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Results Dissemination:  The research produced 40 published papers overall. Results were presented at invited 
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https://news.uchicago.edu/story/less-more-when-it-comes-predicting-molecules-conductivity



https://news.uchicago.edu/story/scientists-tap-open-access-quantum-computer-tease-out-quantum-secrets



and



https://news.uchicago.edu/story/uchicago-scientists-predict-new-state-matter
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https://physicsworld.com/a/dual-condensate-of-fermions-and-excitons-should-exist-say-theoretical-chemists/
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Article Title:  Accurate non-adiabatic quantum dynamics from pseudospectral sampling of time-dependent 
Gaussian basis sets

Keywords:  nonadiabatic dynamics, electronic structure, pseudospectral methods
Abstract:  Quantum molecular dynamics requires an accurate representation of the molecular potential energy 
surface from a minimal number of electronic structure calculations, particularly for nonadiabatic dynamics where 
excited states are required. In this paper, we employ pseudospectral sampling of time-dependent Gaussian basis 
functions for the simulation of non-adiabatic dynamics. Unlike other methods, the pseudospectral Gaussian 
molecular dynamics tests the Schrödinger equation with N Dirac delta functions located at the centers of the 
Gaussian functions reducing the scaling of potential energy evaluations from O(N2) to O(N). By projecting the 
Gaussian basis onto discrete points in space, the method is capable of efficiently and quantitatively describing the 
nonadiabatic population transfer and intra-surface quantum coherence. We investigate three model systems: the 
photodissociation of three coupled Morse oscillators, the bound state dynamics of two coupled Morse oscillators, 
and a two-dime
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Article Title:  Ligand non-innocence and strong correlation in manganese superoxide dismutase mimics

Keywords:  superoxide dismutase mimics, large active spaces, variational two-electron reduced density matrix 
method
Abstract:  We examine the 1-electron reduction of manganese porphyrin complexes Mn(III) porphyrin and Mn(III) 
TDE-2-ImP5+, which have attracted recent interest due to their properties as superoxide dismutase mimics. We 
perform a series of electronic structure calculations using the variational 2-electron reduced density matrix (2-
RDM) method with a large [30,30] active space that represents a wavefunction with 1019 variables, as well as the 
more traditional complete active space self-consistent field (CASSCF) method with a [14,14] active space. We 
show that the larger 2-RDM calculation, intractable with CASSCF, is required to capture the full effects of electron 
correlation in the molecule and predict the non-innocence of the porphyrin ligand during the reduction. The 
CASSCF method predicts single-reference systems exhibiting a metal-centered reduction, but the 2-RDM method 
predicts a strongly correlated system exhibiting a ligand-centered reduction.
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Abstract:  A central challenge of physics is the computation of strongly correlated quantum systems. The past ten 
years have witnessed the development and application of the variational calculation of the two-electron reduced 
density matrix (2-RDM) without the wave function. In this Letter we present an orders-of-magnitude improvement 
in the accuracy of 2-RDM calculations without an increase in their computational cost. The advance is based on a 
low-rank, dual formulation of an important constraint on the 2-RDM, the T2 condition. Calculations are presented 
for metallic chains and a cadmium-selenide dimer. The low-scaling T2 condition will have significant applications 
in atomic and molecular, condensed-matter, and nuclear physics.
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Article Title:  Pure-N-representability conditions of two-fermion reduced density matrices

