
Fencooperite Galeite RuCl3 LiNaSO4 Tourmaline Proustite Li2ZrF6 Coquimbite Portlandite Fluocerite-(La) PCN-6

P62 (#171) P64 (#172) P63 (#173) P6 (#174) P6/m (#175) P63/m (#176) P622 (#177) P6122 (#178) P6522 (#179) P6222 (#180) P

Sr(S2O6)(H2O)4 Ca (S2O6)(H2O)4 Nepheline LiNaCO3

catena-[2,2'-(biphenyl-4,4'-
diyldiimino)dibenzene-1,3,5-triol] Fluorapatite

tetracosakis(µ2-Methoxo)-
dodecakis(µ2-proline)-dodeca-

iron(iii) dodecaperchlorate AgF3 LaBTB Rhabdophane-(Ce)

63cm (#185) P6m2 (#187) P6c2 (#188) P62m (#189) P62c (#190) P6/mmm (#191)P6/mcc (#192) P63/mcm (#193) P63/mmc (#194) P23 (#195) F23 (#196)

KNiCl3

P63mc (#186)

KCaF(CO3)AgI BaTi(Si3O9) Na2O2 SrBe3O4 AlB2 Beryl ZrI3 Graphite Ba(AuF6)2
tetrakis((18
thallium) MnCl

Pn3 (#201) Fm3 (#202) Fd3 (#203) Im3 (#204) Pa3 (#205) Ia3 (#206) P432 (#207) P4232 (#208) F432 (#209) F4132 (#210) I432 (#211) P4332 (#212)

MgSn(OH)6 K2Pb(Cu(NO2)6) Dodecasil Na1-xWO3 Pyrite Yttria BIF-9-Cu Be3P2 PCN-20 Te(OH)6 NiHg4 LiFe5O8

I43m (#217) P43n (#218) F43c (#219) I43d (#220) Pm3m (#221) Pn3n (#222) Pm3n (#223) Pn3m (#224) Fm3m (#225) Fm3c (#226) Fd3m (#227) Fd3c (#228)

Zeolite Rho Sodalite Mn3B7O13I
Katoite 

hydrogarnet ZIF-71-RHO Co-Squarate V6SnSi (NH4)[(Mo12O36)(AsO4)Mo(MoO)] NaCl LTA Spinel (Cr(NH3)6)(CuCl5)

Quantum Materials
Leon Balents, KITP
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Bone



Materials

Metal

Glass

By User:PHG, Public Domain, https://commons.wikimedia.org/w/index.php?curid=31533

Pottery



Magnets
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Plastic

Materials



Carbon composite

Materials



By NASA - http://solarsystem.nasa.gov/rps/rtg.cfm JPG, 
Public Domain, https://commons.wikimedia.org/w/

index.php?curid=842503

Thermoelectric

Materials



Quantum Materials 
Materials where quantum physics of electrons generates 

interesting properties



Quantum Materials 
Materials where quantum physics of electrons generates 

interesting properties



Quantum ?



Atoms



Atoms



Oxygen

Atoms



Kepler’s laws



Uncertainty principle
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Uncertainty principle

Werner Heisenberg Max Planck

�x⇥�v >
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Waves

Erwin Schrödinger



Uncertainty principle: tighter “lump” of stuff spreads faster



Standing waves

Orbitals



Electron “jump”

Photon
E = hf
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Quantum Materials 

There are a lot of quantum materials
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Crystal structures = 3d tilings

(from Mont St Michel)



Quantum Materials 

Metals: the original quantum materials

Superconductors: extreme quantum weirdness

Two dimensional materials: a new twist

Three examples:



Quantum Materials 
The first quantum materials: metals

iron, copper, silver, 
gold, aluminum, 

steel…



By NASA and the European Space Agency.

# of electrons in 1 cm cube of metal:
1,000,000,000,000,000,000,000,000
≈ # of stars in the universe



Properties of Metals

Conduct electricity

Reflect light

Ductile

Conduct heat



Early puzzle: Drude theory

Paul Drude

Why don’t electrons slow down from 
collisions with the lattice?



Resolution: Quantum liquid
Quantum zero point motion keeps them moving!

“Fermi liquid”: quantum electron fluid

Typical electron speed = c/300 = 3,000,000 mi/hr! 

b

Jenny Hoffman, Harvard



Another quantum electron 
liquid

White dwarf (Sirius B)

Electronic motion creates “quantum pressure” that prevents 
collapse!



