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Quantum Chemistry and Material Science

Quantum Chemistry

= solving an electronic structure problem for a
configuration of electrons and nuclei

Major thrust of quantum chemistry: quantitative prediction of material or molecular
properties
Full Hamiltonian:

Challenge: Simulating systems with strong correlations
» Unfavorable Hilbert space scaling motivates use of quantum computers



Quantum Chemistry on Quantum Computers

Assessing requirements to scale to practical quantum advantage
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Quantum Chemistry on Quantum Computers
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Advancing Computational Quantum Chemistry

Our approach:

e Leverage insights obtained from state-of-the art classical
computational algorithms.

e Use state-of-the art programmable quantum simulators (e.g.,
Rydberg atom arrays)

e Focus on hardware-efficient implementations on near term
devices.

What problems do need a quantum computer?

problems with strong correlations



Hybrid Quantum-Classical Workflow

High-performance computing Large scale analog-digital
guantum simulator
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Model Hamiltonians for
guantum chemistry and

material science
S > 1/2

o Employ state-of-the art
algorithms (Coupled Cluster, - o High-degree of

DMRG, etc.) | programmability
- Simulate time dynamics of
many-particle systems

o Efficient multi-qubit gates

¥
capture the strong
correlations (at low energies)




Target Problem

Model Hamiltonian with spin S>1/2 and arbitrary connectivity

S >1/2

— afiqagp afygaghqr
H= D BiSi+ ) J0sesi+ ) KIrsesis + ...
Lo LJ,a,p LJ,K,.a,B.y



Target Problem

o Good model for materials or molecules with
localized valence electrons

IV

_ aQa affQaQp afyQaQh
H= ) BiSr+ > JPsisi+ » Kerses/isy+ ..
Lo L,a.p0 Li.k,a.f

see for example:

Mayhall, Head-Gordon, JPCL 6, 10, 1982 o Difficult to solve but easy to obtain from

2015), JPC 141, 134111 (2014 o .
&/. Kre)wald,...,D.A.Pantazgs, Ch)em. Sci., 6, ab-initio quantum chemistry methods

1676 (2015) | o More natural mapping to quantum hardware
S. Kotaru, S. Kahler, M. Alessio, A. I. Krylov, J

Comp Chem 44, 367 (2022), etc.




Model Hamiltonians

Example: Biochemical catalyst involved in the oxygen evolving complex (OEC)
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Model Hamiltonians

Example: Biochemical catalyst involved in the oxygen evolving complex (OEC)
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Model Hamiltonians

Example: Biochemical catalyst involved in the oxygen evolving complex (OEC)

02
/I
l—Ol
e | e | Computational Chemistry
04— jp{z0 )
Tg sesees 05 In

Hilbert space scaling:

x (2S + N

-  Mn2 has 3 active electrons

V. Krewald, M. Retegan, F. Neese, W. Lubitz,
D. A. Pantazis, N. Cox, Inorg. Chem. 55, 488-501 (2016)



Approach

e Represent high spins ...
= How to implement high spins?

e ... and let them interact

= How to implement non-local connectivity?

e Read out chemically relevant quantities

= Quantum-classical co-processing



Control high spin (S>1/2)

Native multi-qubit gates

Necessary Ingredients

Non-local connectivity
S >1/2

D. Bluvstein et al., Nature 604, 451—-456 (2022)

Solution read-out

pectral Weight
3

of -F .
/p) ] PP I Il e s
1060

Frequency

Co-processing

H.-Y. Huang et al., Nat. Phys. 16, 1050-1057 (2020)




Necessary Ingredients

Non-local connectivity

S >1/2

D. Bluvstein et al., Nature 604, 451—-456 (2022)



Example implementation: Reconfigurable atom arrays

Analog quantum simulation Digital Quantum Computing (gates)
0r)
1. Load 2. Rearrange | 3. Readout (c) |
. A | 00 [ TR e N e i & | 2-0:-0-©-0-0-0-8 |(],}
i I i Ult) Jesssece s ere A \
""""""""""""""" O.A‘O'A‘O "““__kARRAA,“'_.R.A‘ | '
""""" [ Ol mies i sl (O *0.0:0:0:0-0:0- () @
.............. ? © O g Jib b St I "
o |, WIS X \ Y
/-:->" R 2695%676°6°006° 101) '{_»" |
Q =
. \ 9 y /
Ebadi, S., et al., Nature (2020) H. Levine et al., Phys, Rev. Lett. 123, 170503 (2019)

