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Stochastic-CASSCF in Action

A test case is described here to show how to prepare OpenMolcas and NECI inputs to
perform Stochastic-CASSCF calculations. In the OpenMolcas input the NECI keyword
is necessary (within the RASSCF module) to enable the FCIQMC as CI eigensolver.
By default the uncoupled mode is used, which is available in a standard compilation of
OpenMolcas (the user is responsible to download and compile NECI program externally).
When OpenMolcas is compiled with the embedded NECI (as a git submodule), the input
keyword EMBD switches to the embedded mode. The keyword DMPO is used to generate the
DUMPFILE related to the chosen active space and input orbitals (the ones linked to the
INPORB). The keywords for controlling the NECI run from OpenMolcas are chosen to
match as closely as possible the corresponding ones in NECI. The keyword TOTAlwalkers
sets the target number of walkers. The use of the DEFInedet keyword is also adviced to
set an initial reference determinant for the FCIQMC dynamics. It is an array of integers
indicating the occupied alpha and beta spin-orbitals in the MO orbitals as ordered in
the INPORB file. If the population on the user specified reference determinant is reduced
with respect to some other determinant within a given ratio, the reference determinant is
automatically changed by the NECI program. The keyword RDMSamplingiters defines
the number of iterations for accumulating RMDs. The keyword CALCrdmonfly takes two
integers: the first entry specifies equilibration delay before RDM sampling is started, the
second entry is the period for averaging RDM and RDM energy. Other keywords are
optional.

&RASSCF
spin
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1
Symmetry
1

nactel
26 00
inactive
20 17 17 14 000 O
ras2
0 0 0 07665
* DMPOnly
* This will generate the DMPFILE and quit OpenMolcas
NECI
* It enables FCIQMC as CI eigensolver
* EMBD
* This keyword would allow to run in embedded mode, which requires compilation
— of OpenMolcas with -DNECI=0N.
* For active spaces correlating more than 20 electrons and 20
* orbitals it is recommended to use the decoupled Stochastic-CASSCF mode.
totalwalkers = 5000000
* Walker population will grow until this selected walker population target.
— Larger value ensure better CI convergence.
nmcyc = 200000
* Total number of FCIQMC iterations. The convergence of the FCIQMC method
< varies from system to system.
rdmsamplingiters = 5000
* Number of iterations during which RDMs are sampled
calcrdmonfly = 100000 1000
* First entry specifies equilibration delay before RDM sampling is started.
* Second entry is the period for averaging RDM and RDM energy.

Listing S1: A possible OpenMolcas input for the porphyrin molecule within the Do), point
group.

System read
electrons 26
nonuniformrandexcits 4ind-weighted
nobrillouintheorem

endsys

calc
methods

method vertex fcimc

endmethods
totalwalkers 5000000
shiftdamp 0.02
nmcyc 200000
stepsshift 10
proje-changeref 1.2
truncinitiator
addtoinitiator 3
allrealcoeff
realspawncutoff 0.30
jump-shift
tau 0.01 search
max-tau 0.02
maxwalkerbloom 1
memoryfacspawn 4.0
memoryfacpart 5.0
time 2000
startsinglepart 10
semi-stochastic 1000
pops-core 10000
rdmsamplingiters 5000

endcalc

logging
printonerdm
print-spin-resolved-RDMS
hdf5-pops
calcrdmonfly 3 100000 1000

endlog

end
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Listing S2: List of relevant input keywords used by the FCIQMC program.

DMRG-CASPT2 Input Example

In listing S3, we present an input example to perform a geometry optimization calculation
of benzene using DMRG-CASPT?2 numerical gradients on a 12-core (24 threads) CPU. In
the RASSCF module, the keyword DMRG specifies the maximum number of renormalized
states (or virtual bond dimension m) in each microiteration. With the keyword 3RDM, the
three-particle and Fock matrix contracted with the four-particle reduced density matrices
(3-RDM and F.4-RDM) are evaluated. In the CASPT2 module, the keyword CHEMps2
activates the DMRG-CASPT?2 calculation and OpenMolcas will skip the calculations of
the reduced density matrices. Note that only state-specific calculations are supported.

Because the effective number of displacements in this example is 12, we used
MOLCAS_NPROCS=12. The number of CheMPS2 threads can be set using the environment
variable OMP_NUM_THREADS.

>> export MOLCAS_NPROCS=12

&GATEWAY

Coord = 12
C 1.21172447 0.69959384 0.00000000
C 0.00000000 -1.39919781 0.00000000
C -1.21172447 0.69959384 0.00000000
C 1.21172447 -0.69959384 0.00000000
C -1.21172447 -0.69959384 0.00000000
C 0.00000000 1.39919781 0.00000000
H 2.15120407 1.24196780 0.00000000
H 0.00000000 -2.48402224 0.00000000
H -2.15120407 1.24196780 0.00000000
H 2.15120407 -1.24196780 0.00000000
H -2.15120407 -1.24196780 0.00000000
H 0.00000000 2.48402224 0.00000000

Basis = ANO-RCC-VDZP
>>> Do while

&SEWARD
Medium Cholesky

>> export OMP_NUM_THREADS=12

&RASSCF
Spin =1
Symmetry
NActEl =
Inactive
RAS2
LumQOrb
DMRG = 1000
3RDM

nn o
OO O
[l Ne]
oo

o w

N O

= O

N O

= O

&CASPT2
Multistate = 1 1
Imaginary = 0.1
CHEMps2

>> export OMP_NUM_THREADS=2
&SLAPAF

>>> End do
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Listing S3: Geometry optimization of benzene using DMRG-CASPT2 numerical
gradients.

QCMAQUIS Input Examples

Listings S4 to S6 provide input examples for DMRG-SCF, MPSSI and DMRG-NEVPT?2
calculations performed with the OpenMOLCAS-QCMAQUIS interface. For more infor-
mation and a detailled documentation, the reader may consult the QCMaquis interface
manual (https://scine.ethz.ch/static/download/qcmaquis_manual.pdf).

In listing S4, the DMRGSCF module is employed to drive the DMRG-SCF optimiza-
tion with the keyword ActiveSpaceOptimizer=QCMaquis. Its input is similar to the input
of the RASSCF module, but contains an additional DMRGSettings. .. EndDMRGSettings
block. Two settings are mandatory to perform a DMRG calculation, namely the max-
imum bond dimension specified in the max_bond_dimension option and the maximum
number of sweeps, denoted nsweeps. Non DMRG-specific options (corresponding to the
“old-style” RASSCF input) are specified in the 00ptimizationSettings block and are
otherwise identical to the RASSCF input for an analogous CASSCF calculation.

&GATEWAY

coord = 2

Angstrom

N 0.000000 0.000000 -0.54880
N 0.000000 0.000000  0.54880
Basis = cc-pVDZ
&SEWARD
&SCF
&DMRGSCF

ActiveSpaceOptimizer = QCMaquis
DMRGSettings

nsweeps =4

max_bond_dimension = 100
EndDMRGSettings
OOptimizationSettings

inactive =2 0002000

RAS2 =11101110

linear

EndOOptimizationSettings

Listing S4: MRG-SCF optimization of the ground state of N,, with a (6,6) active space.

