Unusual quasiparticle correlation
in stacked atomic layers



‘Real’ Particles and ‘Quasi’ Particles

R. Mattuck, "A guide to Feynman diagrams in the many-body problem"
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Landau Theory of Fermi Liquid

L. D. Landau (1957).

k. k. A k+C|
QP at k 1 ©
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Fermi liquid: Weakly interacting quasiparticles

Non-Fermi liquid: Luttinger liquid (1D),
Strongly correlated system near the quantum criticality,



Assembling van der Waals Materials

2D van der Waals Materials Family Ajayan, Kim and Banerjee, Physics Today (2016)

Functioning vdW heterostructures

vdW Materials (partial list)
« Semiconducting materials: WSe,, MoSe,, MoS,, WS,, BP...

« Complex-metallic compounds : TaSe,, TaS,, ...
« Magnetic materials: Fe-TaS,, CrSiTes, Crls...

« Superconducting: NbSe,, Bi,Sr,CaCu,0g.,...

« Topological Insulator/Wyle SM: Bi,Sez MoTe,



Atomic Layer-by-Layer Stacking Up of VAW Materials

L. Wang et al, Science (2013)

e Creation of multilayer systems
with co-lamination techniques

* Encapsulated graphene in hBN

Completely ballistic at low
temperature

Xu et.al., Nature Nano (2015) (Hone group collaboration)



vdW Heterostructure Devices

Coulomb Drag in Graphene

WSe2/MoSe2 Optoelectric Device

/vdW Bipolar Transisto}

o"
MOSZ o
(emitter)
NN 1L Graphene (contact)
Highly p-doped [ N | 3L MoS; (collector)

WSe, (contact) [ ] [ ] hBN (insulator)

\F_ 5L We, (base)
] | ] hBN (insulator)
] 3L Mos, (collecton

_1LG aphene (contact)
[ | hBN (insulator)




Van der Waal Heterostructures
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~ 5 years ago




Outline

* Electron and hole interaction near the Dirac point:
Dirac Fluid in graphene

 Electron and hole correlation across the vdW interface:
Long lived interlayer excitons

e Electron and hole correlation across the Landau levels:
Magnetoexciton condensation in Quantum Hall bilayer

 Feromagnetic Superconductors in Flat bands:
Twisted Double Bilayers

* Electron and hole correlation by superconducting
proximitized quantum Hall edge:



Observation of the Dirac fluid and the
breakdown of the Wiedemann-Franz law in
graphene

/ J. Crossno, J. K. Shi, K. Wang, X. Liu, A. Harzheim, A. Lucas, S. \

Sachdev, P. Kim, T. Taniguchi, K. Watanabe, T. A. Ohki, K. C. Fong
Science 351, 1058-1061 (2016).

Jess Crossno Kin Chung Fong

Jing K. Shi Ke Wang  Achim Harzheim ~ Thomas Ohki ~ Andrew Lucas Subir Sachdev T. Taniguchi, K. Watanabe

) . Sang-Jin Sin ~ Matt Forster
Jonah Waissman Artem Talanov ~ Zhonging Yan




Dirac Point in Graphene

Physics at Dirac Point

Symmetry protected degeneracy

Charge Neutral

Strong electro-electron interaction

Quantum Criticality

—

2
[Effective a=—2 ~] Effective Dirac Hamiltonian: H . =+thv. 0 -k,

Fine Structure Constant grth c




Hydrodynamic Transport in Dirac Point in Graphene

Sheehy and Schmalian, PRL 99, 226803 (2007)
Fritz, Schmalian, Muller, and Sachdev, PRB (2008).
Mueller, Fritz, and Sachdev, PRB (2008).

Foster and Aleiner, PRL (2009).

