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New plattorm for strongly correlated physics
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Flat-bands in tBLG

Spin/valley deqgenerate flat bands: Non-zero helicity » = 2:

0.04 - \W
0.02
g w ~ 10meV
§ s j E‘>—
2
W
0.02
» Spin/valley degeneracy 4e/uc
-0.04
* Mini-BZs decoupled
K I M K
) ) * No localized Wannier functions = Chern bands
Continuum model calculations

Bistritzer/MacDonald) + corrugations/strain ) )
( ) 9 Interactions can break C,T symmetries
H. Yoo, ..., E. Kaxiras, P. Kim, Nature Materials 18, 448 (2019).

Bernevig group (2018). Vishnawanth group (2018).
MacDonald group (2019).  Zaletel group (2018).
and many many others. Fu group (2018).

Todadri group (2019).

quenched kinetic energy — t
dominant interaction energy — U
« topological Chern bands
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Magic angle twisted bilayer graphene - Phase diagram
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Magic angle twisted bilayer graphene - Phase diagram
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Magic angle twisted bilayer graphene - Phase diagram

Filling factor, v
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Magic angle twisted bilayer graphene - Phase diagram
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Magic angle twisted bilayer graphene - Phase diagram
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Magic angle twisted bilayer graphene - Phase diagram
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Advent of graphene and 2D van der Waals materials

/ n \ Energy (E) .
, y S Record properties of graphene :

. Thinnest imaginable material 2> one atom thick
. Highest surface area = 2630 m?/g
- . Transparent to light 2 97.7 %
Wavenumber ® Ultra-broadband absorbtion 2 uV - THz
(semimetal) B Stiffest material > 1 TPa
(200 4) . Strongest material 2> 130GPa
oo Most stretchable material 2 20%

Record thermal conductivity 2 6000 W/mK

Highest current density at RT = 10° > copper
Highest intrinsic mobility - 100 > Si

Lightest charge carrier 2> massless Dirac fermions
Longest mean free path at room temp - microns
Easily functionalised and process able

Impervious to even He

hEBN Mao5s, Black phosphorus
(insulator) (semiconductor)
(2010)
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Single layer vdW materials

High quality single crystals - 2D physics in

Layer number control — new physical systems

the clean limit

« True 2D high quality single crystals
Quantum confinement in the z direction

Enhanced electronic interactions

* Reduced environmental screening enhances
electronic interactions

massless massive
Dirac fermions chiral fermions " 5

ol P 5 A
=Y é B H 'Y
_:; f JJ . J
" -
// J: | o . .-'"aa
! ;J [ @ g

H=v.5.p H=g.p2/2m
Altered unit cells 2 changed degeneracies
and broken inversion symmetries
» Altered band-structures below 8 layers
» Changed phonon spectrum

E- and B-field control

oy (€%h) 10° 10° _10°

B D e

G L I = = = = = = = - - -

AF-insulator Un EAF-M ‘CMR-manganites 06
: X
AF-insulator Ds@m High-T_ copper oxides o &
k=g
: & 04
”m Metal Doped STi0,
i

Silicon, GaAs 0.2

Largest polarization reached
by the field effect in oxides

» Electric field control across phase-transitions
* Novel quantum phases in high B-fields

Dmitri K. Efetov
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Graphene and 2D van der Waals materials

Ggﬂlﬁne Graphene ’ h.hBN . BCN Fluorographene | Graphene oxide * ngh quallty Single Crystals -
y AT 2D physics in the clean limit

Metallic dichalcogenides:

Semiconducting NbSe,, NbS ,, TaS ,, TiS ,, NiSe , and
2D dichalcogenides: - 3Rz 2R s AUERE AN ° Layer number control —
chalcogenldes MoS,, WS ,, MoSe ,, WSe , MoTe, WTe,,

75, 2vSe” and 20 on Layered semiconductors: multitude of new systems
: ’ GaSe, GaTe, InSe, Bi ,Se and so on

Micas, yedioidiess * Enhanced electronic
BSCCO MoO,, WO, Perovskite-type: Ni(OH),, Eu(OH), and so on in te ractio ns
2D oxid LaNb,0-, (Ca,5r) ,;Nb;0,,
i Layered 0. MO V.0 Bi,Ti,0,, Ca,Ta,Ti0,;and so on
Cuoxides | TaO,, 2IinZazrlldzs;n:)E;)n Others ° E- and B-field control

A. Geim, et. al. Nature (2013). A

iy J Research Group
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vdW co-lamination transfer technique:

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

-

Designer vdW stack: TEM cross-section: Moiré superlattice:

hBN

Graphene
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MBE (LEGO) vs. vdW (CARDS)

Molecular beam epitaxy: Van der Waals assembly:

Crystallographic orientation locked Crystallographic orientation free

New > Free crystallographic orientation
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Device assembly =2 tear and stack

PC/PDMS
B N

---
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P. Kim, Nature Materials (2019);
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Large twist-angle inhomogeneity

AFM image of device: STM image of device:

M. Yankowitz, et. al. Science (2019); A. Kerelsky, et. al. arXiv:1812.08776 (2018);

Biggest source of disorder is twist-angle
inhomogeneity — smearing of small
interaction gaps In transport measurements

hGp
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As prepared vdW heterostructures

Before squeezing: After squeezing:
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Moiré super-lattice and flat bands in tBLG

STM - Moiré topography: Nano-ARPES for 6 ~ 1.3°:
Sreg9 peals Topography
L : . s
i ' 0 ll‘l1 3&
X §{~\
° ARPES
%
o
250x250 nm?* .
15 e 1.9

T. Benshop, ..., DKE, M. Allan, in arXiv:2008.13766 (2020). S. Lisi, ..., DKE, F. Baumberger, Nature Physics (2020).
Also: Also:

Nadj-Perge group, Nature Physics (2019). M. Utama, ... , F. Wang, Nature Physics (2020).
Yazdani group, Nature (2019).

Pasupathy group, Nature (2019).

