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e Achievements of DFT+G calculations

* Analytical Jacobian of Gutzwiller solver:
a) Formulation

b) The significance
c) Implementation and benchmarking

* Hybrid quantum-classical simulation project
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Kondo physics and spin-orbit interaction
governing Ce volume collapse transition
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* Decent description of the equation of state
* Volume collapse transition only in the presence of spin-orbit interaction.
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* A sharp crossover transition of the
f-electron entanglement entropy
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N. Lanata, Y.-X. Yao*, C.-Z. Wang, K.-M. Ho, J. Schmalian, K. Haule, and G. Kotliar, Phys. Rev. Lett. 111, 196801 (2013).
N. Lanata*, Y.-X. Yao*, C.-Z. Wang, K.-M. Ho, and G. Kotliar, Phys. Rev. B (R) 90, 161104 (2014).
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Correlation effects balance competition between

Peierls effect and Madelung interaction
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 Remarkably improved descriptions of all six phases of Pu, including equation of state,
equilibrium volumes, relative energies.

* Correlation effects are crucial to balance the competition between electrostatic Madelung
effect (for closed pack structure) and Peierls effect (for low symmetry).

N. Lanata*, Y. -X. Yao*, C.-Z. Wang, K.-M. Ho, and G. Kotliar, Phys. Rev. X 5, 011008 (2015).
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UO,: Selective Mott localized orbitals

Z: Kinetic energy
renormalization factor

Mott localized orbitals:
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Mott localized states have considerably mixed J2 character due s
V (A'/fu.)

to the crystal field effect (not a simple picture of all the J=5/2
orbitals localized).

Nicola Lanata*, Yongxin Yao*, Xiaoyu Deng, Vladimir Dobrosavljevic, and Gabriel Kotliar, PRL 118, 126401 (2017)
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UO,: Multiplet structure

local reduced density matrix pf = e F / Tr[e_ﬁ]
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Most probable local configuration f2 I's triplet, consistent with experiment.
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Nicola Lanata*, Yongxin Yao™, Xiaoyu Deng, Vladimir Dobrosavljevic, and Gabriel Kotliar, PRL 118, 126401 (2017)
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Multiplet structure in f-block chromates
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 Dominant multiplet state correlates with valence.
* Smaller dominant multiplet weight in Am-compound implies relatively
stronger f-covalency.

Shane S. Galley, Alexandra A. Arico, Tsung-Han Lee, Xiaoyu Deng, Yong-Xin Yao, Joseph M. Sperling, Vanessa Proust, Julia S. Storbeck,
Vladimir Dobrosavljevic, Jennifer N. Neu, Theo Siegrist, Ryan E. Baumbach, Thomas E. Albrecht-Schmitt, Nikolas Kaltsoyannis, and
Nicola Lanata, J. Am. Chem. Soc. 140, 1674-1685 (2018).
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Quantifying f-covalency

e Unique feature of handling multiple solutions on equal footing, including multiple
(orbital-selective) Mott phases in Gutzwiller ansatz, allowing quantitative
unbiased estimation of f-electron contribution to covalent bonding.

* Define the f-covalent bonding energy
AEcov = E ; — EFully,,
Note for full Mott phase: V) = |¥/) ® |V

env>

CsAm(Cr0,), CsEu(Cro0,), CsSm(Cr0,),
AE,_ (eV/f.u.) 1.85 0.76 0.67

* 5f-electron covalency contributions to chemical bonds are non-negligible.
* Covalency effects are more important in a -CsAm(CrO,), than others.

Shane S. Galley, Alexandra A. Arico, Tsung-Han Lee, Xiaoyu Deng, Yong-Xin Yao, Joseph M. Sperling, Vanessa Proust, Julia S. Storbeck,
Vladimir Dobrosavljevic, Jennifer N. Neu, Theo Siegrist, Ryan E. Baumbach, Thomas E. Albrecht-Schmitt, Nikolas Kaltsoyannis, and
Nicola Lanata, J. Am. Chem. Soc. 140, 1674-1685 (2018).
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Ground state structure and
electronic phases
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'""Gr0 MnO FeO CoO CoS CoSe CrO MnO FeO Co0 CoS CoSe | Ci0 MmO FeO Co0  Cos  Case
LDA fails to predict « LSDA+U (or GGA+U) DFT+G calculations yield overall
e ground state structure generally improves LDA good description of ground

(rocksalt) of oxides *  Will still predict wrong state structure, electronic

* insulating state. crystal structures. states and equilibrium volume.