Mueller, Schmalian, Fritz, PRL (2009)

Dirac Fluid

)
S M
© _
(C kT= kT=p,
o Hn H
g- L .
(()) el (kBT)2
|_
Hole Electron
Fermi Liquid Fermi Liquid
0]
0]
Carrier density’
[Condition of hydrodynamic description: ]

Dirac Fluid at the CNP of graphene
Tee << Timp



Disorder and Charge Puddles Near the Neutrality

A O . conductivity

Graphene sample
+
Er
.................................................. <“— Opeasured
Omin—»
> Ve
Conductivity of Graphene on SiO, Substrate Potential Mapping by Scanning Single Electron Transistor

p ssa1

Typical disgrder in graphene on SiO,

Tan et al., PRL (2008)

n ~ 1011 /cm?

Er ~ 40 meV

J3pJosIp IO

Martin et al., Nature Physics 4, 144 (2008)




Stacking graphene on hBN

Potential Fluctuation Measured by STM

Graphene/SiOz Graphene/hBN
B ; f 100

:‘:.g.:‘ q‘.‘
"

0 ¢

h‘

AL -100

J. Xue et al. Nature Materials 10, 282 (2011)

? .

Dean et al. Nature Nano (2009)

Hone, Kim and Shepard groups collaboration

Co-lamination techniques
Submicron size precision
Atomically smooth interface
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Non-Degenerate Electron Gas at Dirac Point

hBN encapsulated single layer graphene
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Wiedemann Franz Law in Fermi Liquid

= L, : Sommerfeld value

o) 2
Thermal conductivity K _7 ky
versus electrical conductivity oT 3\ e

Relaxation of charge current and heat current
e . -e .

j 0 - z’tene<ve>

Works well for graphene in the degenerate limit...




Wiedenmann Franz in Non Fermi Liquid




Charge and Heat Transport at Dirac Point

For a Dirac fluid at chemical potential £ =0 ;

Density: n,=n, [Energy density: u,=u, ] [ Drift velocity:  |<y,>|= |<v,>] ]

Charge current: ;| = en,<v,>+(-e)n,<v,> Heat current: jQ = un,<v,>tun,<v,>
Electric Transport -
] eV eV e-h interaction
] # 0 M=t $ H=""5"  provides a friction
. to electric current!
J 0O 0 +e

Thermal Transport

e-h interaction
provides no friction
to heat current!

J=0
jQ;tO

2 2
Near the charge neutrality, K T (kB j

>
ol 3



Johnson Noise Thermometry for
Thermal Conductivity Measurement

J. Crossno et al., APL (2015)

VAkpT Af R = Vpys

7 Electron temperature can be measured in the range of 1-300 K @ 100 MHz
Joule heating by DC bias through bias T 5
IR
Gth B —
A]:n'e

Johnson Noise
Temperature

Local heat dissipation



Electronic Thermal Conductance Near the Neutrality

[E—

R;, (kQ)

G, ("W/K)

G, ("'W/K)
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Temperature (K)

0 50

AV,=0V

»
P

I 100 150
‘ -

Thermal conductivity enhanced 8
close to the Dirac point
at high temperatures

G,, ("W/K)

G, (MW/K)



Lorentz Number as Function of Temperature and Density

Experimentally obtained Lorentz value: Sommerfeld value: 22 (kV
- | B
:KzGthR LO_3(ej
ol 12T
nmin(T)
100 i(T) =k,T

On set of other inelastic
scattering

TBath [K]

\

Disorder fluctuation



Relativistic Hydrodynamics Analysis

Muller et al, PRB (2008) & Foster et al., PRB (2009)

Lorentz number for Dirac fluid

L | L Le= afr 7 H e H : Fluid enthalpy density
 ((n/np)2+1) ¢ ' , i I f )
md — Tmin . i
ng = Zpm {,;: elastic mean free pat
14
10 lel
1.2} « §1:1000 + 300nm

8 * §2:600+50nm
l* S3:40+ 5nm

H (eV/um?)