Keywords:  electron correlation, generalized Pauli constraints
Abstract:  We derive necessary conditions for any two-fermion reduced density matrix (2-RDM) to be 
representable by a pure N-fermion density matrix ??? where ? is the wave function. These pure N-representability 
conditions of the 2-RDM are important because they provide stringent constraints beyond those from the Pauli 
and the generalized Pauli constraints on the structure of many-fermion 2-RDMs and their wave functions. The 
pure 2-RDM conditions are derived as generalized Pauli constraints on effective one-fermion reduced density 
matrices (1-RDMs) generated by the removal or addition of a fermion from the wave function. Computationally, we 
show for four-electron molecules that the derived pure N-representability conditions are nontrivially active for 
exact ground-state 2-RDMs and that they provide significant restrictions beyond the D, Q, and G ensemble N-
representability conditions. Constraints on higher-order p-RDMs where p>2 are derived in a similar fashion.
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Abstract:  The Pauli exclusion principle requires that spin orbitals have occupations between zero and one. For 
pure quantum systems, however, the occupations of the spin orbitals are constrained by additional inequalities 
known as the generalized Pauli constraints. If the occupation numbers saturate (or nearly saturate) the 
generalized Pauli constraints, then the occupation numbers are said to be pinned (or quasi-pinned) to the 
constraints. Here, we assess the complexity of electron correlation of excited states from the pinning or quasi-
pinning of the occupation numbers to the generalized Pauli constraints where the degree of pinning encodes 
information about the structure of the wave function including correlation and entanglement. Results are 
presented for three- and four-electron atoms and molecules, the five-electron cyclopentadienyl radical, and the 
seven-electron Fenna-Matthews-Olson complex in green-sulfur bacteria.
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Abstract:  Recent work found that soldering CdTe quantum dots together with a molecular CdTe polymer yielded 
field-effect transistors with much greater electron mobility than quantum dots alone. We present a computational 
study of the CdTe polymer using the active-space variational two-electron reduced density matrix (2-RDM) 
method. While analogous complete active-space self-consistent field (CASSCF) methods scale exponentially with 
the number of active orbitals, the active-space variational 2-RDM method exhibits polynomial scaling. A CASSCF 
calculation using the (48o,64e) active space studied in this paper requires 1024 determinants and is therefore 
intractable, while the variational 2-RDM method in the same active space requires only 2.1 × 107 variables. 
Natural orbitals, natural-orbital occupations, charge gaps, and Mulliken charges are reported as a function of 
polymer length. The polymer, we find, is strongly correlated, despite possessing a simple sp3-hybridized bonding 
scheme.
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Article Title:  Analytical nuclear derivatives for the parametric two-electron reduced density matrix method
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Abstract:  Efficient and accurate nuclear gradients are essential to performing molecular optimizations. Here for 
the first time we present analytical nuclear gradients for the parametric two-electron reduced-density-matrix 
method (p2-RDM), which uses the 2-RDM as the primary variable in calculations in lieu of the many-electron 
wavefunction. While numerical gradients require six energy evaluations for each atom, analytical gradients require 
only a single calculation for each geometry sampled. We present benchmark p2-RDM geometry optimizations that 
show analytical gradients reduce CPU times by as much as 80%, even for small molecules. We also use p2-RDM 
to evaluate the bond length alternation (BLA), or the difference in length between adjacent single and double 
bonds, of trans-polyacetylene (PA). We find that the BLA in the extrapolated limit to be 0.080Å, in agreement with 
experiment and closely mirroring the prediction of the more expensive coupled-cluster with triple excitations.
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Article Title:  Noise-assisted energy transfer from the dilation of the set of one-electron reduced density matrices

Keywords:  noise-assisted transport, generalized Pauli constraints
Abstract:  Noise-assisted energy transfer can be explained geometrically in terms of the set of one-electron 
reduced density matrices (1-RDMs) [R. Chakraborty and D. A. Mazziotti, Phys. Rev. A 91, 010101(R) (2015)]. In 
this paper, we examine the geometric picture of quantum noise for the seven-chromophore Fenna-Matthews-
Olson (FMO) complex. Noise expands the feasible set of orbital occupation trajectories to the target state through 
the violation of the pure-state N-representability conditions on the 1-RDM, known as the generalized Pauli 
constraints. While the generalized Pauli constraints are not explicitly known for seven-electron systems, we are 
able to treat a seven-exciton model of the FMO complex through the use of generalized Pauli constraints for p 
qubits which are known for arbitrary p.
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Article Title:  Pair 2-electron reduced density matrix theory using localized orbitals

Keywords:  pair theory
Abstract:  Full  configuration  interaction  (FCI)  restricted  to  a  pairing  space  yields  size-extensive  correlation 
energies but its cost scales exponentially with molecular size. Restricting the variational two-electron reduced-
density-matrix  (2-RDM)  method  to  represent  the  same  pairing  space  yields  an  accurate lower bound to the 
pair FCI energy at a mean-field-like computational scaling of O(r3) where r is the number of orbitals. In this paper, 
we show that localized molecular orbitals can be employed to  generate  an  efficient,  approximately  size-
extensive  pair  2-RDM  method.  The  use  of  localized orbitals eliminates the substantial cost of optimizing 
iteratively the orbitals defining the pairing space without compromising accuracy. In contrast to the localized 
orbitals, the use of canonical Hartree-Fock molecular orbitals is shown to be both inaccurate and non-size-
extensive.
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Article Title:  Quantum signature of exciton condensation

Keywords:  exciton condensation
Abstract:  Exciton condensation, a Bose-Einstein-like condensation of excitons, was recently reported in an 
electronic double layer (EDL) of graphene. We show that a universal quantum signature for exciton condensation 
can be used to both identity and quantify exciton condensation in molecular systems from direct calculations of 
the two-electron reduced density matrix. Computed large eigenvalues in the particle-hole reduced-density 
matrices of pentacene and hexacene EDLs reveal the beginnings of condensation, suggesting the potential for 
exciton condensation in smaller scale molecular EDLs.
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Keywords:  alkyl nitrates
Abstract:  The unexpected abundance of HNO in the photodecomposition of the radical 2-nitrosooxy ethyl 
(CH2CH2ONO) is investigated through calculations of the potential energy surface by the anti-Hermitian 
contracted Schrödinger equation (ACSE) method, which directly generates the 2-electron reduced density matrix. 
The ACSE, which is able to balance single-reference (dynamic) and multi-reference (static) correlation effects, 
reveals some subtle correlation effects along the intrinsic reaction coordinate (IRC) en route to NO + oxirane, an 
IRC which offers a potential bifurcation to the HNO + vinoxy product channel. These effects were not fully 
captured by either single-reference techniques, such as coupled cluster, or multi-reference techniques, such as 
second-order multi-reference perturbation theory. These correlation effects reveal small to moderate energy 
changes in key transition states, which have implications for the reaction mechanism as related to the production 
of HNO.
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Article Title:  Entangling and disentangling many-electron quantum systems with an electric field