Quantum Materials 
More exotic quantum materials: superconductors

www.physicstoday.org September 2010    Physics Today 39

Clay studied resistance R versus temperature T in very thin
gold and platinum wires.4 Before July 1908 the lowest avail-
able temperature was 14 K, at which solid hydrogen subli-
mates under reduced pressure. That was low enough to ob-
serve that the almost linear decrease of R with T at higher
temperatures starts to level off to an almost constant value.
In one of his KNAW reports, Kamerlingh Onnes even men-
tioned a trace of a minimum in the R(T) plot, which indicates
that he originally believed in Kelvin’s model.

The almost linear R(T) behavior of platinum above 14 K
made that metal suitable as a secondary thermometer. It was
much more convenient than the helium gas thermometer
Kamerlingh Onnes had been using. But a disadvantage was
the platinum thermometer’s rather large size: 10 cm long and
about 1 cm wide.

The resistance of the metal wires depended on the chem-
ical and physical purity of the materials. For instance, Kamer-
lingh Onnes showed that the resistance increase due to
adding small admixtures of silver to the purest available gold
was temperature independent and proportional to the con-
centration of added silver. So, improving purity would yield
metal wires of very low resistance that could serve as second-
ary thermometers at temperatures far below 14 K.

Those very low temperatures came within reach after the
successful liquefaction of helium in July 1908. The next im-
portant requirement was transferring helium from the lique-
fier, which lacked adequate space for experiments, to a sep-
arate cryostat. In those days, accomplishing that transfer was
a real challenge. Thanks to the notebooks, we can follow quite
closely the strategy followed by Kamerlingh Onnes; his tech-
nical manager of the cryogenic laboratory, Gerrit Flim; and
his master glassblower, Oskar Kesselring.

Experimenting in liquid helium
The first entry about the liquid-helium experiments in note-
book 56 is dated 12 March 1910. It describes the first attempt

to transfer helium to a cryostat with a double-walled con-
tainer and a smaller container connected to an impressive
battery of vacuum pumps. “The plan is to transfer, then de-
crease pressure, then condense in inner glass, then pump
with Burckhardt [pump down to a pressure of] 1/4 mm [Hg],
then with Siemens pump [to] 0.1 mm.”

Because there was nothing but glass inside the cryostat,
the experiment worked well and a new low-temperature
record was registered: roughly 1.1 K. The goal of the next ex-
periment, four months later, was to continue measuring R(T)
for the platinum resistor that had previously been calibrated
down to 14 K. But the experiment failed because the extra
heat capacity of the resistor caused violent boiling and fast
evaporation of the freshly transferred liquid helium. So it was
decided to drastically change the transfer system. And that
would take another nine months.

Meanwhile, interest in the low-temperature behavior of
solids was growing rapidly. Specific-heat experiments car-
ried out in Berlin and Leiden exhibited unexpected decreases
with descending temperatures. For the first time, quantum
phenomena were showing up at low temperature. Kamer-
lingh Onnes, playing with theoretical models himself, didn’t
want to wait until the new liquid-transfer system was ready.
He decided to expand the original liquefier so that it could
house a platinum resistor. Thus, on 2 December 1910, he
made the first measurement of R(T) for a metal at liquid-
 helium temperatures.5 Cornelis Dorsman assisted with the
temperature measurements and student Gilles Holst oper-
ated the Wheatstone bridge with the galvanometer. That
 ultrasensitive setup for measuring the current was placed in
a separate room, far from the thumping pumps.

The experiment’s outcome was striking. The resistance of
a platinum wire became constant below 4.25 K. There was no
longer any doubt that Kelvin’s theory was wrong. The resis-
tivity had fallen to a residual value that presumably depended
on the purity of the sample. Kamerlingh Onnes concluded that

Figure 1. Heike Kamerlingh Onnes (right) and Gerrit Flim, his chief technician, at the helium liquefier in Kamerlingh
Onnes’s Leiden laboratory, circa 1911.
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Kamerlingh Onnes
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the cryostat—just in case the helium transfer worked.
The mercury resistor was constructed by connecting

seven U-shaped glass capillaries in series, each containing a
small mercury reservoir to prevent the wire from breaking
during cooldown. The electrical connections were made by
four platinum feedthroughs with thin copper wires leading to
the measuring equipment outside the cryostat. Kamerlingh
Onnes followed young Holst’s suggestion to solidify the mer-
cury in the capillaries by cooling them with liquid nitrogen.

