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The physics of ‘many’

4 August 1972, Volume 177, Number 4047 SCIE NCE

More Is Different

Broken symmetry and the nature of
the hierarchical structure of science.

P. W. Anderson
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Many-body Physics

aka Approximate-Wisely Physics

The elementary

entities of science X obey the laws of

science Y.

X

solid state or
many-body physics

Y

elementary particle
physics

chemistry
molecular biology
cell biology

psychology
social sciences

(many-body physics |

chemistry
molecular biology

physiology
psychology

But this hierarchy does not imply
that science X is “just applied Y.” At
each stage entirely new laws, concepts,
and generalizations are necessary, re-
quiring inspiration and creativity to just
as great a degree as in the previous one.
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‘Quantum’ materials engineering

MIT News S—

N CAMPUS AND A

Engineers design a device that operates
like a brain synapse

lon-based technology may enable energy-efficient
simulations of the brain’s learning process, for neural
network Al systems.

David L. Chandler | MIT News Office
June 18,2020 ®
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1886 Can the most exciting
new solar material live
up toits hype?



‘Quantum’ materials engineering

18th century Alchemy
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Predictive power? Only one problem

Proceedings of the
National Academy of Sciences
of the United States of America

Articles Front Matter
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Condensed Matter Experiment & Computation at Yale AP&P

e Understand the microscopic mechanisms behind material properties

e Predict material properties with advanced theory tools

e (Control and create material properties with experimental methods

How to best functionalize

Magnetic order in surfaces and interfaces
correlated systems

Why is Tc so high?

=z

E—Ef(eV)
N R O K~ N
> / 7
4

o o -, @
PR R

A

w
" Making wafer-scale o =
~ 2D quantum materials 'L

Can F = e?/ r? be twisted




Condensed Matter Experiment & Computation at Yale AP&P

e EVERY experimentalist here has a strong tie to the national labs

Quantum e C(lose collaborations with other departments in SEAS and FAS

Materials o Chemical Engineering, MEMS, Physics, Chemistry, Energy

Science Institute...

o Fengnian Xia, Peijun Guo, Diana Qiu, Mengxia Liu
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Condensed Matter Experiment & Computation at Yale AP&P

Novel complex oxide interfaces:
- water splitting
- artificial neurons
- spintronics & ferroelectrics

Electronic structure w/ first principles:
- solid-gas/solid-solid interfaces
- electron correlation in oxides
- 2D material and nanostructure

MBE, RIXS, XRD, transport... DFT, Green’s function, slave boson...

Momentum resolved electronic states:
- high-Tc superconductivity
- magnetic metals and vdW materials
- correlated electronic systems

Electronic property w/ numerical methods:
- materials for energy applications
- machine learning in materials physics
- exotic magnetism

ARPES, IXS, INS, growth... Ozolins DFT, MD, Monte Carlo, Machine learning...

Atomically resolved electronic states:
- topological state of matter
- nematicity and superconductivity
- vortex and density waves

da Silva eto STS, SNOM, RIXS, ARPES...



https://campuspress.yale.edu/dasilvaneto/open-house-2021/

Vidvuds Ozolins
Theory of electronic structure & energy materials

Theory of real electronic materials

Appllcat.lons in energy sjtorage, Machine learning for quantum mechanics:

generation and conversion « Solving the Schrédinger equation

* Localized basis for electron correlation
- Wannier functions

* Deep Boltzmann machines and
Convolutional Neural Nets for Quantum

120
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Energy (eV)

« Electron-phonon interactions in solids 3 o
« Transport of heat and electrical current £,
+ Thermoelectric effect
* Exotic magnetism — spin liquids (8X001) surface with SOC

(c)(111) surface with SOC



Sohrab Ismail-Beigi
Electronic structure & materials theory from first principles

Interfaces between two materials: DLA /ctal
How is the interfacial region different oxide
from either side? What do electrons do >
in such an asymmetric environment?
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Nanoscale/low-dimensional materials NPL +
+ 2D materials: synthesis, bonding, Electron correlation especially in transition

electronic & optical response, topology metal oxides

» Ferroelctric surface chemistry (many-body Green functions; slave bosons)



* Picoscale Engineering

Ahn Research Group

* To invent new materials

* Apply to:

* Photo electro chemical water
splitting

. Neuromorhlc comutm
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* Synthesis using molecular beam
epitaxy.

* Characterization using
synchrotron x-rays.



Tool development for Solid  Metal to insulator
State Quantum Simulation  transitions

synchrotron/laser-ARPES




da Silva Neto Lab Department of Physics Yal e

Investigating Novel Quantum States of Matter E 116 I.gy S C1€ llCC S IllS tltllte

LS

STM/S Laboratory @ the Energy Sciences Institute

High energy-resolution
spectroscopy

Helium Recycling

Quantum interference
e- wavefunctions

Laboratory with l-
Acoustically Isolated .
Environment

® 365 mK temperatures
and 11T fields



Current Issue First release papers

Science

HOME > SCIENCE > VOL.365 NO.6459 > “WEYLING AWAY TIME-REVERSAL SYMMETRY

@  PERSPECTIVE  TOPOLOGICAL MATTER

“Weyl”ing away time-reversal symmetr

EDUARDO H. DA SILVA NETO

Recent  Accepted Authors REGIEES

SCIENCE - 20Sep 2019 * Vol 365, lssue 6459 - pp.1248-1249 - DOL: 10.1126/science.2ax6190

nature materials
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Angle-resolved photoemission

Explore content v Publish with us v

Jonathan A. Sobota, Yu He, and Zhi-Xun Shen

Rev. Mod. Phys. 93, 025006 — Published 26 May 2021

nature > nature materials > articles > article
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nature > nature materials > news & views > article

News & Views | Published: 03 May 2023

Quantum materials

High-temperature superconductivity survives
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Nature Materials 22, 671-672 (2023) | Cite this article

~

studies of g

Explore content v About the journal v Publish with us v

nature > nature chemistry > articles > article
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Article | Published: 18 January 2021

Tuning spin excitations in magnetic films by
confinement

Article | Published: 31 January 2022
Micrometre-scale single-crystalline boropheneona
square-lattice Cu(100) surface
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A variational framework for computing Wannier
functions using dictionary learning

Bradley Magnetta * ® & B, Vidvuds Ozolins  ®

Designing and controlling the properties of transition
metal oxide quantum materials

Charles Ahn, Andrea Cavalleri, Antoine Georges, Sohrab Ismail-Beigi &, Andrew J. Millis & Jean-Marc

Triscone




Condensed Matter Experiment & Computation at Yale AP&P

e Understand the microscopic mechanisms behind material properties

Quantum , _ . :
e Predict material properties with advanced theory tools

Materials

e (Control and create material properties with experimental methods

—  We do theory with... We do experiment with ...

Molecular beam epitaxy
Bulk single crystal synthesis
Nano-fabrication

e First principles calculation for
electronic structure prediction

e Machine learning for quantum Scanning tunneling spectroscopy

mechanics Photoemission spectroscopy
Synchrotron X-ray scattering
Magnetic imaging and low-T transport

Scanning nearfield optical microscopy ...

e Supercomputing facilities for
high performance computing