Perfect graphene
¥~ Muller et al (2008)

80 100




Electrical and Thermal Conductance

Effect of Disorder Lucas et al, PRB (2016). Slow Imbalance Foster and Aleiner PRB (2012);

auT”" =e "] and au]” =0

Té= (e +P) v
T"=P&"- n (61\;] + alvl) - (q B TI) &' akvk Kinematical constraint of the Dirac cone make the electron
]i —nvi-o [6 ( W-u ) _ (H’ /T) 0 T] and hole current are nearly conserved separately.
QL1 0 i

PRL (2017)

Disorder affect charge Charged current: J=J,+J,

current more than
Neutral current: J,=J,-J,
energy current
Corresponding conservative
quantities by continuity

equation: Q, O,



Magento-Thermal Transport Measurement

T=15K

Hot spot formation in quantum Hall edge states

Ikushima et al (2007)

High density

K=LTe

Smrcka and Streda (1977)

Low density
v=2 4/3 1

Crossno et al., unpublished



Magneto Thermal Transport in Corbino Device

Corbino without bridge contact Corbino with bridge contact

Normalized
Magneto-Resistance Positive Magneto Resistance Coefficients

Electrical Q

Thermal : :
srma O What can we extract viscosity from A, and A,,?




Xiaomeng Liu  Zeyu Hao Jia Li. Cory Dean. Jim Hone T. Taniguchi, K. Watanabe

Quantum Hall Drag of Exciton Condensate in Graphene
X. Liu, K. Watanabe, T. Taniguchi, B. 1. Halperin, P. Kim
Nature Physics 13, 746750 (2017)

Interlayer fractional quantum Hall effect in a coupled graphene double-layer

. X. Liu, Z. Hao, K. Watanabe, T. Taniguchi, B. Halperin, P. Kim

Bert Halperin ’ ’ ’ > ’
P Nature Physics 15, 893-897 (2019)

Crossover between Strongly-coupled and Weakly-coupled Exciton Superfluids
X. Liul, J.ILA Li, K. Watanabe, T. Taniguchi, J. Hone, B. I. Halperin, C.R. Dean, and P. Kim
in preparation




Superconductor and Superfluid

Superconductor: magnetic levitation

-~

\_

Composite bosons

Cooper pair

4He

Superfluid *He: fountain effect



Exciton/e-h Phase Diagram

Schematic Meta Stable Phase Diagram of electron-hole in 3D

T. Ogawa and K. Asano (2008)



Excitons in semiconducting guantum wells

Direct and indirect excitons in semiconducting quantum wells
Semiconductor heterostructure

Ilias Perakis Nature (2002)

Spontaneous coherence
in cold interlayer exciton gas
formed in GaAs quantum wells

A. High, Nature 2012



Excitons in 2D Materials

Bulk (3D)
€3p
)
X
/\‘
) 0.0 v.v.0.0.0,

) N
\\r—
m
<)

Monolayer
(2D)
BT
- A
Eeciton = Eg —Ep 2D exciton
Eg = Exciton binding energy
Eg = Energy gap A. Chernikov et al. Phys. Rev. Lett.

113, 076802 (2014).

Exciton is a bound electron-hole pair. Exciton is strongly bound in 2D



Atomically Thin vdW p-n junction

Band gaps and alignment of vdW semiconductors

* Type Il semiconductor heterostructures

|Condugtion Ban]l -3.53
-3.5 P e
387 e ] A8 MoSe, || WSe
4.0 -3.81 7
| 425 -3.91 -3.93 .
-4.28
45 4% e S, I 1© \
-4.75 1
-4.99 4.86 ! \ iInte r
-5.01 5.24 516 | E_ fraseaees R R N
5.24 | il F IIntra:
55 589 == v
587 | L.-5.82[1 1 !
-6.0 4 h \‘
| 827 | Valence
MoS,| MoSe, | MoTe, W§, WSe,

Appl. Phys. Lett. 102, 012111 (2013)

