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Lab tour this afternoon!
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Quantum “LEGO” in 2D flatland

2D materials and van der Waals heterostructures

Tiancheng Song

Department of Physics
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2D materials with van der Waals bonding

What are 2D materials?



Stack of paper Stack of graphene

Single sheet of paper Monolayer graphene

2D materials with van der Waals bonding



The first 2D material: Graphene!
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2004 2011 2017

2D topological insulator

2D superconductor

2D magnet

Semimetal Semiconductor

MoS2, WSe2, …
Insulator: h-BN

Graphene

Evolution of 2D materials

3D bulk crystal graphite 2D monolayer grapheneScotch tape exfoliation
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C. Dean

Van der Waals heterostructuresTransfer technique“LEGO set” of 2D materials

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

Play with atomic scale “LEGO”
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Versatile platform

C. Dean

Tuning carrier density

Building van der Waals heterostructures

Q. Wilmart et al., Sci. Rep. (2016).
Yazdani Lab

Applying pressure

Twisting two layers

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

Dean Lab



• 2D topological insulator

• Gated-tunable 2D superconductivity

2D superconductor + topological insulator

2D magnet • Discovery of 2D magnets

• Van der Waals spintronics

• Layer stacking-dependent magnetism

• Twisted 2D magnets  magnetic moiré
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Outline: two examples



These new 2D materials are mostly air-sensitive (chemical instability)
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Sandwich encapsulation

Air-stable!

VdW magnet synthesized in 1965

Extremely air-sensitive

10 µm

O2 + H2O in the air

Argon glovebox

C. Dean

Polymer

2D flake

Stacking

Challenge

Solution



Discovery of 2D magnets

𝜇𝜇0𝐻𝐻 = 0 𝜇𝜇0𝐻𝐻 > 𝜇𝜇0𝐻𝐻𝑐𝑐
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B. Huang, X. Xu et al., Nature (2017). 
C. Gong et al., Nature (2017).

First 2D magnet chromium triiodide (CrI3)

Ferromagnetic monolayer
Layered-antiferromagnetic bilayer

Circular dichroism
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2007

𝑇𝑇𝑇𝑇𝑇𝑇 =
𝑇𝑇𝑎𝑎𝑎𝑎 − 𝑇𝑇𝑎𝑎

𝑇𝑇𝑎𝑎

Tunneling magnetoresistance: 600% (300K) and 1100% (5K)
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Antiparallel (𝑇𝑇𝑎𝑎𝑎𝑎)

Parallel (𝑇𝑇𝑎𝑎)

J. S. Moodera et al. Phys. Rev. Lett. (1995).
T. Miyazaki et al. J. Magn. Magn. Mater. (1995).

Magnetic tunnel junction (MTJ): FM/insulator/FM

Tunnel barrier

Spintronic devices

Read/write
head

A. Fert et al. Nat. Mater. (2007).

Magnetic 
sensor
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Bilayer CrI3 is desirable for spin-filter MTJ

𝜇𝜇0𝐻𝐻 > 𝜇𝜇0𝐻𝐻𝑐𝑐
𝐼𝐼𝑡𝑡

Small resistance (𝑇𝑇𝑎𝑎)

𝜇𝜇0𝐻𝐻 = 0 
𝐼𝐼𝑡𝑡

Large resistance (𝑇𝑇𝑎𝑎𝑎𝑎)

T. Song et al., Science (2018).

CrI3

5 μm

Van der Waals spintronics?



Atomically thin MTJ
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Enhanced TMR ratio

Trilayer TMR > 2,000%

T. Song et al., Science (2018).First demonstration of all-vdW spintronics

Bilayer TMR > 300%

Thinnest magnetic tunnel junction

Ci
rc

ul
ar

 d
ic

hr
oi

sm
 (%

)

Ci
rc

ul
ar

 d
ic

hr
oi

sm
 (%

)



T. Song et al., Science (2018).
T. Song et al., Nano Letters (2019).
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Four-layer TMR > 57,000% 

C. Dean et al.

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

Natural spin filters in series

Atomically sharp vdW interfaces

, but Why?

New magnetic states!
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Record high TMR!
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CrI3
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T. Song et al., Nano Letters (2019).