Andrei group, Nature (2019).
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Transport Devices
AFM Device image:

X. Lu, ..., DKE, Nature 574, 653 (2019).
P. Stepanov, ..., DKE, Nature 583, 375 (2020).

Also:
K. Kim, et. al. PNAS (2017).
Y. Cao, et. al. Nature (2018).

M. Yankowitz, et. al. Science (2019).
elc.

Ultra-low twist-angle inhomogeneity of
A6 < 0.01" over 10um

iy J Research Group
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Transport Measurements

Longitudinal resistance: R,, =V, /I

Hall resistance: R,, =V, /I

Carrier density: n = Cg * Vg

Hall density: n = ny = —B/eR,,

Capaciatance of graphite gate:
Cg ~ 260 nF/cm? ~ 10%2 e/Vcm?
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Carrier density (filling) dependent resistivity

Electron filling
Cl Cl Cl CI(\)IP C1I Cl

-3 2 1 3 4 om \W Band-ga
T 4¢ &
o

Band-gap
B | 1 2 | 3 -0.04
n (101zcm'2)
Single particle band-gaps and CNP
X. Lu, ..., DKE, Nature 574, 653 (2019).
Dmitri K. Efetov |CFOQ? Lowbimension:
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Devices made @ICFO

Graphene lattice constant: a = 0.246 nm

Size of moiré unit cell: A =v3a?/20% ~
15nm*15nm

Density of 1 electron/hole per moiré unit cell:
n,=Agt =260%/v/3a%~ 102 e/Ncm? or filling
factorv=n/ng =1

Fully filled moiré bands of 4 spin/valley
degenerate electrons/holes per moiré unit cell:
n,=4Ayt = 862 /y/3 a? ~ 4*10'2 e/NVcm? or filling
factorv=n/ng =4

Band structure:

0.04: Band-gap/

ne = 802 //3 a?

0.02}

—

/

Energy (eV)

\

CNP

002 —Ns= 892/\/5 a’

Band-gap

-0.04

Dmitri K. Efetov
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Typical Devices

Optical device imaqge:

X. Lu, ..., DKE, Nature 574, 653 (2019).
P. Stepanov, ..., DKE, arXiv:1911.09198.

Ultra-low twist-angle inhomogeneity of
A6 < 0.01" over 10um
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R (kQ)

Carrier density (filling) dependent resistivity

Electron filling

Bl CI Ccit Ci CfalP C1I Cl %‘I Bl

Correlated insulators at all integer fillings
v=0,%x1,22 %3 e/uc

X. Lu, ..., DKE, Nature 574, 653 (2019).
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Temperature activated transport

Temperature activated Arrhenius plots:

Insulating states:

A
1078 wesees * CNP-
- " m w2 v=0, A~0.86meV
. na 10 v=-2,A~0.34 meV
SERr v="1,4~0.14 meV
BRI ) v=2 A~0.37 meV
v 3n /41 N v=3 A~0.25meV
l—- _2""-/
. 710 Semi-metallic states?:
| ! o v =-3, no gap

2 . v =-1, no gap

7/T(K")
R . =1/G ~exp(A/2kT)

Insulating (v = 0,2,+3) and semi-metallic
correlated states (v = £1,-3)

) Research Group
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Mott insulator picture

— @
/\
t — kinetic energy (hopping) \

H=-1 Z clacj,g = UZni,Tﬂz‘,L

1,9,0 1

/ U — onsite energy (Coulomb)
U=é?0/(4Teka)
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Mott insulator picture

AN

t — kinetic energy (hopping) \ / U — onsite energy (Coulomb)

U=é?0/(4Teka)
H=-% Z C;F,ﬂ.cj,a 5 UZ”:’,T”@',L

1,7,0 i

partial filling - correlated metal:
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Mott insulator picture

/
/t\w
U

t — kinetic energy (hopping) / U — onsite energy (Coulomb)
\ U=¢%0/(4meoka)
H=-% Z C;F,ﬂ.cj,a 5 UZ”:’,T”@',L
1,30 i
partial filling - correlated metal: <:> inteqer filling — Mott insulator:

DOS
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Mott insulator picture

@
/\
t — kinetic energy (hopping) \

H= -1 Z c;f,gr:j,g -+ UZni,Tﬂz‘,i

1,9,0 1

partial filling - correlated metal: <:{> inteqer filling — Mott insulator:

/ U — onsite energy (Coulomb)
U=é?0/(4Teka)

Breaking of SU(4) spin/valley symmetry >
correlated gaps at *0,1,2,3 e/uc

Research Group
1
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Carrier density (filling) dependent Hall density

Hall density: n = ny = —B/eR,,
n (ngy/4)

Ny=n+n,/2

n,(10”cm?)

> A N O N B O
| A L D L A A

n (10" cm?)
X. Lu, ..., DKE, Nature 574, 653 (2019).

Carrier density (Fermi level) resets at all
integer fillings v = 0,1,x2,+3 e/uc

Dmitri K. Efetov ICFO"; ; mehG up
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Quantum oscillations - Landau Fan diagram
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Quantum oscillations - Landau Fan diagram

4
3 Landau levels:
2
1 v = 0, 4-fold
iy v==x71,nolLs
gﬁi 0 v =+2, 2-fold
1 v = +3, 1-fold
. _ /
8/ 8 8 8
3 6 &
4 | 8 4 | 4] *
‘Rl - A 21: | . Chern insulators?:
. I | L N I '
3 2 1 0 1 2 3
n(10"%cm™) ’ v=-1,C=1
v=1,C=2

Breaking of SU(4) spin/valley symmetry >
different degeneracy of LLs from different v
Dmitri K. Efetov ICFO" “"i“;,hi =




Carrier density (filling) dependent Hall density

ryyy: Luu ;l'“ HL

1.0F \

0.8} Lifshitz
- transition

g

-~ 0.6} Fhas Phase
transiti transition
. (first or

{d[ec-::nd order)

\

Carrier density (Fermi level) resets at all
integer fillings v = 0,1,x2,+3 e/uc

S. llani, Nature (2020).

hGp
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Topological flat-bands in tBLG

Mini-BZ with helicity 7 = £2:

k
Hy~ — hvpo'k

» Mini-BZs decoupled Spin 1,],; Valley K, K’; Sublattice A, B;
« No localized Wannier I:>
functions = Chern bands e 4 Chern bands with C = -1

C,T - symmetry * 4 Chern bands with C = 1

Vafek group (2018). C=-1. |1 K A>||, K A>|1,KB> || K B> Vishnawanth group (2018).
Bernevig group (2018). Zaletel group (2018).
MacDonald group (2019). | C = 1: |1, K A> ||, K A> |1, K}, B> ||, K, B> | [Todadrgroup (2019)
Fu group (2018). Dai group (2019).