In listing S5, we show an example of MPSSI input. First, we perform a singlet and
a triplet DMRG-SCF optimization with the DMRGSCF module. We save the HDF5
output files of the singlet and triplet calculation to prevent them from being overwritten,
and, additionally, save also the QCMaquis MPS, which is stored in a separate folder
$Project.checkpoint_state.0.h5. The information about the QCMaquis checkpoint
folder name which is required for the MPSSI calculation is stored in the DMRGSCF HDF5
file $Project.dmrgsct.hb5, but as the QCMaquis checkpoint folder has been renamed,
the new name must be stored in the DMRGSCF HDF5 file too. This is accomplished with
a call to the qcm_checkpoint_rename.py script. Finally, MPSSI is run, with an input
identical to a RASSI input.

| * CH2 triplet-singlet spin-orbit couplings with MPS-SI \

ST
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&GATEWAY
Coord = 3
CH2 Triplet coordinates in Angstrom
C 0.000000 0.000000 0.000000
H 0.000000 0.000000 1.077500
H 0.784304 0.000000 -0.738832
Basis = ANO-RCC-MB
Group = Nosym
AMFI
ANGMOM = 0.0 0.0 0.0

&SEWARD

** perform a triplet calculation
&DMRGSCF

ActiveSpaceOptimizer = QCMaquis
DMRGSettings

max_bond_dimension = 1024
nsweeps = 10
EndDMRGSettings
OOptimizationSettings

Spin = 3

Inactive =1

Ras2 =6

NActEl =6 0 0
EndOOptimizationSettings

* save triplet JobIph and QCMaquis checkpoint files
>> COPY $Project.JobIph JOBOLD
>> COPY $Project.dmrgscf.hb $Project.trip.hb
>> EXEC mv $CurrDir/$Project.checkpoint_state.0.h5
— $CurrDir/$Project.trip.checkpoint_state.0.h5
>> EXEC $MOLCAS/pytools/qcm_checkpoint_rename.py $Project.trip.hb -q

* perform a singlet calculation

&DMRGSCF

ActiveSpaceOptimizer = QCMaquis
DMRGSettings
max_bond_dimension = 1024
nsweeps = 10

EndDMRGSettings
OOptimizationSettings
Spin = 1

Inactive =1

Ras2 = 6

NActEl = 6,0,0
JobIph

EndOOptimizationSettings

* save singlet JobIph and QCMaquis checkpoint files
>> COPY $Project.dmrgscf.hb5 $Project.sing.hb
>> EXEC mv $CurrDir/$Project.checkpoint_state.0.h5
— $CurrDir/$Project.sing.checkpoint_state.0.h5
>> EXEC $MOLCAS/pytools/qcm_checkpoint_rename.py $Project.sing.h5 -q

* run MPSSI
&MPSSI

Nrof

211

1

1

File

2
$Project.trip.hb
$Project.sing.hb
EJob

S0Coupling
0.0001

Spin
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Listing S5: Spin—orbit couplings calculation with MPSSI between the lowest singlet and
triplet state of methylene for a (6,6) active space.

Listing S6 shows a DMRG-NEVPT2 example. The DMRGSCF module gains two ad-
ditional options, NEVPT2Prep, which prepares a NEVPT2 calculation, and EvRDM, which
explicitly evaluates the four-particle reduced density matrix (4-RDM). For active spaces
larger than 10-11 orbitals, an external distributed parallel 4-RDM evaluation, as de-
scribed in the QCMagquis interface manual is recommended. Afterwards, a MOTRA call
with the HDF5 option is required, and, if Cholesky decomposition of two-electron inte-
grals is employed, also options CTOnly and Kpg. We conclude the input with the call to
the NEVPT2 module.

&GATEWAY

Coord = 3

CH2 Triplet coordinates in Angstrom
C 0.000000 0.000000 0.000000
H 0.000000 0.000000 1.077500
H 0.784304 0.000000 -0.738832
Basis cc-pVTZ

Group = NoSym

RICD

CDThreshold = 1.0e-7

&SEWARD

&DMRGSCF
ActiveSpaceOptimizer = QCMaquis
DMRGSettings

max_bond_dimension = 128
nsweeps = 5
EndDMRGSettings
OOptimizationSettings
Spin = 3

Inactive =1

Ras2 = 6

NActEl =6 0 0O
NEVPT2Prep

EvRDM
EndOOptimizationSettings

&MOTRA
Frozen = 0
CTOnly

Kpg
HDF5

&NEVPT2

Listing S6: A DMRG-SC-NEVPT2 and DMRG-PC-NEVPT?2 calculation of the lowest
triplet state in methylene with a (6,6) active space.

Spin State Energetics of Iron(II) Porphyrin with
OpenMolcas—CheMPS2

Computational Details of FeP
e Active space: CAS(8,11) and CAS(26,27), see fig. S1.
e Cartesian coordinates from PBEO/def2-TZVP, see tables 52 and S3.
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e Symmetry: Doy,.

e Basis set: ANO-RCC, contractions are [7s6p5d3f2glh| for Fe, [4s3p2d1f| for C, N;
and [3slp| for H.

e Cholesky decomposition technique for the two-electron integrals with a threshold
of 10~%au

e Scalar relativistic effect with standard second-order Douglas-Kroll-Hess (DKH)
Hamiltonian.

e DMRG calculations: Fiedler orbital ordering, perturbative noise (noise prefactor of
0.05), residual norm threshold 10~7 for the Davidson algorithm.

e CASPT?2 calculations: standard ionization potential electron affinity (IPEA) shift
of 0.25 Fy,, imaginary shift of 0.1 E},. All valence electrons (but not the Fe 3s and
3p electrons) were correlated.

Table S1: Total energies (in F}) obtained from CASSCF/CASPT2 and
DMRG /CASPT2[m = 10000].

CASSCF* CASPT2° DMRG? DMRG-CASPT2?

SAy, —2254.391028 —2258.538810 —2254.556 156 —2258.506 297
PAy, —2254.417218 —2258.546312 —2254.582257 —2258.513704

*CAS(8,11).
bCAS(26,27).
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Active Orbitals of FeP

o(Fe-N CAS(8,11)
1.997
1.979 0.995 0.995 0.995 0.999
0.021 0.005 0.006 0.006 0.004
1.974 1.959 1.864 0.064 0.032

Pn
1.970 1.947 0.147 0.037
1.970 1.947 0.147 0.037
, CAS(26,27)

1.962 1.888 0.055

Figure S1: Active natural orbitals and natural orbital occupation numbers of °A;, FeP.
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1.983

1.961 1.971 0.994 0.994 0.044
4d

0.022 0.017 0.007 0.007 0.001

1.974 1.961 1.870 0.061 0.031
PT[ 1.970 1.948 0.143 0.037

1.970 1.948 0.143 0.037

CAS(26,27)
1.961 1.889 0.055

Figure S2: Active natural orbitals and natural orbital occupation numbers of 3A,, FeP.
Cartesian coordinates of FeP

Table S2: PBE0/def2-TZVP structure (in A) of FeP 3A,,.