Photolumine¥q1ce \

Heterostructure Device and PL

1k M ' \ x _Moéez'
— WSe
2
Top gate 3
— : = 0.6
TopBN ———————— E
MoSe, £ 04
(=]
WSe, z
02} '
Pt contacts ) \ LA 4K
0
Bottom BN 12 13 14 15 16 17 18
Energy (eV)
Bottom Gate

L. Jauregui et. al, unpublished (Collaboration with H. Park and M. Lukin groups)



Toward Interlayer Exciton Condensation

Laser power dependent PL

N N

N

[\

Normalized PL intensity (a.u.)
— (U8)

Power (uW)

S

1.32 1.34 1.36 1.38
Energy (eV)

[S—
()

Blue shift due to the exciton-
exciton interaction

Estimated exciton density:

~2K

ne ~ 101 cm™

L. Jauregui et. al, unpublished (Collaboration with H. Park and M. Lukin groups)



Exciton condensation between Landau levels

Review: J. P. Eisenstein, Annu. Rev. Condens. Matter Phys. 5, 159 (2014).

E E
Two partially filled
Landau levels !
DOE DOj




Exciton condensation between Landau levels

J.

P. Eisenstein, Annu. Rev. Condens. Matter Phys. 5, 159 (2014).

E E
Two partially filled
Landau levels !
DOS DOS

1 .
0) = [ [ —=(chr + el 5)10)
12

GaAs Double Quantum Well

A B C D

| | = =

Quantum Hall effect for two partially filled complementary LLs

Quantized drag Hall

M. Kellogg, et. al, PRL (2002)

Ry and Ry p (kQ)

0.0 0.5 1.0 1.5
Magnetic Field (Tesla)

v

(t)) 9y pue Xy




Exciton Current and Quantized Drag

X
cage O
o)
xized all 6725
\
Qua®
: ent
i peﬁ\u‘d cur
Counter Flow Current
Vix
Dissipationless counter flow current flow: R,f,f = I_ =0
CF
No net force on exciton: RCF — @ =0
xy GaAs 2DEG: Princeton & MPI (2004)

ICF



Double Graphene Layer Drag Device

e Mobility ~ 106 cm?2/Vsec
* hBN thickness d =3 nm
* top and bottom gate

* contact gate

* interlayer bias

Xiaomeng Liu et al, Nature Physics (2017); Similarly J. Li et al. Nature Physics (2017)



Quantized Hall Drag for v,,, =1 and 3

yomeng Liu et al, Nature Physics (2017); J. Li et al, Nature Physics (2017);

Partial coherent exciton current:
Partially filled V,,, =1
Partially filled N, =3

E fop A

Coherent exciton current:
Partially filled N,,, =1
Partially filled N, =1

E top

%
-

\



Exciton BEC Energy Scale and Counter Flow

X. Liuetal,J. Li et al, Nature Physics (2017)

Superfluidic Counter flow [V1] B [Ru R12] ’ [[1]
Vol |R21 Roo I

VCF — RtopI - RdragI

top

‘/E)g{F — Rdrag-[ — RbotI




Counter-Flow Resistance of v,,, =-1

Xiaomeng Liu et al, unpublished (collaboration with Dean group)

R
P Temperature Dependence
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Exciton/e-h Phase Diagram

Schematic Meta Stable Phase Diagram of electron-hole in 3D

Quantum Hall Bilayer:

Competition between inner-layer
and interlayer interaction

d<<lIy d>>1,

T. Ogawa and K. Asano (2008)



Activation Gap at the BEC Limit

Xiaomeng Liu et al, unpublished (collaboration with Dean group)

d<<ly
Activating behaviors
2D XY Ground State: —» Anisotropic SU(2) Activation gap
|T) = H %(CLT + ei¢cLVB)|O> [yp) = n(cose c,I_T +e"?sin 6 ¢ 5)|0)
k k e?
Low Energy Excitation meron-antimeron pair, each carrying Es = 0.135—