Rydberg blockade




Atom Array Platform in Analog-Digital Mode

Reconfigurable I P - -
. High-fidelity gates Hybrid analog-digital control
architecture J Y9 Y 97919
Reconfigure
0.93 Many-body dynamics » Measure entanglement entropy
Fez = 99.54(2)%
B Al e rtiaie Ay o I O T L R
,,,,,,,,,,,,,,,, - 1 Bell measurement
é 0.89 H(t) 0 @ @ C ----- O ..... O ...... @
/\//\‘\\ g.s;:::............................:::.; ....
........ —X(/)—CZ—X(/Q) f>(
EEE R EEREN RN 0.85 T ¢ Time optimal gate Ly [

"""""""""""

High degree of programmability

Interactions manipulated via
geometric configuration

+
Global control pulses

Bluvstein et al. Nature 604, 451 (2022).
Evered, et al. Nature 622, 268n (2023)




Necessary Ingredients

Non-local connectivity

S >1/2

D. Bluvstein et al., Nature 604, 451—-456 (2022)



Engineering Large Spins on Rydberg Platform

Hardware Efficient Multi-Qubit Operations with a global drive
Encode spin-S variables into 2S (spin-1/2) qubits (“clusters”):

/|7’>T = valid spin-S states: <S|2> =S5+ 1)

1
0>iﬂq(t) Engineer two-field pulses (using

Rydberg blockade) to implement any
25-qubit gate!




Hardware Efficient Multi-Qubit Operations with a glc

Encode spin-S variables into 2¢

Two important examples:
1.Engineer all-to-all interact

Q2
e.g., Us(0) = e 0%

UP(H) _ e—iH P[S?] &

(N . . &2\ |LE
) = valid spin-S states: (S7) = {3

T

Engineering Large Spins on R

0 1 2 3 3.65
Time (27/2)

N

/

2.Projection into symmetric subspace:

haneja, et al., J. Magn. Reson. 172, 296 (2005)

: : : : : Jandura et al.,, Quantum 6, 712 (2022)
Realize multi-qubit gates via time-dependent ¢ qeq et al. Nature 622, 268 (2023)

use GrAPE (Gradient Ascent Pulse Eng Katz, etal,, Nat. Phys. 19, 1452 (2023)




Important Metric: Gate Times

The shorter the gates, the more sequences one can run (until system decoheres)

Multi-Qubit Gates via Global Drive Comparison: two-qubit
-3
)

operations

(for errore = 10

Q 102
~
Q)
o 101
g
~

Number of Qubits

- Almost no scaling with cluster size




Engineering Interactions
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Engineering Interactions
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Engineering Interactions
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* Mediates generic, long-range connectivity
* Violates large-spin encoding

2B

_ af sc
Hy = Z’Ji' 6,045 °7,bi;

\

3. Reconfigure

J




Engineering Interactions
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Target Hamiltonian:

J#sa s
d J

. Reconfigure

r

.

_ - _ af sa A0

. Inter-cluster gate: H; = Z Ji‘ i.ai;55.bi,
1]

« Spin-1/2 gates and local rotations

Mediates generic, long-range connectivity
* Violates large-spin encoding

~N

. Reconfigure

(

J

.

. Intra-cluster gate: = — Z S —)z'

1

 Encoding space is gapped ground state

* Applies phase to encoding violating terms




Floquet Sequence to Implement Model Hamiltonian

Effective evolution operator:

il

can be large-angle rotations

- Realizes target Hamiltonian on average

Higher-order errors can be cancelled out, or controlled via Floquet
engineering.




Performance of the Approach

Takeaway:

« Hardware-optimized
multi-qubit
operations to
efficiently generate

Multi-qubit
Enhanced

Two-qubit
B Trotter -

Interactions
Floqguet/Hamiltonian
engineering to

B efficiently combine
Hamiltonian Hr :
operations.

