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SPIN DEFECTS AS MOLECULAR SYSTEMS
§ Optically active spin defects in 

semiconductors are interesting 
platforms for the development of   
solid-state quantum technologies 
– two-level system
– optical read-out
– wide temperature range operation
– compatible with semiconductor 

technology
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NEUTRAL EXCITATIONS IN EMBEDDED SYSTEMS

How can FCI be embedded in DFT?

Spin defect                 Many-body spectrum
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Bockstedte, Schütz, Garratt, Ivady, Gali, npj Comput Mater 3, 31 (2018)
Ma, Govoni, Galli, npj Comput Mater 6, 85 (2020)

Ma, Sheng, Govoni & Galli, JCTC 17, 2116 (2021)
Sheng, Vorwerk, Govoni, Galli,  JCTC 18, 3512 (2022)

n-ple

DFT FCI

Correlated excitations: relevant for
quantum information science,

yet challenging for mean-field theories
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(1) Define 
Active space

(2) Define effective 
Hamiltonian

(3) Find 
eigenstates

Sheng, Vorwerk, Govoni, Galli,  J. Chem. Theory Comput. 18, 3512 (2022)



Sheng, Vorwerk, Govoni, Galli,  J. Chem. Theory Comput. 18, 3512 (2022)

DEFINE ACTIVE SPACE

Active space = 𝜓!"# 𝒇𝒏 = ∫𝑽∈𝛀 𝜓!
"# 𝒓 (𝑑𝒓 > Threshold }
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Volume 𝐕 Most localized KS orbitals

Converged excitation energies with a 5% threshold à (12o,22e) active space

NV- in diamond



DEFINE EFFECTIVE HAMILTONIAN
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Describe excitations within the active space at the FCI level of theory (high), 
starting from a description of the whole system at the level of DFT (low)

low high double 
countingDFT

one-body two-body

Necessary to remove 
any double counting 

terms arising
from the separation of 
the whole system into 

active space + 
environment



EFFECTIVE TWO-
BODY TERM
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one-body two-body

The particles of the active space are subject to an 
effective interaction, screened by the other particles

𝑊)* = 𝑣)* − 𝑃

𝑣+,, effective Coulomb 

𝑃 = −𝑖𝐺-𝐺- −𝑖𝐺.𝐺- − 𝑖𝐺-𝐺. −𝑖𝐺.𝐺.

𝑃- 𝑃.

𝑊)* = 𝑣)* − 𝑃- − 𝑃.

𝑣+,, )*

𝑣+,, includes excitations that involve states that are NOT part of the active space

Separate the polarizability

bare Coulomb

Aryasetiawan, Imada, Georges, Kotliar, Biermann, Lichtenstein, Phys. Rev. B 70, 195104 (2004)



EFFECTIVE ONE-
BODY TERM
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one-body two-body

𝐺)* = 𝑔)* − Σ

𝐺)* = 𝑔)* − Σ/01 + Σ23 − Σ4564

𝜔 − 𝑡+,, )*

Σ7
4564 = 𝑣+,,𝜌.

Σ89:;< . = ? While 𝜌 and 𝐺 are easily separable, 𝑣=3[𝜌] is NOT

Interactions that are doubly counted (dc):
• Hartree: already described by DFT
• Exchange & correlation: to be removed from DFT Σ23 = Σ7

4564 + Σ89:;< .

Separate the self-energy



EFFECTIVE ONE-
BODY TERM
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one-body two-body

𝐺)* = 𝑔)* − Σ

𝐺)* = 𝑔)* − Σ/01 + Σ23 − Σ4564

𝜔 − 𝑡+,, )*

Σ7
4564 = 𝑣+,,𝜌.

Σ89:;< . = 𝑖𝐺.𝑊 DFT+GW as “low” level of theory allows us 
to define a robust dc scheme 

Interactions that are doubly counted (dc):
• Hartree: already described by DFT
• Exchange & correlation: to be removed from DFT Σ23 = Σ7

4564 + Σ89:;< .