37 atoms

Fe  0.000000 0.000000  0.000 000
N 1.406 727 1.406 727 0.000 000
N —1.406727 1.406 727 0.000 000
N 1.406 727 —1.406727  0.000000
N —1.406727 —1.406727  0.000000
C 0.000 000 3.400 142 0.000 000
C 0.000000 —3.400 142 0.000 000
C 3.400 142 0.000 000  0.000000
C
C
C

—3.400 142 0.000000  0.000 000
2.483151 3.440 698 0.000 000
—2.483 151 3.440 698 0.000 000

S12



2483151 —3.440698 0.000 000
—2.483151 —3.440698 0.000 000
3.440 698 2.483151 0.000 000
—3.440 698 2.483151 0.000 000
3.440698 —2.483151 0.000 000
—3.440698 —2.483151 0.000 000
1.222770 2.760387  0.000 000
—1.222770 2.760387  0.000 000
1.222770 —2.760387  0.000000
—1.222770 —2.760387  0.000000
2.760 387 1.222770 0.000 000
—2.760 387 1.222770 0.000 000
2.760387 —1.222770 0.000 000
—2.760387 —1.222770 0.000 000
0.000000  4.482672 0.000 000
0.000000 —4.482672 0.000 000
4.482672 0.000 000 0.000 000
—4.482672 0.000 000 0.000 000
4.513 532 2.603 261 0.000 000
—4.513 532 2.603 261 0.000 000
4513532 —2.603261 0.000 000
—4.513532 —2.603 261 0.000 000
2.603 261 4.513532 0.000 000
—2.603 261 4.513 532 0.000 000
2.603261 —4.513532 0.000 000
—2.603261 —4.513532 0.000 000

asiiasijasasiiasfiasiiasjiasasfas o HONONONONONONONO NGO RO NG RONGR®.

Table S3: PBE0/def2-TZVP structure (in A) of FeP 5A,,.

37 atoms

Fe  0.000000 0.000 000 0.000 000
1.451412 1.451412 0.000 000
—1.451412 1.451412 0.000 000
1.451412 —1.451412 0.000 000
—1.451412 —1.451412 0.000 000
0.000 000 3.417223 0.000 000
0.000000 —3.417223 0.000 000
3.417223 0.000 000 0.000 000
—3.417223 0.000 000 0.000 000
2.513 686 3.473694  0.000 000
—2.513 686 3.473694  0.000 000
2.513686 —3.473694  0.000 000
—2.513686 —3.473694  0.000 000
3.473694  2.513686 0.000 000
—3.473694  2.513686 0.000 000
3.473694 —2.513686 0.000 000
—3.473694 —2.513686 0.000 000
1.245 363 2.796 785 0.000 000

oo acacacazzz 2
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—1.245 363 2.796 785 0.000 000
1.245363 —2.796 785 0.000 000
—1.245363 —2.796 785 0.000 000
2.796 785 1.245 363 0.000 000
—2.796 785 1.245 363 0.000 000
2796785 —1.245363 0.000 000
—2.796 785 —1.245363 0.000 000
0.000000  4.500641 0.000 000
0.000 000 —4.500641 0.000 000
4.500 641 0.000 000 0.000 000
—4.500 641 0.000 000 0.000 000
4.545 432 2.645 246 0.000 000
—4.545432 2.645 246 0.000 000
4.545432 —2.645 246 0.000 000
—4.545432  —2.645 246 0.000 000
2.645246  4.545432 0.000 000
—2.645246  4.545432 0.000 000
2.645246 —4.545432 0.000 000
—2.645246 —4.545432 0.000 000

a=asjiasjiasiasiasfasfasfias o fanissHONONORONONONS!

Convergence and Performance

In fig. S3, we present the error of the quintet—triplet relative energy calculated at different
m values, using the data at m = 10000 as a reference. The results show that both DMRG-
SCF and DMRG-CASPT?2 results converge quickly with m. Even at the smallest m value
(m = 2000), the errors do not exceed 0.5 kcal/mol (2kJ/mol). At m = 5000-6000, the
relative energies have already converged to within 0.1 kcal/mol (0.4 kJ/mol).

0.60

DMRG-SCF

DMRG-CASPT2

Error of relative energy [kcal/mol]
o
s

2000 ‘ 3050 ‘ 4060 ‘ 5060 ‘ 6060 ‘ 7050 ‘ 8060

m
Figure S3: Error of the 3A5,—%A;, relative energy AFE calculated at different m. The
results at m = 10000 are used as references, AF(DMRG-SCF) = —68.53kJ/mol,

AE(DMRG-CASPT2) = —19.46 kJ/mol. All valence electrons (but not Fe (3s,3p) were
correlated in the PT2 treatment.

In fig. S4, we report the computing time of the F.4-RDM and 3-RDM, the most time
consuming part of these calculations, as well as the required computational resources
(memory and temporary disk space). All calculations were done on a single node with an
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Intel(R) Xeon(R) CPU 6140 @ 2.3 GHz, 768 GB of memory, and 4 MPI processes. The
computational complexity of the DMRG-CASPT?2 calculations and the required computer
resources grow quickly, though polynomially, with the number of active orbitals n and
number of renormalized states m.5"%? At m = 10000, the calculations demand almost 120
hours computing time for the F.4-RDM (fig. S4(a)), a very large amount of RAM (up to
700 GB) and modest temporary disk space (see fig. S4(b)). However as shown above, one
does not have to raise m to 10000 in order to achieve converged results. In the present
case, m = 5000-6000, requiring only moderate computational resources, already provides

converged results to ~0.4kJ/mol.

120.0 , 700.0
] .y ]
1 — ]
g8 (a) ) ]
] S8 S, 600.0]
100.0-] & & o
4 o. < o)) 4
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o < (%] 4
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- 8004 5,9 N Y 1
4 J I S © ]
3 R S 3 1
2 ] @/'g & 3 400.0
© 60.04 ¥/ N 5
£ Ny é F.4-RDM S memory
5 S & 2 300.0-]
= AN Qo o ]
© 1 < o ]
= 40.04 Q\“‘ =3
i o 5 200.0
: £
] >
20.09 E 100.0
g % disk space
3-RDM = p

0.0
2000

0.0 —a—=8 T ]
2000 3000 4000 5000 6000 7000 8000 9000 10000

m

T T T T T T T 1
3000 4000 5000 6000 7000 8000 9000 10000
m

Figure S4: (a) Computing time (in hours) of the reduced density matrices (3-RDM and
F.4-RDM) using pseudocanonical orbital basis and (b) computational resources needed
(memory and disk storage) (in GB) at different number of renormalized states m. The
data in gray lines are estimated based on the number of nonzero Fock matrix elements:
dashed line — block diagonal Fock matrix; dash-dotted line — all Fock matrix elements are

nonzero.

Finally, we illustrate the advantage of using the pseudocanonical orbital basis (di-
agonal Fock matrix) in the calculation of the F.4-RDM (fig. S4(a)). The wall-time of
F.4-RDM is proportional to the number of nonzero Fock matrix elements.

For pseudocanonical orbitals, it only scales as O(n°m? + n"m?) (with n the number
of active orbitals, see also fig. S5) and is almost 3 times smaller than using a nonpseudo-
canonical orbital basis (block diagonal Fock matrix, gray dashed line). Without molecular
symmetry, all Fock matrix elements have to be considered (gray dash-dotted line), and
we expect a significantly longer wall-time to calculate the F.4-RDM.
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Figure S5: Computing time (in hours) for the F.4-RDM as a function of n®m? + n'm?
n = 27.

Equilibrium Structure of Ferrocene

Computational Details

Active space: CAS(10,10) and CAS(14,18), see fig. S6.

Cartesian coordinates optimized with CASPT2 and DMRG-CASPT2, see tables S4
and Sb.

Symmetry: Cy,.
Basis set: cc-pwCVTZ, is the same as used before in the work of Harding et al.>?

Cholesky decomposition technique for the two-electron integrals with a threshold
of 1076 Ey

DMRG calculations: m = 1000, Fiedler orbital ordering, perturbative noise (noise
prefactor of 0.05), residual norm threshold 10~* for the Davidson algorithm.