Tcoherenlc;e

Tcoherence
P
— o

-
Y

(iii) (iv)

Hamiltonian Hyp



Necessary Ingredients

Control high spin (S>1/2)

Native multi-qubit gates

Non-local connectivity

S >1/2

D. Bluvstein et al., Nature 604, 451—-456 (2022)




Efficient Read-Out Based on Snapshots

Leverage

— ability for efficient time evolution of Rydberg simulator

— ability* et e e
f Key quantity: Operator-resolved density of states

35



Efficient readout: Quantum-Classical Co-Processing

Hardware-efficient toolbox to compute spectral functions

Dp(@) = ) (n|A|n) 8w —¢,) =

f
|

giusmr o
BikERa 38

Corrclassical Corrquantum

evolution times \e ﬁ'\c‘\e(\’(u
sta¥” ¢
i ‘ Me Cvol. e Samp 62
| Knoe (QCed\“ ® A\N\“\ .
A . efe - ~C o B
Prnakes ¥ or T sape ™
o pe fouh O Conall) + O(1/VD
Unifo‘rmly Py perturbe~ D 5 - \ \ Estimate via quantum time evolution
YRR [R‘SMS‘R] - on simulator and M snapshots.

Sum over observables Evaluate classically using an efficient representation
Y [0418)(S|0s) =1 e.g. MPS |S, R|S\and MPO A



Efficient readout: Quantum Circuit + Spectrum

Example: two interacting spin-3/2s

H=JS1‘SZ

S S

Parallel measurement of 2" observables
(any operator diagonal in measurement basis)

—-30 —20 —10 O 10 20

Energy w/.J
20,000 samples



Efficient readout: Quantum Circuit + Spectrum

Access to full spectral information
- finite temperature properties!

\
I'd

s

)

Susceptibility x(7')

Samples

10k

>

-) -
o ek
Q0 -

s

S S

50k

)
-
S

0.04

Parallel measurement of 2" observables 0.00

(any operator diagonal in measurement basis) 10° 101 10° 10°
Temperature 7°/.J



Benchmark on Larger Molecule (OEC Complex)

Perform spectroscopy:

o2
l—Ol |
DA A A
....... 05 cocscss

300 —200 —100

Enexgy w (0o

spin-projection allows 3

detection of tiny energy ‘.es
differences (0.3cm™")

—380 —370 —360 —350 —1-
Energy w (cm ™)



Newer results

Access to full spectrum + matrix elements of operators = perturbation theory
— enhance accuracy of energy estimates for approximated Hamiltonians

= Time evolving fermionic Hamiltonians for small molecules

Energies of states that have finite overlap with HF state

Dots indicate the states with which the HF
state has finite overlap.

spectrum, bond length = 2.0

3 - ) 1.00 T
0.75 A
0.50 A
0.25 -

S
S 0.00 ,
5 -4 -2 0
1 - Energy
Hartree Fock sparsified spectrum
1.00
0 - 0.75 - o
0.50 - LIH
0.25 -
-1 -
0.00 .
: : : , —6 —4 -2 0
0.5 1.0 1.5 2.0 Energy

bond length



Additional Applications and Outlook

Application to 2D magnetic materials Next steps:

Single-particle Green’s function of FM Heisenberg:
e Expand operator-resolved

density of states

NSNS
y N N 'd H\ }

- - - - -
\I./\I/\/\/\/\I/

e include error correction

e dynamics of chemical
Quasi-particle properties encoded in spectral function reactions

S(k,w) = |G(k,w)| Dispersion € (k) e simulate fermions (e.g.,
| : Coulomb Hamiltonian)

O
o

o
I

Frequency w
-’
Do

O
=

A
—2.5 0.0 2.5
Wavevector k..




Non-local connectivity Solution read-out

S > 1/2

Control high spin (S>1/2

[W—y fa—

b— = Pl
I | [}
3 b ©

Spectral Weight

Frequency

Co-processing

Native multi-qubit gates

D. Bluvstein et al., Nature 604, 451-456 (2022) H.-Y. Huang et al., Nat. Phys. 16, 1050-1057 (2020)

Maskara, Ostermann, Shee, Kalinowski, McClain Gomez, Araiza Bravo, Wang, Krylov, Yao, Head-Gordon, Lukin, Yelin, arXiv:2312.02265
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