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FIG. 10. Schematic representation of the manifolds of target states that are
accessed within various EOM-CC and ADC formalisms by combining particular
choices of reference state and excitation operator in Eq. (10). For example, in
the EE models for electronically excited states, the reference �Ψ0� is the closed-
shell ground-state wave function and the operator R̂ conserves the number of
α and β electrons in generating a target manifold of correlated excited-state
basis functions. Non-particle-conserving operators (IP, EA, DIP, and DEA) and
spin-flipping (SF) operators open a route to the multi-configurational wave func-
tions encountered in radicals, diradicals, triradicals, and bond-breaking processes.
Reprinted with permission from D. Casanova and A. I. Krylov, Phys. Chem.
Chem. Phys. 22, 4326 (2020). Copyright 2020 Published by the PCCP Owner
Societies.

with applications to single-molecule magnets and even infinite spin
chains.222

For visualization purposes, both Dyson orbitals264 and
natural transition orbitals265 (NTOs) are available,15,88,220,266–269

including NTOs of the response density matrices for analyzing
two-photon absorption270 and resonant inelastic x-ray scattering.271

Figure 11 highlights the application of these tools to model
magnetic properties and spin-forbidden chemistry. Exciton
analyses,267,268,272–274 bridging the gap between the quasiparticle
and MO pictures of excited states, enable the calculation and
visualization of electron–hole correlation.89,267,268,272,273

IV. ACTIVE-SPACE METHODS FOR STRONG
CORRELATION

The applicability of single-reference methods rests on an
assumption that the wave function is dominated by a single Slater
determinant. While justified for ground states of well-behaved
closed-shell molecules, this assumption is inappropriate for systems

FIG. 11. Spinless NTOs for selected transitions between two quintet d6 states in a
tris(pyrrolylmethyl)amine Fe(II) single-molecule magnet,263 which are responsible
for its large (158 cm−1) spin-reversal barrier. Q-Chem’s efficient EOM-CC imple-
mentation using the spin–orbit mean-field approximation and the Wigner–Eckart
theorem enables calculations for medium-size molecules such as the one shown
here. The computed spin-reversal barrier is within 1 cm−1 of the experimen-
tal value.252 The key object, the spinless triplet transition density matrix, pro-
vides valuable information about the nature of spin–orbit coupling and the
related properties. Spinless NTOs (shown here) allow one to quantify and
validate El-Sayed’s rules.252 Reprinted with permission from Pokhilko et al.,
J. Phys. Chem. Lett. 10, 4857 (2019). Copyright 2019 American Chemical
Society.

exhibiting strong (or static) correlation, where many Slater
determinants may make comparable contributions. Examples of
multiconfigurational systems include organic polyradicals and
transition metals.275,276 While certain classes of multiconfigura-
tional wave functions can be effectively described by single-reference
methods, such as EOM-CC and ADC (Sec. III B), more general
treatments are sometimes desirable.

The exact solution to the finite-basis Born–Oppenheimer
electronic structure problem is the full configuration interaction
(FCI) wave function, but factorial scaling generally limits its
applicability to very small systems. It is thus more effective to
solve the FCI problem within an active space of chemically
relevant orbitals that contains the strong correlations, leaving the
other orbitals to be described via mean-field theory. Although the
introduction of an active space imparts an arbitrariness, which is
undesirable for a theoretical model chemistry,79 the necessity of
active-space methods cannot be denied, despite the need to carefully
validate the active-space selection for each particular system and
process.

This complete active-space (CAS-)CI ansatz can be used on its
own277 but is more commonly combined with orbital optimization,
which defines the popular CASSCF method,278,279 also known as the
fully optimized reaction space (FORS).280 Both CASCI and CASSCF
are available in Q-Chem 5, including analytic nuclear gradients.

The CASCI problem still exhibits factorial scaling with respect
to the size of the active space. The total number of Slater determi-
nants in an active space with M spatial orbitals is
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• EOM-EA/DEA describe target states by electron-attaching operators
• When using closed-shell reference, target states are naturally spin pure
• EOM-EA is good for certain doublet states (e.g., Na atom in the ground and excited states)
• EOM-DEA can describe diradicals (e.g., methylene) and bond-breaking
• State and transition properties can be computed 

 (N) = R(+1)�0(N � 1)
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• Alkali-earth atoms like Mg have [core]ns2 electronic configuration
• They form ionic bonds with halogen-like ligands (e.g. Mg-OH), yielding doublet radicals 

with an unpaired electron localized on the metal
• EOM-EA can describe its ground and excited states 
• Dyson orbitals show where the unpaired electron is 

• Import structure to IQmol (mgoh_structure.xyz)
• Use cationic reference (MgOH+, charge=1, multiplicity=1) and EA_STATES
• Compute 3 target states 

EOM-EA: MgOH example

Note: Largest abelian subgroup is C2v: 
A1, A2, B1, B2 irreps
Use MEM_TOTAL=4000

http://mgoh_structure.xyz


EOM-DEA: Mg-CC-Mg example

• Mg-CC-Mg is a diradical: it has two unpaired electrons
• It is best described by EOM-DEA

• Import structure to IQmol (mgccmg_structure.xyz)
• Use dicationic reference (MgCCMg2+, charge=+2, multiplicity=1) and dea_states
• Compute 3 target states in each multiplicity 
• Request transition properties between the EOM states

Note: Largest abelian subgroup is D2h: 
Ag, B1g, B2g, B3g, Au, B1u, B2u, B3u irreps
Use MEM_TOTAL=4000



Transition 
symmetry

EA, eV Eex (eV)

1/A1 -7.230 0.000

1/B1 -3.537 3.693

1/B2 -3.537 3.693

Energy difference relative to reference gives 
EA=E(EOM) - E(Ref) (electron affinity of MgOH+)

Energy levels in MgOH: difference between the 
EOM states 

IQmol: left panel -> Surfaces

EOM-EA: MgOH example

E(MgOH+)

E(A1)

E(MgOH)

E(B1) E(B2)EA
Eex



EOM-DEA: Mg-CC-Mg example

 State   Trans. symm. E_ex (eV) Multiplicity f 
0 	1/Ag 	 0.000   singlet	 --
1 	1/B1u 0.020   triplet	 0.00
2 	1/B2u 	  2.873   triplet	 0.00
3 	1/B3u 	  2.873   triplet	 0.00
4 	1/B2u 	  2.988   singlet	 0.31
5 	1/B3u 	  2.988   singlet	 0.31

Singlets and triplets are printed separately. Look for a line like:

The states can be visualized by using 
natural transition orbitals (NTOs)

Transition properties:

A pair of NTOs for the 1/Ag to 1/B2g 
singlet transition with a SV = 0.33