The first mercury experiment
To learn what happened on 8 April 1911, we just have to fol-
low the notes in notebook 56. The experiment was started at
7am, and Kamerlingh Onnes arrived when helium circula-
tion began at 11:20am. The resistance of the mercury fell with
the falling temperature. After a half hour, the gold resistor
was at 140 K, and soon after noon the gas thermometer de-
noted 5 K. The valve worked “very sensitively.” Half an hour
later, enough liquid helium had been transferred to test the
functioning of the stirrer and to measure the very small evap-
oration heat of helium.

The team established that the liquid helium did not con-
duct electricity, and they measured its dielectric constant.
Holst made precise measurements of the resistances of mer-
cury and gold at 4.3 K. Then the team started to reduce the
vapor pressure of the helium, and it began to evaporate rap-
idly. They measured its specific heat and stopped at a vapor
pressure of 197 mmHg (0.26 atmospheres), corresponding to
about 3 K.

Exactly at 4pm, says the notebook, the resistances of the
gold and mercury were determined again. The latter was, in

the historic entry, “practically zero.” The notebook further
records that the helium level stood quite still. 

The experiment continued into the late afternoon. At the
end of the day, Kamerlingh Onnes finished with an intriguing
notebook entry: “Dorsman [who had controlled and meas-
ured the temperatures] really had to hurry to make the ob-
servations.” The temperature had been surprisingly hard to
control. “Just before the lowest temperature [about 1.8 K] was
reached, the boiling suddenly stopped and was replaced by
evaporation in which the liquid visibly shrank. So, a remark-
ably strong evaporation at the surface.” Without realizing it,
the Leiden team had also observed the superfluid transition
of liquid helium at 2.2 K. Two different quantum transitions
had been seen for the first time, in one lab on one and the
same day!

Three weeks later, Kamerlingh Onnes reported his re-
sults at the April meeting of the KNAW.7 For the resistance
of ultrapure mercury, he told the audience, his model had
yielded three predictions: (1) at 4.3 K the resistance should
be much smaller than at 14 K, but still measurable with his
equipment; (2) it should not yet be independent of tempera-
ture; and (3) at very low temperatures it should become zero
within the limits of experimental accuracy. Those predictions,
Kamerlingh Onnes concluded, had been completely con-
firmed by the experiment.

For the next experiment, on 23 May, the voltage resolu-
tion of the measurement system had been improved to about
30 nV. The ratio R(T)/R0 at 3 K turned out to be less than 10−7.
(The normalizing parameter R0 was the calculated resistance
of crystalline mercury extrapolated to 0 °C.) And that aston-
ishingly small upper sensitivity limit held when T was low-
ered to 1.5 K. The team, having explored temperatures from
4.3 K down to 3.0 K, then went back up to higher tempera-
tures. The notebook entry in midafternoon reads: “At 4.00 [K]
not yet anything to notice of rising resistance. At 4.05 [K] not
yet either. At 4.12 [K] resistance begins to appear.”

That entry contradicts the oft-told anecdote about the key
role of a “blue boy”—an apprentice from the instrument-
maker’s school Kamerlingh Onnes had founded. (The appel-
lation refers to the blue uniforms the boys wore.) As the story
goes, the blue boy’s sleepy inattention that afternoon had 
let the helium boil, thus raising the mercury above its 4.2-K
transition temperature and signaling the new state—by its
 reversion to normal conductivity—with a dramatic swing of
the galvanometer.

The experiment was done with increasing rather than
decreasing temperatures because that way the temperature
changed slowly and the measurements could be done under
more controlled conditions. Kamerlingh Onnes reported to
the KNAW that slightly above 4.2 K the resistance was still
found to be only 10−5R0, but within the next 0.1 K it increased
by a factor of almost 400.

Something new, puzzling, and useful
So abrupt an increase was very much faster than Kamerlingh
Onnes’s model could account for.8 He used the remainder of
his report to explain how useful that abrupt vanishing of the
electrical resistance could be. It is interesting that the day be-
fore Kamerlingh Onnes submitted that report, he wrote in
his notebook that the team had checked whether “evacuat-
ing the apparatus influenced the connections of the wires by
deforming the top [of the cryostat]. It is not the case.” Thus
they ruled out inadvertent short circuits as the cause of the
vanishing resistance.

