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Many chemical systems cannot be described by quantum chemistry methods based on
a single-reference wave function. Accurate predictions of energetic and spectroscopic
properties require a delicate balance between describing the most important con-
figurations (static correlation) and obtaining dynamical correlation efficiently. The
former is most naturally done through a multiconfigurational wave function, whereas
the latter can be done by e.g. perturbation theory. We have employed a different
strategy, namely a hybrid between multiconfigurational wave functions and density-
functional theory (DFT) based on range separation. The method is denoted multi-
configurational short-range DFT (MC-srDFT) and is more efficient than perturbative
approaches as it capitalizes on the efficient treatment of the (short-range) dynamical
correlation by DFT approximations. In turn, the method also improves DFT with
standard approximations through the ability of multiconfigurational wave functions
to recover large parts of the static correlation. Until now, our implementation was
restricted to closed-shell systems and to lift this restriction, we present here the gen-
eralization of MC—srDFT to open-shell cases. The additional terms required to treat
open-shell systems are derived and implemented in the DALTON program. This

new method for open-shell systems is illustrated on dioxygen and [Fe(H,0)4]*".
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I. INTRODUCTION

Quantum chemistry (QC) methods have become paramount to gain insight in experimen-
tal investigations and to support findings from experimental studies. Moreover, QC methods
can be employed to predict novel molecular systems with a given desired property. Naturally,
the above uses of theoretical methods require that these methods are both efficient and accu-
rate, also in cases where reference data might not exist or be inconclusive. Density-functional
theory (DFT) has to a large extent fulfilled these requirements’, and can for many systems
be employed routinely. Still, DF'T with standard approximations is known to fail for systems
that cannot be described by a single-reference wave function.®® Such systems are often char-
acterized by dense orbital manifolds and several (near)-degenerate states. In wave-function
theory (WFT), such systems are best described with a multiconfigurational wave function.
These exist in a number of different forms of which many have in common the definition of a
complete active space CAS(m,n) of m electrons in n orbitals. In this active space, all config-
urations (fulfilling additional spin and symmetry constraints) are included. This is usually
combined with optimization of orbital parameters in what is denoted a complete-active-
space self-consistent field (CASSCF) procedure. Unfortunately, the computational demands
increase dramatically with the size of the active space, and many systems require active
spaces beyond the current limitations to give physically meaningful results. In recent years,
several groups have focused on lifting the limitations for the size of active space with meth-
ods such as the density-matrix renormalization group (DMRG)>®, quantum Monte Carlo
(QMC)Y M restricted-active-space (RAS)* or generalized-active-space (GAS) methods. 5145
Yet, even with extended active orbital spaces, essential parts of the remaining dynamical
electron correlation cannot be obtained, except for the smallest systems where the number
of occupied valence orbitals is small. Typically, dynamical correlation for such multirefer-
ence systems is obtained after initially obtaining a correct representation of a zeroth-order
Hamiltonian (including static correlation). The exact nature of the subsequent steps respon-
sible for recovering dynamical correlation depends on the chosen method, but well-known

16520

examples are multireference perturbation theories such as complete-active-space second-

order perturbation theory (CASPT2)* and n-electron valence state perturbation theory

(NEVPT2)20.

We have in a number of recent papers employed a different strategy, namely a hybrid



between MCSCF and DFT that capitalizes on the fairly efficient treatment of the (short-
range) dynamical correlation by semi-local DF'T approximations and the ability of CASSCF
or more general MCSCF models to recover large parts of the static correlation. A number
of different CAS-DFT hybrid methods have been suggested®:™?, many of which are under
active development. There is one important difference between these methods: some add

2324 whereas others

DFT after initial optimization of the multiconfigurational wave function
optimize the DFT and wave function parts simultaneously“*#22™U  The method reported
here belongs to the latter kind. A challenge for all CAS-DFT hybrids is to avoid double
counting of electron correlation, as the CAS wave functions will invariably include some of
the dynamical correlation. The method that we discuss in this paper, and that we have

27,29H36

been developing since several years , stringently avoids this double counting by means

of a range separation of the two-electron repulsion operator2>7

. The long-range part is then
described by WEF'T, whereas the short-range part is described by a tailored short-range DF'T
functional ** When employing an MC(SCF) wave function as the long-range component, we
have dubbed this method MC—srDFT. For the common choice of CAS for the MCSCF part,
this becomes CAS—srDFT. However, it should be emphasized, that the method of range sep-
aration also allows for other wave-function ansditze: CI-stDFT2%9 MP2-srDF T4 RPA-

stDFT#243 CC-srDFT#, RAS-srDFT, NEVPT2-srDFT#, and DMRG-srDFT#2 methods

have all been implemented.