Balents (2019).

| C Fo ) Research Group
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B-field induced Chern insulators

Gap out degeneracy of the bands >
break one or both C,T symmetries

v=0

v=0
40 K K'

Break single particle
T - symmetry
- apply B-field

Break single patrticle
C, - symmetry
—> align to hBN

Valley asymmetric C Valley symmetric C

A. Sharpe, et. al. Science (2019); SR T symmetry broken P. Stepanov, I. Das, ...,
B. M. Serlin, et. al. Science (2019); 3 DKE, et. al. Nature (2020);

Interactions directly break C,T symmetries?

B. Lian, Z.-D. Song, ..., B. A. Bernevig, arXiv:2009.13530 (2020).
K. Nuckoalls, ..., B. A. Bernevig, A. Yazdani, arXiv:2007.03810 (2020).
I. Das, X. Lu, ..., B. A. Bernevig, DKE, arXiv:2007.13390 (2020).
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Quantum oscillations - Landau Fan diagram
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Quantum oscillations - Landau Fan diagram

4
3 Landau levels:
2
1 v = 0, 4-fold
iy v==x71,nolLs
gﬁi 0 v =+2, 2-fold
1 v = +3, 1-fold
. _ /
8/ 8 8 8
3 6 &
4 | 8 4 | 4] *
‘Rl - A 21: | . Chern insulators?:
. I | L N I '
3 2 1 0 1 2 3
n(10"%cm™) ’ v=-1,C=1
v=1,C=2

Breaking of SU(4) spin/valley symmetry >
different degeneracy of LLs from different v
Dmitri K. Efetov ICFO" “"i“;,hi =




Correlated Chern insulators in B-field

o, (€7h) 0 6

8
- @0 ©G1) (2
=,
Q 6

=

_{
aa)

V V
Chern insulators in B-field - Streda Formula: Quantized Hall conductance:
dn/dB, = Ce/h 0,, ~ Ce?/h
Yazdani group, (2020); Young group, (2020).
I. Das, X. Lu, ..., DKE, Nature Physics (2021). Nadj-Perge group, (2020); Andrei group, (2020).

Jarillo-Herrero group, (2020).

Enerqy gaps: CCI (1meV) >> LL (0.1meV)
Quantization field: CCI (0.3T) << LL (3T)
STM: interaction induced gaps show spectral broadening

Research Group
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IBGlV 2 Interact/on induced svmmetrv breaking

0

Partially

coherent

P en

inter-valley |nter

Partially
alley inter-valley |nteriyaliey orger
coherent  coherent  conarent
C=0
3 C=t1

0

4 1

0

1 2

Filling factor, v

valley polanzanons (\C'ﬂ)

valley K, s=4} valley K, s=t+

(a)
n=+1 n=+1 :
n=-1 n=-1 :

kinetic band basis K
chlral nat limit nonchlrai-ﬂat limit

%

Chlfal-ﬂOﬂﬂal limit nmchlral-nonﬂat

B. Lian, Z.-D. Song, ..., B. A. Bernevig,
arXiv:2009.13530 (2020).

e, =+1 e, =+

\Q

ey=1 ey=1

Chermn number e, band basis

Partially inter-valley
coherent
v=+1,

K) + 7| K')

C=-1

|K) = 7| K)

ﬁ

| K')

NG

| K)

o - ilV
3

4

Valley polarized
v=+1, C=43

| K) |K')
-1,t -1
-1 | —
L . N
+1,t +1,1
+1,4 +1,4

A p—_—

Dmitri K. Efetov
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Observation of a zero-field CCI with (1,1)

Filling factor, v

-2 -1

0

1

12 2
10 sz 0 1
AR,

(hie”) ——

0.3
B (T)

03 00 0.3
B(T)

5

—-.l

S

1

~

P. Stepanov, M. Xie, ..., A. MacDonald, B. A. Bernevig, DKE, in preparation (2020).

Dmitri K. Efetov
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Comnetltlon of (1,1) and (3 1 ) in B- f/eld

. 7 v e C. 115" 1.35
2 : 0.0 5
¥ C=+3
_RXX
< - R "
ﬁ h/3e’ _y ;f
= B
x 2
_0_4ﬁ L 0.7 L— ‘[/0
1.0 1 0.8 0.8 0.9
R (h/e’) n (10” cm?) n (10”2 cm?)
Partially inter-valley Valley polarized
v:ﬂ?lg:t_1 v=+1, C=43

B-field induced  |,,—_ .~
transition from Nl

(1,1) and (3,1) ["
14 Wl
I —
o e ICFO? fcachon

Quantum Materials



Disordered domain structure and Chern mosaic

a SQUID-on-tip

B,=50 mT

y (um)
=N

o N

0 5 X (Mm) 15 20

- Rich and disordered domain wall structure for different v
—> Variety of orbital states with different Chern numbers

S. Grover, M. Bocarsly, ... , A. Stern, E. Berg, DKE, E. Zeldov Nature Physics —in press (2022).
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Possible ground state of the v=-2 state

Valley polarized state with C=-2: Orbital magnetization ~ 10y :
U
[k ’
N\ — — 120
2 =
' 2 80
Ecl. — — _ _ _ _ _ _ _
E RS 7 10
L 0
k
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Magqic angle graphene - MAG