CASPT?2 calculations: standard ionization potential electron affinity (IPEA) shift
of 0.25 By, imaginary shift of 0.1 Ey. All 96 electrons were correlated, which was
used in the work of Harding et al.®?

NUMERICAL GRADIENT module: the number of displacements is 32.

SLAPAF module: Convergence criteria with respect to the energy change and the
norm of the gradient are 1.0 x 107° Ej, and 1.0 x 1073 E}, /aq, respectively.
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Active Orbitals of Ferrocene

EENEE D

e2 (4de7 4dx2 (4dxza 4dyz)

a1 (4d,2)
7 (3, 3dy,)

Xtii

62 3dxy 5 3dx2

2, (3d,2) CAS(10,10)

e ()

Figure S6: Active natural orbitals of ferrocene.

Cartesian Coordinates of Ferrocene

Table S4: Equilibrium structure (in A) of ferrocene calculated with CASPT?2.

21 atoms
Fe 0.00000000 —0.000828 75 0.000 00000
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C 0.000 000 00 1.212802 72 1.609 55791
C 1.15393751 0.374399 76 1.609 71190
C 0.71318536 —0.982181 37 1.609 969 93
H 0.000 000 00 2.28932149 1.596 057 80
H 2.177709 32 0.707131 34 1.595 898 50
H 1.34593205 —1.853097 25 1.596 418 61
C 0.000 000 00 1.21280272 —1.609557 91
C —1.15393751 0.37439976 —1.609 71190
C 1.153 93751 0.37439976 —1.60971190
C —1.15393751 0.374 39976 1.609 71190
C —0.71318536 —0.98218137 —1.60996993
C 0.71318536 —0.98218137 —1.609969 93
C —0.71318536 —0.98218137 1.609 969 93
H 0.000 000 00 228932149 —1.596 05780
H -2.17770932 0.70713134 —1.59589850
H 2.177709 32 0.70713134 —1.595898 50
H -217770932 0.707131 34 1.595 898 50
H —-1.34593205 —1.85309725 —1.59641861
H 1.34593205 —1.85309725 —1.59641861
H —-1.34593205 —1.85309725 1.596 41861

Table S5: Equilibrium structure (in A) of ferrocene calculated with DMRG-CASPT2.

21 atoms

Fe 0.00000000 —0.00083682 0.000 00000
C 0.000 000 00 1.21275757 1.614 880 82
C 1.154 098 20 0.373992 05 1.61543911
C 0.71313728 —0.98218300 1.615400 35
H 0.000 000 00 2.288 729 50 1.599915 55
H 2.17716570 0.707 425 66 1.598 886 43
H 1.34589032 —1.85233701 1.598 23707
C 0.000 000 00 1.21275757 —1.61488082
C —1.15409820 0.37399205 —1.61543911
C 1.154 098 20 0.37399205 —1.61543911
C —1.15409820 0.37399205 1.61543911
C —0.71313728 —0.98218300 —1.61540035
C 0.71313728 —0.98218300 —1.61540035
C —0.71313728 —0.98218300 1.615400 35
H 0.000 00000 2.28872950 —1.59991555
H -—-217716570 0.70742566 —1.59888643
H 2.17716570 0.70742566 —1.59888643
H -217716570 0.707 425 66 1.598 886 43
H —-1.34589032 —1.85233701 —1.59823707
H 1.34589032 —1.85233701 —1.59823707
H —-1.34589032 —1.85233701 1.598 23707
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Computational Details for the DMRG-NEVPT2
Example

The Cartesian coordinates for all three states were the same and were taken from ref.
S4. The all-electron ANO-RCC® basis set with the valence quadruple-zeta polarized
(ANO-RCC-VQZP) contraction scheme was chosen for the Fe atom and the valence
double-zeta polarized (ANO-RCC-VDZP) contraction scheme for other atoms, resulting
in a total of 1595 basis functions. Two-electron integrals were calculated with the atomic
compact Cholesky decomposition approach (acCD)5® with a decomposition threshold
of 107* E},. Scalar-relativistic effects were accounted for through the second-order scalar-
relativistic Douglas—Kroll-Hess one-electron Hamiltonian. > 5!

Multiconfiguration Pair-Density Functional Theory.
Input examples

General Input for Single-Point MC-PDFT Calculations
MC-PDFT calculation of the Ny molecule using tPBE, ftPBE, and tOPBE:

&SEWARD
Coord = 2
Angstrom
N 0.00 0.00 -0.55
N 0.00 0.00 0.55
Basis = cc-pVDZ
Group = XY YZ XYZ
NoDeleted
Grid input
Grid = ultrafine
End of grid input

&SCF

&RASSCF

Linear

nAct = 10 0 0
Inactive

=20 00
RAS2 =1110

0020
1110
>> foreach DFT in (TPBE, FTPBE, TOPBE)
&MCPDFT

KSDFT = $DFT

>> enddo

SS-CAS-PDFT Gradient

Geometry optimization of the N, molecule using SS-CAS-PDFT with the tPBE on-top
functional:

&SEWARD
coord = 2
Angstrom
N 0.0 0.0 0.60
N 0.0 0.0 -0.60
Basis
N.ANO-RCC-VDZP
Group
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Full

NoDeleted

Grid input
Grid=Ultrafine
End of grid input
NoCD

&RASSCF &END
Linear
nActEl
Frozen
Inactive
RAS2 = 3
Deleted =0 0000000
Symmetry = 1
Spin = 2

nn
w Il om
WN OO
OO OO
= OO
= OO
=N O
[eNeoNe]

0
00

&MCPDFT
KSDFT = TPBE
Gradient

&ALASKA

Scaling Exchange and Correlation Terms in MC-PDFT and
KS-DFT

Geometry optimization of the Ny molecule using SS-CAS-PDFT with an HLE-type func-
tional constructed from scaling the exchange term and the correlation term of tPBE by
1.25 and 0.5, respectively.

&GATEWAY
Coord = 2
Angstrom
N 0.0 0.0 0.60
N 0.0 0.0 -0.60
Basis = N.ANO-RCC-VDZP
Group = Full

>> do while

&SEWARD
NoDeleted
Grid input
Grid = ultrafine
End of grid input

&RASSCF
Linear
nActEl
Frozen
Inactive
RAS2 = 3
Deleted = 0 0000000
Symmetry = 1
Spin = 2

o
w Il oum
WN OO
OO OO
= OO
= O O
=N O
O OO

0
00

&MCPDFT

KSDFT = TPBE
DfCf = 1.25 0.5
Gradient

&SLAPAF

>> enddo
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Kohn-Sham density functional theory calculation of the Ny molecule using the B3LYP
functional with the correlation terms scaled by a factor of 0.8.

&SEWARD
coord = 2
Angstrom
N 0.0 0.0 0.60
N 0.0 0.0 -0.60
Basis = N.ANO-RCC-VDZP

&SCF
KSDFT = B3LYP
DfCf = 1.0 0.8

SI-PDFT
The following is an example SI-PDFT run for the dissociation of LiF":

>> export XX=2.9

>> foreach L in (1 .. 30 )
>> eval XX = $XX + 0.1

&SEWARD
Coord = 2
Angstrom
F 0.000 0.000 $XX
Li 0.000 0.000 0.00
Group = Full
Basis set = Li.cc-pVDZ,F.aug-cc-pVDZ
Grid input
Grid = Ultrafine
End of grid input

&SCF
>> COPY $Project.ScfOrb INPORB

* This is the first RASSCF run. This is the multistate calculation.
* The JOBIPH generated by this run must be copied to JobIphO1l.