Our MC-srDFT implementation in a development version of DALTON#% employs
a general implementation for the long-range MCSCF wave function that allows any spin
multiplicity. However, the implementation has until now been restricted to short-range
functionals depending only on the total density and not on the spin density. Calculations
have accordingly been done on closed-shell systems only. It should in this regard be noted
that introducing a dependence on the spin density in the DFT part is not necessary from
a theoretical point of view where the energy is solely defined from the total density. Yet,
approximate semi-local functionals must depend on the spin density to be accurate for open-
shell systems, and a semi-local srDFT implementation based solely on the total density in
practice excludes useful calculations on many open-shell target systems where we expect
MC-srDFT to be able to perform well. For example, many transition metals form open-

shell complexes, and these are notorious for displaying multireference character.

Since the original formulation of MC-srDFT®? several srDFT functionals have been



generalized to include the spin density*®4? In this paper, we extend the MC-srDFT method
with these spin-dependent functionals, both for a local-density approximation (LDA) and a
generalized-gradient approximation (GGA). This enables meaningful calculations for open-
shell systems, which in particular will be beneficial for our endeavors to describe transition-
metal complexes with CAS—srDFT or GAS—srDFT as a computationally cheaper alternative
to CASPT2, RASPT2, and NEVPT2.

As a first test of our novel implementation we investigate two prototypical open-shell
molecules: the O, molecule and the transition metal complex [Fe(H,0)s]*". We focus here
on rather simple systems which allow for a thorough investigation, and where literature
data are available. For both the 32; ground-state of O, and the spin-state splitting in
[Fe(H,0)4)*" we also carry out a small study on the dependence of CAS-stDFT on the
range-separation parameter p, similarly to what has previously been done for a number of
small, closed-shell p-block molecules and atoms*” It should be emphasized that although
O, is a prototypical open-shell system for which a wealth of literature data is available®,
the spin-state splitting between the 32; ground-state and the first singlet state, 'A,, is
surprisingly demanding in terms of the theoretical treatment.”t™3 Likewise, the spin-state
splitting between the lowest electronic states, °A, and *T;, (assuming idealized, octahedral
symmetry) in [Fe(H,0)4]*" has turned out to be challenging; there is currently no consensus
on which method is the most accurate, as both CASPT2 and CCSD(T) have been shown
to overestimate the spin-state splitting somewhat.*® Accordingly, both O, and [Fe(H,0)4]**
have low-lying excited states with different spin multiplicity than the ground-state, and for

both a high-level method is evidently needed to obtain correct results.

The paper is organized as follows. In Section [[I| we describe the necessary theory for
the extension of MC—srDFT to srDFT functionals that include the spin density as well as
the gradient of the spin density, and in Section [[TI] we describe implementation details. The
theory and implementation details for the closed-shell singlet case is obviously a special case,
which previously only has been published in the PhD dissertation by J. K. Pedersen” Next,
we provide the computational details that were employed for the test calculations (Section
, and in Section |[V| we discuss the results. Finally, we give a brief conclusion and outlook
in Section [Vl



II. RANGE-SEPARATED MULTICONFIGURATIONAL DENSITY
FUNCTIONAL THEORY

The MC-srDFT method employs a range separation of the two-electron operators>t

g(17 2) = glr(L 2) + gsr<17 2)7 (1)

in which the exact definition of §™(1,2) and §**(1, 2) can differ®®. In this work we exclusively

use the error function for the range separation:

f 1 —erf
glr(l, 2) — er (lurlQ) and gsr(17 2) — er ([1,7‘12)7 (2)
12 12
where r15 = |r; — ro| and p is the range-separation parameter, given in reciprocal bohr.

Eq. is given in atomic units which we will employ throughout this paper. The energy of
a range-separated WEFT-DFT hybrid is then given by

E(A> = Elr(A) + Esr—H[,OC] + Esr—xc [PC, pS]
= (UTN)H" W (X)) + Esnlpe] + Eaxelpo, ps), (3)

where A are the wave-function parameters, to be defined below. We denote the electron
charge density as pc and the spin density as pg, and in order not to overload the notation
we let it be implicit that they depend on the wave-function parameters X: pc = po(r, A)
and pg = ps(r, A). We define the short-range Hartree and exchange-correlation functionals,
Egnulpc)| and Eg .« [pc, ps], below after first defining the quantities involved in the long-range
part of the energy in Eq. . The long-range Hamiltonian H™ takes a form similar to the

regular electronic (non- or scalar-relativistic) Hamiltonian in second quantization
> ~ 1
1 1 R
HY = Z hpquq - 5 Z gprq,?“sepq,rs + Vnna (4)
pq pqrs

with the standard one-electron integrals h,, and nuclei-nuclei interaction energy V,,, but

with the two-electron Coulomb integrals replaced by integrals with the modified long-range

5



interaction in Eq. ,

g e = (Dp0r |3 (1, 2) |0y s) (5)

in an orthonormal basis of spatial orbitals {¢,}. The second-quantized operators in Eq.
have their usual meaning: E,, = al o lga + d;ﬁdqg is the singlet excitation operator and
Epgrs = quEATS —5q,aEps. The indices p, ¢, 7, s denote general orbitals. For the MC(SCF) wave
function parameters we use the notation AT = (d”, k") where the row vectors d” = {d;}

and k” = {k,,} designate the configuration coefficients and the orbital rotation parameters,

respectively. The real-valued MC wave function is parameterized as

|\I/1r<)\)> — 6—;% ‘O> +,P’ (:l> 7 (6)
L+ (d|P|d)

where |0) denotes a normalized reference state

0) = el (7)