N. Lanata, T.-H. Lee, Y.-X. Yao, V. Stevanovi¢, and V. Dobrosavljevi¢, Npj Computational
Materials 5, 30 (2019).
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Outline

e Achievements of DFT+G calculations

 Analvtical Jacobian of Gutzwiller solver:
a) Formulation

b) The significance
c) Implementation and benchmarking

* Hybrid quantum-classical simulation project
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Generic Hubbard Model and
Gutzwiller Ansatz
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Expectation values

Renormalized nonlocal one-particle density matrix:

(50

Renormalized local reduced many-body density matrix:
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Expectation value of any local operator
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Gutzwiller nonlinear equations
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Gutzwiller Embedding Hamiltonian

g DN = H [{eh ) {eal] + ) (Daathfa + He) + 3 Moy fofl
ac ab

Quadratic + quartic terms

The number of bath orbitals is exactly equal to the
number of impurity orbitals.

Solve the grounds state of the model at “half-filling”:
1) Exact diagonalization =» |®)

2) DMRG, ..., =2 |D)

However, what we need is some reduced

information of |®): f({D,A}) =DM

3) Machine learning
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ML mapping function and derivative

Represent local single particle matrices in the symmetry-adapted
orthonormal Hermitian matrix basis

{his : [gin, his] = 0 Vg € G} The ML mapping function
NP . f T e\ L — c J.
A = Y, {(ocfelad| @) (o] ufl 2)} = £t
\ — Zl' . The analytical derivatives
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X = DT s o g
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Nitty-Gritties: full Jacobian matrix

%ZT?‘ [f (ReaxRT +A—p)] = N.
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. " Second
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Outline

e Achievements of DFT+G calculations

* Analytical Jacobian of Gutzwiller solver:
a) Formulation

b) The significance
c) Implementation and benchmarking

* Hybrid quantum-classical simulation project
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Analytical Jacobian for large system

simulation
O Of ]
0x1 0z,
of of
J=|— ... = . :
0x1 0x,, . ) y
Ofn . Ofn
| Oz Oz, |

Numerical Jacobian evaluation requires number of
function evaluations proportional to dimension of the
solution vector, which soon becomes dominant in
systems of large size or low symmetry!
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Outline

e Achievements of DFT+G calculations

* Analytical Jacobian of Gutzwiller solver:
a) Formulation

b) The significance
c) Implementation and benchmarking

* Hybrid quantum-classical simulation project
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Implementation: OOP

: tbandstru ob (bandstru ob), : tbandsder ob

= SoC 1) 11 fw der(:z,:,:)

is?in_inrng?in_inr 1) :: sum fw der=C
n mott,mode hk ! m "

pmupr { : )
pmupl {:)

::calc derivatives

calc derivatives(this, loc,mpi,io)
(bandsder ob) :: this
(localstder cb) :: loc
(mpi ob) :: mpi
: ; (in) ::io
(k_ points)
loc%init der ()
. set mu _delta(this%ef, thistkptsdelta)
--ipnit=>set bnd i ca set fermi wt deriwvative (this,mpi,io)
- 3 set pmupl (this, loc, mpi)
set pmupr (this, loc,mpi)
set pdm(this, loc,mpi)
- = ) ) loc%calc pdm pp(ioc)
-:calc all=rscalc c loc%calc pdplr ()
::rm _hle from hkO o lockcale

::calc fermi=>gut ca loc

: :read hkO=>read |
::rotate hkO=>rotj
: :corr_ebwidth=>c

Lo LT B
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Benchmark

4 maxerr =1.131319
5 maxerr =1.131350
6 maxerr =1.131334
7 maxerr =1.131251

3 maxerr=1.13131

5 maxerr=1.13131

12 maxerr = 0.021059
13 maxerr =0.021060
14 maxerr = 0.021071
15 maxerr =0.021043
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0 maxerr = 1.02568
1 maxerr = 1.02568
2 maxerr = 1.02568
3 maxerr = 1.02568
4 maxerr = 1.02568
5 maxerr = 1.02571
6 maxerr = 1.02568
7 maxerr = 1.02571
8 maxerr =1.02597
9 maxerr = 1.02570
10 maxerr = 1.02597
11 maxerr =1.02570
12 maxerr = 0.30190
13 maxerr = 0.01960
14 maxerr = 0.03630
15 maxerr = 0.05215
16 maxerr = 0.01960
17 maxerr = 0.01961
18 maxerr = 0.01960
19 maxerr = 0.01961
20 maxerr = 0.01964
21 maxerr = 0.01961
22 maxerr = 0.01964
23 maxerr = 0.01961
24 maxerr = 0.01345
25 maxerr = 0.01372
26 maxerr = 0.00214
27 maxerr = 0.00015
28 maxerr = 9.4e-06
29 maxerr = 7.7e-07

