ‘strange’ metals [10]. This picture may also 
explain a high field saturation of the magnetoresistivity in Fig. 3.c. of the main text, which is 
typically found around B = 1T. For the case of B = 1 T, the value of the magnetic field 
matches the temperature of 10 K, which is the temperature for which the Mott-Ioffe-Regel 
limit is reached for B = 0. This establishes that the saturation of the resistivity in (ν,B,T) is in 
agreement with . Interestingly, a saturation of the linear MR of other ‘strange’ 
metals is not observed up to 80T [11,12].


F. Finite temperature saturation of the magnetoresistivity


While the similarities in the T and B dependences are striking, there are also subtle 
differences. The B-linear MR does not extend down to the lowest excitations and saturates at 
finite temperatures below B < 0.2 T, which is highlighted in Fig.3.c of the main text. To 
understand the origin of this saturation, we consider the quasiparticle scattering rate. We 
define two scattering times:  defined by   and its thermal counterpart : 

 where  is the Bohr magneton  and  are numerical factors. In the Drude 
model, the ratio B/T is given by . For the case of 

, and T  = 1.9 K presented in Fig.3.c, we obtain a slope of = 0.26 kΩ/K and = 
2.1 kΩ/T (from Fig.1.d and Fig.3.e respectively). From this we can estimate that at 1.9 K, 

 at B = 0.25 T, which matches to the onset of the saturation observed in the low field 
MR, and hence, for  we can conclude that the MR saturates at low fields because of 
finite temperature effects. 


le T < TF,

le = ( ℏ
e2 )( 1

ρ − ρ0 ) π
n
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F a

k−1
F > a le
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G. Evolution from ‘strange’ metal to Fermi liquid near full-filling 

Supplementary Figure S5: a Evolution of the resistivity of device D2 ( ) plotted as   vs. 
temperature on a log-log scale for different filling factors. A clear evolution from a T-linear to a T-quadratic 
dependence is seen. b The logarithmic derivative γ as a function of filling factor, shows a clear crossover from 

 to  near , for both devices D1 and D2.


Supplementary Fig.S5.a shows the resistivity  vs. T on a log-log scale for 
device D2 with twist angle . The residual term  was determined by fitting the 
resistivity  for  K. The evolution of the slope (in the logarithmic scale) 
highlights the evolution from T-linear to T-quadratic upon increasing the filling of the flat 
band from  to . The evolution from the ‘strange’ metal behavior to a 
Fermi liquid behavior upon electrostatic doping is further underlined by the study of the 
evolution of the logarithmic derivative  averaged for  K 

in Fig.S5.b. A clear crossover from  to  near  is seen in both devices D1 
(raw data featured in the main text) and D2. The ‘zero’-temperature phase transition from a 
‘strange’ metal to a canonical Fermi liquid is thus seen in both these superconducting devices.


H. Additional linear magnetoresistance data 


	 Supplementary Figure S6: a Evolution of the resistivity of device D8 ( ) with temperature at 
. b Evolution of the resistivity of device D8 ( ) with magnetic field at the same filling factor. 

The B-linear resistivity extends up to 3T.
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We present both the temperature and magnetic field dependences of the resistivity of device 
D8 ( ) for  in Fig.S6.a and S6.b respectively. This device, with an almost 
identical twist angle as device D1, also shows concomitant linear-in-T and linear-in-B 
resistivities near half-filling of the flat-band. The B-linear resistivity extends here up to 3T.


I. Quantum critical behavior in electron-doped MATBG device D1


	 In the following section, we extend our analysis to the electron-doped device D1. The 
resistivity as a function of temperature from charge neutrality up to near full-filling ( ) 
is given in Supplementary Figure S7.a. The temperature dependence shows a similar behavior 
as that of hole-doped D1: the low-temperature resistivity near the band edges is superlinear. 
This parabolic resistivity evolves into a linear resistivity at higher temperatures. Starting from 
the charge neutrality point, the entrance in T-linear resistivity is shifted to lower temperature 
with increasing doping. This linearity could however, not be tracked down to the lowest 
temperatures, because the region near half-filling hosts two superconducting domes and an 
insulating state which hide the metallic ground states below roughly 1 K. The superlinear (T2) 
dependence of the resistivity at low temperature is again recovered near full-filling of the flat 
band. The evolution from superlinear to linear and vice-versa is highlighted in the log-log 
plot of ( ) where in the absence of phase transition in Supplementary 
Figure S7.b. A clear evolution from a Fermi liquid behavior ( ) to a ‘strange’ metal near 
half-filling of the electron-doped flat band of device D1 is shown. The resistivity across the 
superconducting phase transition found at  (where no insulating state is found) is 
shown as a function of temperature in Supplementary Figure S7.c and as a function of 
magnetic field in Supplementary Figure S7.d. Using the linear magnetoresistance, we can 
extract the resistance of the metallic state obtained by suppressing the superconducting order. 
This value is featured in Supplementary Figure S7.c and also roughly scales with the 
expected value from the linear-in-T resistivity above the superconducting transition. This 
result suggests that upon suppression of the superconducting order, and in the absence of 
insulating state in the direct vicinity, the ‘strange-metal’ regime is recovered down to the 
lowest temperatures. Finally, we turn to the magnetoresistance of electron-doped device D1 
shown in Supplementary Figure S7.e. Again, we observed a superlinear magnetoresistance 
(B2) near the charge neutrality point and full-filling of the flat band, while a linear 
magnetoresistance emerges near half-filling. This result is, again, similar to that of hole-
doped MATBG. Our observations points to the existence of a similar quantum critical region 
in the center of the electron-doped phase diagram of MATBG, which could, however, not be 
tracked down to the lowest temperatures because of an array of low-temperature phases 
transitions.
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Supplementary Figure S7: a Evolution of the resistivity of device D1 ( ) for electron 
doping from near charge neutrality (bottom) to near full-filling (top) as a function of temperature. 
Curves are shifted for clarity. b Log-log plot of  vs.  with for highlighted 
filling factors. The power law fits of the low-T dependence, in the absence of phase transition, are 
shown by straight lines. An evolution from a superlinear  dependence near charge neutrality 
and full-filling, to a linear  dependence inside the flat-band region is observed. c  for B = 0 
the superconducting phase transition at , and  upon suppression of the superconducting 
order by a magnetic field  where  mT is the critical magnetic field at 40mK (red 
circle). The uncovered metallic state roughly scales with the linear resistivity of the ‘strange’ metal 
phase (red line). d Evolution of the resistivity at  and mK vs.  discussed in c. The 
suppression of the superconducting order leads to a sharp increase of the resistivity, and is followed 
by a roughly linear MR up to 1 T. The linear MR is highlighted by a solid red line. e Resistivity as a 
function of  for highlighted filling factors. A parabolic magnetoresistivity is observed at the edges of 
the flat band while a linear magnetoresistivity emerges near half-filling.
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