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Quantum Chemistry and Material Science

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

Quantum Chemistry

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

                         𝖧 = − ∑
𝗂

ℏ𝟤 ∇𝟤

𝟤𝗆𝗂
− ∑

𝗄≠𝗂

𝖹𝗄𝖾𝟤

|R𝗄 − r𝗂 |
+ ∑

𝗂≠𝗃

𝖾𝟤

|r𝗂 − r𝗃 |

Challenge: Simulating systems with strong correlations 
         ➤  Unfavorable Hilbert space scaling motivates use of quantum computers
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Sources of overhead: 
• Mapping of target problem 

to quantum hardware 
• Expensive algorithms 

(quantum phase estimation) 
• Large overhead for QEC Our goal: simulate relevant quantum 

dynamics on near-term hardware



Advancing Computa9onal Quantum Chemistry

Our approach: 
• Leverage insights obtained from state-of-the art classical 

computa7onal algorithms. 
• Use state-of-the art programmable quantum simulators (e.g., 

Rydberg atom arrays) 
• Focus on hardware-efficient implementa9ons on near term 

devices. 
What problems do need a quantum computer? 
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problems with strong correlations



Hybrid Quantum-Classical Workflow
Large scale analog-digital 

quantum simulator

o Efficient multi-qubit gates 
o High-degree of 

programmability 
→ Simulate time dynamics of 
many-particle systems

High-performance computing

o Employ state-of-the art 
algorithms (Coupled Cluster, 
DMRG, etc.)

Model Hamiltonians for 
quantum chemistry and 

material science

capture the strong 
correlations (at low energies)



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

𝖧 = ∑
𝗂,α

𝖡α
𝗂 𝖲α

𝗂 + ∑
𝗂,𝗃,α,β

𝖩αβ
𝗂𝗃 𝖲α

𝗂 𝖲β
𝗃 + ∑

𝗂,𝗃,𝗄,α,β,γ
𝖪αβγ

𝗂𝗃𝗄 𝖲α
𝗂 𝖲β

𝗃 𝖲γ
𝗄 + …



Target Problem

𝖧 = ∑
𝗂,α

𝖡α
𝗂 𝖲α

𝗂 + ∑
𝗂,𝗃,α,β

𝖩αβ
𝗂𝗃 𝖲α

𝗂 𝖲β
𝗃 + ∑

𝗂,𝗃,𝗄,α,β,γ
𝖪αβγ

𝗂𝗃𝗄 𝖲α
𝗂 𝖲β

𝗃 𝖲γ
𝗄 + …

o Good model for materials or molecules with 
localized valence electrons 

 
 
 

o Difficult to solve but easy to obtain from 
ab-initio quantum chemistry methods 

o More natural mapping to quantum hardware

see for example: 
Mayhall, Head-Gordon, JPCL 6, 10, 1982 
(2015), JPC 141, 134111 (2014) 
V. Krewald,…,D.A.Pantazis, Chem. Sci., 6, 
1676 (2015) 
S. Kotaru, S. Kähler, M. Alessio, A. I. Krylov, J 
Comp Chem 44, 367 (2022), etc.
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Model Hamiltonians
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7 valence electrons

Mn

 Mn2 has 3 active electrons

spin-3/2

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

• Coulomb interaction - localizes electrons 
• Exchange interaction -  ferromagnetic 
• Super-exchange interaction - anti-ferromagnetic



Model Hamiltonians
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IV

IV

IV

 Mn2 has 3 active electrons

Computational Chemistry

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

Hilbert space scaling: 
∝ (𝟤𝖲 + 𝟣)𝖭

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



Approach
• Represent high spins … 
➡ How to implement high spins?  

• … and let them interact 
➡ How to implement non-local connec9vity? 

