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Multiconfiguration pair -density functional theory

Multiconfiguration pairdensity functionatheory (MGPDFT),,? combines the
advantages of wave function theory and density functional the@mpvide a methotbr
efficient simulation of the electronic structurestrionglycorrelated systemStrongly
correlated systems are systems for whicimgles configuration state function does not
provide a good zerorder approximation to the electronic wave function; strongly
correlated systems are sometimes called inherently multiconfigurational systems,
multireference systems, or systems with highcstatrrelation. Prominent examples of
inherentlymulticonfiguratioral systems are molecules with highly stretched bonds, most
excited states, many transition metal complexes, and somegnoaip molecules like
ozone, carbonyl oxides, and many others.

In MC-PDFT the first step is to calculate a multiconfiguration wave function, and
in OpenMolcasthiswave function may be calculated by CASSTRASSCF
GASSCF, CAS-CI,° RAS-CI,° GAS-CI,” stochastiecCASSCF; and DMRG>'011413
CASSCF, RASSCF, and GASSCF apecial cases of the multiconfiguration self
consistenfield (MCSCF) method, and one can use either stpéeific* SCF or state
averagetP'® SCF.The total MGPDFT energy is expressed as
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where the first term corresponds to the nueteariear interaction; the second, the third,
and the fourth terms, respectively, correspond to the kinetic energy, the +aletson
attraction, the classical Coulomb interaction of the electronic chavgéd wlith itself; and
the final term is the otop energy; in Eq. fhe kinetic energy and the classical
electrostatic energy (nucleauclear repulsion energy, nuclegectron attraction energy
and classical electreslectron Coulomb energy) are direatlytained from the
multiconfigurational wave function, !, while the rest of the electronic energy is
calculated from an otop density functional that is a functional of the electron density "
and ontop pair density # (which represents the probabilityinfling two electrons on
top of each other) of that wave function.

Computationally, eq 1 reduces to
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whereD is the oneelectron density matrph andg containrespectiveljthe one and two
electron integrald andj are orbitals that are doubly@gied in allconfigurations
(inactive orbitals), and, w, x andy are active orbitalsAn MC-PDFT calculation

involves two steps: (1) calculation of the lbneonfiguration wave functioand(2)
calculation of the ottop density functional energBecausehe postself-consistentfield
step is a calculation based on a density functidhalcomputational efforfor step 2 is
generally negligible compared to the cost of step 1, which md&eBDFT
computationally more affordable than other multirefee methods such as those based
on perturbation theory or multireference configuration interaction.

MC-PDFT always uses multiconfiguration wave functions that are spin
eigerfunctions. MC-PDFTis free from delocalization errofwhich is sometimes
consicered to be the most fundamental source of errkGHDFT with appioximate
exchangecorrelation functionaldMC-PDFT isalso less prone than KISFT*® to self

interaction errar
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The decomposition dhe MC-PDFT energyexpressiorof eq linto its individual
components is sometimes important for understanding chemical and physical phenomena
in molecular systems*° This decompositioris available ifDpenMolcasalongwith the

tabulationof " and# in Cartesian coordinates for plotting angualization

1. On-top functionals for MC-PDFT

Due to the symmetry dilemmadagspinpolarizedexchangecorrelation functions of
KS-DFT are not compatible with the sgilersities of a multiconfiguratiowave function.
To bypass the symmetry dilemma, we tmnslatetiand fullytranslated' on-top
functionals which areobtained bytranslationof KS-DFT exchangecorrelation functionals
of the spindensitiesand their gradient3ranslated functionals arem#ed with the prefix

Ot,0 and fully translatiohctionalsare denoted with the prefix Ofif O
I e (p, @ ()!Vp (1), Vpg (r)) denotes th&S-DFT exchangecorrelation

functional,in whichp, is the spirdensity(c = a!!, and! p, is the gradient of the

density thetranslatedunctionalis given by:
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in which! ! is the gradient of the densityor a singledeterminantvave function!p—!! !

I'lin all spaceHowever, for a muitonfigurationwave functionthis ratio can be greater

than oneNotice that the translated functionals depend dut not on its gradierdand

thatthey have aliscontinuouglerivative whee!p—1!7 =1.

Fully translated functionalslso dependn! #, and thdirst and the second
derivatives of the functional are contiusoBoth kinds of functionahave been found to
give reasonably good results for multireference systems.

OpenMolcasupports the use of several differenttop functionalsincludinga
translated locaspindensity approximation (LDA)arious tradatedgeneralized gradient
approximatios, and varioufully -translated generalized gradient approximagtidhe
following is a list of currently supported functionalsSDA, %% ftL SDA,** tPBE }**
ftPBE *** trevPBE>>** ftrevPBE, *>*°tBLYP"*"** ftBLYP,*"*"** tOPBE?****° and
ftOPBEZ%%4%°

OpenMolcasalso supportfunctionals obtained by scaling tegchange aridr
correlationcomponent®f theexchangecorrelation functionals prior to translation. The
scaling factors may baput by a user. This allows the functionals to be modified into an
HLE-type functionaf"*? where thestandard scaling factors are 1.25dachangend 0.5

for correlationput the user may also choose other scaling factors.