J

while

d) = > di). ®

is a configuration correction and P =1 — 10)(0] is the projection operator onto the comple-
ment to the reference state |0). The & operator in Eq. @ is the usual antisymmetric real

singlet orbital-rotation operator

k= Z “pquq = Z Kpq (qu - Eqp) = Z “pqE;;;' (9)
Pq

p>q p>q

The charge-density- and spin-density-dependent terms in Eq. can now be expressed in a

o057

second-quantization formulation in terms of their associated density operators

px(r) = Qy(r)05, (10)



with Q,4(r) = ¢5(r)¢,(r). We have in Eq. introduced a nomenclature that will turn
convenient in the next sections for equations which are otherwise identical for charge-density
and spin-density operators In this nomenclature, X = (' is used for the regular charge-

density operator (OC = E,,), while X = 5 denotes the spin-density operator

~

S — _ At oA At oA
Opq = qu - a;r)aaq@ — G,p0q8, (11>

which is required to describe spin-density effects (in a non-relativistic framework). We note
that for spin-restricted models as considered here, the charge-density operator is a singlet
operator and the spin-density operator is a triplet operator of Mg = 0 type. The wave
function can be of any spin symmetry S, however, as in Kohn-Sham DFT, in practice
the wave function should correspond to a spin component Mg = S or Mg = —S to give an
appropriate spin density for the approximate spin-polarized exchange-correlation functional.
The electron charge density pc(r, A) and electron spin density pg(r,A) are obtained as

expectation values according to
px(r,A) = (T (N)]px (r) [T (A Zﬂpq (12)
where DX (X) is the (p,q) element of the one-electron reduced (spin-)density matrix
Dy (A) = (EF(N)| O [W (X)), (13)

The Egulpc] and Egxelpc, ps| terms in Eq. can now be defined. The former is the

short-range Hartree energy which depends only on the total density matrix

sr- Z gpf]rs =5 Z -]pq ) (14)

PQJ’S

where gi; . are the short-range two-electron integrals (defined with the short-range inter-
action in Eq. ) The final term, Eg.x[pc, ps], in Eq. is the short-range exchange-
correlation functional. This term has an explicit dependence on both the charge and spin

densities

Eulpcs ps) = / e (00 (1, N), ps (v, A))dr. (15)



in accordance with Ref. 56, where eg yc(po(r, A), ps(r,A)) is the short-range exchange-
correlation energy density. It should be noted that the expression in Eq. assumes the
local-density approximation of the short-range exchange-correlation functional (srLDA)*%.
For brevity we only consider srLDA here, but we have also implemented the code for func-
tionals based on a generalized-gradient approximation (GGA). The spin-dependent GGAs
additionally depend on the electron charge density gradient and the electron spin density
gradient. The additional terms are structurally similar to the srLDA terms and will be given

in Appendix [A]

The MC—srDFT wave function is optimized with the restricted-step second-order MCSCF
optimization algorithm®®? as implemented in DALTON 4947 This algorithm is based on a
second-order Taylor expansion of the electronic energy in the wave-function parameters, A,

around A =0
1
EA) =Ey+g" X+ §>\TH>\ 4o (16)

The electronic gradient, g, and electronic Hessian, H, are blocked according to the config-

urational and orbital parameters of the wave function. Thus the gradient reads
g= ; (17)

and each gradient element (configurational or orbital) has both WEFT (Ir) and DFT (sr)

contributions

Gi = Giri T Gsr-Hyi 1 Gsr-xc,i

_ aElr + aEsr—H[pC] aEsr—xc[pCa pS]

O\ O\ o\ (18)

The electronic Hessian in Eq. is evaluated as®® H = PKP, where P denotes the
matrix representation of the P operator in Eq. @ and K has WF'T and DFT contributions

Kij = Ky ij + Kegonij + Korxeij

_ 82EJhr +82Esr—H[pC] +82Esr—xc[p0ap5]
NN, ONON; NN,

(19)



In the actual implementation the Hessian matrix is never constructed explicitly. Instead,
Hessian contributions to the wave-function optimization process are obtained in a direct
fashion based on trial vectors
K o be
c,=PKPb,=PKb,=P [ b: , (20)
n
where the individual contributions to o,, can be written in terms of modified Fock matrices
(see Section and the second equal sign stems from that we require each trial vector to
fulfill Pb,, = b,. The explicit expressions for the new short-range DFT contributions to
the individual gradient and o, element types are derived below. The MCSCF long-range
contributions are equivalent to the terms in the regular MCSCF method which together with
the second-order optimization algorithm are documented in the original works describing the

DALTON implementation.”® 2

A. The sr-DFT contributions to the electronic gradient

The short-range exchange-correlation contributions to the gradient in Eq. can be

obtained as

o 8Esr—xc[p07p5] . / aesr—xc(,OC’(r)apS(r>>
Gsr-xci = a)\ - a)\z dr. (21)

The derivative within the kernel in Eq. is obtained through the chain rule

Oegrxc(po(r), ps(r)) . Oesrxc(pc(r), ps(r)) Opo(r) 4 Oesrxc(pc(r), ps(r)) Ops(r)

a)\l apc a/\l 8p5 8)\1
oODC¢ (X
_ Z [(aesr xc PC ) pS(r>>qu(r)> ¢
o 2

aesr-XC(pC<r)> pS(r)) ang(A)
+ ( Bps qu(r)) O\

7 (22)

where po(r) and pg(r) from Eq. have been inserted. As usual in MCSCF schemes, the

orbital and configurational parts of the gradient leads to different computational expressions.