Keywords:  electric field, entanglement
Abstract:  We show that the electron correlation of a molecular system can be enhanced or diminished through 
the application of a homogeneous electric field antiparallel or parallel to the system's intrinsic dipole moment. 
More generally, we prove that any external stimulus that significantly changes the expectation value of a one-
electron operator with nondegenerate minimum and maximum eigenvalues can be used to control the degree of a 
molecule's electron correlation. Computationally, the effect is demonstrated in HeH+, MgH+, BH, HCN, H2O, HF, 
formaldehyde, and a fluorescent dye. Furthermore, we show in calculations with an array of formaldehyde (CH2O) 
molecules that the field can control not only the electron correlation of a single formaldehyde molecule but also 
the entanglement among formaldehyde molecules. The quantum control of correlation and entanglement has 
potential applications in the design of molecules with tunable properties and the stabilization of qubits in quantum 
computations.
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Abstract:  Molecular conductivity is the quantum flow of electrons through a molecule. Since its conception by 
Aviram and Ratner, molecular conductivity has been realized experimentally in molecules and molecular-scale 
circuits. Significant challenges, however, remain for its prediction with popular theoretical methods often 
overpredicting conductance by as much as an order of magnitude. Here we report a current-constrained, 
electronic structure-based variational principle for molecular conductivity. Unlike existing theories, which set the 
voltage to compute the current, the current-constrained variational principle determines the voltage from an 
electronic structure calculation in which the current is added as a constraint. We apply the variational principle to 
benezenedithiol with gold and nickel leads where it matches experimental values and trends, improving upon 
previous theory by as much as 1–2 orders of magnitude. The current constraint produces a conducting steady 
state that includes all
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Abstract:  FeMoco, MoFe7S9C, has been shown to be the active catalytic site for the reduction of nitrogen to 
ammonia in the nitrogenase protein. An understanding of its electronic structure including strong electron 
correlation is key to designing mimic catalysts capable of ambient nitrogen fixation. Active spaces ranging from 
[54, 54] to [65, 57] have been predicted for a quantitative description of FeMoco’s electronic structure. However, a 
wave function approach for a singlet state using a [54, 54] active space would require 1029 variables. In this work, 
we systematically explore the active-space size necessary to qualitatively capture strong correlation in FeMoco 
and two related moieties, MoFe3S7 and Fe4S7. Using CASSCF and 2-RDM methods, we consider active-space 
sizes up to [14, 14] and [30, 30], respectively, with STO-3G, 3-21G, and DZP basis sets and use fractional 
natural-orbital occupation numbers to assess the level of multireference electron correlation, an examination of 
which reveals
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Article Title:  Effects of nitrogenous substituent groups on the benzene dication

Keywords:  reduced density matrices
Abstract:  The benzene dication possesses a pentagonal-pyramidal structure with a hexacoordinated carbon. In 
contrast, halogenated benzene dications retain a similar structure to their parent molecules. In this work, we report 
on theoretical studies of the structures of the dications of benzene with nitrogenous substituents. We find that the 
nitrobenzene dication favours a near ideal pentagonal-pyramidal structure, while the aniline dication favours a flat, 
hexagonal structure. Reduced-density-matrices methods give predictions in agreement with available ab initio 
calculations and experiment. These results are also compared with those from the Hartree–Fock method and 
density functional theory.
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Keywords:  generalized Pauli constraints
Abstract:  Electron occupations that arise from pure quantum states are restricted by a stringent set of conditions 
that are said to generalize the Pauli exclusion principle. These generalized Pauli constraints (GPCs) define the 
boundary of the set of one-electron reduced density matrices (1-RDMs) that are derivable from at least one N-
electron wavefunction. In this paper, we investigate the sparsity of the Slater-determinant representation of the 
wavefunction that is a necessary, albeit not sufficient, condition for its 1-RDM to lie on the boundary of the set of 
pure N-representable 1-RDMs or in other words saturate one of the GPCs. The sparse wavefunction, we show, is 
exact not only for 3 electrons in 6 orbitals but also for 3 electrons in 8 orbitals. For larger numbers of electrons 
and/or orbitals in the lowest spin state, the exact wavefunction does not generally saturate one of the GPCs, and 
hence, the sparse representation is typically an approximation.
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Article Title:  Static and Dynamic Electron Correlation in the Ligand Noninnocent Oxidation of Nickel Dithiolates