&RASSCF
Linear
LumOrb
nActEl =
Inactive
RAS2 = 4
Symmetry
Spin =1
OrbListing = All
PrWf = 0.000001
CIRoot =2 2 1

NI o
= O WwWOo
N OO
o
o

>> COPY $Project.JobIph $Project.JobIphO1
>> RM $Project.JobIph

* This is the second RASSCF run. This is the single state used as the reference
* in performing the GS-like orthogonalization. The JOBIPH generated by this run must
* be copied to JobIphO2.

&RASSCF
Linear
nActEl =
Inactive
RAS2 = 4
Symmetry
Spin =1
OrbListing = All

NI o
= O WwOo
o
o
o
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Prwf = 0.000001

>> COPY $Project.JobIph $Project.JobIph02
>> RM $Project.JobIph

* This is the first RASSI call. It generates the new SI states and
* creates a JOBIPH file called JOBGS. This first RASSI run requires the
* GSORthog keyword.

&RASSI
Nrof =2 2 1
12
1
IphN = JobIphO1l; JobIphO2
GSORthog

* The JOBGS must be copied to JobIph prior to the MC-PDFT calculation,
* as that is where the information for the MC-PDFT calculation is taken
* from.

>> COPY JOBGS $Project.JobIph

* The MC-PDFT calculation requires a few special keywords:

* GSOR toggles the generation of new density matrices

* NOGRadient is to turn off the calculation of potentials (not needed).

* Since this calculation loops over geometries, MC-PDFT thinks this might be
* a gradient calculation and will calculate potentials, unless explicitly

* prevented through the use of NOGRadient.

&MCPDFT

KSDFT = tPBE

GSOR

NoGradient

>> RM $Project.JobIphOl
>> RM $Project.JobIph02
>> RM $Project.JobIph

* The JOBGS (which was modified in the MCPDFT part) must be copied
* to JobIphO1

>> COPY JOBGS $Project.JobIphOl

*The SECOnd keyword must be used in the second call to RASSI
&RASSI

NROF = 1 2

12

IphN = JobIphO1

SECOnd

>> RM JOBGS

>> enddo

General Input for a Single-Point DMRG-PDFT Calculation

&GATEWAY

Coord = 2
Angstrom
N 0.00 0.00 -0.55
N 0.00 0.00 0.55
Basis = cc-pVDZ

&SEWARD

Grid input

Grid = Ultrafine
End of grid input
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&SCF

&DMRGSCF
ActiveSpaceOptimizer = QCMaquis
DMRGSettings
nsweeps = 4
max_bond_dimension = 100
EndDMRGSettings
OOptimizationSettings
Inactive = 200020
RAS2=11101110
Linear
EndOptimizationSettings

00

&MCPDFT
KSDFT = TPBE

Conical Intersection Optimization and Characterization

&GATEWAY
Coord = 12
Benzene
C 0.00000 0.00000 0.00000
C 1.39000 0.00000 0.00000
C 2.03441 0.00000 1.32123
C 1.46393 -0.93565 2.28597
C 0.38195 0.04158 2.36298
C -0.53215 0.04837 1.21178
H -0.53500 0.00000 -0.92665
H 1.98517 -0.08076 -0.88552
H 2.99189 0.44075 1.50522
H 2.03615 -1.24240 3.13648
H 0.15152 0.51223 3.29587
H -1.58992 0.00920 1.36830
Basis = ST0-3G
Group = NoSymm
Constraints
E = Ediff 1 2
Values
E=0.0
End of constraints
>>> Do While
&SEWARD
>>> If (Iter = 1)
&SCF
&RASSCF
FileOrb = $Project.scf.hb
Charge =0
NActEl = 6
Ras2 =6
CIRoot =221
>>> End If
&RASSCF
FileOrb = $Project.rasscf.hb
CIRestart
NActEl = 6
CIRoot =221
&SLAPAF

Tolerance = 1.0D-5

>>> End Do
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Listing S7: Input example for optimization of a conical intersection between the two
lowest singlet states of benzene.

Pitch (delta_gh): 1.56682E-01 Eh/a0
Asymmetry (Delta_gh): 2.76223E-01
Relative tilt (sigma=s/delta_gh): 5.97519E-01

Tilt heading (theta_s): 1.56953E+00

P: 4.93286E-01

B: 9.593956E-01

Type: peaked (P<1) bifurcating (B<1)

Listing S8: Characterization parameters at the converged structure from listing S7.

Setup for a Single SHARC Trajectory

This quick tutorial presents how to setup a single SHARC trajectory using Open-
Molcas as quantum chemistry program. To this end, we use the interface script
$SHARC/SHARC_MOLCAS .py, which fully supports OpenMolcas. Note that typically,
SHARC trajectories are not setup manually, but using the tools of the SHARC suite.
Hence, for a more complete overview over the SHARC suite, please see the manual and
tutorial of SHARC at http://www.sharc-md.org/.

The files that need to be prepared and the relevant directory structure are presented
in fig. S7. The contents of the files are given and explained in the following. Please be
aware that the two subdirectories need to exist before SHARC can be started.

TRAJ

runQM. sh
MOLCAS. templatej
MOLCAS.resources)

Figure S7: Input files for a SHARC dynamics simulation of a single, independent trajec-
tory.

Input File

The SHARC input file (“input”) contains the dynamics settings and names of additional
input files (geometry, velocity, coefficients). An example is given below:

geomfile "geom"
veloc random 0.1

nstates 4 0 3
state 3 mch
coeff auto

ezero -94.41294549
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http://www.sharc-md.org/

tmax 25.000000
stepsize 0.5

surf sharc
coupling overlap
decoherence_scheme edc

grad_select
eselect 0.1
select_directly

The meaning of these keywords is: The geometry is read from file geom. The nuclear
velocities are picked at random, with 0.1eV kinetic energy per atom. Four singlet states
and three triplet states will be included in the simulation (0 is the number of doublet
states). The initial state is the third state (the S3). The initial coefficients will be set auto-
matically (the initial state will have a coefficient of 1.0, the remaining states a coefficient
of zero). The diagonal elements of the Hamiltonian will be shifted by —94.412 94549 F},.
The simulation will run for 25fs with a 0.5fs timestep. The SHARC formalism will be
used (propagation on the diagonalized states). Nonadiabatic interactions are described
with wave function overlaps. SHARC will select which gradients to compute at each time
step, with a selection threshold of 0.1eV. SHARC will select these gradients directly,
without doing two quantum chemistry calculations per time step.

Geometry File

The geometry file “geom” contains the chemical symbols, atomic charge, x, y and z coor-
dinates and the relative atomic masses.

+0.00000000 +0.00000000 +0.00000000 12.00000000
+0.00000000 +0.00000000 +2.45664494 14.00307401
+1.78220520 +0.00000000 -1.02895628 1.00782504
+1.78220520 +0.00000000 +3.55174167 1.00782504
-1.78220520 +0.00000000 +3.55174167 1.00782504
-1.78220520 +0.00000000 -1.02895628 1.00782504

mnmmm=QQ
el N e
cNoNoNoNoNe)

QM Run Script

At each timestep, SHARC writes the current geometry and different keywords to the file
QM/QM. in and then calls runQM.sh. After this call is finished, SHARC reads the results
of the quantum chemistry calculation from QM. out.

In most of the cases, in runQM. sh simply one of the SHARC-interfaces is called:

cd QM
$SHARC/SHARC_MOLCAS.py QM.in >> QM.log 2>> QM.err

The interface will do all work necessary to produce the desired file QM. out.