9



The orbital part of the short-range exchange-correlation gradient becomes

8E r-X )
- aC[IOC pS] = gg—xc,rs + gg"-xc,rs? (23)
Rrs

where the two gradient terms are

Jarmsers = (O 1B, Vit [0) = 2(0] [Er, ViZZ] [0), (24a)
gsr—xc,rs = <O| [Ers7 ‘/sf)gc] |0> = 2<0| [ET87 ‘/sff(]c] |O>7 (24b)

both defined in terms of an effective operator (X = C' and X = S, respectively)

=y ( / Ocsmsclpc®). () ) ) O = Z VX OX (25)

pq Ipx

We note that the gscr_st term in Eq. is the term already present in the closed-shell for-
malism, although in that case the functional kernel in the effective operator does not depend
on pg. The gfr_st term in Eq. exclusively occurs in the open-shell formalism. The
two gradient terms are commonly denoted gX_ . The configurational part of the gradient

can be defined similarly

8Esr—xc [pC7 pS] C S
srxellPsy ol . . 26
8dj gsr—xc,] + gsr-xc,j? ( )

where

ey = 2 (UIVEELI0) = o5 (01V520)) (27)
and we again have employed the effective operators defined in Eq. .
Finally, we also briefly describe the gradient contribution from the short-range Hartree
term, Esr-H[pC]a in Eq

8D§’;()\)'

o, (28)

aESF- [pC] ST
Gsr-H,i = a—i - Z]pq(k)
! pq

The configurational and orbital gradient contributions are identical to Eqgs. and (| .

10



except that the effective operator
Vg-H = Zj;f;qua (29)
prq

replaces VCy Combined, we obtain the effective operators for the total short-range Hartree-

sr-Xc*

exchange-correlation functional as

X9 ‘A/sg—H + ‘A/sgﬁm X=C
sr-Hxc — s (3())
V29 X=-5

Sr-xc?

The total gradient vector (from the short-range DFT part) can thus be obtained from

8sr-Hxe — gscr'-ch + gfr-xc' (31)

B. The sr-DFT contributions to the electronic Hessian sigma vectors

As for the gradient in the previous subsection, we focus on the exchange-correlation
term since the second derivative of Ej, in Eq. is equivalent to the terms from regular
MCSCF?#6L and the Hartree term can be obtained from the total density matrix and has
no explicit spin-dependent terms. The Hessian contributions from the exchange-correlation

functional are given by

Ksr—xc,ij =

0?Egxclpc, ps] _ / 82€ST-XC(pC(r)’pS(r>)dr (32)

ONiOA; ONiOA;
and from the chain rule

Oeaxe(po(r), ps(r)) _ Peasc(pe(r), ps(r)) Opc(r) Ope(r) | O*esxc(pe(r), ps(r)) Ops(r) dpc(r)

L Pesxelpo(r), ps(r)) Ope(r) Ops(r) | O esxe(pe(r), ps(r)) Ops(r) Ops(r)
N Oexepe(r), ps(r)) Ppo(r) | desxc(pe(r), ps(r)) ?ps(r) (33)
(9/)0 8/\,,8)\J 8/)5 8>\18>\] .

In practice we utilize a direct Hessian technique [cf. Eq. ] where the quantity in Eq.

is contracted with configurational (b§) or orbital (b5,) trial vectors. The direct Hessian

11



contributions from the Fg_..[pc, ps] term thus consist of four different types

Z aQEsar;chOd(j, vs] bj = Ugjic,z +o iicz (34a)
Z ‘92%:; [g; f ps] VS = 05 e py T Oy (34b)
;8 aQEgc_ZCa[ZZ psl bys = UsC;-;ic,z' +o iicz (34c)
> 62%,:: [ap; ’S'OS] by = 05 g + Tornespa: (34d)

r>s

The expressions in Egs. (34al)—(34d|) are obtained by inserting pc(r) and ps(r) from Eq.
into Eq. , and inserting the resulting expression into Eq. and contracting with
configurational or orbital trial vectors, respectively. We sketch the two steps below; the

insertion of the densities gives

8 Esr -XC pCa PS 8DY / 826Sr-XC (pc([‘), ps (I’)) 8DI§](A)
= E E Q Q dr | ————
a/\ a/\ B aPYaPX PQ(r) rs(r) r 6)\,

e c\r ST 62 ;2
ol /a wsoel0500) g, )0 af;@@ .