0 maxerr = 1.02625
1 maxerr = 1.02625
2 maxerr = 1.02625
3 maxerr = 1.02625
4 maxerr = 1.02625
5 maxerr = 1.02625
6 maxerr =0.58126
7 maxerr =0.39147
8 maxerr = 0.15406
9 maxerr = 0.08180
10 maxerr = 0.06056
11 maxerr =0.01275
12 maxerr = 0.00481
13 maxerr = 0.00049
14 maxerr = 0.00037
15 maxerr = 0.00152
16 maxerr = 4.5e-07
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Outline

e Achievements of DFT+G calculations

* Analytical Jacobian of Gutzwiller solver:
a) Formulation

b) The significance
c) Implementation and benchmarking

 Hybrid qguantum-classical simulation project

Questions, comments criticisms to
yxphysics@gmail.com
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National Quantum Initiative Act

Eltt

To provide for a coordinated Federal program to accelerate quantum research and
development for the economic and national security of the United States.

Be it enacted by the Senate and House of Representatives of
the United States of America in Congress assembled,
SECTION 1. SHORT TITLE; TABLE OF CONTENTS.

(a) SHORT TITLE.—This Act may be cited as the “National
Quantum Initiative Act”.

TITLE IV—DEPARTMENT OF ENERGY QUANTUM ACTIVITIES

Sec. 401. Quantum Information Science Research program.
Sec. 402. National Quantum Information Science Research Centers.
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Opportunities for Quantum Computing
in Chemical and Materials Sciences

Priority Research Opportunities ......ccccereeeeeisissssssssasarnesesssssssssssassssessssssssssssnasasssssssssssasns:

PRO 1: Controlling the Quantum Dynamics of Nonequilibrium Chemical and Materials
SYSEEIMS L.ttt ettt e e et e e e e et bt e e e e abbe e e e e tbeeeeaannae

PRO 2: Unraveling the Physics and Chemistry of Strongly Correlated Electron Systems

Opportunities for Quantum Computing
PRO 3: Embedding Quantum Hardware in Classical Frameworks ...........cc.ccccoeiiiiiiienns in Chemical and Materials Sciences

TYPICAL CHEMISTRY PROBLEM WORKFLOW

1. Molecule Specification:
— XYZ Coordinates
— Spin Number of electrons
— Discretization (Basis set / grid)

¢ 2. Integral Generation
— Depends on basis set, often uses external
software

3. Starter Calculation (e.g., Hartree-Fock
H= E h 3 . = E 3 a a — Integral basis change
/i ) )/, B R 'S | a2 2
ij Uk/ ~ Initial state preparation

4. Map to Qubits

aff i — Jordan-Wigner October 31-November 1, 2017
H= Zg O- + Zg O- O- — Bravyi-Kitaev

iajf ¢ - .

—o—[7}-{rl}« - 5. Select Problem and Algorithm
— Energies, properties, etc.
:L — Quantum phase estimation
oy l & — Variational quantum eigensolver (and ansatz)
£ e e |¢ l 6. Map to Hardware

AMES LABORATORY Creating Materials and Energy Solutions
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Hybrid Quantum-Classical Approach

PHYSICAL REVIEW X 6, 031045 (2016)

Hybrid Quantum-Classical Approach to Correlated Materials

Bela Bauer,l Dave Wecker,2 Andrew J. Millis,3 Matthew B. Hastings,l’2 and Matthias Troyf:1r4’2
IStation Q, Microsoft Research, Santa Barbara, California 93106-6105, USA

*Quantum Architectures and Computation Group, Microsoft Research, Redmond, Washington 98052, USA

3D.epaJv’n"nem‘ of Physics, Columbia University in the City of New York, New York, New York 10027, USA

YTheoretische Physik and Station Q Zurich, ETH Zurich, 8093 Zurich, Switzerland
(Received 8 October 2015; revised manuscript received 23 August 2016; published 21 September 2016)

Solve discretized AIM:

Adiabatic state preparation

H:Him +Ha +Hmixv i i
p T Hban * Quantum phase estimation (QPE)

— T T.T
e = gwcacﬁ ' ;U“ﬂyﬁc"c”c}’c‘s' * Measure real time GF
a, affy
Hmix - Z(Vaicjxdi + Vaidjca)s For NSO = 2_20 @O K:6 3
ai * Measurements: 10°~10
Hyan = > _€id}d;, * Deep circuits: 106~108 gates
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Noisy Intermediate Quantum Computing

Quantum Computing in the NISQ era and beyond

John Preskill

Institute for Quantum Information and Matter and Walter Burke Institute for Theoretical Physics,
California Institute of Technology, Pasadena CA 91125, USA
30 July 2018