Template File

The interface needs as additional input file giving the settings for the electronic structure
calculation. The file is called “MOLCAS. template”. It employs a simple keyword-argument
structure and looks like:

basis cc-pVDZ
nactel 6

ras2 4
inactive 5
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roots 4 0 3
method casscf
no-douglas-kroll

Resource File

The interface additionally needs some paths (e.g., to the OpenMolcas installation) and
resource settings, both of which are read from the file “MOLCAS.resources”.

molcas $MOLCAS
scratchdir $TMPDIR/
savedir ../restart/

memory 1000
ncpu 1

Running SHARC
With the input files prepared, the trajectory can then be started by simply executing:

‘$SHARC/sharc.x input

Output

SHARC produces four output files, output.log, output.lis, output.dat and
output.xyz. The file output.log contains mainly a listing of the chosen options and the
resulting dynamics settings. At higher print levels, the log file contains also information
per timestep. output.lis contains a table with one line per timestep, giving active states,
energies and expectation values. output.dat contains a list of all important matrices and
vectors at each timestep. This information can be extracted with data_extractor.x to
yield plottable table files. output.xyz contains the geometries of all timesteps, allowing
visualization of the trajectory with the appropriate software (e.g., Molden).

Light—Matter Interaction

&GATEWAY
Title =

= CuCl4(-2)
Coord =

C
5
Cu 0.00000000 0.00000000 0.00000000
Cl 2.23300000 0.00000000 0.00000000
Cl -2.23300000 0.00000000 0.00000000
Cl 0.00000000 2.26800000  -0.00000000
Cl 0.00000000  -2.26800000  -0.00000000
NoSym

ANO-RCC-VTZP.

AngMom = 0.00 0.00 0.00

RICD

«
hh
[e]
=]
el
o

&SEWARD

&SCF

uhf; charge = -2; zspin =1
End of input

&RASSCF
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charge = -2
spin = 2
LUMORB
symmetry = 1
inactive
46
nactel
700
rasli
0
ras?2
4
ras3
0
End of input

&RASSCF
charge = -2
spin = 2
FileOrb = $Project.RasOrb
symmetry = 1
ALTER

1

11 46
SUPSYM

1

11
inactive

45
nactel
910

rasl

1

ras2

4

ras3

0

CIROOT

55

o w

12345
10000
End of input

>>> copy $Project.JobIph JOBOO1

&RASSI
Dipr =
TMos

1.0D-10

&GATEWAY
Title = CuCl4(-2)
Coord = 5

Cu 0.00000000
Cl 2.23300000
Cl -2.23300000
Cl 0.00000000
Cl 0.00000000
NoSym

ANO-RCC-VTZP.

[os}

[

n

.

0
o

&SCF
uhf; charge =
End of input

-2; zspin =1

&RASSCF
charge = -2

0.00000000
0.00000000
0.00000000
2.26800000
-2.26800000

S27

0.00000000
0.00000000
0.00000000
-0.00000000
-0.00000000




spin = 2
LUMORB
symmetry = 1
inactive
46
nactel
700
rasi
0
ras?2
4
ras3
0
End of input

&RASSCF
charge =
spin = 2
FileOrb = $Project.RasOrb
symmetry = 1
ALTER
1
11 46
SUPSYM
1
11
inactive
45
nactel
910
rasl
1
ras?2
4
ras3
0
CIROOT
55

-2

o w

12345
10000
End of input

>>> copy $Project.JobIph JOBOO1

&RASST

NrOfJobIphs = 1

All

Dipr = 1.0D-14

SpinOrbit

KVec = 37

1.0 0.0 0.0

0.996194698 0.087155742 0.0
0.984807753 0.173648177 0.0
0.965925826 0.258819045 0.0
0.939692620 0.342020143 0.0
0.906307787 0.422618261 0.0
0.866025403 0.500000000 0.0
0.819152044 0.573576436 0.0
0.766044443 0.642787609 0.0
0.707106781 0.707106781 0.0
0.642787609 0.766044443 0.0
0.573576436 0.819152044 0.0
0.500000000 0.866025403 0.0
0.422618261 0.906307787 0.0
0.342020143 0.939692620 0.0
0.258819045 0.965925826 0.0
0.173648177 0.984807753 0.0
0.087155742 0.996194698 0.0
0.0 1.0 0.0

-0.087155742 0.996194698 0.0
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-0.
-0.
.342020143
-0.
-0.
.573576436
-0.
-0.
-0.
-0.
.866025403
-0.
-0.
-0.
-0.
-0.
.0 0.0 0.0

-1

173648177
258819045

422618261
500000000

642787609
707106781
766044443
819152044

906307787
939692620
965925826
984807753
996194698

.984807753
.965925826
.939692620
.906307787
.866025403
.819152044
.766044443
.707106781
.642787609
.573576436
.500000000
.422618261
.342020143
.2568819045
.173648177
.087155742

[eNeoloNoNoNoNoNololoNoloNoNoNoNe]
[eleoloNoNoloNoNoloololooNoNoNe]

Multiconfigurational Dyson Orbitals in RASSI

* A small calculation of photo-electron spectroscopy (PES)

* of H20

&GATEWAY
Coord

3

01
H2
H3

0.000000
0.000000
0.000000

BASIS
ANO-RCC-MB
Group
nosym

&SEWARD

&SCF

-> H20-

0.000000
0.756650
-0.756650

Initialize the calculation

0.000000 Angstrom
-0.588880 Angstrom
-0.588880 Angstrom

Calculate 2 PES initial states for singlet H20

>> COPY $Project.ScfOrb INPORB

&RASSCF
LUMORB
Spin

1

nActEl
6 00
Inactive

2

Rasi

0

Ras?2

5

Ras3

0

CIRO
221

>> COPY $Project.JobIph S.JobIph

Calculate 3 PES final states for doublet H20-

>> COPY $Project.RasOrb INPORB
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&RASSCF
LUMORB
Spin

2
nActEl
500
Inactive
2

Rasi

0

Ras2

5

Ras3

0

CIRO
331

>> COPY $Project.JobIph D.JobIph
* ——mm- Calculate state interactions

>> COPY S.JobIph JOB0O1
>> COPY D.JobIph JOB002

&RASSI
SpinOrbit

- Enable calculation of Dyson amplitudes

- (Without DYSExport the spin-orbit amplitudes would be approximated
directly from the spin-fee Dyson amplitudes without explicit

- construction of the spin-orbit Dyson orbitals, for all included

- spin-orbit states)

* ¥ ¥ ¥ x
|

DYSOn

- Enable exportation of Dyson orbitals to molden format for the first
- 2 spin-free and first 1 spin-orbit states as PES initial states

- (A full calculation of spin-orbit amplitudes is performed, but only
- for the PES initial states given below)

Dyson orbitals are contained in:

- $Project.dys.molden.SF.<initialstate>

- $Project.dys.molden.SO0.<initialstate>.Re

- $Project.dys.molden.SO.<initialstate>.Im

* X X X X X X ¥
|

DYSExport
21

Orbital Properties

Printing Orbital Second Moment (r?) for All Orbitals to Identify
Rydberg Orbitals
We take a trans-1,3-butadiene molecule as an example. First, generate at least one or-

bital file, such as the CASSCF natural orbitals ($Project.RasOrb, $Project.RasOrb.1,
$Project.RasOrb.2, ...):

&GATEWAY
Symmetry = XY XYZ
Basis set
C.aug-cc-pVTZ....
C1 1.740343 0.616556 0.0000000 /Angstrom
C2 0.397343 0.616556 0.0000000 /Angstrom
End of Basis
Basis Set
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H.cc-pVTZ....