X=C,S pq 8PX

By contraction of the above equation with the trial vectors, the configurational part becomes

Degxc(po(r), ps(r)) ODY(N) . D (N)
Ogrlxei = Z Z {/ ap:apx : ; ( od, b Qm(r)) qu(r)dr} o

Y=C,S pq,rs

e r 32 X
+Z{/8 Sr-XC pC( ) pS( ))qu(r)dr} A al/\)lpgii )b;, (36)

PX

while the orbital part becomes

Oeqnelpelr),ps(r)) o (ODLN) ODA(N

Ogr- xcz - YZCSMZTS {/ apyapx ; ( (9/4,,5” btu Qrs(r)> qu(r)dr} a—)\l
aeSlr xc PC( ) pS( 82DX

2> L } 2 rves i (87)

12



The first term in both Egs. and occur due to the non-linearity of the srDFT energy
functional. These terms can be formulated as transformed gradient terms with effective
operators as summarized below. The last term in both Egs. (36) and are similar to the
one-electron Hessian part for a regular MCSCF calculation, the only difference being that
they employ different integrals (over the first-order derivative of the srDFT functional). To
define the effective operators employed in the first term of the two equations, we define the

transition density matrices for configurational trial vectors

0D;,(A)

DL = 3 e = 3 (5 ([0X]0) + (0]O%1)%)
J

= (B|O}[0) + (0[O} B), (38)

where |B) is the state vector generated by the current trial vector: [B) =, b5|j). For the

orbital trial vectors, we define the one-index transformed density matrix

8D’l)"/S A (0] o O
Dy =37 Py — 5™ (bl + D). (30)
t>u w t

The transformed configurational and orbital (spin-)density matrices, DY) and DY (1)

, are
collectively denoted by DY (Y. We can now define the integrals that comprise the effective

operators in terms of the linearly transformed densities

P?esexc(pe(r), ps(r))
VXN [pY () _ / srxe ) DYV (r) | Q. (r)dr 40
sr-xc,pq[ ] apyapX ; rs ( ) pq( ) ) ( )
which is a generic term for the integrals in the curvy brackets of the first term in Eqgs. and
. With this generic definition of the integrals, we can define the two effective operators
of either singlet or triplet types

VIR = 3 (Ve DOOV] 4 VIR DSV (41a)
pq

VAT = 37 (VL DO 4 VSR DSV T, (41b)
rq

13



The direct Hessian terms in Eqs. (34a)—(34d)) can now be written in the generic form

o = 2 (GIVLA10) — e (OIVXL0) ) + 2 (GIVELIB) - OVSgloys)  (42a)
02Xy = 2001 By, VA1) 10) + 2001, V] 1 B) (42b)
020 =2 (VL 0) — e (0]VX0N0) ) + 204V [o) (42¢)

X0

~ — 1) o > 1 0 0
Usr—xc,pq = gsi{—xc,pq + <0| [qu’ ‘/sii[(lc ] + ‘/sf;g:] |O> + 5 Z <gs)§—xc,tpbqt - gs)r(—xc,tqbpt> . (42d)
t

The orbital gradient elements, gs)f_mpq, were defined in Eqs. (24a))-(24b)), the VX9 operators

Sr-xc

were given in Eq. , and VX9 is the one-index transformed form of the VX9 operator in

Sr-XC Sr-XC
Eq. (25). The one-index transformed operators employ transformed integrals®2 e.g., VX9
is equivalent to Eq. (25), but with the st;(gc’pq integrals replaced by
~ X, X,
‘/;{;cgc,pq = Z(‘/;r-xgc,tqb;t + ‘/sr-xgc,ptbgt) . (43)

t

Similarly, the expression for the transformed gradient elements, g;ﬁ_xe,pq, is equivalent to
Eqs. (24a)-([24D), but with VX9 replaced with VX9, The terms with V.X:¢ and V259 oper-

ators arise from the last terms of Eqs. and , cf. the part within curly brackets. For

these terms, the regular Hessian structure can be discerned.

At this point, it is noted that the ¢ and &% terms in Eqgs. f enter exclusively
for open-shell systems, and are thus part of the extension for this work. Accordingly, with
respect to the Hessian this work concerns the implementation of the effective operator of
triplet type, i.e. Eq. , employed to define the o%¢ and o%° terms. In addition, the
term that depends on DY in Eq. also enters exclusively for open-shell systems and

has been implemented here.

In addition to the contributions from the exchange-correlation functional, the direct

Hessian terms also contain contributions from the short-range Hartree term, Eg. y[pc], in

Eq.

0° Ege.u1[pc] ODGN) o ODp(N) c 0Dy, (A)
Sr- — TS sr D Sr pq )
IO\ ax, I o, 2 DX N 0N

pq,rs pq,rs

(44)

As for the short-range exchange-correlation contributions, the direct Hessian short-range

14



Hartree contributions can be obtained by contraction of conﬁgurational and orbital trial
vectors, respectively. The terms have the same structure as Eqgs. - but without
any spin-dependence, and can be defined employing the effective operator

Ve Zysr,;y DCOV B, with  jSINDEON] = 3T pEMNgr - (45)

rs

We can combine the operators utilized for the short-range Hartree and short-range exchange-
correlation terms in a common, effective operator

gy _ ) Ve VR, X =0

sr-Hxc — VS[l)x] X — S )

SI-XC 9

which replaces Ve in Egs. (42al)—(42d)).