Keywords:  strong correlation
Abstract:  Metal dithiolates have a wide range of applications from catalysis to molecular conductors with the 
ligands being the source of electrons during electrochemical oxidation in an effect known as ligand noninnocence. 
Recent large-scale variational two-electron reduced-density matrix (2-RDM) calculations of the vanadium oxo 
complex and manganese superoxide dismutase show that quantum entanglement stabilizes the addition of an 
electron to the ligands, providing a quantum mechanical explanation for ligand noninnocence. In this paper, we 
confirm and explore the ligand noninnocence in the electron oxidation series of bis(ethylene-1,2-dithiolato)nickel 
or [Ni(edt2)](?2,–1,0) with variational 2-RDM calculations. While previous wave function calculations of this series 
have selected only the ligand ? orbitals as the critical (active) orbitals to be correlated, we find that both ligand ? 
and nickel d orbitals must be correlated to generate a realistic picture of the electron-transfer process. Usin
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Article Title:  Development and application of a 2-electron reduced density matrix approach to electron transport 
via molecular junctions

Keywords:  transport, NEGF
Abstract:  Can an electronic device be constructed using only a single molecule? Since this question was first 
asked by Aviram and Ratner in the 1970s [Chem. Phys. Lett. 29, 277 (1974)], the field of molecular electronics 
has exploded with significant experimental advancements in the understanding of the charge transport properties 
of single molecule devices. Efforts to explain the results of these experiments and identify promising new 
candidate molecules for molecular devices have led to the development of numerous new theoretical methods 
including the current standard theoretical approach for studying single molecule charge transport, i.e., the non-
equilibrium Green’s function formalism (NEGF).

Publication Identifier Type:  DOI
Issue:  48

Date Published:  11/1/17  12:00AM

Publication Identifier Type:  DOI
Issue:  18

Date Published:  11/1/17   5:00AM

Peer Reviewed: Y 

Peer Reviewed: Y 

Publication Status: 1-Published

Publication Status: 1-Published



RPPR Final Report 
as of 07-Jul-2020

Publication Identifier:  10.1063/1.5100143
First Page #:  034111Volume:  151

Date Submitted:  10/7/19  12:00AM

Authors:  Kade Head-Marsden, David A. Mazziotti

Distribution Statement:  1-Approved for public release; distribution is unlimited.
Acknowledged Federal Support:  Y

Publication Identifier:  10.1021/acs.jpcc.9b01627
First Page #:  14619Volume:  123

Date Submitted:  10/7/19  12:00AM

Authors:  Shayan Hemmatiyan, David A. Mazziotti

Distribution Statement:  1-Approved for public release; distribution is unlimited.
Acknowledged Federal Support:  Y

Publication Type:  Journal Article
Journal:  The Journal of Chemical Physics

Publication Location:  
Article Title:  Satisfying fermionic statistics in the modeling of non-Markovian dynamics with one-electron reduced 
density matrices

Keywords:  fermions, non-Markov
Abstract:  Treatment of Markovian, many-electron dynamics from the solution of the Lindblad equation for the 1-
electron reduced density matrix requires additional constraints on the bath operators to maintain fermion statistics. 
Recently, we generalized Lindblad's formalism to non-Markovian dynamics through an ensemble of Lindbladian 
trajectories. Here we show that the fermion statistics of non-Markovian dynamics can be enforced through 
analogous constraints on the bath operators of each Lindbladian trajectory in the ensemble. To illustrate, we apply 
the non-Markovian method to three distinct systems of two fermions in three levels. While the electrons violate the 
fermion statistics without the constraints, correct fermion behavior is recovered with the constraints.
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Article Title:  Unraveling the Band Gap Trend in the Narrowest Graphene Nanoribbons from the Spin-Adapted 
Excited-Spectra Reduced Density Matrix Method