€l

e/2 charge on one graphene layer.

meron
Anti-meron
e? e?
Em—am = 77.'/32£~ 0.31 g

Moon et al., PRB 51 5138 (1995)



BKT Transition at the BCS Limit

d>> g

BKT transition temperature

BKT transition
Unbound vortices

T'> Tpgr

Bound vortex/anti-vortex

T'<Tgkr

Xiaomeng Liu et al, unpublished (collaboration with Dean group)

Viop = Vhot = 72

B=27T

-

Counter Flow I-V Characteristic \

IV curves
exhibit power
law

T < Tgp: Vo< I?,

Tkt
—1+2-K
¢ T

T>TKT:VOCI/




BCS-BEC Crossover in Magnetoexciton Condensate

d<<lg ><e2 ]

Tgxr = o, f (E)

o
oco,

BKT transition

Unbound vortices

T'> Tpgr

Bound vortex/anti-vortex

T'<Tgkr

Ground States
* d K lg:Halperin (111) state

W) = [ [z — 25)(wi — w;) (2 — w;)x
e~ 1(2 |zi |2+ [wil?)

e d>» lB
: weakly coupled composite fermions

|U) = Prrr H(’z’ — 2j)*(wi — w;)*V kg7, kp,B)

* d~lIlg: many proposals

N. E. Bonesteel, et al., PRL 77, 3009 (1996)
J. Alicea, et al., PRL 103, 256403 (2009).
G. Moller, et al., PRB 79, 125106 (2009)
I. Sodemann, et al., PRB 95, 085135 (2017)

\ K. Moon, et al., PRB 51, 5183 (1995)

ﬂ)pological defects: \
vorticity and fractionalized charges

%




Magneto Exciton Insulator: v, .= 0

05 dil, 0.75 Vi t=0
(]

Monlayer/hBN/Monolayer T T—

Perfect current drag

} 1l Drag (k) R >° .

current drag @ -—
( j T.Region s

@
U,

B=14T
T=1.8K 0

{4 0\ B
&

2 _0.7 = o € -0.3

Idraglldrive

0.3 >

) .
2 -

Vlop el
Vb

Vtop

Exciton insulator!

Xiaomeng Liu et al, unpublished: collaboration with Dean group



Topological Insulating Exciton Condensation

Exciton condensation between LL (topological exciton insulator)

Exciton condensation (exciton insulator)

Counter Flow  Symmetric Flow

o h

RCF =0 Rsym =



Anyon Pairing Across vdW Gap

Voot

Xiaomeng Liu et al, Nature Physics (2019); Similarly J. Li et al. Nature Physics (2019)
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Ferromagnetic Superconductivity

in Twisted Double Bilayer Graphene

-

Xiaomeng Liu Zeyu Hao Ashvin Vishwanath Jong Yeon Lee Eglam khalaf

Spin-polarized Correlated Insulator and Superconductor in Twisted Double Bilayer Graphene
X. Liu, Z. Hao, E. Khalaf, J. Y. Lee, K. Watanabe, T. Taniguchi, A. Vishwanath, P. Kim
B\ arXiv:1903.08130, submitted

~

T. Taniguchi, K. Watanabe

/

v



Graphene

Dirac Fermions
Quantum Hall Effect
Klein Tunneling

Fractional Quantum Effect
Fractal Quantum Hall Effect

Hydrodynamics

Superconductivity ?
Magnetism ?

since 2004



Twisted Graphene Bilayer: Magic Angle

AB stack Special ‘magic’ angle

_—
T

BA stack

AA stack \

-10
B |

X (nm)
AA y(nm)@f 10@

AB BA

Localized electron
wave function at AA
sites

Bistritzer & MacDonald, PNAS (2011)
S. Fang, E. Kaxiras. PRB 93, 235153 (2016)