H3 -0.126346 1.577069 0.000000 /Angstrom
H4 2.279054 1.568725 0.000000 /Angstrom
H5 2.279054 -0.335614 0.000000 /Angstrom
End of Basis

&SEWARD
NoDeleted
Grid input
Grid = Ultrafine
End of grid input

&SCF

&RASSCF
CIRoot
nActEl
Inactive
Frozen =
RAS2 = 0
Deleted = 0 0 0 O
Symmetry = 4

1

nn
O I bW
O ~NO W
[eNoRoNoN 3

06
0

Spin =
Charge = 0

>> COPY $Project.RasOrb.1 $CurrDir/Orb.1
>> COPY $Project.RasOrb.2 $CurrDir/Orb.2

Then, to print the orbital (r?) for individual natural orbitals of each of the first two
states, $Project.RasOrb.1 and $Project.RasOrb.2, use the following input:

>> export MOLCAS_PRINT = VERBOSE

&GATEWAY
Symmetry = XY XYZ
Basis set
C.aug-cc-pVTZ....
C1 1.740343 0.616556 0.0000000 /Angstrom
C2 0.397343 0.616556 0.0000000 /Angstrom
End of Basis
Basis Set
H.cc-pVTZ....
H3 -0.126346 1.577069 0.000000 /Angstrom
H4 2.279054 1.568725 0.000000 /Angstrom
H5 2.279054 -0.335614 0.000000 /Angstrom
End of Basis

>> COPY $CurrDir/Orb.1 INPORB

&SEWARD

NoDeleted

Grid input

Grid = Ultrafine
End of grid input
Vectors

OrbCon

OrbAll

>> COPY $CurrDir/Orb.2 INPORB

&SEWARD

NoDeleted

Grid input

Grid = Ultrafine
End of grid input
Vectors

OrbCon

OrbAll

Then, the magnitude of orbital (r?) and its components (especially its (z?) component
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because the molecule is on the zy plane) printed in the output indicates how diffuse an
orbital is.

Binatural Orbitals

Generation of binatural orbitals for a transition between two anion states of pentadi-
enyldithiol (PDDT).

&GATEWAY
Coord = 15
Pentadienyldithiol
H -4.84571108  0.32877242  0.00000000
S -3.95804045 1.33861182  0.00000000
H -2.65472176 -0.74484138 0.00000000
C -2.48336436 0.31635830  0.00000000
C -1.25747677  0.83346283  0.00000000
H -1.14108339 1.90451723  0.00000000
C 0.00000000  0.00000000  0.00000000
H 0.00000000 -0.65023754  0.86937108
H 0.00000000 -0.65023754 -0.86937108
H 1.14108339  1.90451723  0.00000000
C 1.25747677  0.83346283  0.00000000
C 2.48336436  0.31635830  0.00000000
H 2.65472176 -0.74484138 0.00000000
S 3.95804045 1.33861182  0.00000000
H 4.84571108  0.32877242  0.00000000
Group = Z
Basis = ANO-RCC-VDZP
&SEWARD
&RASSCF
File = PDDT.RasOrb
NActEl = 9
Inact =26 5
RAS2 = 4 4
Symmetry = 1
Spin = 2
CIRoot = 2 2 1
>> COPY $Project.JobIph JOBOO1
&RASSCF
File = PDDT.RasOrb
NActEl = 9
Inact =26 5
RAS2 = 4 4
Symmetry = 2
Spin = 2
CIRoot = 2 2 1
>> COPY $Project.JobIph JOB002
&RASSI
NrOfJobIph = 2 all
BiNatural =1
2 1
The WFA Module
&GATEWAY
Coord = 4
C1 0.000000000 0.000000000 0.592249000
03 0.000000000 0.000000000 -0.595374000
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H5 0.000000000 0.924901000 1.170727000
H7 0.000000000 -0.924901000 1.170727000
Group
Title
Basis

Xy
Molcas-SP
STO-3G

&SEWARD
&SCF

&WFA
H5file = $Project.scf.hb

&RASSCF
Spin
NActEl
Inact
RAS2
CIRoot
Thrs

,1
e-10 1.0e-6 1.0e-6

>> SAVE $Project.JobIph JOB0O1
>> SAVE $Project.rasscf.hb singlet.hb

&RASSCF
Spin
NActEl
Inact
RAS2
CIRoot
Thrs

,1
e-10 1.0e-6 1.0e-6

>> SAVE $Project.JobIph JOB002

&WFA
H5file = $Project.rasscf.hb
Mulliken

>> SAVE $Project.rasscf.hb triplet.hb5

&RASSI
NrOfJobIphs
222

&WFA
H5file = $Project.rassi.hb
RefSt = 2

Example of FDET Calculation

We will briefly describe the OpenMolcas input for a FDET calculation aiming at repro-
ducing the effect of the presence of a nearby water molecule on the excitation energies
of Bry. Following the flow-chart of fig. S8, we see that the input requires the definition
of the full A+ B system in GATEWAY. Note the necessity of keywords such as NOMOVE
and GROUP, as well as the appropriate usage of the BSSE keyword that defines the sys-
tem for which the density will be generated in the subsequent SCF calculation. In this
example, a PBE density is produced for the subsystem B and stored with additional
information on the file AUXRFIL. In the second call to GATEWAY, the role of A and B
with respect to the keyword BSSE is exchanged, as we are now going to compute CAS-CI
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wavefunctions for A embedded in B. Note the use of the keyword FAKE in SEWARD
to avoid recomputing Cholesky vectors for the AO basis. The first RASSCF run in the
input generates p'sf(r) (ground-state CAS-CI) for the subsequent linearized FDET cal-
culation. The latter will be automatically activated by the presence of the file PRERFIL
that stores information about p'¢f(r). FDET is introduced in the second RASSCF run
with the keyword OFEM, that stands for orbital-free embedding potential. This keyword
requires a string with two arguments, representing the functional for T"*[p4, pg] and
Ed(p 4 ppl, respectively, separated by a slash. In the present input, LDTF/PBE indicates
that the Thomas-Fermi functional is used for T"[p4, pp], whereas PBE is chosen for
E"ad[p4, pp]. Finally, the CASPT2 run with OFEM uses also the keyword GHOST in order to
eliminate from the first-order interacting space any excitation to orbitals localized onto
the subsystem B. The threshold value chosen of 0.1 includes in the correlation treatment
any orbital with a Mulliken-type population higher than 10 % on subsystem A.