Keywords:  excited-state spectra, graphene
Abstract:  Polybenzenes as the narrowest graphene nanoribbons with versatile electronic properties are widely 
studied both theoretically and technologically. Here, we examine the singlet-triplet band gap as a function of 
length for two members of the oligobenzene family: the acene and phenacene chains. We observe that the 
prediction of the band gap is highly sensitive to the accurate treatment of the electron correlation. The excited-
spectra two-electron reduced density matrix (2-RDM) method, which computes the excited states from a 
variationally computed ground-state 2-RDM, yields finite band gaps for all finite chain lengths through 10 rings as 
well as in the extrapolated infinite ring limits of both acenes and phenacenes. In contrast, we find that weakly 
correlated methods like configuration interaction singles and time-dependent density functional theory predict a 
crossing of the singlet- and triplet-state energies of the acene chains at a finite ring size, with the triplet becoming 
the energ
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Keywords:  generalized Pauli constraints
Abstract:  Generalized Pauli constraints (GPCs) impose constraints in the form of inequalities on the natural 
orbital occupation numbers of the one electron reduced density matrix (1-RDM), defining the set of pure N-
representable 1-RDMs, or 1-RDMs that can be derived from an N-electron wave function. Saturation of these 
constraints is termed "pinning" and implies a significant simplification of the N-electron wave function as the 
number of Slater determinants required to fully describe the system is reduced. Recent research has shown 
pinning to occur for the ground states of atoms and molecules with N = 3 and r = 6, where N is the number of 
electrons and r is the number of spin orbitals. For N = 4 and r = 8, however, pinning occurs not to the GPCs but 
rather to inequalities defining the pure N-representable two-electron reduced density matrices (2-RDMs). Using 
these more general inequalities, we derive a wave function ansatz for a system with four electrons in eight spin 
orbitals.
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Keywords:  Lindblad, non-Markov
Abstract:   Although Lindblad developed a general Markovian theory for open-system dynamics while maintaining 
the positivity of the density matrix, a practical non-Markovian analog remains a significant problem. Here, we 
present an extension of Lindblad's theory through an ensemble of Lindbladian trajectories originating from 
different times in the system's history. This approach provides an account of the system's memory while 
preserving the positivity of the density matrix. We apply the theory to the Jaynes-Cummings model to capture non-
Markovian dynamics in the weak and strong coupling regimes.
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Keywords:  quantum computer, electronic structure
Abstract:  "What are the consequences. that Fermi particles cannot get into the same state."R.P. Feynman wrote 
of the Pauli exclusion principle, "In fact, almost all the peculiarities of the material world hinge on this wonderful 
fact." In 1972 Borland and Dennis showed that there exist powerful constraints beyond the Pauli exclusion 
principle on the orbital occupations of Fermi particles, providing important restrictions on quantum correlation and 
entanglement. Here we use computations on quantum computers to experimentally verify the existence of these 
additional constraints. Quantum many-fermion states are randomly prepared on the quantum computer and tested 
for constraint violations. Measurements show no violation and confirm the generalized Pauli exclusion principle 
with an error of one part in one quintillion.
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Abstract:  Quantum algorithms for molecular electronic structure have been developed with lower computational 
scaling than their classical counterparts, but emerging quantum hardware is far from being capable of the 
coherence, connectivity, and gate errors required for their experimental realization. Here we propose a class of 
quantum-classical hybrid algorithms that computes the energy from a two-electron reduced density matrix (2-
RDM). The 2-RDM is constrained by N-representability conditions, constraints for representing an N-electron 
wave function, which mitigate noise from the quantum circuit. We compute the strongly correlated dissociation of 
doublet H3 into three hydrogen atoms. The hybrid quantum-classical computer matches the energies from full 
configuration interaction to 0.1 kcal/mol, one-tenth of “chemical accuracy,” even in the strongly correlated limit of 
dissociation. Furthermore, the spatial locality of the computed one-electron RDM reveals that the quantum 
computer accurately pre
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Abstract:  Analytical gradients of variational two-electron reduced-density matrix (2-RDM) methods are derived 
by transforming the atomic-orbital reduced-density matrices to remove the dependence of the N-representability 
conditions on the orbital-overlap matrix. The transformation, performed through a Cholesky decomposition of the 
geminal-overlap matrix, generates a Hellmann-Feynman-like expression for the gradient that only depends on the 
derivative of the transformed reduced Hamiltonian matrix. The formulation is applicable not only to the variational 
2-RDM method but also to variational wavefunction methods like the full configuration interaction and complete 
active-space self-consistent-field. To illustrate, we apply the analytical gradients to perform geometry 
optimizations on several transition metal complexes, octahedral and trigonal prismatic CrF6 as well as the 
(ethylene-1,2-dithiolato)nickel, or Ni(edt)(2), complex. Published by AIP Publishing.

Publication Type:  Journal Article
Journal:  The Journal of Physical Chemistry Letters

Publication Location:  
Article Title:  Excited-State Spectra of Strongly Correlated Molecules from a Reduced-Density-Matrix Approach

Keywords:  excited energy spectra
Abstract:  Excited-state energies are computed in the space of single-electron transitions from the ground state 
from only a knowledge of the two-electron reduced density matrix (2-RDM). Previous work developed and applied 
the theory to small molecular systems with accurate results, but applications to both larger and more correlated 
molecules were hindered by ill-conditioning of the effective eigenvalue problem. Here we improve the excited-
spectra 2-RDM theory through a stable Hamiltonian-shifted regularization algorithm that removes the near 
singularities within the computation. The theory with ground-state 2-RDMs from the variational 2-RDM method is 
applied to the excited energies of strongly correlated molecules including the optical band gap of hydrogen and 
acene chains, the singlet-triplet splitting of nickel dithiolates, as well as the low-lying excited states of an optical 
dye. While single-excitation theories like CISD and TD-DFT underestimate band gaps and excited-state splittings, 
the
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Keywords:  molecular conductivity
Abstract:  In the effort to create ever smaller electronic devices, the idea of single molecule circuit elements has 
sparked the imagination of scientists for nearly fifty years. While traditional theories for non-equilibrium steady-
state molecular conductivity like the non-equilibrium Green’s function density functional theory determine the 
current from an applied voltage, the recently proposed current-constrained density-matrix theory computes the 
voltage from a current constraint on the molecule. In the present paper we extend the current-constrained density-
matrix theory from its two-electron reduced density-matrix (2-RDM) formulation to a one-electron reduced density 
matrix (1-RDM) formulation that is applicable to Hartree–Fock, density functional, and tight-binding theories. We 
demonstrate the current-constrained 1-RDM method through the computation of the theoretical, intrinsic 
resistance of acenes and phenacenes.

