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What are they, and how to spot them?
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Metal vs. Insulator
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ABC Trilayer Graphene on hBN

ABC trilayer graphene: k3 dispersion tune displacement field (D) & density (n)
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Metal-Insulator Transition

Resistivity as a function of temperature and displacement field

R (kQ)

Ref: Chen, unpublished (2022)
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Arrhenius plot to extract
insulating gap
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Conductance, G (mS)

G, (mS)

Fake insulators are everywhere

Twisted bilayer graphene Twisted double Twisted bilayer
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Band theory of MIT: Kubo formula

Current operator

m d? — i onp(z

Kubo formula: o =5 > / - /dZTl" [A(p, 2)ja(P)A(P, 2" )ja(P)] | — =(2)
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(w/o vertex) a=x,y .

Density of states Fermi function
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Band theory of MIT: Exact Solution
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Band theory of MIT: Scaling

100 - \
Exact solution : \
2 E i
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has scaling form
EF
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leading to universal resistivity curves
close to the metal-insulator transition
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Application: MoTe,/WSe,

T . .
hBN Aligned TMD heterobilayer
o SR . MoTe,/WSe,
hBN
- BG

Bandwidth can be tuned by displacement field
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Ref: Li, Nature (2021)
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Scaling in MoTe,/WSe,

Extrapolating the zero-temperature conductivity and insulating gap gives critical D,
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Ref: Li, Nature (2021); Tan, Tsang, Dobrosavljevic, arXiv:2112.11522 (2021)
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Insulators at half-filling

Mott insulator Spontaneous Symmetry Breaking
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Simplest example: Stoner ferromagnetism

mJ
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Ferromagnetic direct exchange _JS.§
Spontaneous polarization shifts bands for up/down spins

Self-consistent Stoner mean field theory

m=mny —n; = /de(w) [np(w—1imJ) — np(w+ imJ)]
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©

Metal-insulator transition when m J = W (bandwidth)

from itinerant partially polarized ferromagnet
to insulating fully polarized ferromagnet
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Resistivity scaling near SSB-MIT

0.0 0.2

Critical curve p(T) ~ 1/T
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Application: ABC Trilayer Graphene

Here we show that gate-tuned
van Hove singularities in rhombohedral trilayer graphene® drive spontaneous

ABC tri Iaye rgrap hene is ferromagnetIC: ferromagnetic polarization of the electron systeminto one or more spin and valley

flavours.
30 o ‘\‘ ] .
e \ . Observed curves never diverge as 1/T
w5l .‘;}\ \‘\ E
.R . This is how a critical curve would look like
201 e, R — a
g : :\:\3:0 el ] RC(T> = _+b+CT
[r':' 15; .z\:::‘ “7 Tt ; T
i $8880000000
0] i Hypothesis:
’ - ..::::::ﬁiggg& all resistivity curves correspond to the
T v ::,3&};33%& 135 ke ] metallic side of a full polarization transition!
ey
0 L é T R R R N | | |

10 15 20 25 30

Ref: Zhou Nature 2021; Chen (unpublished 2022) 14/22



Scaling in ABC Trilayer Graphene

Indeed, all curves can be collapsed using a scaling ansatz of being close to MIT
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Mott metal-insulator transition

Dilute 2DEGs Mott organics Half-filled MoTe,/WSe,
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Mott metal-insulator transition in MoTe,/WSe,
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Powerlaw critical resistivity curve R.(T) ~ T~ %, a.=1.2

Crossover scale T, signaling end of Fermi liquid with a

resistivity maximum

Insulator has continuous
vanishing gap A

Ref: Tan, Dobrosavljevic, Rademaker (2022, soon on arXiv); Li Nature 2021
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Scaling near Mott metal-insulator transition

4. Perfect scaling of insulating and metallic curves
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Theory of continuous Mott M-I-T

Th.e oy 2D Spinon theory DMFT Percolation theory
predictions
Transition continuous weakly first order first order
Type (at T < T, ~ 0.01TF)
8 —8clS”, U —Ual”, S
A v — 0.67 vz~ 0.8 remains finite
m* weak: In @ strong: |U — Ug| ™! no divergence
2 ) constant diverges:
A/ (m”) ' (KW law obeyed) (xo —xc) 5t =s/m
Trr |8 — gl U — Ue| T* ~ |x — xc|
Tinax Thax = © ’u_uc2’ T ~ ‘xo_xc|

Ref: Tan, Dobrosavljevic, Rademaker, “How to recognize the universal aspects of Mott criticality?” (2022, soon on arXiv) 19/22



Caveats / Open problems

Fake fake insulators
Low temperature saturation in insulators can come from experimental issues

'e?. Data for T<20mK deviate from
the systematic behaviour at higher temperatures, most likely due to
the common issue of decoupling of the electron temperature from
that of the immersion cryog

Ref: Falson, Nat Mater 2022

T(K)
Anderson insulation?
Standard theory predicts Anderson insulation at low density in presence of disorder in 2d

Phonons? Electron-electron interactions?
Still work to do in including further interactions mechanisms.
Are there different universality classes associated with scaling close to the MIT?
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Resistivity

Resistivity

Conclusions: A New Perspective on Metal-Insulator Transitions

Temperature

\ Insulator

Metal (Fake insulator)

Temperature

Critical resistivity is not constant but diverges as a powerlaw

Close to the MIT there is a metallic regime with dp/dT < 0
(“fake” insulator)

Close to the MIT there is universal scaling of resistivity curves

p(T)/pe(T) = f(T/To(9))

Theory: weak disorder band transitions (with or without SSB)
Applicable to experiments in moiré systems (graphene, TMDs)

Mott MIT has different properties
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Scaling in MoTe,/WSe,

Extrapolating the
zero-temperature conductivity
gives critical D,
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Ref: Li, Nature (2021); Tan, Tsang, Dobrosavljevic, arXiv:2112.11522 (2021)
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