Biermann, Aryasetiawan, Georges, Phys. Rev. Lett. 90, 086402 (2003)



GREEN’S FUNCTION EMBEDDING FORMALISM

two-body

DFT Hartree Exchange 
& correlation

one-body

double-counting

§ An effective Hamiltonian allows us to treat 
correlation using two levels of theory

10 Sheng, Vorwerk, Govoni, Huang, Galli, Nature Comput. Sci. 2, 424 (2022)

𝑡+,, = 𝐻"# − 𝑡23 𝑣+,, = 1 − 𝑃-𝑣 )*𝑣

𝑡5>23 = 𝑉=3 5> +C
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Sheng, Vorwerk, Govoni, Galli,  J. Chem. Theory Comput. 18, 3512 (2022)



GREEN’S FUNCTION EMBEDDING FORMALISM
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DFT Hartree Exchange 
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§ An effective Hamiltonian allows us to treat 
correlation using two levels of theory
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𝑡+,, = 𝐻"# − 𝑡23 𝑣+,, = 1 − 𝑃-𝑣 )*𝑣

𝑡5>23 = 𝑉=3 5> +C
?:

.
𝑣+,, 5?>:𝜌?:

. − 𝑖𝐺-𝑊 5>

Yu, Govoni, J. Chem. Theory Comput. 18, 4690 (2022)

Efficient calculation of 
matrix elements for 

large systems on GPUs



NV CENTER IN DIAMOND
§ Results obtained using the exact double counting (DFT+G0W0) correction are 

closer to the experimental values than those computed using a Hartree−Fock
double counting (HF dc @ DFT) correction
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Sheng, Vorwerk, Govoni, Galli,  J. Chem. Theory Comput. 18, 3512 (2022)

(HF dc @ DFT)
(DFT+G0W0)



NV CENTER IN DIAMOND
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Jin, Govoni, Galli, npj Comput. Mater. 8, 238 (2022)

Contribution of Slater determinants to the many body wavefunction 

double 
excitations

single 
excitations
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TDDFT

FCI

Ongoing work: comparison between 
BSE, TDDFT@hybrid, QDET

T46.00011 : First-principles studies of 
point defects in semiconductors 

using time-dependent density 
functional theory

(Yu Jin)



CLASSICAL/QUANTUM PROTOCOL FOR 
COMPUTATIONAL SPECTROSCOPY
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http://quantum-espresso.org
http://west-code.org

https://pyscf.org/

R

http://quantum-espresso.org/
http://west-code.org/
https://pyscf.org/


CLASSICAL/QUANTUM PROTOCOL FOR 
COMPUTATIONAL SPECTROSCOPY
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QDET ON QUANTUM COMPUTERS

16

Define Heff in second 
quantization

Map to Qubit 
Hamiltonian

Parametrize wfc

Variational Quantum 
Eigensolver

Quantum Subspace 
Expansion

Jordan-
Wigner

Quantum Efficient 
Encoding

# Slater det 2# 𝑂(𝑁$)

# qubits 𝑁 O(log 𝑁 )

# Pauli terms 𝑂(𝑁%) 𝑂(𝑁&$)
Size of active space: 𝑁
Number of “holes”: ℎ = 𝑁 −𝑚↑ −𝑚↓

QDET

QEE

QCC

Huang, Sheng, Govoni, Galli, JCTC accepted, arXiv:2212.01912 (2023)

Ryabinkin, Yen, Genin, 
Izmaylov. JCTC 14, 
6317 (2018)

Shee, Tsai, Hong, 
Cheng, Goan, Phys. 
Rev. Res. 4, 023154 
(2022)
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B70.00006 : Quantum simulations of 
Fermionic Hamiltonians with efficient 

encoding and ansatz schemes
(Benchen Huang)



CONCLUSIONS

§ Presented quantum 
embedded simulations 
of FCI in DFT, applied 
to spin-defects in 
semiconductors

§ DFT+GW is required as starting point for QDET to define a robust double 
counting removal scheme and obtain accurate results

§ Within QDET, pre-exascale computing is used to obtain the parameters of the 
effective Hamiltonian that describes the active space, quantum computing can 
be used to solve FCI
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