Publication Type:  Journal Article
Journal:  Chemical Science

Publication Location:  
Article Title:  Redox, transmetalation, and stacking properties of tetrathiafulvalene-2,3,6,7-tetrathiolate bridged 
tin, nickel, and palladium compounds

Keywords:  variational 2-RDM theory
Abstract:  Here we report that capping the molecule TTFtt (TTFtt = tetrathiafulvalene-2,3,6,7-tetrathiolate) with 
dialkyl tin groups enables the isolation of a stable series of redox congeners and facile transmetalation to Ni and 
Pd. TTFtt has been proposed as an attractive building block for molecular materials for two decades as it 
combines the redox chemistry of TTF and dithiolene units. TTFttH4, however, is inherently unstable and the 
incorporation of TTFtt units into complexes or materials typically proceeds through the in situ generation of the 
tetraanion TTFtt4?. Capping of TTFtt4? with Bu2Sn2+ units dramatically improves the stability of the TTFtt moiety 
and furthermore enables the isolation of a redox series where the TTF core carries the formal charges of 0, +1, 
and +2. All of these redox congeners show efficient and clean transmetalation to Ni and Pd resulting in an 
analogous series of bimetallic complexes capped by 1,2-bis(diphenylphosphino)ethane (dppe) ligands.
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Article Title:  Potential coexistence of exciton and fermion-pair condensations

Keywords:  exciton condenates, superconductors
Abstract:  An extensive theoretical and experimental investigation has been conducted on fermion-pair 
condensation and exciton condensation as distinct classes of Bose-Einstein-like condensation. In a recent Rapid 
Communication, the existence of a fermion-exciton condensate—a single quantum state in which the characters 
of both fermion-pair and exciton condensates coexist—is established computationally in the low-particle-number 
(N) limit and theoretically in the large-N thermodynamic limit. The trade-off between the fermion-pair and excitonic 
character of the fermion-exciton condensate is shown to be elliptic in nature. The possibility that the properties of 
fermion-exciton condensates could be a hybrid of the properties of fermion-pair condensates and exciton 
condensates is discussed, and future experimental and computational exploration of this class of condensate, 
which may potentially be realizable in a bilayer of superconductors, is anticipated.
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Article Title:  Efficient two-electron ansatz for benchmarking quantum chemistry on a quantum computer

Keywords:  quantum computing
Abstract:  Quantum chemistry provides key applications for near-term quantum computing, but these are greatly 
complicated by the presence of noise. In this work we present an efficient ansatz for the computation of two-
electron atoms and molecules within a hybrid quantum-classical algorithm. The ansatz exploits the fundamental 
structure of the two-electron system, treating the nonlocal and local degrees of freedom on the quantum and 
classical computers, respectively. Here the nonlocal degrees of freedom scale linearly with respect to basis-set 
size, giving a linear ansatz with only O(1) circuit preparations required for reduced state tomography. We 
implement this benchmark with error mitigation on two publicly available quantum computers, calculating accurate 
dissociation curves for four- and six-qubit calculations of H2 and H3+.
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Abstract:  Here we propose and implement a universal signature of the van der Waals interactions based on the 
cumulant part of the two-electron reduced density matrix (2-RDM). Due to the connected property of the cumulant, 
we can use it to detect the van der Waals interactions between two molecular moieties. In particular, we use the 
squared Frobenius norm of the cumulant of the 2-RDM, which has been previously shown to provide a size-
extensive measure of the electron correlation. As two moieties are separated to infinity, the cumulant Frobenius 
norm exhibits an r?6 decay to its asymptotic limit, providing a density-based measure of the van der Waals 
interaction. We study this signature of van der Waals forces in a collection of small molecules of varying 
geometries. These computations agree with experimental trends of known literature values.
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Effect of Strong Electron Correlation in the Description and
Design of Efficient Energy-Transfer Mechanisms

David Arthur Mazziotti
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1. Towards a Resolution of the Static Correlation Problem in Density Func-
tional Theory: Kohn-Sham density functional theory (DFT) has long struggled with
the accurate description of strongly correlated and open shell systems and improve-
ments have been minor even in the newest hybrid functionals. We treat the static
correlation in DFT when frontier orbitals are degenerate by the means of using a
semidefinite programming (SDP) approach to minimize the system energy as a func-
tion of the N -representable, non-idempotent 1-electron reduced density matrix [1].
While showing greatly improved singlet-triplet gaps for linear density approximation
and generalized gradient approximation (GGA) functionals, the SDP procedure reveals
flaws in modern meta and hybrid GGA functionals, which show no major improvements
when provided with an accurate electron density.