Electrical switching of bistable states



Blessing of vdW nature
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Lateral interlayer shift Twist two layers

θ

Reduce interlayer spacing



Why we care about vdW interface?

Two free monolayers Exchange interactions AFM interlayer coupling

19

Determined by vdW interface

vdW gap



Pressure tunning

1 cm2

10 ton

Pressure = 1 GPa
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Piston-cylinder pressure cell

T. Song et al., Nat. Mater. (2019).
T. Li et al., Nat. Mater. (2019).

Up to 3 GPa



Enhance AFM interlayer coupling?
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T. Song et al., Nat. Mater. (2019).
T. Li et al., Nat. Mater. (2019).



“Bonus” discovery
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Higher pressure  absence of AFM  FM
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2L after pressure

µ0H (T)

Ferromagnetic

Antiferromagnetic

Lateral interlayer shift

T. Song et al., Nat. Mater. (2019).
T. Li et al., Nat. Mater. (2019).



Mystery solved
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Rhombohedral

Monoclinic

Layer stacking identified by Raman spectroscopy
T. Song et al., Nat. Mater. (2019).

T. Li et al., Nat. Mater. (2019).



Summary
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Reduce interlayer spacing Lateral interlayer shift Twist two layers

Enhanced AFM coupling AFM  FM



Moiré superlattices
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Twist two layers  moiré superlattice
Moiré in everyday life



Emergent phenomena in moiré superlattices

and many more...

Twisted bilayer graphene
(tBLG)

Jarillo-Herrero Group

Twisted double bilayer 
graphene (2+2)

Jarillo-Herrero, Kim, Xu Group

Twisted bilayer WSe2

Dean, Pasupathy Group

Twisted bilayer WTe2

Wu Group

Twisted multilayer 
graphene (1+1+1…)

Jarillo-Herrero, Nadj-Perge, Tutuc Group

Twisted WSe2/MoSe2

Xu, Li, Feng Group

Twisted WSe2/WS2

Feng, Mak, Xu Group

Aligned graphene/hBN

Feng, Young, Dean, Kim Group



Emergent phenomena in moiré superlattices

Based on non-magnetic materials

What about moiré superlattices formed

by twisting 2D magnets
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Twisted 2D magnet

New pathway towards nanoscale magnetic textures
and new spintronic devices

Nanoscale magnetic moiré

Atomic registry

Unique opportunity: twist  magnetic moiré



Unique opportunity: twist  magnetic moiré
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Stacking moiré  magnetic moiré

T. Song et al., Science (2021).

θ

AA

RhombohedralMonoclinic



Twisted 2D magnet
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Circular dichroism (%)

5 µm
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“Tear and stack” technique
T. Song et al., Science (2021).

10 µm

Flake 1
Flake 2

Tear Rotate Stack

Circular dichroism microscopy

Tutuc Group

Flake 1

Flake 2
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Coexisting AFM and FM interlayer coupling



Scanning NV magnetometry
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Spatial resolution
~50 nm

Monolayer CrI3 magnetization
~15 μB/nm2



Magnetic moiré!

-0.4

1
AC (a.u.)

100 nm

100 nm

AFM
FM

θ = 0.25°
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T. Song et al., Science (2021).

0

30
mz (µB/nm2)

100 nm

AFM

FM

Simulation

Experiment

Theory

Autocorrelation

Periodic AFM-FM domains

Agree well with the simulation

Moiré periodicity (~150 nm)

Clear six-fold symmetry

Jörg Wrachtrup Group

Scanning NV
simulation

Spatial resolution ~50 nm

Data analysis



• 2D topological insulator

• Gated-tunable 2D superconductivity

2D superconductor + topological insulator

2D magnet • Discovery of 2D magnets

• Van der Waals spintronics

• Layer stacking-dependent magnetism

• Twisted 2D magnets  magnetic moiré
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Outline: two examples



Many faces of tungsten ditelluride (WTe2)

Natural multiple phases coexist 
in a single material

Ferroelectricity

Z. Fei et al., Nature (2019).

Excitonic insulator

Y. Jia et al., Nat. Phys. (2022).
B. Sun et al., Nat. Phys. (2022).

Superconductivity

V. Fatemi et al., Science (2018).
E. Sajadi et al., Science (2018).

2D topological insulator
(quantum spin Hall insulator)