2. Performance of MC-PDFT

MC-PDFT generallyproduces results that are comparable in accuraoymplete

active space secoratder perturbation theoilfC ASPT2 but at signifcantly lower

e?é.,34,35,36,37 38,39,4041
)

computationatost® on bond energi spinmultiplet splittings, and

otherexcitation energie¥****** These results are summarized in Tabla feview
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containing references for tests and validations on electronically excited states up to mid

2018 is availablé®

Table 1:Mean unsigned error (MUE) of MEDFT using tPBE functionand CASPT?2

MUE (eV)
Reference System Property
PT2 tPBE

1 6 covalent or ionic diatomic  dissociation energy 0.3 0.3
34 Ilig;r%nsmon EELS T average bond energy 0.24 0.19

11 nacene (from naphthalene . .
38 to dodecacene) singlettriplet gap 0.06 0.13
39 18 METD BJOIN) GO O singlettriplet gap 0.12 0.24

compounds
40 8 organic rings singlettriplet gap 0.07 0.10°
43 19 main group atoms first excitation energy 0.22 0.42
45 10 doublet radicals first 5 vertical excitation 4 14 0.19

energy

®The reference wave function is optimized from a generalized active space (GAS) self
consistent calculatior’

The active space for the reference wave function uses corrpkaticipationorbital

(CPO) schemé&

3. Analytic gradients for SSCAS-PDFT

OpenMolcasncludes analytic gradients for MEDFT when a statgpecific
CASSCF (SSCASSCF) wave function is used as a referdB&CAS-PDFT), and these
gradients enable the fast agfficient determination of equilibrium and transition state
structure$? Because MEPDFTis a nonvariational method, the computation of the
gradient requires the constructionradfagrangian. In general, the computation of analytic
gradients can be performed at leastorder of magnitude faster than the corresponding
gradient calculation using a numeritalte-difference method. SEAS-PDFT shows
good accuracy compared to experimedgh for both equilibrium and transitistate

structures. Some illustrative singdeocessotimingsfor MC-PDFT calculations
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employing the tPBE ottop functionalare shown in Table.2

Table 2 lllustrative timings(in secondsfor a single gradient computation using a single

processor.
ccpVDZ ccpVTZ

Active Space Symmetry CASPT2 tPBE CASPT2 tPBE
NH; (6,6) Cs 16 7 32 14
HCN (8,8) Cov 9 4 17 10
CH2O (22,9) Cov 29 9 29 15
HCCH (10,10) D2n 20 6 20 11
oxirane (10,10) Cov 55 27 136 45
pyrrole (6,5) Cov 87 39 1082 212
acrolein (4,4) Cs 558 117 3390 160
butadiene (4,4) Con 85 29 933 137
pyridine (6,6) Cov 183 32 2256 156
maleic anhydride (8,7) Cov 123 36 1148 218

4. State-interaction pair -density functional theory

The accurate desption of ground and exciteestate potential energy surfaces,
cases wereno electronic states are strongly interac{isigch as near conical intersections
or locally avoided crossings) is a challenge for many electronic structure methods. We
haveintroduced a new framework, called stateeraction PDFT (SPDFT),>° to handle
thesesituations, and this has been recentlylengented ifOpenMolcasSIFPDFT is an
extension of MGPDFT that involves the diagonalization offdi$ N effective
Hamiltonian togenerate a new set Nfelectronic states with proper potential energy
surface topology inegions of strong state interactidrhis method is similar in spirit and
application to thé&perturbthendiagonalizeO approaches in multireference perturbation
theories such as MGASPT2°"*? or MC-QDPT>%** An illustrative example is shown in
Figure 1.The tPBEfunctional wasusedfor both a standard M@&DFT cdculation and a
SI-PDFT calculéion. While unphysical curve crossings are present in the standard MC

PDFT treatmenthese vanish when the-BDFT methodology is used because the final
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step in the SPDFT method is a diagonahtion.

Energy (hartrees)

Figure 1.Dissociation of LiFcalculated with §6e,60) active space.

5. Density matrix renormalization group pair density functional theory (DMRG-PDFT)

static correlation, especially in molecular systems requiring large agaces. MEPDFT

can be used in conjunction with DMRGaddadditional dynamic correlation in an
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The censity matrix renormalization group (DMRG) is a powerful method to treat

inexpensivavay >° The DMRGPDFT implementation is based on an interface between

the existing MGPDFT code irODpenMolcasand the DMRGode in theQC-
MAQUIS®*"*8 program An illustrative examplef singlettriplet gaps in polyacends

shown in Fig 2. The tPBE/81G+(d,p) level of theory was used
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Figure 2.Singlettriplet gaps in polyacenes.

6. Property integrals of individual orbital s

OpenMolcassupports thecomputation oproperty integrals includintpe multipole
moments Cartesian momentslectic potential, electric fieldelectric field gradients,
diamagnetic shieldingand oneelectron Darwin contact terof molecularorbitalsin the
SEWARDModule It supports any orbitadalculatedn the SCE RASSCIFor CASPT2
module.The sum of the occupatierumberweightedorbital propertyintegralis thetotal
electronic part of @ropertyintegral so the occupatienumberweighted orbital property
represents how much each orbital contributespi@pertyintegralof an electronic state.
One option is to print, for eacholecularorbital, these property integrals weighted by the
occupation numbeaf each orbital, and the other option is to print these property integrals
for each orbital without being weighted by the occupation numiféhe property integral
of an unoccupied orbital needs to be analy#eel latter optioms neededThe latter opon
can be useful when analyzing Rydberg states to determine which orbitals are Rydberg
orbitals.This capabilitycanalsobe usefulwvhen decidingvhich orbitals should be

included in the active spadeéor theseexampla, to determine how diffuse each adbis,
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the second Cartesian moment> and its componen{sx>>, <y?>, <zZ>, <xy>,<xz>,
<yz>) of each orbitathouldbe calculatedising the latter optiarAn example input file

can be found in the Supporting Information.
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