2. Preparation of an Exciton Condensate on a 53-Qubit Quantum Computer:
Quantum computation promises an exponential speedup of certain classes of classical
calculations through the preparation and manipulation of entangled quantum states.
So far most molecular simulations on quantum computers, however, have been limited
to small numbers of particles. Here we prepare a highly entangled state on a 53-qubit
IBM quantum computer, representing 53 particles, which reveals the formation of an
exciton condensate of photon particles and holes [2]. While elusive for more than 50
years, such condensates were recently achieved for electron-hole pairs in graphene bi-
layers and metal chalcogenides. Our result with a photon condensate has the potential
to further the exploration of this new form of condensate that may play a significant
role in realizing efficient room-temperature energy transport.

3. Potential Coexistence of Exciton and Fermion-pair Condensations: An ex-
tensive theoretical and experimental investigation has been conducted on fermion-pair
condensation and exciton condensation as distinct classes of Bose-Einstein-like conden-
sation. In a recent Rapid Communication, the existence of a fermion-exciton conden-
sate—a single quantum state in which the characters of both fermion-pair and exciton
condensates coexist—is established computationally in the low-particle-number (N)
limit and theoretically in the large-N thermodynamic limit [3]. The trade-off between
the fermion-pair and excitonic character of the fermion-exciton condensate is shown to
be elliptic in nature. The possibility that the properties of fermion-exciton condensates
could be a hybrid of the properties of fermion-pair condensates and exciton conden-



2

sates is discussed, and future experimental and computational exploration of this class
of condensate, which may potentially be realizable in a bilayer of superconductors, is
anticipated.

4. Efficient Two-electron Ansatz for Benchmarking Quantum Chemistry on a
Quantum Computer: Quantum chemistry provides key applications for near-term
quantum computing, but these are greatly complicated by the presence of noise. In
this work we present an efficient ansatz for the computation of two-electron atoms
and molecules within a hybrid quantum-classical algorithm [4]. The ansatz exploits
the fundamental structure of the two-electron system, treating the nonlocal and local
degrees of freedom on the quantum and classical computers, respectively. Here the
nonlocal degrees of freedom scale linearly with respect to basis-set size, giving a linear
ansatz with only O(1) circuit preparations required for reduced state tomography. We
implement this benchmark with error mitigation on two publicly available quantum
computers, calculating accurate dissociation curves for four- and six-qubit calculations
of H2 and H+

3 .
5. Quantum Solver of Contracted Eigenvalue Equations for Scalable Molecu-

lar Simulations on Quantum Computing Devices: The accurate computation
of ground and excited states of many-fermion quantum systems is one of the most
consequential, contemporary challenges in the physical and computational sciences
whose solution stands to benefit significantly from the advent of quantum comput-
ing devices. Existing methodologies using phase estimation or variational algorithms
have potential drawbacks such as deep circuits requiring substantial error correction
or non-trivial high-dimensional classical optimization. Here we introduce a quantum
solver of contracted eigenvalue equations, the quantum analogue of classical methods
for the energies and reduced density matrices of ground and excited states [5]. The
solver does not require deep circuits or difficult classical optimization and achieves an
exponential speed-up of the exact classical algorithms. We demonstrate the algorithm
though computations on both a quantum simulator and two IBM quantum processing
units.

6. Entangled Electrons Drive a non-Superexchange Mechanism in a Cobalt
Quinoid Dimer Complex: A central theme in chemistry is the understanding of the
mechanisms that drive chemical transformations. A well-known, highly cited mecha-
nism in organometallic chemistry is the superexchange mechanism in which unpaired
electrons on two or more metal centers interact through an electron pair of the bridging
ligand. We use a combination of novel synthesis and computation to show that such
interactions may in fact occur by a more direct mechanism than superexchange that
is based on direct quantum entanglement of the two metal centers [6]. Specifically, we
synthesize and experimentally characterize a novel cobalt dimer complex with benzo-
quinoid bridging ligands and investigate its electronic structure with the variational
two-electron reduced density matrix method using large active spaces. The result
draws novel connections between inorganic mechanisms and quantum entanglement,
thereby opening new possibilities for the design of strongly correlated organometallic
compounds whose magnetic and spin properties have applications in superconductors,
energy storage, thermoelectrics, and spintronics.

7. Capturing Non-Markovian Dynamics on Near-Term Quantum Computers:
With the rapid progress in quantum hardware, there has been an increased interest
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in new quantum algorithms to describe complex many-body systems searching for the
still-elusive goal of ’useful quantum advantage’. Surprisingly, quantum algorithms for
the treatment of open quantum systems (OQSs) have remained under-explored, in
part due to the inherent challenges of mapping non-unitary evolution into the frame-
work of unitary gates. Evolving an open system unitarily necessitates dilation into a
new effective system to incorporate critical environmental degrees of freedom. In this
context, we present and validate a new quantum algorithm to treat non-Markovian dy-
namics in OQSs built on the Ensemble of Lindblad’s Trajectories approach, invoking
the Sz.-Nagy dilation theorem [7]. Here we demonstrate our algorithm on the Jaynes-
Cummings model in the strong coupling and detuned regimes, relevant in quantum
optics and driven quantum systems studies. This algorithm, a key step towards gen-
eralized modeling of non-Markovian dynamics on a noisy-quantum device, captures a
broad class of dynamics and opens up a new direction in OQS problems.