That entry reveals how puzzled he was with the experi-
mental results. Notebook 57 starts on 26 October 1911, “In

Figure 4. Historic plot of resistance (ohms) versus temper-
ature (kelvin) for mercury from the 26 October 1911 experi-
ment shows the superconducting transition at 4.20 K.
Within 0.01 K, the resistance jumps from unmeasurably
small (less than 10–6 Ω) to 0.1Ω. (From ref. 9.) 

1911 data on mercury

Zero electrical resistance below a “critical temperature”

4K = -273C



Circulating Currents
Electromagnet: you can make this at home

(but not this)



Persistent Currents
Current in a superconducting ring can 

flow indefinitely without a battery
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FIG. 2. Measured axial field profile.

FIG. 1. Construction of solenoid.

tended over a period of 21 days, and was termi-
nated at that time because of two coincidental ac-
cidents —one a failure in the electronic system,
and the other a mechanical shock to the system
which probably disturbed the position of some of
the turns and the position of the probe. The super-
current, however, was maintained, and the experi-
ment continued. The observed data of run one
seemed to indicate a real field decay. Since the
probe had been displaced from the field maximum,
it was not possible to determine the contribution
to apparent decrease in field by this mechanical
shift.
A slightly inferior set of electronics was sub-

stituted and the measuring technique changed to
reposition the probe to field maximum before each
measurement. This introduces more scatter in

the data but eliminates the possibility of a position-
al shift indicating a false decrease.
Run two extended over. a period of 37 days, be-

ginning 9 days after the end of run one. The data
are shown in Fig. 3. The solid lines are least-
squares fits of the data to the leading terms of an
exponential decay,

a =B,(l- t/~), (i)
where B = observed field strength, Bo = field
strength at time zero, and r = time constant of the
circuit, giving the results shown in Table I. The
result of run two is consistent with that of run one.
An attempt has been made to correlate the data

with the work of Kim, Hempstead, and Strnad
based on the flux-creep theory of Anderson. ' In
their work, field decays were observed of the form

B=8 - cln(t/t ),
C C

where B is the observed field as a function of time,
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FIG. 3. Experimental data for runs one and two.
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Table I. Results of least-squares fit.

Run one Run two

80 (gauss)
Observed slope (gauss jh)
Time constant (yr)

Upper limit to the equivalent
resistivity Nb-25% Zr wire
(ohm-cm)

Maximum resistance of spot
weld, assuming it to be en-
tire resistance of circuit (ohm)

2104.88232 + 0. 000049
(1.684 + 0.19) x 10~
144 500+ 16300
4.3 x 10 2~

6.5 x 10-~~

2104.88118 + 0. 000085
(2. 022 + 0. 15) x 10
119450 + 8700
4.9 x 10

7.4 x 10 '~

dB/dt = (c/t ) e-xp[(B —B)/c]. (4)

t, and the terms B, c, and t are constants.
The decay rates given, respectively, by the two

expressions (1) and (2) are
dB/dt = -Bo/T

in runs one or two. However, if the effect de-
scribed by relationship (2) were the only decay
mechanism operating, the slope would be so much
greater at the higher field that the decay would be
very apparent.
This follows from (4) by taking the ratio of

slopes at two different field levels, B, and B,:
d8/dt , (B—B,),dBJdt ( c

Expression (2) may be rewritten as

B=B'- clnt,

B' =8 +clnt
C C

dB/dt = c/t. -

In this theory, B' is not uniquely defined, but
it is reasonable to assume that B' is approximated

The runs one and two were made at approximately
600 gauss below critical field, which is too low to
allow a comparison between relationships (l) and
(2) in a, relatively short period of time. Conse-
quently, run three was undertaken at approximately
36 gauss below the critical field. The data for run where
three are shown in Fig. 4. Difficulty in attaining
a field close to the critical field required the coil
to be driven normal and re-energized some 50

andtimes. The cycling caused the homogeneity of
the field over the length of the sample to deterio-
rate by about an order of magnitude. This re-
sulted in a wider scatter of the data and consider-
ably less accurate measurement of the slope than
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FIG. 4. Experimental data for run three.

File and Mills, 1962

“permanent 
electromagnet”



Meissner Effect
Superconductors forcibly expel magnetic fields



Vortices
If more magnetic field is forced in, it forms vortices 

Alexei Abrikosov



Pulsars
Fast rotating neutron stars

“glitch”: sudden change in 
rotation speed

Vortices of proton superconductor escaping?