Unconventional superconductivity in physicsworld
magic-angle graphene superlattices

. . : e - o o i o o MATERIALS NEWS
Yuan Cao', Valla Fatemi', Shiang Fang?, Kenji Watanabe?, Takashi Taniguchi®, Efthimios Kaxiras®* & Pablo Jarillo- Herrero'

Discovery of ‘magic-angle graphene’ that behaves like a high-
Correlated insulator behaviour at half-ﬁlling in te:crtnhpe\r(ature superconductor is Physics World 2018 Breakthrough
magic-angle graphene superlattices orthe fear

13 Dec 2018 Hamish Johnston

Yuan Cao', Valla Fatemi!, Ahmet Demir', Shiang Fang?, Spencer L. Tomarken', Jason Y. Luo', Javier D. Sanchez-Yamagishi?,
Kenji Watanabe®, Takashi Taniguchi®, Efthimios Kaxiras®*, Ray C. Ashoori' & Pablo Jarillo- Herrero'

Phase-diagram MAG: Phase-diagram cuprates:
8 4 0
R,, (kQ) I
M1, 6=1.16° i
0.61
electron doped hole doped
—~ 0.5] Metal
<
~
g 0.4
2
o
S 0.3
£
()]
= 0.2
0.1 0.84 1 1.16
-1.8 -1.6 -1.4 -1.2
Carrier density, n (10'2 cm2) holes per Cu

Y. Cao, et. al. Nature (2018);
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Unconventional superconductivity in MAG?

Uemura plot:

Normalized carrier density (cm™)

Superconductivity in MAG:

101 102 103 10 108
saaal MR | MR | . | PP | P
.- A4 BSCCO
10° E FeSe(1L)/STO
] .y
BaFg(,(As,_P,), v ¥
T
< .f o’C ZrNCI EDLT
. 7L (x10° 3 e
i & . oL )‘ ACe Mos,EDLT ® vCaC,
@ . BEDT 58
= 3 o o NbSe2
& Pl o ~ Na,CoO,
— s 40 { 8
8_ v, K[rWO) A * UFE“T“ oS
5 ,~‘oHe T FeSeliLySTO
3 P @ UPd_AI, Magic-angle TBG ®
= 109 Magje-angle TBG L L URTJ & ot . saem oty
: - : ,Siy ® n phictide
S ®UBe,, - ©° @ l___. $°%0 o0 T
&: High-T_ cuprates
¥ ® SITIO,EDLT ~
UPt, 3 ‘.
LAO/STO e e st tiettetetr beirdvie
Heavy-fermion superconductors
1071 5 107 T
] 5 4 3 2
] n (10" cm™)
R RRRY T Ty e SRR L e AL
10° 10! 102 108 104 10°

Fermi temperature, T (K)

2x -Y. Cao, et. al. Nature (2018);

Record low carrier density
of any superconductor

T, ~1.7K

Record strong coupling —
defined by T /T;~ 0.1

Proximity to integer filling
Mott states — non e-ph
mechanism?

Dmitri K. Efetov

| C Fo ) Research Group
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Carrier density (filling) dependent resistivity

Electron filling

Bl CI cl CI CNP CI Cl Cl Bl
-4 -3 -2 -1 0 1 2 3 4

3

1012 -2 X. Lu, ..., DKE, Nature 574, 653 (2019).
n ( cm ) llani Group (2019).
Yazdani Group (2019).

Correlated insulators at all integer fillings
v=0=x1,12%3

) Research Group

Dmltrl K EfetOV |CFO Low Dimensional
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Phase diagram

. CS — correlated state

Bl — band insulator

1

e i reides N

w

3 2 1 0 1 2 3

12 -2
n(10“cm™) X. Lu, ..., DKE, Nature 574, 653 (2019).
itri ) Research Group
Dmltrl K' Efetov |CFO Low Dimensional

Quantum Materials



Signatures of Superconductivity

Critical temperature T . Critical B-field B :
6 — — 250 )
I o ) B=[®,/(2x%)](1 ~ T/T,)
¢ =
S2 - - S
X . =
Q f x°
J
0 --I ------ , 00 T(K) 1.5 0 )
0 T(K) 10 0 T_(mK) 1000
Critical current | Frauenhofer interference (disorder):

1 2 3

3
10°F 7 _=710mK

-V ol dex/dI (kQ)

g 20
3 10¢ =
5 <
o = 10

101 _ -200 0

i A AN & 0 Lo B0 -300 -150 0 150 300
10’ 10° B (mT)

l,. (nA)

Consistent with GL and BKT theories with:
T.~ 1K, H,~100mT, I, ~ 10nA,  ~ 50nm

iy J Research Grou
Dmitri K. EfetOV |CFO LowDimensionI;l
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Evolving phase diagram 2020

3r — 1.06° 3r o
! — 1160 ! -
— 1.14° ! -~ L
1.10° I - 1.18°
1.27°(1.33 GPa) ol
N
Insulator _— Mctal Metal
it a
1 1 I.A 1 O J E ‘. 1 1 L
0 1 2 3 4 -4 3 2 A 0 1 2 3 4
band filling band filling
L. Balents, C. Dean, DKE, A. Young, Nature Physics (2020).
Open questions: Key challenges:
« Nature of SC and CI? « Twist-angle control and
homogeneity
«  Competition of SC and Cl, or ' _
mother-child-relationship? *  Strain control and homogeneity
«  Similarity to cuprates - or » Dielectric environment

interesting in its own right?
« Statistics

ig s ) Research Grou
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Novel control knobs for Mott systems

@
t

t — kinetic energy (hopping) / U — onsite energy (Coulomb)

U=¢*0/(4meoka)

\

H=-1 Z c:f,acj,g o Uzni,Tnz’,L

1.4,0

1
\E Tuning t with 6: Tuning U with screening.
peaks in DOS

- control of U/t ratio
Dmitri K. Efetov ICFO" ot

Quantum Materials



Screening with proximal metal layers

= hBN ﬂ Screened onsite enerqy U:
25
Unscreened U
P 3
i E
= )
B 6
- < a2 a2 aaal fd 00 0002
S = - T 0 1 2
w> A e w (nm)
\ U= j d?x d?x'|W () |2 [W(x)|2V(x = x'|)
0

P. Stepanov, I. Das, ..., DKE, Nature 583, 375 (2020).

ig s ) Research Grou
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Unperturbed superconducting domes
D] om— 17|

S =
hBN thickness

Filling factor, v
ig s ) Research Grou
Dmltrl K. EfetOV |CF° LowDimensiongl
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Double gated ©~1.08 device

Device schematics:

Previous work by Jarrillo-Herrero and
Ensslin groups, Nature Nano (2021).