Moire Structure in Twisted Graphene on Graphene



Superconductivity of Magic Angle TBG

Temperature, T (K)

8 4 0O C 10 5
R, (kQ) E . | ; R, (kQ) E
M1,60=1.16° M2, 6 = 1.05°
0.61
Metal Metal
0.51 Metal Metal .
X o)
~
0.41 &
Superconductor %
0.3; 2
g 11
o
0.21 =
0.11 . . . . . . . . . .
-1.8 -1.6 -1.4 -1.2 -18 -16 -14 -12 -1.0 -0.8
Carrier density, n (102 cm™) Carrier density, n (102 cm™)
Followed by:

Mott Insulator
&
Superconductors

Y. Cao et al. Nature (2018) x 2

Yankowitz et. al., Science 363 (2018): pressure tunable superconductivity
Chen et. al. Nature (2019): trilayer graphene/hBN

Lu et. al. Nature (2019): superconductivity and orbital magnet in magic angle graphene



Ferromagnetic Superconductors

Superconductivity on the horder of
itinerant-electron ferromagnetism
in UGﬂz

S. S. Saxena*{f, P. Agarwal*, K. Ahilan*, F. M. Grosche*, R. K. W. Haselwimmer*, M. J. Steiner*, E. Pugh*, I. R. Walker*, S. R. Julian*,
P. Monthoux*, G. G. Lonzarich*, A. Huxleys, I. Sheikin$, D. Braithwaite$§ & J. Flouquet$

* Department of Physics, Cavendish Laboratory, University of Cambridge, Madingley Road, Cambridge CB3 OHE, UK

+ Materials Science Centre, University of Groningen, Nigenborgh 4, 9747AG, The Netherlands
§ Département de Recherche Fondamentale sur la Matiére condensée - SPSMS, CEA Grenoble, 17 Av. des Martyrs, Grenoble 38054, France

NATURE |VOL 406|10 AUGUST 2000 |

60
o
= A TC UG62
A
¥ 407 A AN
o AN
> \ A
© Ferromagnetism \a
g \
\a
g 207 . \
= Superconductivity A\
\ 10Tge 4
m
0 = & =
0 1 2

Pressure (GPa)

0.21

HoM (1)

0.1r

0.0

Resistivity (u@ cm)

300
0-21 4 5k [.’ Z?
0 S |
-0.2| / J 200
-0.1 0 0.1
By (M |
1100
n"’.
u .0””
.:L 0
20 40 60 80 100

Temperature (K)

Followed by URhGe (Aoki et al., 2001)

UCoGe (Huy et al., 2007)

HIM



Ferromagnetic Superconductors: H. versus T

20 T T | T T T | T T T |
(a) 1 [(b) 1 [
i UGe, R URhGe { UCoGe -
15k H// a-axis 1 H // b-axis T H // b-axisT
B 135GPa | [ 1 [ ]
— [ SC
S 10fF 4 F 4 F
= [
i SC
50 4 L 4 L
m 1 ] 1 | i 1 ] ]

02 04 060 02 04 0.6
T (K) T (K)

Magnetic field along the hard axis of ferromagnet.

H. exceeds the Pauli limit ( ~ 1.85 T_ [T/K])

From review by Aoki and Flouquet, JPSJ 83, 061011 (2014)



Equal-Spin p-wave Pairing: Superfluid 3He A phase

A-phase Superfluid 3He \Ppair(r) — ¢

VOLUME 53, NUMBER 20 PHYSICAL REVIEW LETTERS 12 NOVEMBER 1984

A. J. Leggett (1972)

]

p-wave pairing

Superfluid *He in High Magnetic Fields: The Phase Diagram A2-phase Al-phase
D. C. Sagan,® P. G. N. deVegvar, E. Polturak,® L. Friedman,® S.-S. Yan (@ B=8.5T B=0 B=85T
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Mott Insulator
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Mott Insulator and Magnetism

The Mott insulators can further be correlated,
considering the exchange interaction of localized electrons.