8. Ligand Non-innocence Predicted through Quantum Entanglement: Large-
scale variational 2-RDM calculations of a vanadium oxo complex [8], a manganese
superoxide dismutase mimic [9], and a nickel dithiolate [10] show that quantum en-
tanglement stabilizes the addition of an electron to the ligands rather than the metal
center, providing a quantum-mechanical explanation for ligand noninnocence. Cal-
culations determine 2-RDMs that implicitly represent wave functions with sextillion
(1024) or more degrees of freedom.

9. Molecular-scale Exciton Condensation: We showed that a universal quantum
signature for exciton condensation, a Bose-Einstein-like condensation of particle-hole
pairs called excitons, can be used to both identity and quantify exciton condensation
in molecular systems from direct calculations of the 2-RDM [11]. Computed large
eigenvalues in the particle-hole RDMs of pentacene and hexacene electron double layers
(EDLs) revealed the beginnings of condensation, suggesting the potential for exciton
condensation in smaller scale molecular EDLs.

10. Excited States from Ground-State 2-RDMs: We developed a stable Hamiltonian-
shifted regularization algorithm that dramatically improves the computation of excited-
state energies from the ground-state 2-RDM [12, 13]. While single-excitation theories
like configuration-interaction singles (CIS) and time-dependent density-functional-
theory (TD-DFT) underestimate band gaps and excited-state splittings, the 2-RDM
theory yields band gap and excited-state splittings that are in good agreement with
full configuration interaction and experiment where available.

11. Molecular Conductivity from Current-constrained 2-RDMs: We reported a
current-constrained, electronic structure-based variational principle for molecular con-
ductivity [14, 15]. Unlike existing theories, the current-constrained variational prin-
ciple determines the voltage from an electronic structure calculation of the 2-RDM
in which the current is added as a constraint. We applied the variational principle
to benezenedithiol where it matches experimental values and trends, improving upon
previous theory by as much as 1–2 orders of magnitude.

12. Verification of the Generalized Pauli Exclusion Principle on a Quantum
Computer: We used computations on quantum computers to experimentally verify
the existence of a pure-state N -representability condition [16], also known as a gener-
alized Pauli constraint (GPC) [17–20] Quantum many-fermion states were randomly
prepared on the quantum computer and tested for constraint violations. Measure-
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ments showed no violation and confirmed the GPC with an error of one part in one
quintillion.

13. Dual Formulation of the Variational 2-RDM Method: We developed a dual for-
mulation of the variational 2-RDM method that yields energies with D, Q, G, T1, and
T2 N -representability conditions at O(r6) computational cost where r is the number
of orbitals [21]. Previous methods with T1 and T2 conditions required O(r6).

14. Pure-state N-representability Constraints on the 2-RDM: While significant
progress has been made with the ensemble N -representability conditions, not much has
been previously known about the pure-state conditions on the 2-RDM. We derived the
first non-trivial pure-state N -representability constraints on the 2-RDM with potential
applications in quantum chemistry and condensed-matter physics [22].

15. Non-Markovian Quantum Dynamics with Complete Positivity: We solved the
problem of performing quantum dynamics in a system with memory (non-Markovian
dynamics) while keeping its density matrix positive semidefinite (complete positiv-
ity) [23–25]. We showed that a complete theory for the non-Markovian case can be
developed through an extension of Lindblad’s theory for Markovian dynamics through
an ensemble of Lindbladian trajectories originating from different times in the system’s
history.

16. Charges of Mo and Fe in Nitrogenase Cofactor, FeMoco: FeMoco, MoFe7S9C,
has been shown to be the active catalytic site for the reduction of nitrogen to ammo-
nia in the nitrogenase protein. We performed large-scale complete active space self-
consistent-field (CASSCF) variational 2-RDM calculations, using active spaces much
larger than those from conventional CASSCF, to show that the charges of Mo and
Fe are significantly affected by strong correlation [26]. These were the first ab initio
calculations of FeMoco.

17. Quantum Molecules Entangled or Disentangled with External Fields: We
showed that the electron correlation of a molecular system can be controlled through
a homogeneous electric field antiparallel or parallel to the system’s intrinsic dipole
moment [27]. The quantum control of correlation and entanglement has potential
applications in the design of molecules with tunable properties and the stabilization of
qubits in quantum computations.

18. Active-space Pair Variational 2-RDM Theory: We developed an active-space
pair variational 2-RDM theory that uses a size extensive pairing approximation to
reduce the cost of solving the active space to O(r3) where r is the number of orbitals.
Calculations show that the method recovers non-trivial strong electron correlation in
many molecular systems. Within the approximation active spaces with hundreds of
orbitals can be treated efficiently.

19. Pseudospectral Gaussian Approach to Non-adiabatic Quantum Dynamics:
We developed a novel approach to non-adiabatic dynamics that employs pseudospectral
Gaussian sampling [28, 29]. The method is important because it reduces the sampling
the potential energy surfaces from quadratic to linear in the number of Gaussian wave
packets.
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