B Graphite ——
hBN
MATBG

R, Vs. filling v:

—B =300 mT

—B=0mT

J. Diez-Merida, A. Diez-Carlén, S. Y. Yang, ... , K.T. Law, DKE, arXiv:2110.01067 (2021).

Dmitri K. Efetov
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MATBG Josephson Junctions

Vv
-2.8 -2.4 -2
o 25 , : , - :
< N g S ; C \
0 5 5 ‘ )
’ . n=—1.7x10"%cm? |=
200 . <
2 o 3
N 4(
-200 : - H
[ I H 1 - i 0
-2 -1.7 -1.4

n, (102 cm™?

J. Diez-Merida, A. Diez-Carlén, S. Y. Yang, ... , K.T. Law, DKE, arXiv:2110.01067 (2021).

Dmitri K. Efetov
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MATBG Josephson Junctions

Vv
-2.8 -2.4 -2
25 , i , ., ,
N s ; - \
0 5 5 ‘ )
: | = Tx10"2'cm2 S
200 <
0 3
4(
200 : - H
[ I P 1 - i 0
D 17 1.4

n, (102 cm™?

f

o3V /0 (k) 0__3

J. Diez-Merida, A. Diez-Carlén, S. Y. Yang, ... , K.T. Law, DKE, arXiv:2110.01067 (2021).
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MATBG Josephson Junctions

Vv
' 2.8 2.4 D
s B : ' ' . :
< N s i /e 1
< s i \ g
: . n=-17x10"cm? |=
200 . <
g o S
- 4(
200 : - H
[ I P 1 - i 0
) -1.7 -1.4
n, (10" cm™?
dV,, /dl (kQ)Q__1.5 fOOdV,x/df (k) 03
60
2 of
-60
\
_120 a1 1 1 1 1
=30 0
B (mT) B (mT)
J. Diez-Merida, A. Diez-Carlén, S. Y. Yang, ... , K.T. Law, DKE, arXiv:2110.01067 (2021).
L Chair of Solid
Dmitri K. Efetov LMU|[E257| State Physics



MATBG Josephson Junctions

Vv
' 28 24 -2
o 25 : - , - ,
< N s B \
9 5 5 ‘ g
: . n=—1.7x10"%cm? |=
200 : ]
2o 3
- 4(
~200 | - H
[ I P 1 - i 0
-2 -1.7 -1.4
n, (102 cm™?
4V, 1 (k) Q15 T av, i ke) 050 @ av, k)OS
00 80
60
2 of
-60
\
oo bt
-30 0
B (mT) B (mT)
J. Diez-Merida, A. Diez-Carlén, S. Y. Yang, ... , K.T. Law, DKE, arXiv:2110.01067 (2021).
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MATBG Josephson Junctions

Vv
' 28 24 -2
o 25 : - ' - ,
< N s ;j// . | T
o ()\\\‘_""‘““‘*--L__‘ i ]
i { n=-1.7x10"cm? |
200 N3
o s
< 4
~200 : - U
[ I P ! - i 0
2 4.7 1.4

n, (102 cm?

® k) 15 T oav, ko) 050 gy, k)5
20 00 80 B, = -30 mT ———
7:;10- n By =+30 mT —
60 : =
—_ RS
, ~
€ of KN
-~ i ]
-60 Ot
Nt -100 0 100
—120 B 1 [(nA)
-30 0
B (mT)

J. Diez-Merida, A. Diez-Carlén, S. Y. Yang, ... , K.T. Law, DKE, arXiv:2110.01067 (2021).
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MATBG Josephson Junctions

) T dv,, /dl (kQ) LD
80

-

8
_ B —»
G
-
3 |
= 4+ d
©
g N refii T T ST R
-30 0 30
B (mT)
i
By =-30 MT —
::;10" B,::=+30mT—-
3
A
> of
ES)
0> g ) . 4 | 2
-100 0 100

I (nA)

J. Diez-Merida, A. Diez-Carlén, S. Y. Yang, ... , K.T. Law, DKE, arXiv:2110.01067 (2021).
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Magnetization reversal and hysteresis

Magnetization reversal: Hysteresis and symmetry switching:
3 dVldl (kQ) G © 50
100
v v . =

b
100 5 1] AB B_—
% 0 3
Fo O/Ddg
=
_— e
- —~ 4 [}
S
[Ty
100 Ot -
- 0 400 800
T (MK)
Chair of Solid
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Possible ground state of the v=-2 state

Valley polarized state with C=-2:

Orbital magnetization ~ 104g :

/_\,\K K;’ N2 2

2 7 A
1 % H
E RS2 0
[ °

Current induced switching:

o Chair of Solid
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Phase shift and current switching Frauenhoter

Phase shifted Frauenhofer: Current switching of Frauenhofer:
a O/D -
4 2 0 2 4 f 4 2 o 2 4
30 — T T T — T T T
- Experiment 30  Experiment

[ - "

<

i i I'
c | |j/lf\\
>

I, (nA)
-
|

0 l | \s ™
-10 -5 0 S 10 : EE—
B (mT)
g
1 =
Theory
S =
O i 1 ! 1 n
-4 -2 0 2 4
/D