Anti-Ferromagnetic Mott Insulators are more common, as tightly localized
electrons/holes prefer for anti-ferromagnetic spin coupling with neighbors.

However, ferromagnetic Mott Insulators are also possible for more extended
Wannier orbitals.
Examples: YTiO3, Lu,V,05, Ba,NaOsOg ...
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Correlated Quantum State in Twisted Graphene Bilayer
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Twisted Double Bilayer Graphene

Twisted single layer graphene (tBG) \

(2w~ fwokew/

Magic angle condition

2w < h}/(')ke

~

/ Twisted Double Bilayer Graphene (tDBG)

Gate tunable flat bands, no exact angle control needed!



Twisted Double Bilayer Graphene: Tunability

. . : . . . Band Gaps
Tight binding with effective Wannier orbits
8 14 25
: nD 1.3 20 n>
s o g2 15 S
i 21.1 3
3 (BD 1.0 10 (p]
2 < 09 5 S
1 0.8 4 0
0 0 20 40 60 80 100 120
p 80 100 120 D (meV)
D (meV)
‘\\‘s&“:x‘:‘:::,"l/
Isolated Conduction band width
1.5
50
1.4
1.3 4 40
—_ né
1.2 o =
S e
1.0 4 20
0.9 1 10
08 T T T T T —
D=0 D=D, 0 20 40 60 80 100 120

D (meV)

1. Y. Lee, E. Khalaf, S. Liu, X. Liu, Z. Hao, P. Kim, A. Vishwanath, Nature Comm. 10, 5333 (2019).



Mott Insulators in tDBG: 8= 1.33"

Temperature dependent 2-p conductance
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Ferromagnetic Mott Insulators in tDBG 6= 1.33°|
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Superconductivity in tDBG
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Parallel Magnetic Field Dependent SC

1/2n,

Superconducting state is enhanced
by low magnetic field!
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Equal-Spin p-wave Pairing: Superfluid 3He A phase
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Ferromagnetic Superconductivity in tDBG
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Superconducting Twisted bilayer WSe,

600
Vi = 1549V, V, =-047V, =450 nA,R =4-5-7-8
1500 | 450 : : : : : .
o,
400 | MM
=400 ol
350 - AT
1300 ¢ 300 - ’}ﬁ':'-
N ”it:
( 250
1200 %200 -
150
1100 100 - 0
50 0
10
0 _pwee L _______
T (K) _500 . 5 1|o 1I5 2|0 2|5 3|0 35
T(K)
Angle : 2.5°
50 T
~8K

V (V)

Superconducting-like state T.~ 0.3 -3K~
has been realized in a wide angle range!

107
1A |

-50
-300 -200 -100 0 100 200 300

See also similar data in An et al., arXiv:1907.03966



Superconducting Or Not Superconducting?
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Atomic Registry in Domains and Boundaries

MoS,/MoS,

~ 0 degree

Circular AA domains where 6
domains (3 AB domains and 3
BA domains) meet each other

~ 180 degree
Triangular AB’ and BA’

domains where 3 domains
(AA’) meet each other.

Yoo et al., (Collaboration with Muller group at Cornell)



Twisting Engineering of Moire Superlattice

Graphene/graphene 0.1-0.2deg

Vore,regtiated




Summary and Outlook

« Spin polarized Mott gap state is realized in half-filled tDBL bands
tuned by D.

* Quarter filled tDBT band can develop a spin polarized gap.

« Superconductivity appears near the half field states in 1.26 degree
rotated tDBL.

« Superconductivity appeared in tDBL samples can be tuned by D and n.
« Tc enhanced with small in-plane magnetic fields.

Going Forward:

 What is the optimal Tc in tDBT?

«  Will spin-polarized SC in tDBL exhibit topological superconductivity?