S. Wu et al., Science (2018).
Z. Fei et al., Nat. Phys. (2017).

Monolayer tungsten ditelluride (Td-WTe2)

W Te

Side view Top view



2D topological insulator
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A
V

“bulk”
conduction

“edge”
conduction

“edge+bulk”
conduction

14 T

0 T

Z. Fei et al., Nat. Phys. (2017).
S. Wu et al., Science (2018).
Y. Shi et al., Sci. Adv. (2019).

Helical edge modes Real-space imaging of 2D TI

5 µm



A big surprise: 2D superconductivity
V. Fatemi et al., Science (2018).
E. Sajadi et al., Science (2018).
Song et al., Nat. Phys. (2024).
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“Metal”“Insulator”

Low carrier density High carrier density

SuperconductivityTopology
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Dilution refrigerator
• Base temperature 8 mK
• 9T-1T-1T vector magnet
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Electronic phase diagram

Surprising 2D superconductivity
V. Fatemi et al., Science (2018).
E. Sajadi et al., Science (2018).
Song et al., Nat. Phys. (2024).
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Electrostatic gating

Monolayer WTe2

Twisted bilayer graphene NbSe2

Cuprates

MoS2

1012 1013 1014 1015

n2D (cm-2)

Figure: Nat. Rev. Phys.

Temperature

Carrier density

Cuprates

Unconventional superconductors



Van der Waals spintronics?A new sensitive probe: vortex Nernst effect

Nernst signal  vortex motion

• Vortices are “pin-holes” in the superfluid

• -∇T   flow of vortices  phase slippage

• Josephson effect  voltage (Nernst signal)

Electrical transport  resistance

N. P. Ong et al., PRB (2006).

Vortex Nernst effect

B

F. Wells et al., Sci. Rep. (2014).

Type-II SC

What is a vortex?

Hot Cold

v

B

Ey

x

VdW engineering of -∇T
Dual-heater geometry

Down to 
~45 mK

T. Song et al., Nature Physics (2024).



-90 -60 -30 0 30 60 90

B  (mT)

-100

-50

0

50

100

V
N

 (n
V)

0

100

200

R
xx

 (
)

39

VN detects mobile vortices (superconducting fluctuations)

Vortex liquid state
Vortex solid state

Normal metal state

T. Song et al., Nature Physics (2024).

Van der Waals spintronics?Vortex Nernst effect
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• Direct comparison between resistance and vortex Nernst

• Vortex Nernst survives well above BR,90% (?)

nc

High magnetic field

A

A

BR,90%

T. Song et al., Nature Physics (2024).

Van der Waals spintronics?Resistance vs Vortex Nernst



Van der Waals spintronics?Resistance vs Vortex Nernst
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𝜳𝜳 𝒓𝒓 = 𝜳𝜳 𝒓𝒓 𝒆𝒆𝒊𝒊𝜽𝜽 𝒓𝒓Superconducting order parameter

A

PhaseAmplitude

Long-range
phase coherence
𝒆𝒆𝒊𝒊𝜽𝜽 𝒓𝒓 = 𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄𝒄

Phase fluctuations
𝒆𝒆𝒊𝒊𝜽𝜽 𝒓𝒓 = 𝒛𝒛𝒆𝒆𝒓𝒓𝒄𝒄 𝜳𝜳 𝒓𝒓 ≠ 𝒛𝒛𝒆𝒆𝒓𝒓𝒄𝒄

Pairing amplitude survives

Destroyed by 
mobile vortices

Amplitude Phase

Resistance

Nernst

T. Song et al., Nature Physics (2024).



Optical spectroscopies & microscopiesVan der Waals fabrications

AA
Rhombohedral

Monoclinic

θ

Thermoelectricity & electrical transport

Van der Waals spintronics?New opportunities

“LEGO set” of 2D materials



Dicke fellowship

Thank you for your attention!
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Van der Waals spintronics?University of Wisconsin-Madison

• Top public research university founded in 1848 (Big Ten).

• UW-Madison Physics Program is ranked #17 in U.S. News. 

• Capital of the state, beautiful and safe city with five lakes.

• High stipend and guaranteed TA/RA position.

$39,000

We are hiring!



Questions?

Tiancheng Song

tsong47@wisc.edu

SciToons

mailto:tsong47@wisc.edu
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