II1. IMPLEMENTATION

The configurational and orbital gradients for MC—srDFT were given in Eqgs. f and
depend on VsrcxgC and st 9. operators [Eq. ] The implementations of the equations for
the gradient and (direct) Hessian in regular MCSCF within DALTON has been described
previously2#€Y A central part of this implementation builds on the generation of generalized

Fock-type matrices

- Z Dg“ th + Z Ppr,st Y9qr,st» (47)

rst

where P is the reduced two-electron density matrix with elements Py, o = (¥|é,r|¥). In
the following, we will in addition to the general orbitals (with indices p, ¢, r, s) need to denote
both inactive and active orbitals, for which we use the indices 7, j and u, v, z, y, respectively.

In terms of the generalized Fock matrix, the orbital gradient becomes

Grs = 2<f7"s - fsr)' (48)

The direct Hessian is constructed in terms of modified gradient expressions, which in Ref. 60

are denoted transition and one-index transformed gradient expressions. These can again
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be constructed from Eq. by employing a one-index transformed density matrix or a
transition density matrix instead of the reference density matrix.%%%3 The only non-zero

long-range contributions to the Fock matrix elements are®

fiE=2(f0 + fa) (49)

q q

Ir C pllr Ir
vg = Z Duv uq + v’ (50)

where Q) = 37, Pouey 9 zy- The Fock matrices £/ and 4" are called the inactive and
active Fock matrix, respectively. They are defined as in Eqgs. (3.11) and (3.12) of Ref. [60,
but with long-range two-electron integrals. For an MC—srDFT description, the generalized
Fock matrix elements must be altered to accommodate the potential contributions from the

short-range DFT functional. Egs. and become

Ir C, S,
fiq = Jig + ‘/sr-I-ngc,iq + ‘/sr—ic,iq (51)
c r C, ; r
qu - Z DUU (fl{t}l + Vvsr—flxc,uq + ‘/sf—)gc,uq> + QLW (52)
u

where Vi . are the matrix elements of the operator in Eq. (30). Depending on the

employed (spin-)density matrix, Eqgs. (1) and (52) can be either a regular (spin-)Fock-
ploy P Yy , Bq g P

matrix, a transition-(spin-)Fock matrix or an one-index transformed (spin-)Fock matrix.

The auxiliary routines that construct Fock matrices were modified to accommodate short-
range functionals in connection with previous work®). These auxiliary routines have been
extended with the construction of the spin-density matrix required for the spin-dependent

terms of stgxc,pq. The direct Hessian [Eqgs. 1}1) is comprised of terms that include
DXUY (linear transformed terms) and “regular” Hessian terms. The former terms required
slight modification for this work, whereas the latter terms are automatically included after

the above-mentioned modifications of the gradient routines.

Finally, we have added code for the spin-dependent short-range exchange-correlation
functionals from Ref. 48 and the spin-dependent gradient-corrected functional of Ref. 49
(see next section). This includes code for the numerical evaluation of the gradient and

Hessian of the short-range functional kernel with respect to the spin density.
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IV. COMPUTATIONAL DETAILS

The theory presented in the previous sections was implemented in a development version
of the DALTON 2016 program “®47 All CAS-srDFT calculations were carried out with this
new implementation. We have employed CAS-srDFT for two molecules, namely O, and
[Fe(H,0)4)*", exploiting point group symmetry: the Dy, symmetry sub-group of Dy, for
0,, and the C; symmetry group for [Fe(H,0)]*".

For O, we focus on the 329_ and 'A, lowest-energy states. The calculations on O, were
carried out at the experimental ground-state equilibrium bond distance (Re, = 1.207 A) and
at a stretched bond distance (Rgtreten = 2.0 A) with the cc-pVTZ basis set 865 For O,, we
have employed three CAS(n, m) spaces with n electrons in m orbitals; CAS(8,6), CAS(12,8)
and CAS(12,16). These spaces correspond to including the orbitals 30317?317@‘230;0,
20320;;2303 17T317T;230*0, and 20320;;2303171'317T;23(7:040'240;:050"227T2271’;05020, respectively,

where the occupations are for the reference configuration.

