


Strongly correlated condensed matter
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Challenge: electronic state is subtly
a|determined by electron correlations!
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Objective

Start with

Solve Eiqu‘('rl,'r'Q,...) ZIA{\I/i(Tl,’I“Q,...)

minimal approximations including electron
correlations explicitly
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correlations explicitly



Fundamental equation

H|U,) = E;|;)

This is not a theoretical problem; this is a
computational problem!

PDE in many dimensions (thousands).



Start with sub-
angstrom resolution of
electron correlations

To be able to describe ©,
mesoscale correlated S, ©)
physics



Type of Major i a
| variationai Investigator:  Code

Method Hilbert approximati

rinciple
space | on P P
. Node of
: Ceperley, | QWalk,
FN-DMC Continuum wave Yes Wagner | OMCPACK
. function s
- Phaseof 5
AF-OMC Discrete | wave - Somewhat |  Zhang - development
. function | 5 5
Local matrix : :
[I?)I\IC/IRI)E(?I'/ Discrete | product Yes Chan . available
. states 5 5
MERA Discrete Ansatz Yes Ryu development
MP Perturbation 5 5
perturbation| Discrete | /interaction No Hirata | development
theory . strength 5 5




Benchmarking

The methods are all highly accurate compared to
traditional electronic structure techniques like
density functional theory.

How accurate?

Where do they fail?



Electronic structure of the cuprates

Test here

I

Standard methods fail to describe any of this!



FN-DMC: magnetic properties

AFM (S,=0)



FN-DMC: magnetic properties

AFM (S2=0)
Hybridization



How energies change with nodes: Ca2Cu0O2Cl;
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How energies change with nodes: Ca>CuO2Cl;

Very hybridized
orbitals :
. — Very localized
_ orbitals
(qv]
S 7108 DFT FM
S
>
2-71091
§ v FT AFM
u‘—]-7110— : B:\:ATC_PBE
FN-DMC F 3
_ FN-DiCAFR
0 10 20 30 40 50

Hartree—Fock Mixing (localization)

N
1

E;SFM)_E(AEM) (eV/focr)muIa)

52

.‘ 0 10 20 30 40 50
Wl s Hartree—Fock Mixing (localization)

0000000000000000000000000
uuuuuuuuuuuuu

INCITE, 1 million cores



High accuracy on challenging systems from
FN-DMC

Buckling
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Accurate results on the cuprates and other

challenging materials



Phys. Rev. B 89, 184106 (2014)



AF-QMC approach for excited states

AFQMC with virtual orbital orthogonalization

- Ma, SZ, Krakauer: NJP 2013
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MP2: Phase transition in solid CO,

Sode, Keceli, Yagi, and Hirata, JCP (2013);

Li, Sode, Voth and Hirata, Nature Comm (2013)
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Multi-scale: nailing down the benzene crystal

Computations made possible by methods (e.g.
local CC) developed with DOE support



Nailing down the benzene crystal

Fragment types and ranges Correlation levels
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New extensions to methods

Obtaining new quantities or higher accuracy
than before.

Connecting two methods that were previously
disparate.



Highlights in DMET

spectral functions from DMET
(a “better and cheaper” DMFT)

Booth, GKC, submitted to Phys. Rev. Lett.

o
~

phase diagram of 2D
Hubbard model
(resembles phase

diagram of cuprates)

Zheng, GKC, in preparation
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In addition
Intermediate phases of the honeycomb Hubbard model: Chen, Sharma, Booth, Knizia, GKC,
submitted to Phys. Rev. Lett.

Metal-insulator transitions across the transition metal oxides: Chen et al., Millis, GKC
in preparation (CMCSN collaboration)




Generating effective models

40.00

30.00

Ab-initio effective Hamiltonians
from canonical transformations
works well in molecules,
ready to be applied to solids
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Excitation energy (eV)

Watson, GKC, in preparation
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Effective Hamiltonians fitted to FN-DMC o
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Parallel MC-MP2, MP3, MP2-R12

Willow, Hermes, Kim and Hirata, JCTC (2013); Willow and Hirata, JCP (2014); Willow,

Zhang, Valeev, and Hirata, JCP Comm (2014)
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Challenges: data

Many-body wave function

Most compact representation for a complicated
wave function. How can we store this
systematically for many systems?

Data analysis: high dimensional feature
extraction; any takers?



Computational development

Methods are are computationally demanding
(three INCITE awards among our collaboration)

Monte Carlo methods (example from cuprates):
one step: ~1 ms
perform many millions of times

*TAU performance tools used:
2x speedup of QWalk on Mira
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