• Read out chemically relevant quan99es 
➡ Quantum-classical co-processing

19



Necessary Ingredients
Non-local connectivity

Atom moving

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

Solution read-out

Co-processing

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

Control high spin (S>1/2)

Native multi-qubit gates 
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Example implementa9on: Reconfigurable atom arrays

Ebadi, S., et al., Nature (2020)

Analog quantum simulation

Rydberg blockade
H. Levine et al., Phys, Rev. Lett. 123, 170503 (2019) 

Digital Quantum Computing (gates)

robust!



Atom Array Plaoorm in Analog-Digital Mode

Bluvstein et al. Nature 604, 451 (2022). 

High-fidelity gatesReconfigurable 
architecture Hybrid analog-digital control

High degree of programmability
Interactions manipulated via 
geometric configuration 
                           + 
Global control pulses

Evered, et al. Nature 622, 268n (2023)
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Engineering Large Spins on Rydberg Plaoorm
Hardware Efficient Multi-Qubit Operations with a global drive

Encode spin-S variables into 2S (spin-1/2) qubits (“clusters”): 
 valid spin-S states: ⇒ ⟨Ŝ𝟤

𝗂 ⟩ = 𝖲𝗂(𝖲𝗂 + 𝟣)

Engineer two-field pulses (using 
Rydberg blockade) to implement any 

2S-qubit gate!



Engineering Large Spins on Rydberg Plaoorm
Hardware Efficient Multi-Qubit Operations with a global drive

Realize multi-qubit gates via time-dependent global control:  
             use GrAPE (Gradient Ascent Pulse Engineering)        

Encode spin-S variables into 2S (spin-1/2) qubits (“clusters”): 
 valid spin-S states: ⇒ ⟨Ŝ𝟤

𝗂 ⟩ = 𝖲𝗂(𝖲𝗂 + 𝟣)
Two important examples: 
1.Engineer all-to-all interactions:  

e.g.,  
2.Projection into symmetric subspace:    

𝖴𝖲(θ) = 𝖾−𝗂θ Ŝ𝟤
𝟤𝖲

𝖴𝖯(θ) = 𝖾−𝗂θ 𝖯[Ŝ𝟤]
Khaneja, et al., J. Magn. Reson. 172, 296 (2005) 
Jandura et al., Quantum 6, 712 (2022) 
Evered et al., Nature 622, 268 (2023) 
Katz, et al., Nat. Phys. 19, 1452 (2023)



Important Metric: Gate Times
The shorter the gates, the more sequences one can run (until system decoheres)

 Almost no scaling with cluster size⇒ Number of Qubits

Comparison: two-qubit operations 
(for error )ϵ = 𝟣𝟢−𝟥

Multi-Qubit Gates via Global Drive 
(for error )ϵ = 𝟣𝟢−𝟥

Number of Qubits

 Orders-of-magnitude speedup for 

complex spin-operations
⇒



Engineering Interactions
    Target Hamiltonian: 

    𝖧𝗍𝖺𝗋𝗀𝖾𝗍 = ∑
𝗂,𝗃

𝖩αβ
𝗂𝗃 𝖲̂α

𝗂 𝖲̂β
𝗃

   Highly programmable! 

   Example: 

      

(e.g., Malrieu et al, Chem. Rev 114, 429 (2014))

𝖩αβ
𝗂𝗃 = 𝖩𝗂𝗃δαβ

⏟
𝖧𝖾𝗂𝗌𝖾𝗇𝖻𝖾𝗋𝗀

+ 𝖣γ
𝗂𝗃 ϵ

γ
αβ

𝖣𝖬



2. Inter-cluster gate:

• Mediates generic, long-range connectivity

1. Reconfigure

• Spin-1/2 gates and local rotations

• Violates large-spin encoding

    Target Hamiltonian: 

    𝖧𝗍𝖺𝗋𝗀𝖾𝗍 = ∑
𝗂,𝗃

𝖩αβ
𝗂𝗃 𝖲̂α

𝗂 𝖲̂β
𝗃

Engineering Interactions
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2. Inter-cluster gate:

• Mediates generic, long-range connectivity

1. Reconfigure

• Spin-1/2 gates and local rotations

4. Intra-cluster gate:

• Encoding space is gapped ground state

3. Reconfigure

• Violates large-spin encoding

• Applies phase to encoding violating terms

Engineering Interactions
    Target Hamiltonian: 
    𝖧𝗍𝖺𝗋𝗀𝖾𝗍 = ∑

𝗂,𝗃
𝖩αβ

𝗂𝗃 𝖲̂α
𝗂 𝖲̂β

𝗃



Floquet Sequence to Implement Model Hamiltonian 

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

 Realizes target Hamiltonian on average ⇒

Effective evolution operator:  

 𝖴𝖥 = ∏
𝗄

𝖾−𝗂θ𝗄𝖧𝖢 𝖾−𝗂τ𝖧𝖨

can be large-angle rotations



Performance of the Approach

Spin-  Heisenberg
𝟣
𝟤

Spin-  (Heisenberg+DM)
𝟧
𝟤

Spin-2 square latce: 
 and  

and addi9onal 
𝖲 ⋅ 𝖲 (𝖲 ⋅ 𝖲)𝟤

(𝖲 ⋅ 𝖲)𝟥, (𝖲 ⋅ 𝖲)𝟦

𝖳 𝖼
𝗈𝗁

𝖾𝗋
𝖾𝗇

𝖼𝖾
𝖳 𝖼

𝗈𝗁
𝖾𝗋

𝖾𝗇
𝖼𝖾

Takeaway: 
• Hardware-optimized 

multi-qubit 
operations to 
efficiently generate 
interactions 

• Floquet/Hamiltonian 
engineering to 
efficiently combine 
operations.
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Leverage 
– ability for efficient 9me evolu9on of Rydberg simulator 
– ability to perform snapshot measurements 

Such measurements are very informa9on dense!

35

Key quantity: Operator-resolved density of states 

𝖣𝖠(ω) = ∑
𝗇

⟨𝗇 |𝖠 |𝗇⟩ δ(ω − ϵ𝗇)

peaks at state 

energies

Efficient Read-Out Based on Snapshots

properties of 
eigenstates

How to obtain?



Efficient readout: Quantum-Classical Co-Processing
Hardware-efficient toolbox to compute spectral functions

Uniformly sample perturbed states

Sum over observables

Estimate via quantum time evolution 
on simulator and M snapshots.

Evaluate classically using an efficient representation 
       e.g. MPS      ,           and MPO 

 𝖣𝖠(ω) = ∑
𝗇

⟨𝗇 |𝖠 |𝗇⟩ δ(ω − ϵ𝗇) =

∫ 𝖢𝗈𝗋𝗋𝖼𝗅𝖺𝗌𝗌𝗂𝖼𝖺𝗅 𝖢𝗈𝗋𝗋𝗊𝗎𝖺𝗇𝗍𝗎𝗆
evolution times 
state samples 
observables

time evolution of known reference state

time evolution of 

unknown 

superposition state

Makes procedure sample efficient: 

 can be found for different A with same sample set

𝖣𝖠



Efficient readout: Quantum Circuit + Spectrum

Example: two interacting spin-3/2s
𝖧 = 𝖩 S𝟣 ⋅ S𝟤

20,000 samples

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

𝟤𝗇



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

𝟤𝗇

Efficient readout: Quantum Circuit + Spectrum

Access to full spectral information 
 finite temperature properties!⇒



Benchmark on Larger Molecule (OEC Complex)

Perform spectroscopy:

spin-projection allows 
detection of tiny energy 
differences (𝟢 . 𝟥𝖼𝗆−𝟣) resolve low energy spectrum



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

⇒
⇒

𝖧𝟤

𝖫𝗂𝖧



Addi9onal Applica9ons and Outlook
Application to 2D magnetic materials 
Single-particle Green’s function of FM Heisenberg: 

Dispersion

Quasi-particle properties encoded in spectral function

Next steps: 
• Expand operator-resolved 

density of states 
• include error correc9on  
• dynamics of chemical 

reac9ons 
• simulate fermions (e.g., 

Coulomb Hamiltonian)
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