What’s going on?

Ordinary electron fluid Superconductor: all electrons 
move in a single wave 



BCS theory
John Bardeen, Leon Cooper, and Robert Schrieffer

Figured out how this works for most superconductors 
(1957 - Nobel prize 1972)

Schrieffer was at UCSB from 
1980-1992, and was the second ITP 

director

Bob Schrieffer with Walter Kohn at ITP in 1982. 



Critical temperature



High-Tc materials

Before high-Tc: metals
High Tc: ceramics

BCS non-BCS



High Tc phase diagram



Controlling the lattice
Via chemistry:

Many possibilities, but every one is a new crystal to grow



Graphene

Advent of graphene and 2D van der Waals materials
Record properties of graphene : 

• Thinnest imaginable material Æ one atom thick
• Highest surface area Æ 2630 m2/g
• Transparent to light Æ 97.7 %
• Ultra-broadband absorbtionÆ uV - THz
• Stiffest material Æ 1 TPa
• Strongest material Æ 130GPa
• Most stretchable material Æ 20%
• Record thermal conductivity Æ 6000 W/mK
• Highest current density at RT Æ 106 > copper
• Highest intrinsic mobility Æ 100 > Si
• Lightest charge carrier Æ massless Dirac fermions
• Longest mean free path at room temp Æ microns
• Easily functionalised and process able
• Impervious to even He

(2004)

(2010)

Dmitri K. Efetov

(2010) (2011) (2014)

Just carbon



2d materials

Co-lamination transfer technique

vdW stack Moire superlattice

C.Dean, P. Kim, J. Hone, et. al. Science (2013);A. Geim, et. al. Nature (2013);

TEM cross-section

Dmitri K. Efetov

VdW heterostructures – clean coupling over <1nm

“scotch tape”



DEMO



Moiré

mohair





Moiré pattern
6°



Triangular lattice
6°



2°



1°

The magic angle!

am=13.4nm



Magic angle graphene

Pablo Jarillo-Herrero 
(MIT)

superconductivity, 
similarities to 

high-Tc 
superconductors?

ARTICLE RESEARCH
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proximity effects. The carrier density n is tuned by applying a voltage 
to a Pd/Au bottom gate electrode. In Fig. 1b we show the longitudi-
nal resistance Rxx as a function of temperature for two magic-angle 
devices, M1 and M2, with twist angles of 1.16° and 1.05°, respectively. 
At the lowest temperature studied of 70 mK, both devices show zero 
resistance, and therefore a superconducting state. The critical temper-
ature Tc as calculated using a resistance of 50% of the ‘normal’-state 
(non-superconducting) value is approximately 1.7 K and 0.5 K for the 
two devices that we studied in detail. In Fig. 1c, d we show a single- 
particle band structure and density of states (DOS) near the charge 
neutrality point calculated for θ = 1.05°. The superconductivity in both 
devices occurs when the Fermi energy EF is tuned away from charge 
neutrality (EF = 0) to be near half-filling of the lower flat band (EF < 0, 
as indicated in Fig. 1d). The DOS within the energy scale of the flat 
bands is more than three orders of magnitudes higher than that of 
two uncoupled graphene sheets, owing to the reduction of the Fermi 
velocity and the increase in localization that occurs near the magic 
angle. However, the energy at which the DOS peaks does not gener-
ally coincide with the density that is required to half-fill the bands. 
In addition, we did not observe any appreciable superconductivity 
when the Fermi energy was tuned into the flat conduction bands 
(EF > 0). In Fig. 1e we show the current–voltage (I–Vxx, where Vxx 
is the four-probe voltage, as defined in Fig. 1a) curves of device M2 
at different temperatures. We observe typical behaviour for a two- 
dimensional superconductor. The inset shows a tentative fit of the 
same data to a Vxx ∝ I3 power law, as is predicted in a Berezinskii–
Kosterlitz–Thouless transition in two-dimensional superconductors23. 
This analysis yields a Berezinskii–Kosterlitz–Thouless transition tem-
perature of TBKT ≈ 1.0 K at n = −1.44 × 1012 cm−2, where, as before, 

n is the carrier density induced by the gate and measured from the 
charge neutrality point (which is different from the actual carrier  
density involved in transport, as we show below).