—> Phase shift of ~ 3-4,
—> (lear current induced symmetry switching
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Superconducting Diode behavior

a
12 — 1
— By=+50 mT = 25 —'-', "-"‘, v — : : : ""'""Ia -
— B,=-50 mT < 0 S oo
~— ] 1 I 1 I
& = .25t l—l '—I dosromreh [ r— l
= By=+50 mT
= 300 [Pt M
% I c ‘-, 1 lI ] " l'
x — \
= T Olrmey  ngwn | lngem | aowed . Swwam
& 800 __|<].— By=-50 mT
‘ f 1 f \ J‘ \ J, ||
0 E Srrd berd St Bt o
0 20 40 60 80 100
Measurement Counts
Chair of Solid
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Strange metals and quantum criticality

Electrical transport MATBG
Jaoui et al., 2021

- L] L] 100
Quantum criticality b isials -
Proust & Taillefer, Annual Reviews of
cond. Mat. phys. (2019).
Antlferromagnet (HF)
J. Custers et al., Nature 424 (2003) 400 a
0.3 20
| :‘-T2 % 300 SM
vy T
¥
P ks 4 3 2 1 0 - 200 PG
- v (ng)
-y 100 T.
o y ... 5l
=L Iron chalcogenldes (nematic order) 0 ,CDW A J
S. Licciardello et al., Nature 567 (2019) 01 5 pro0.2 03
(+]
Pure ferromagnetic Kondo lattice (HF)
B ‘ B. Shen et al., Nature 579 (2020 ,
Ferroeletrlc order (STO) v

Rischau et al., Nat. Phys. 424 (2017)

15

0.0 05 10 15 20
o (GPa) 24

Camier density

—> Linear R vs. T and B close to magnetic phase transitions
—> Planckian scattering rates
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Linear T-dependence - strange metal or e-ph’

Strange metal in MATBG?: E-phinteractionin MATBGC?:
0 — n=-277x10"%cm™
6-
8 ﬂgdf
Q
24
< ]
= <
" n=-0.25 x 10" cm‘l2
Temperature (K) 0 20 40
T (K)
Y. Cao, ..., Pablo Jarillo-Herrero, PRL (2020). H. Polshyn, ... , Andrea Young, Nature Physics (2019).

—> Linear T-dependence with ultra-steep slope T =1- 30K

—> Planckian scattering rates
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Bloch-Grueneisen e-ph scattering in graphene

225

200

()
\\\ \<

0 160 200
T(K)

1
e

n(lO”cm'z) -
—_—136 ]
— 2,86
— 4.65
— .85
— 108

Fermi Surfacé

T(K)

100

D.K.Efetov and P. Kim, PRL (2010).

eRye Sphere

Op > B¢ @

Quasi-elastic electron-acoustic phonon scattering
= restricted by momentum transfer on Fermi surface

kpOpg = 2hkpvs~n
nD%k,

pa(T) = a(m)T* =

2 s
Ze“h Ly

Dmitri K. Efetov
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Bloch-Grueneisen e-ph scattering in graphene

eRye Sphere
Op > O w

Quasi-elastic electron-acoustic phonon scattering
= restricted by momentum transfer on Fermi surface

Very smallatv =2
kpOpc = thm

Fermi Surfacé

225

200

()
\\\ \<

250 160 200 nDZkB
T(K) T(K) pu(T) = wim)T™ = T 0,2 T
D.K.Efetov and P. Kim, PRL (2010). ja,phpm
Very small

For MATGB:
—> Linear T-dependence above B;. > 1K
—> Ultra-steep slope due to reduced Fermi velocity
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Exploring the T =0 limit in a screened device

T T r RPN s
o
N/ .‘".:l
3 /)
' 4 :-')/’;IVII ) 1
1 S/
' + el
D1 |
.

v (ny)

A.Jaoui, ..., L. Levitov, DKE, Nature Physics (2022).

—> Screened devices
- Measurements in the ultra-low T regime T < 1

K
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Linear T-dependence down to T=40mK

30 r

40 — T T T T T T T T
: iR 1 -
[ 2 12%
357 N 103 'f o 1 &
- = | ¢ 14=
[ L& A | &
30_ i [ %(W ] '
[ = 0 ' regy
oy 4 2 0
25 | - v (ng) 4
| G 1t
L S L [+
Z 20}/ <
QP l /
-~ [ ]
-~ o ®
15 v,
o @
01¢ . o
10 :—' - v=-=32 o @ ¢ i
xT & /o o
2 ~ ®
5 : g ® . _:__ .r.:— 2
ox 1 o P P = p0+ATrTY
0 . 0.01 —— . = = et
0 10 20 0.01 0.1 1 10 100
T (K) I (K)

—> Linear R vs. T over 3 orders and down to T=40mK

A. Jaoui, ..., L. Levitov, DKE, Nature Physics (2022).

Dmitri K. Efetov
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end

Linear T-dep

ence down to T=40mK

40 — T 30 15 y T T I T
: iR 1 -
[ ] 2 12%
35 1 108 '} e | &
[ Lar A | &
[ | 0 : =
3 4 2 0
25 | == v (ng)
| g 1l
—_ I — C
I ~ C o
g 20/ <
Q. l /
-~ [ ]
~ P ®
15 v,
o @
01¢ . o -
10 _——' - v=-=32 o .. i
.7, CKT J e & o
. . ov=-18 p
5 » 5=4 .lv=—01
° 19 i
«T f T p=py+Ag,T"
0 ' 0.01 it ' e ittt ekl
0 10 20 0.01 0.1 1 10 100
T (K) T (K) > 1K

Tac

>

—> Linear R vs. T over 3 orders and down to T=40mK

A. Jaoui, ..., L. Levitov, DKE, Nature Physics (2022).
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Linear B-dependence and Planckian scattering rate

R vs. B-dependence:

T T T ) AL AL L B (L L N

19t T =40mK

Planckian scattering rates:

10‘1 hd e..., —r—r—v
* e oy = —(0.2
. v=—1.6
. s 9 o--yv=-20
10—2 w b " " @y = —2.8
05 8w, L
" 2 Tiee, T nep—p
1073 i’fﬁ; 025> seel,
”‘ia%( 3 "-.\ .
0 ()
(4 32 1 0 \:-""‘
4 v (ng) .
10
0.1 1 10 100