AUXRFIL PRERFIL
Generation of Generation of
— nuc — 'r'ef —

PB(T)7 Up (7°) Py (7)

| |
v

Construction of (WL UKy £ 67k
4—

Vemb [P;\ef PB> U%uc] (F)
Conventional

I FDET

ph = ol

Solving QMB problem

(ﬁA + @emb) Wl = A

Figure S8: Flow-chart of the computational building blocks for a typical FDET calcula-
tion in OpenMolcas. The iterative update of p5f(r) is not needed when using linearized
FDET.5'? Furthermore, it should be noted that for a given electronic state I of the
embedded subsystem A, the corresponding eigenvalue A\’ of the embedded Hamiltonian
does not represent the value for the energy functional that is minimized in FDET, as a
consequence of the inhomogeneity of the nonadditive kinetic and exchange—correlation

functionals. 513514

&GATEWAY
Title = (Emb. Species)---H20, Subsystem B
Coord = Br2.xyz
Coord = H20.xyz
BSSE = 1
Basis = aug-cc-pVDZ
NoMove
Group = NoSym
RICD
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&SEWARD

>>> COPY $Project.GssOrb INPORB

&SCF
Title = HF for H20 subsystem
Charge = 0

>>> COPY $Project.RunFile AUXRFIL

&GATEWAY
Title = Emb. Species---(H20), Subsystem A
Coord = Br2.xyz
Coord = H20.xyz
BSSE = 2
Basis = aug-cc-pVDZ
NoMove
Group = NoSym
RICD

&SEWARD
Fake RICD

3k 3k 3k 3k >k >k 3k 3k ok 5k >k >k >k 3k 3k 5k >k %k k 3k ok >k >k >k 3k 3k ok ok %k %k k >k >k k

* First CAS-CI run (isol + bfs) x*
sk sk sk sk sk sk sk sk sk ok ok ok o o o ok ko ok sk sk sk sk sk sk sk ok sk sk ok o o

&RASSCF

Title = Isolated CASCI Sub A

NActEl = 14 0 O

Charge = 0O

Spin =

RAS2 =

CIOnly

CIRoot = 6 6
123456
100000

OrbListing = Nothing

QI

3k 3k 3k 3k >k >k 3k 3k ok ok >k >k >k 3k 3k ok >k %k k 5k ok ok %k >k 3k sk ok ok %k k >k

* Embedded CAS-CI-PT2 *
stk sk ok sk ok sk sk sk sk sk sk sk sk ok ko ok sk sk sk sk sk sk sk sk ok sk ok ok

>>> COPY $Project.RunFile PRERFIL

&RASSCF
Title = CASCI Subsystem A
FileOrb = $Project.RasOrb
NActEl = 14 0 O
Spin =1
CIOnly
CIRoot = 6 6
12345
11111
OFEmbedding = LDTF/PBE
OrbListing = Nothing

6
1

&CASPT2
Multistate =6 123 456
OFEmbedding
Ghost = 0.1

S35




References

(S1)

(52)

(S3)

(S4)

(S5)

(S6)

(S10)

(S11)

(S12)

Wouters, S.; Van Speybroeck, V.; Van Neck, D. DMRG-CASPT2 study of the
longitudinal static second hyperpolarizability of all-trans polyenes. J. Chem. Phys.
2016, 145, 054120, DOI: 10.1063/1.4959817.

Kurashige, Y.; Yanai, T. Second-order perturbation theory with a density matrix
renormalization group self-consistent field reference function: Theory and applica-
tion to the study of chromium dimer. J. Chem. Phys. 2011, 135, 094104, DOI:
10.1063/1.3629454.

Harding, M. E.; Metzroth, T.; Gauss, J.; Auer, A. A. Parallel Calculation of CCSD
and CCSD(T) Analytic First and Second Derivatives. J. Chem. Theory Comput.
2008, 4, 64-74, DOI: 10.1021/ct700152c.

Guo, Y.; Sivalingam, K.; Valeev, E. F.; Neese, F. SparseMaps—A systematic in-
frastructure for reduced-scaling electronic structure methods. III. Linear-scaling
multireference domain-based pair natural orbital N-electron valence perturbation
theory. J. Chem. Phys. 2016, 144, 094111, DOI: 10.1063,/1.4942769.

Roos, B. O.; Lindh, R.; Malmqvist, P.-A.; Veryazov, V.; Widmark, P.-O. New
Relativistic ANO Basis Sets for Transition Metal Atoms. J. Phys. Chem. A 2005,
109, 6575-6579, DOI: 10.1021/jp0581126.

Aquilante, F.; Gagliardi, L.; Pedersen, T. B.; Lindh, R. Atomic Cholesky decompo-
sitions: A route to unbiased auxiliary basis sets for density fitting approximation
with tunable accuracy and efficiency. J. Chem. Phys. 2009, 130, 154107, DOI:
10.1063/1.3116784.

Aquilante, F.; Pedersen, T. B.; Lindh, R.; Roos, B. O.; Sanchez de Meras, A.;
Koch, H. Accurate ab initio density fitting for multiconfigurational self-consistent
field methods. J. Chem. Phys. 2008, 129, 024113, DOI: 10.1063,/1.2953696.

Aquilante, F.; Malmqvist, P.-A.; Pedersen, T. B.; Ghosh, A.; Roos, B. O. Cholesky
Decomposition-Based Multiconfiguration Second-Order Perturbation Theory (CD-
CASPT2): Application to the Spin-State Energetics of Co"(diiminato)(NPh).
J. Chem. Theory Comput. 2008, 4, 694-702, DOI: 10.1021/ct700263h.

Hess, B. A. Relativistic electronic-structure calculations employing a two-
component no-pair formalism with external-field projection operators. Phys. Rev. A
1986, 33, 3742-3748, DOI: 10.1103/physreva.33.3742.

Wolf, A.; Reiher, M.; Hess, B. A. The generalized Douglas—Kroll transformation.
J. Chem. Phys. 2002, 117, 9215-9226, DOI: 10.1063/1.1515314.

Reiher, M.; Wolf, A. Exact decoupling of the Dirac Hamiltonian. I1. The generalized
Douglas-Kroll-Hess transformation up to arbitrary order. J. Chem. Phys. 2004,
121, 10945, DOI: 10.1063/1.1818681.

Zech, A.; Aquilante, F.; Wesolowski, T. A. Orthogonality of embedded wave func-
tions for different states in frozen-density embedding theory. J. Chem. Phys. 2015,
143, 164106, DOI: 10.1063,/1.4933372.

S36



(S13) Zech, A.; Aquilante, F.; Wesolowski, T. A. Homogeneity properties of the embed-
ding potential in frozen-density embedding theory. Mol. Phys. 2016, 114, 1199-
1206, DOI: 10.1080/00268976.2015.1125027.

(S14) Wesotowski, T. A. Embedding a multideterminantal wave function in an
orbital-free environment. Phys. Rev. A 2008, 77, 012504, DOI: 10.1103/phys-
reva.77.012504.

S37



	Stochastic-CASSCF in Action
	DMRG-CASPT2 Input Example
	QCMaquis Input Examples
	Spin State Energetics of Iron(II) Porphyrin with OpenMolcas–CheMPS2
	Computational Details of FeP
	Active Orbitals of FeP
	Cartesian coordinates of FeP
	Convergence and Performance

	Equilibrium Structure of Ferrocene
	Computational Details
	Active Orbitals of Ferrocene
	Cartesian Coordinates of Ferrocene

	Computational Details for the DMRG-NEVPT2 Example
	Multiconfiguration Pair-Density Functional Theory. Input examples
	General Input for Single-Point MC-PDFT Calculations
	SS-CAS-PDFT Gradient
	Scaling Exchange and Correlation Terms in MC-PDFT and KS-DFT
	SI-PDFT
	General Input for a Single-Point DMRG-PDFT Calculation

	Conical Intersection Optimization and Characterization
	Setup for a Single SHARC Trajectory
	Input File
	Geometry File
	QM Run Script
	Template File
	Resource File
	Running SHARC
	Output

	Light–Matter Interaction
	Multiconfigurational Dyson Orbitals in RASSI
	Orbital Properties
	Printing Orbital Second Moment "426830A r2"526930B  for All Orbitals to Identify Rydberg Orbitals

	Binatural Orbitals
	The WFA Module
	Example of FDET Calculation
	References