In contrast to other known two-dimensional and layered super-
conductors, the superconductivity in magic-angle TBG requires the 
application of only a small gate voltage, corresponding to a minimal 
density of only 1.2 × 1012 cm−2 from charge neutrality, an order of mag-
nitude lower than the value of 1.5 × 1013 cm−2 in LaAlO3/SrTiO3 inter-
faces and of 7 × 1013 cm−2 in electrochemically doped MoS2, among 
others24. Therefore, gate-tunable superconductivity can be realized 
in a high-mobility system without the need for ionic-liquid gating or 
chemical doping. In Fig. 2a we show the two-probe conductance of 
device M1 versus n at zero magnetic field and at a 0.4-T perpendic-
ular magnetic field. Near the charge neutrality point (n = 0), a typical 
V-shaped conductance is observed, which originates from the renor-
malized Dirac cones of the TBG band structure. The insulating states 
centred at approximately ±3.2 × 1012 cm−2 (which corresponds to ns 
for θ = 1.16°) are due to single-particle bandgaps in the band structure 
that correspond to filling ±4 electrons in each superlattice unit cell. In 
between, there are conductance minima at ±2 and ±3 electrons per 
unit cell. These minima are associated with many-body gaps induced by 
the competition between the Coulomb energy and the reduced kinetic 
energy due to confinement of the electronic state in the superlattice 
near the magic angle; these gaps give rise to insulating behaviour near 
the integer fillings18. One possible mechanism for the gaps is similar 
to the gap mechanism in Mott insulators, but with an extra two-fold 
degeneracy (for the case of ±2 electrons) from the valleys in the origi-
nal graphene Brillouin zone17,18,25,26. In the vicinity of −2 electrons 
per unit cell (n ≈ −1.3 × 1012 cm−2 to n ≈ −1.9 × 1012 cm−2) and at a 
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Figure 2 | Gate-tunable superconductivity in magic-angle TBG. 
a, Two-probe conductance G2 = I/Vbias of device M1 (θ = 1.16°) measured 
in zero magnetic field (red) and at a perpendicular field of B⊥ = 0.4 T 
(blue). The curves exhibit the typical V-shaped conductance near charge 
neutrality (n = 0, vertical purple dotted line) and insulating states at the 
superlattice bandgaps n = ±ns, which correspond to filling ±4 electrons 
in each moiré unit cell (blue and red bars). They also exhibit reduced 
conductance at intermediate integer fillings of the superlattice owing to 
Coulomb interactions (other coloured bars). Near a filling of −2 electrons 
per unit cell, there is considerable conductance enhancement at zero field 
that is suppressed in B⊥ = 0.4 T. This enhancement signals the onset of 

superconductivity. Measurements were conducted at 70 mK; Vbias = 10 µV. 
b, Four-probe resistance Rxx, measured at densities corresponding to 
the region bounded by pink dashed lines in a, versus temperature. Two 
superconducting domes are observed next to the half-filling state, which 
is labelled ‘Mott’ and centred around −ns/2 = −1.58 × 1012 cm−2. The 
remaining regions in the diagram are labelled as ‘metal’ owing to the 
metallic temperature dependence. The highest critical temperature 
observed in device M1 is Tc = 0.5 K (at 50% of the normal-state resistance). 
c, As in b, but for device M2, showing two asymmetric and overlapping 
domes. The highest critical temperature in this device is Tc = 1.7 K.
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Fig. 1e we follow the evolution of the DOS in the centre of the AA 
region with gate voltage, from highly p-doped where the band is empty 
(Vg = −57 V) to highly n-doped where it is full (Vg = 69 V). For both 
the empty and the full bands the peak width at half height, about 40 mV, 
is narrowest and shows no evidence of splitting within the experimental 
resolution of approximately 1 mV, consistent with theoretical calcu-
lations that include lattice relaxation effects9,10. Once the Fermi level 
enters the flat band, the peak begins to split. To compare our results 
with those obtained in transport measurements, we plot in Fig. 2a the 
doping dependence of the dI/dV intensity at the Fermi level. This pro-
cedure is adopted because it mimics the conductance measured with 
the transport technique, where only carriers near the Fermi level con-
tribute. We note however that, owing to their global nature, the trans-
port measurements produce sample-averaged global results, whereas 
the STS probes the local response. Despite the difference between these 
probes we find that, similarly to the transport measurements, the dop-
ing dependence of the dI/dV near the Fermi level exhibits well-defined 
dips near the same fillings—ν = 0, ±1/4, ±1/2, ±3/4, ±1—as those 
observed in the conductance measurements5,6, corresponding to 0, 1, 
2, 3, 4 electrons (+) or holes (−) per moiré cell, respectively.