T (K)

—> Density ranges of linear T- and B-dependence and
Planckian scattering rate coincide

Dmitri K. Efetov
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Suppression of strange metal away from m

agic angle

4 10 - ——r — - :
b e . .E
A [ _ il a 2 . ** ]
3 [ ? ;_2 .,f-:,_n', (:.q 0.... S .ai‘t
: B< " " »
- 1 -'%.. ¥ .'Wr&",‘,g : 'o.'.r. =
g 2 ) S-S o e
< 0 r1(0|<) 20 s :
Device Twistangle ()  Width x Length i {j K R
(“ml) 1r | = .'. .
D1 1.04 3x2 L S 01k s sl
D2 1.10 2.5x3 - T - o P .
D3 1.03 2.93.6 : : o’
D4 1.02 s : Q A J
D5 13 3x3.5 0 b o B
D6 1.4 1.8x2.8 L D2(@=1.10% 4
D7 15 1.4x7.4 D10 = 1.04) .
D3 (@ =1.03"
D8 1.05 1.8x10.4 2 001k ¢ ) iy ——
= ; >
S St xT . _ 20214
= D7@=15) < 0+
x T2 < 1 115 13|
v=-20 00
0 ' 0.001 iyt S
0 05 1 0.1 1 10
B (T) T (K)
Away from the magic angle:
—> Suppression of strange metal
—> Recovery of Fermi liquid
Chair of Solid
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Strange metal - parent state of the SC state

3 B = 300 mT-
B —=0 I
1 1 l b

0 0.5

1 B l1.5
T (K)

DEL — B T i
4t P
i _Jo”
: OOC)_,..o-
3 - =0 -
2F ¢ v
1k -
0T = 40 mK ]
00— ]
0 05 1
B (T)

—> Density ranges of linear T- and B-dependence coincide
= Energy scales of linear behaviorin T and B coincide
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Magnetic fluctuations in MATBG

Magnetic fluctuations in quantum matter: Pomeranchuk effectin MATBG
= Magnetically ordered phases:
. Quantum critical r 0 4
‘3 . A. Rozen et al,, Nature 592 (2021). g as
il of mm I§:
- -—12 Y
8
A 3 4
1 =0
ig 08F
b §
. Qm,‘“":,",:“t <@ Formi liquid (disordered metal) E; | |
¢ | p )f; - ’W\: e W 04} / -
A 9 - - N 02F 4
- 4W\€ T = 10K
, i VAN S SR B
4 0 0.5 1 1.5 2 2.5 3 35 4
P 4 O ﬁf '
Y - A. L. Sharpe et al, Science
- A. Rozen et al., Nature 592 (2021).
Adapled rom Coleman ot al, Nalure 433 (2005) - Y. Saito et al., Nature 592 (2021).

- Quantum critical point and strong magnetic fluctuations in
MATBG?

Dmitri K. Efetov LMY state Physics




Phase diagram

100 f—

105'

T (K)

004t

SM
pxT
FL Q]
p i O]
2 1
v (ng)

—> Quantum criticality in the center of the flat-bands
—> Fermiliquid behavior at the band edges
—> Superconductivity in presence of magnetic fluctuations?

Dmitri K. Efetov

HARIIL s
UnvERSITAT

Chair of Solid
State Physics



SO XN OV AW N S

—
= O

Outline

Introduction to 2D materials and vdW heterostructures

Low temperature transport measurements and twist-angle extraction
Correlated insulators, Fermi surface resets and SU(4) symmetry breaking
Chemn insulators

Orbital magnetism

Superconductivity

Screening

Gate induced Josephson junctions

Strange metal phase

Reentrant correlated insulators at one magnetic flux quantum
Thermal conductivity in the superconducting state

o ]| Chair of Solid
Dmltrl K EfetOV LMU,! State Physics




Magic angle mirror symmetric trilayer graphene

Device structure:

Middle__

L
G
s
PPty
]
o
:

b 2% X :
RO S s ) 2x Jarillo-Herrero Group, Nature (2021).
i TR Kim Group, Science (2021).
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o
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-
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Bottom Top
Bandstructure — flat-band+Dirac cone: Phase diagram in displacement field:
CRV\AYS

D=0V/nm

E(meV)
o
D(V/nm)
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Landau Fan - Chern insulators obscured by Dirac LLs

8
6 - 4 ny(kﬂ)
12
=4 s 0
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Dirac cone spectroscopy

Cl' =C—-(4N+2)=26,10

un Tt = uRZt + vp/2eANsgn(N)B
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Extraction of gaps and Chern numbers
] r D B A; <2 v=2 '
1 c=2 'IIA1
D-LL(N=2)
D-LL(N=1’)"
ED-LL(N=0)
?3’" =10,
,:gz:
oLt waae?® - >
7
C 28
19
P 24 I i %\
e -
= | %
J20¢ q
15
D=0 D=0.15 D=0.2 16 ¢
01.9 2 2.1 2 2.1 2 24 0
24 124 14

l . ‘ 13
005 010 0.15 0.20
D (V/nm)

—> Extraction of Chern numbers ang correlated gaps

- Interactions become stronger with displacement field
Dmitri K. Efetov
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Displacement field driven phase transitions

D(V/nm)

Displacement driven resistivity: Theoretically predicted phase transitions:
A;:D N a:c‘ 4 |

S

- [0

E

<

W]

Ty

15 - oaD(v?fnm) 65 1 13 0 40 80 120 160
v V(meV)

—> Displacement field induced hybridization of the bands
—> Displacement field induced phase transitions
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Moire super-potential in twisted bilayer graphene

Twisted bilayer graphene:

6
A~ 14nm
(6=1.1)

Io'n Fie.