For [Fe(H,0)4]*" we focus on the A, and T, lowest-energy states (using a nomenclature
that assumes octahedral symmetry), and we used the structure from Ref. [66, which was
optimized for the A, ground state within a cluster including the second solvation shell. We
have removed this second solvation shell, and our calculations only concern the [Fe(H,0)4]**
core. Note that the CASPT2 value from Ref. 66 to which we compare was obtained exactly
this way (cf. Table 7 of Ref. [66]). It was shown that such a calculation includes a large part
of the solvation effect. For this complex, we employed the def2-TZVPP basis set®” for iron
and oxygen, and the def2-SV(P) basis set for hydrogen. Following Ref. [66] we employed an
active space that includes the five d orbitals, two additional ¢ Fe-O bonding orbitals, and
a second shell of d orbitals yielding a CAS(9,12) active space. The orbitals comprising the

active space are shown in Figure

As short-range exchange-correlation functionals we employed the spin-dependent srLDA
functional from Ref. 48 and the spin-dependent gradient-corrected functional of Ref. 49,
denoted by srPBE. The name of the latter reflects that it originates from the Perdew-
Burke-Ernzerhof (PBE) functional®®, and have been extended to the short-range interaction

in Ref. 69, and further modified by Goll et al 4+,
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FIG. 1.  Active orbitals for the sextet state of [Fe(H,0)4]*T. Occupation numbers are shown
below (a similar active space was employed for the quartet state).

V. DEMONSTRATION OF THE OPEN-SHELL CAS-SRDFT METHOD

We here discuss the results from CAS-srLDA and CAS-srPBE calculations on two pro-
totype open-shell systems.

A. The dioxygen molecule

For dioxygen we start with a discussion of the optimal value of the range-separation
parameter y. This matter has been discussed for CAS-srDFT2%35 and also for other range-
separated methods. Note that with an exact stDFT functional and a full CI long-range
wave function (in a complete basis) the exact result would be obtained independent of the
w value. The p value determines the mixture between the wave function and stDFT parts,
and is thus a parameter that shifts correlation effects between the two parts. When we refer
to an “optimal p value” in the following, we mean the value giving accurate results with
the least possible computational effort. As the computational time for the stDFT part is
basically independent of 1 while the time for accurate long-range wave function contributions
grows rapidly with u, the optimal p value is the smallest p value for which the non-local
correlations not treated properly by semi-local stDFT functionals are not in the realm of
the stDFT part. For multireference models, one recipe has been to compare HF—srDFT and
CAS-srDFT. From this, it was found that a value of y of 0.4 bohr~! allocates the main part
of the dynamical correlation to the stcDFT functional, while the long-range wave function still

incorporates a substantial part of static correlation in multiconfigurational systems.2? The
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1 = 0.4 value was recently confirmed for excitation energies obtained from linear-response
theory.*” Here, we investigate the optimal value of u for the O, molecule in its triplet ground
state 32;. It is expected that this state is dominated by the electronic configuration
|\I/2:q (°%,)) = Co *[1o210,7202207 30 1w, A, At 1! 3ow0) + - -

— 312 2 s«

= Gyl mob )+ (53
at the equilibrium bond distance. The 3|...) notation includes the spin multiplicity of the
configuration state function, and we have in the last equality left out the o electrons for
brevity. This dominant configuration can be described by a single-determinant high-spin
wave function (Mg = 1), which means that HF-srDFT and CAS-srDFT should provide
similar energies. In order to have a system that displays multiconfigurational character, and
is directly comparable to the above system, we also consider a bond distance corresponding
to a stretched bond (Rggreten = 2.0 A). In this case, we expect a splitting of HF-srDFT and
CAS-srDFT energies, and the parameter p should be chosen to reflect this.

The HF-srDFT and CAS-srDFT energies as functions of the value of p are shown in
Figure , both for Req and Rsgretch. For the equilibrium bond distance, the HF-srDFT and
MC-stDFT energies are identical (within 1073 hartree) until we reach a value of u ~ 0.4.
This value is obtained for both of the employed srDFT functionals, and the result is thus
very similar to what was found in Ref. 27, We have tested three different active spaces of
increasing size. The smallest CAS(8,6) contains only ¢ and 7 orbitals from the oxygen 2p
orbitals, whereas the CAS(12,8) active space additionally includes the ¢ orbitals with origin
in the 2s orbitals and thus constitutes the full valence space. Finally, the CAS(12,16) is an
extended active space also including the oxygen 3s and 3p orbitals. For R, the splitting
occurs at around the same value of p (cf. Figure [2] left), independent of the employed active

space.

For an elongated bond, the system becomes multiconfigurational as can be seen from
the fact that the HF—srDFT and MC—srDFT energies are clearly different, already at small
values of p (cf. Figure , right). Thus, a value of u = 0.4 also allows the long-range CAS
wave function to include static correlation for the present multiconfigurational open-shell

system.

We further comment on a few more observations from Figure [2] First, we note that for
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FIG. 2. Dependence on the range-separation parameter p of the HF—srDFT and CAS—srDFT
energies for Oy in its 32; ground state for the equilibrium bond distance Req (left) and a stretched
bond distance Rgtretcn (right). All calculations are with the cc-pVTZ basis set.

the srPBE functional, the © dependence is benign for small ;1 values in case of O,. For this
small molecule the long-range CASSCF wave function can cover the correlation up to about
p=0.6—0.7, as seen from the almost horizontal energy curves in this range of values of pu.
As expected, this is in contrast with the CAS—srLDA energy, which is too high for y = 0 and
therefore decreases with increasing p, since the long-range wave function with increasing u
can describe an increasing part of the correlation. That this happens before the HF-srLDA
and MC-srLDA curves separate must mean that this effect is mostly in the exchange part.
Further, that the CAS-srLDA energies decrease with increasing p while CAS-srPBE energies
increase indicates that pure CASSCF is better than any of the CAS-srLDA models, while
CAS-srPBE contains some correlation effects not described by the pure CASSCF.