As the Fermi level enters the flat band, we observe a spectral weight 
redistribution away from the Fermi energy and into the sidebands31. 
This gives rise to a pseudogap feature flanked by two peaks, the relative 
height of which depends on doping, as shown in Fig. 2b, c. We label the 
low-energy and high-energy peaks as lower band (LB) and upper band 
(UB), respectively (Fig. 2b). In Fig. 2c we zoom into the doping depend-
ence near charge neutrality with 2 V back-gate intervals, corresponding 
to density steps of 1.4 × 1011 cm−2 or 0.2 electrons per moiré cell. At 
the charge neutrality point, Vg ≈ 0 V (yellow curves), the two peaks 
have roughly equal spectral weight and they are equidistant from the 
Fermi level with a separation of about 38 mV. Moving the Fermi level 
into the hole sector (green curves), we observe a spectral weight redis-
tribution from the LB to the UB and vice versa when the Fermi level 

moves into the electron sector (red curves). This behaviour closely 
resembles the spectral weight redistribution observed in earlier STS 
work on the doped Mott insulator phase in copper oxides (cuprates) 
when, upon changing the doping level, the spectral weight transfers 
from one side of the Fermi level to the other21, suggesting that the 
doping dependence observed here could be similarly attributed to a 
Mott-like insulating phase. The spectral weight transfer provides an 
independent method to monitor the local charge variation introduced 
by doping, and makes it possible to estimate the local charge from the 
ratio of the area under the dI/dV spectrum spanned by the LB, ALB, to 
the total area spanned by the two peaks, ATOT. Here ALB is measured 
from the LB band edge to the Fermi energy after background subtrac-
tion, and ATOT is obtained by similarly measuring the area under the 
two peaks (Extended Data Fig. 3). Using this procedure, we obtain the 
local filling fraction directly from the spectral weight transfer: 
ν ≈ −( )2A

A
A

1
2

LB

TOT
. For comparison we plot in Fig. 3e the gate-voltage 

dependence of νA together with the filling fraction values, ν, calculated 
by the standard method of gate-induced capacitive doping: 
ν = / /V CL( 3 2) 4g

2 , where C is the capacitance between the TBG and 
the back gate (Fig. 1a), and 4 corresponds to the number of states in the 
hole or electron sector of the band. The two curves closely track each 
other, confirming that the spectral weight transfer provides a sensitive 
measure of the local charge. In what follows, we will use the spectral 
weight transfer as a local charge detector to identify the emergence of 
a correlated charge-ordered phase.

Theoretically, the spectral weight distribution in a Mott insulating 
state can be qualitatively described by dynamical mean field theory 
(DMFT)32. In Fig. 2d we plot the calculated local DOS for several filling 
fractions, projected to the AA-centred local functions, for the case of 
the fully filled band as well as for several fractional fillings of the band 
as obtained by the DMFT simulation (see Methods). In the extreme 
n-doped limit, corresponding to the full band (ν = 1), DMFT predicts 
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Fig. 1 | STM/STS near the magic angle. a, Schematic of sample geometry 
and STM experiment. Vg is back-gate voltage, and Vb is bias voltage. 
b, STM topography of TBG (upper panel) for twist angle θ ≈ 1.07° (taken 
at Vb = 200 mV, I = 10 pA, where I is the current). The different stacking 
configurations (AA, AB and BA) discussed in the text are shown in the 
lower panel. c, Main panel, dI/dV spectra taken in the AA regions for 
the fully occupied (red curve; Vg = +55 V) and empty (green curve; 
Vg = –55 V) band (taken at Vb = –200 mV, I = 20 pA). The Fermi energy 
for all STS spectra (vertical dotted line) defines the energy origin. Inset, 

the spectrum in the AB region taken at Vg = +55 V; axes are as in the main 
panel. d, dI/dV spectrum in the centre of the AA region, at the charge 
neutrality point (Vg = 0 V), showing the emergence of a pseudogap that 
splits the DOS peak (taken at Vb = −200 mV, I = 20 pA). The two nearest 
bands (peaks around –0.1 V and +0.12 V) are well separated from the 
flat band. e, Evolution of the peak with gate voltage Vg in the centre of 
the AA region, ranging from highly p-doped where the band is empty 
(Vg = −57 V) to highly n-doped where it is full (Vg = 69 V).
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Phase diagram

