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Scanning tunneling microscopy



Classical vs Quantum?
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Quantum tunneling

Quantum Classical




Scanning tunneling microscopy
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Quantum properties with atomic resolution
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Wang, Z., Walkup, D. et al. Nature Phys 13, 799-805 (2017).




STM of devices
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LDOS a.k.a. dI/dV

dl/dV image

Topographical image of WTe,



LDOS a.k.a. dl/dV
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Twisted (moiré) materials



Flat bands in moiré materials
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Magic angle twisted graphene
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Quantum phases in twisted layers

du/dn (100" mV cm?) 0.45 0 _2.80

* Unconventional superconductivity

 Correlated insulators

Orbital magnetism and QAH

* Density waves

Strange metal states

Fractional Chern insulator
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STM of twisted devices
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Probing B=0 properties with Landau levels




Semiclassical theory of magnetic response st

* Electrons in a magnetic field Bohr-Sommerfeld Quantization

f(p —eA) - dl = 2nh(n + 1/2)

Onsager Relation

S(E,)/4m? = On (n + 1)
Po 2

, , , Integrated density of states
Real space orbits enclose an integer multiple of ¢

N(En) — S(En)/4n2



Landau quantization as a probe of E(k) st
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Topology
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Quantum geometry and magnetism
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Q. geometry contribution to magnetic response ST
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First order: Second order:
orbital magnetic orbital magnetic
moment susceptibility

Geometry dependent terms

Y. Gao, S.A. Yang, Q. Niu. PRB 91, 214405 (2015)



All pieces come together
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Twisted double bilayer graphene



Twisted double bilayer graphene
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EIectrostaticaIIy tunable bands
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Tuning the twist angle

Our angle:
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Burg et al., Phys. Rev. Lett. 123, 197702 (2019) De Vries et al., Phys. Rev. Lett. 125, 176801 (2020)
STM:

Liu et al., Nature 583, 221 (2020) _

Cao et al., Nature 583, 215 (2020) Liu et al., Nat. Commun. 12, 2732 (2021)

He et al., Nat. Phys. 17, 26 (2021) Zhang et al., Nat. Commun. 12, 2516 (2021)
Rubio-Verdu et al., Nat. Phys. 18, 196 (2022)



Ultra-low temperature scanning tunneling microscope

Combined
STM/AFM/Transport

T=10mK
B,=15T
AE < 8 peV

Schwenk et al., Review of Scientific
Instruments 91, 071101 (2020)



TDBG at 1.75° probed locally NIST
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Applying a displacement field

STM: =

Carrier density:
n ~ Cg[{g + CtVt

Displacement field

D ~ Cg I{q - Ct Vt uf v?'ias Landing pad

Si0,

rl Silicon

V: obtained from AFM CPD measurements



D (Vnm1)

B=0T
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Comparison to (single-particle) theory ruisr
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Electron and hole pockets in magnetic fields pjist

. . . saddle point
* LL dispersion with B electron pocket /hole pocket
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Electron and hole pockets in magnetic fields pjist

. . . saddle point
* LL dispersion with B electron pocket /hole pocket
B=4T  davos) o ‘ ]
0 1 ? ° il
e —— | i
., 20.4 Y N0 | I‘I il | | I HI
0.5 . | il ‘ | | | | (1R
ole p t | (11 Il
0.4 L = oo | ’ Il |
0.3} Tay 0 il i) I ”H | I |"|
= E ‘;% . 60 -40 -20 o 20 60
g 021§ A V_ (mV)
2 017 | addle y S U =0 meV U =80 meV
Q O-e esc 04 " 150 150
0.1 | 100 ;/\/\_,C 100 -_/\/\_ C
i ‘ : hol k ?
0ol 0 sok - /01 >0 wEQ

o
(0]
E (meV)
o
\I
|
|
/
<§In
E (meV)
o
<§§:i;;;::)
<

-100 -50 0 30 100 =0F 1 % F<—— electron pocket 1
Vg (mV) -100 WV2 -100 |- V2

N EN S T T T T | 180k 0 oy
g k m Kk g o] kK m k g




Extracting magnetic response functions

qB 1
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Geometric contributions

Depends on Berry Depends on

- Extended Onsager relation / curvature quantum metric

packet properties

and other wave
Bpy(n+1/2)/¢o =S (Epn)/4m* + m'(E,)B, + x'(En)Bf /2 /
B
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B increases

First order: orbital magnetic moment
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29 order correction — susceptibility

NST
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Main points

Landau level spectroscopy of narrow bands 4r— '
* P Py ———— experiment ,.
35 theory /
. th
« Tunable band structure in TDBG changes character =
. . 31 2nd Order
from electron-like to hole-like .
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Experiment: Bianca Simmet (on visit to NIST)
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