* 50 to afew hundred qubits

* Error rate per two-qubit gate: 0.1% or worse
* Measurement error: 1% or worse

e Circuit to run < 1000 two-qubit gates

AMES LABORATORY

U.S. DEPARTMENT OF ENERGY

Creating Materials and Energy Solutions




Variational Quantum Eigen Solver

an unsung hero of approximate quantum computing

ARTICLE

Received 9 Dec 2013 | Accepted 27 May 2014 | Published 23 Jul 2014 OPEN The theory of variational hybrid quantum-classical algorithms
A va riati ona | € ige nva I ue so |Ve rona p h Oto n i C Jarrod R McClean', Jonathan Romero’, Ryan Babbush ' and Aldn Aspuru-Guzik’

q u a n t u m p ro c eS SO r ! Computational Research Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA

? Department of Chemistry and Chemical Biology, Harvard University, Cambridge, MA 02138, USA

* Google, Venice, CA90291, USA
Alberto Peruzzo'**, Jarrod McClean?*, Peter Shadbolt!, Man-Hong Yung?3, Xiao-Qi Zhou', Peter J. Love?,

Alan Aspuru-Guzik? & Jeremy L. O'Brien’

E-mail:jmcclean@Ibl.gov and aspuru@chemistry. harvard.edu

Accelerated Variational Quantum Eigensolver

An adaptive variational algorithm for exact
I -l eyt v =i O molecular simulations on a quantum computer

M (Received 18 June 2018; revised manuscript received 18 December 2018; published 12 April 2019) Harper R. Gr‘ims\ey", Sophia E. Emnomouz, Edwin Barnes? & Nicholas J. I\.‘Wayhallo1

Qubit Hamiltonian H .
. 2 |
Choice of ansatz ) Operetor poo
Initial parameters & New set of (J values o O
Classical Optimizer ) G | 25 o [14,4,] i)
¢ * 9 <V ik hd Yes
oE™™

3) Initialize T (i (1, A, ] i)

Energy Evaluation Repeat until

w
2
Iz
]
2
©
c
2

o

Select operators
h = 6) Converged?
. No
to obtain aE"™ _ (4 |14 A i) Select operator
i i Ay ]| ™) e e
pronies i 50 e IE
quantum circuit g

: — 8) VQE: Re-optimize all parameters 7) Grow ansatz
EO) = <yl Hlyy > e _ W] oo . gtk Frglhds . gt | o . (1Y _ g [yl
_ﬂm"f")(w ‘ oA . g A Hg A . Ay ‘&’t > ) (i, 0) ‘wgm“> = |W }

State Expectation

reparation estimation
prep

Trade deep circuits with few measurements in QPE for short circuits with
more measurements in VQE for error mitigation.
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Noise tolerance

_—
QO
S—
-
o
)
—_—
[y
~
o
[\*}

;‘,;9! —— Exact Energy
2 __ 0o *  VQE Experiment |
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o ©
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Rotation Angle ¢ Bond Length R (A)

PHYSICAL REVIEW X 6, 031007 (2016)

Scalable Quantum Simulation of Molecular Energies

P.J.J. O'Malley,"” R. Babbush,™" I. D. Kivlichan,’ J. Romero,” . R. McClean,” R. Barends,” J. Kelly,” P. Roushan,’

A. Tranter,”” N. Ding,” B. Campbell,' Y. Chen,” Z. Chen,' B. Chiaro," A. Dunsworth,' A. G. Fowler,” E. Jeffrey,”

E. Lucero,5 A. Megrzml;,5 LY. Mutus,5 M. Neeley,5 C. Neill,I C. Quintana,I D. Szmk,5 A. Vainsencher,' J. Wenner,'
T.C. White,” P. V. Coveney,” P.J. Love,’ H. Neven,” A. Aspuru-Guzik,” and J. M. Martinis™"*
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Gutzwiller Embedding Hamiltonian

g (DN = H [{eh} {eal] + ) (Daatlfo + He) + > Moy fof
ac ab

H = Z Gi'(ajﬁéimékjﬁ + Z H;* [{é;{wg} ’ {éRiﬂ}]

The number of bath orbitals is exactly orens? Ri

, _ _ 1{{of[1]lo|[o D, \° 000000
equal to the number of impurity orbitals. T T 17 T 1 [TLTT]
“Dimer” with much sparse Hamiltonian m W

HE [R,A]|¥o) = ¢ |V

o
~

Various variational quantum eigen-solver

A - B

HE™ [D, )] [97) = e (bﬁ

to find the ground state and measure the Classical omputér Quprfuih dorppiter

oll1{l11{o]]1 R, ) XXX XX

one-particle density matrix.
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