3 new superconducting domes close to CNP 
and ν = ±1 and doubling of Tc > 3K

• CS – correlated state
• SC – superconducting state
• BI – band insulator 
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FIG. 2. Temperature dependence of the quantum anomalous Hall effect. (A) Rxy and (B) Rxx as a function of B measured at various
temperatures for n = 2.37⇥1012 cm�2. Rxx and Rxy mixing was corrected using contact symmetrization[29]. (C) Temperature dependence
of the field-training symmetrized resistance R̄xy at B = 0, as described in the main text. The Curie was determined to be TC ⇡ 7.5(.5) K
using an Arrott plot analysis (see Fig. S12. The inset shows detailed low-temperature dependence of R̄xy at B = 0. Error bars are the
standard error derived from 11 consecutive measurements. R̄xy saturates below ⇡ 3 K to a value of (1.0010 ± 0.0002) ⇥ h

e2
, determined

by averaging the points between 2 and 2.7 K. (D) Arrhenius plots of field training symmetrized resistances R̄xx and �R̄xy = h/e2 � R̄xy .
Dotted lines denote representative activation fits. Systematic treatment of uncertainty arising from the absence of a single activated regime
gives � = 31± 11 K and 26± 4 K for R̄xx and �R̄xy , respectively[29].

the quantum oscillations are highly anomalous, with hole-like 1

quantum oscillations originating at ⌫ = 2, again in contrast 2

to all prior reports[23–26]. Additional Landau fan features 3

also appear consistent with hBN alignment of 0.6�(Fig. S11); 4

however, twist angle variations within the tBLG itself pre- 5

clude unambiguous determination of the hBN-tBLG twist an- 6

gle. While no detailed theory for these observations is avail- 7

able, the extreme sensitivity of the detailed structure of the 8

flat bands to model parameters, combined with observations 9

that hBN substrates can produce energy gaps as large as 30 10

meV in monolayer graphene[34], point to the role of the sub- 11

strate in tipping the balance between competing many-body 12

ground states at ⌫ = 3 in favor of the QAH state. Taken to- 13

gether, these observations suggest that hBN aligned samples 14

constitute a different class of tBLG devices with distinct phe- 15

nomenology. 16

Figs. 2A and B show the temperature dependence of major 17

hysteresis loops in Rxx and Rxy , respectively. As T increases, 18

we observe both a departure from resistance quantization and 19

a suppression of hysteresis, with the Hall effect showing linear 20

behavior in field by T = 12 K. In our measurements, we ob- 21

serve resistance offsets of ⇠ 1 k⌦ from the ideal value, which 22

vanish when resistance is symmetrized or antisymmetrized 23

with respect to magnetic field (or, for B ⇡ 0, with respect 24

to field training). For quantitative analysis of the T -dependent 25

data, we thus study field-training symmetrized resistances, de- 26

noted R̄xy and R̄xx. Figure 2C shows R̄xy(0). Finite hys- 27

teresis is observed up to temperatures of 8K (Fig .2C), con- 28

sistent with the Curie temperature TC ⇡ 7.5 K determined 29

from an Arrott plot ( Fig. S12). At low temperatures, R̄xy is 30

quantized to (1.001± 0.0002)⇥ h

e2
, remaining quantized up 31

to T = 3 K before detectable deviation is observed.R̄xy re- 32

mains quantized up to T ⇡ 3 K, with the average value of 33

(1.0010± 0.0002)⇥ h

e2
between 2 and 2.7 K. 34

To quantitatively assess the energy scales associated with 35

the QAH state, we measure the activation energy at low tem- 36

perature. Fig. 2D shows both the measured R̄xx and the devi- 37

ation from quantization of the Hall resistance, �R̄xy = h/e2� 38

R̄xy , on an Arrhenius plot. We assume that the Hall conduc- 39

tivity �xy is approximately T -independent and the longitudi- 40

nal conductivity �xx ⇠ e��/(2T ), where � is the energy cost 41

of creating and separating a particle-antiparticle excitation of 42

the QAH state. Within this picture, inverting the conductivity 43

tensor gives �Rxy ⇠ e��/(T ) while Rxx ⇠ e��/(2T )[29]. 44

“Quantum anomalous Hall effect”

RHall =
h

e2
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