Atomic arrangement:

AA AB/BA

Single layer graphene:

: o 2 A2 r n , ad
e(p)” = (vgp)” + f)]* + *r + \/(t‘”J)' (i + A%) + Tl

Height profile: Brillouin zone:

Dmitri K. Efetov

z mini-BZ
d| AA AB 2 valleys
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Moiré super-lattice and flat bands in tBLG

STM - Moiré topography: Nano-ARPES for 6 ~ 1.3":
Bragg peak
of moiré Topog raphy
O 1
' |'l
—0O )
e N . -
' 111 u.jl-
w
=
o ARPES
3
LLlll-
2 w
250x250 Nm -
15 K (A 1.9
T. Benshop, ..., DKE, M. Allan, Physical Review Research (2020). S. Lisi, ..., DKE, F. Baumberger, Nature Physics (2020).
Also: Also:
Nadj-Perge group, Nature Physics (2019). M. Utama, ..., F. Wang, Nature Physics (2020).

Yazdani group, Nature (2019).
Pasupathy group, Nature (2019).
Andrei group, Nature (2019).
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Mott insulator picture

/t\iw
- > (U

t — kinetic energy (hopping) U — onsite energy (Coulomb)
\ / U= e20/(4meoka)

H = —t Z C;F,JCj,g -+ Uzni,Tnz’,l

i4.0 i

U/t>>1
condition for Mott
insulator

DOS

SU(4) spin/valley symmetry breaking
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Transport measurements

Electron filling

BI Cl Cl Cl CNP (i Cl Cl 2]
-4 -3 -2 -1 0 1

Symmetry broken correlated insulators at all integer
fillings v=0,£1,+2,+3 e/uc
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New plattorm for strongly correlated physics

vBacuo,. Crystals:
(YBCO)
cuprates

Optical lattices:

Lattice constant
Interaction strength
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New plattorm for strongly correlated physics

@
t

—

t — kinetic energy (hopping) U — onsite energy (Coulomb)
\ / U=¢*0/(4meoka)
H=-t% Z C;-F,aﬂj,o- I Uzﬂi,Tﬂrz‘,L
1,5,0 i
+E Tuning t with 6: Tuning U with screening:

peaks in DOS

N

0 1 2
- control of U/t ratio
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New plattorm for strongly correlated physics

vBacuo,. Crystals:
(YBCO)
cuprates

Optical lattices:

Lattice constant
Interaction strength
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VdW heterostructures — clean coupling over < 1nm

vdW co-lamination transfer technique:

Pdyg
7? BN-G-BN
/ .
S10
=‘>
A. Geim, et. al. Nature (2013). C.Dean, P. Kim, J. Hone, et. al. Science (2013).
Designer vdW stack: TEM cross-section: Moiré superlattice:

hBN

- .'l' ' ."".ﬂ“
" 0

Graphene

. ———— R -
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Single layer graphene

sted bilayer graphene

wi

sted bilayer graphene

super-potential in t

V4
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cos (aky,).
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Moiré super-potential in twisted bilayer graphene

Twisted bilayer graphene:

& x b 4 X EEE K b 4 EER
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ELL X X
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X X
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& b3 b4 b4 X b b4
X x X X x
X x X X X IXX X X

Single layer graphene:

) 2. M A2 i a v
e(p)” = (vyp)” + f)]f - T + \/(t‘“u]' (i + A%) + Tl

Brillouin zone:

Ky

2 valleys

K
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Moiré super-potential in twisted bilayer graphene

Twisted bilayer graphene: Single layer graphene:
6
A~ 14nm B0 R0
6=11°)

Io'n Fie.

> 9 2 A.) 2 92 9 i
nw:mwm§+71%mwmwxwf

Atomic arrangement: Heiqght profile: Brillouin zone:
AA AB/BA Kiy
A MA o
: mini-BZ
dl AA AB 2 valleys
S\ ;
iy s ) Research Group
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Flat-bands in tBLG

Spin/valley deqgenerate flat bands: Non-zero helicity » = 2:

\Y

0.04+

0.02
M
0

-0.02;

Energy (eV)

» Spin/valley degeneracy 4e/uc

-0.04

* Mini-BZs decoupled

K I M K

No localized Wannier functions = Chern bands
Continuum model calculations

(Bistritzer/MacDonald) + corrugations/strain * Interactions can break C,T symmetries

H. Yoo, ..., E. Kaxiras, P. Kim, Nature Materials 18, 448 (2019).

Bernevig group (2018). Vishnawanth group (2018).
MacDonald group (2019).  Zaletel group (2018).
and many many others. Fu group (2018).

Todadri group (2019).

« quenched kinetic energy — t
dominant interaction energy — U

ey n | Foq Reirealirch 1‘(f-rioup
Dmitri K. Efetov CFO" v,



Devices made @ICFO

Transport meaurements:

AFM device image: 006 A

15 05
n (10" cm?)

Ultra-low twist-angle inhomogeneity of
A6 < 0.01° over 10um

X. Lu, ..., DKE, Nature 574, 653 (2019).
P. Stepanov, ..., DKE, arXiv:1911.09198.
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Dmltrl K_ Efetov |CF Low Dimensional

Quantum Materials



R (k)

xx

Gate tunability between SCto FM in MATBG

Filling factor, v
-3 -2 -1 0 1 2 3

N

a6 13
n (10'2cm'2)

n (10" cm®)

Superconductivity: Orbital Magnetism:
0 10 0 1
oV, /) puam 0.25 . ,1R,.f2(hlez)|:!
Zero-field gate <
» Induced transitions  °E5#C
=
= between |
o 1f
0 5 10 15 06 0 06 © -03 00 03 03 00 03
T(K) l,. (nA) B(T) B(T)
P. Stepanoy, ..., DKE, Physical Review Letters (2021).
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Disordered domain structure and Chern mosaic

a SQUID-on-tip

B,=50 mT

y (um)
=N

o N

0 5 X (Mm) 15 20

- Rich and disordered domain wall structure for different v
—> Variety of orbital states with different Chern numbers

S. Grover, M. Bocarsly, ... , A. Stern, E. Berg, DKE, E. Zeldov Nature Physics —in press (2022).
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