It is also interesting to study the first singlet excited state *A,. In D, symmetry this
electronic state can either be characterized by a dominant configuration given by a linear

combination of the Slater determinants in which the 7 orbitals are doubly occupied, i.e.

’\IjReq( A;: Y )> C 7( |7Tu :vﬂ-u g, :rﬂ-)gk(g» llﬂuxﬂ-i yﬂ-;?vﬂ-g y>> +e (54)

or by a dominant configuration in which the 7 , and 7 , orbitals are spin-singlet coupled

\qugq(lAgy» Co Vw2 w2 milmidly 4o (55)
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The states in Egs. and are exactly degenerate in D,y but belong to different
irreducible representations in the Dy, subgroup: A, and B;,. None of the dominant con-
figurations in these two wave functions can be represented by a spin-restricted single de-
terminant, and thus cannot be obtained in standard spin-restricted Kohn-Sham DFT. By
contrast, the long-range wave function of MC-stDFT can describe the 'A, state in both the
Dy, irreducible representations of Eqgs. and . The method correctly predicts that
the 1A§2_y2 and 1Agy states are degenerate. As expected, the dominant configurations in
the long-range CAS wave functions are indeed given as the ones in Egs. and . In
Figure [3| (left), we have reported the value of |Cy|? for the dominant configuration in the
long-range wave function as a function of yu. The *%_, 1A§2_y2, and 'A% states behave re-
markably similarly, in agreement with textbook qualitative MO theory, and the same trend
is observed: A steadily decreasing value of |Cy|* as we increase pu, reflecting that the long-
range wave function must become more multiconfigurational to treat the electron correlation
effects moved from the short-range to the long-range parts with increasing p. The value of
|Co|? for the LA states decreases fastest with increasing mixture of long-range wave function.
Yet, at small values of p (including p = 0.4) we can expect that the singlet-triplet splitting
will be determined to a large degree by the leading configuration for each state, and by how
the short-range functionals translate the density obtained from the leading configuration
into an energy. Any possible error is therefore likely due to the stDFT functional (as will be
further discussed below). As a remark, we note that the 1A§2*y2 and 1A9gﬁy energies as well
|2

as their respective |Cy|* values are indistinguishable at all values of p. This shows that the

method treats singlet-coupled open shells qualitatively correct.

With these results in mind, we can also investigate the singlet-triplet splitting AF (3E; —
'A,). We note however, that we cannot expect accurate results due to deficiencies in the
employed short-range functionals. In particular, the short-range exchange does not cor-
rectly cancel the short-range Hartree self-repulsion for the singly occupied m orbitals in
singlet states. In case of O,, this can be seen from the above analysis of the dominant
configurations: the long-range wave function correctly describes a spin-singlet coupled state
in which the total spin density is zero but which locally may become both positive and
negative (perhaps as shown most obviously in the lAgy state, Eq. ) Yet, our present
stDFT functionals are not equipped with the ability to employ local spin densities, as re-

quired for a spin-singlet coupled state. We therefore expect too high energy of the 'A,
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FIG. 3. Left: Weight |Cg|? of the dominant configuration in the long-range CAS(12,8) wave
function for O, in the 32; and 'A, states at the equilibrium bond distance. The srLDA and
srPBE functionals give rise to practically identical long-range wave functions. Right: Singlet-
triplet splitting AE(*Y, — 'A,).

state and thus of the splitting (as indeed observed, see below). Our investigation of the
singlet-triplet splitting therefore focus mainly on the p-dependence whereas the values itself
is only briefly discussed. The dependence on p of the singlet-triplet splitting is shown in
Figure |3 (right) for different active spaces and short-range functionals and given in Table
[ for for selected values of p with CAS(12,8)-stDFT and CAS(12,16)-stDFT. In general,
the dependence on pu is moderate (at most a few kJ/mol) in the interval p = 0.1-0.5. The
difference is larger (=~ 25-30 kJ/mol) between the results obtained with the stTLDA and
srPBE functionals; thus there is a significant effect of employing a gradient-corrected func-
tional. Although the srLDA results are in fact closer to the experimental value than the
srPBE results, both functionals have the above-mentioned flaws leading to destabilization
of the singlet energy. Therefore, the good performance of srLDA must be considered for-
tuitous. We compare the splitting obtained with srLDA and srPBE to other results from
the literature in Table [l Our best theoretical CAS(12,16)-srPBE result yields a splitting
of 123 kJ/mol, which is in between the CCSD(T) and CCSDT results, but (as expected)
too large compared to the experimental value of 94.6 kJ/mol™. The fact that even CCSDT
and some of the MRCI results®! overestimate the experiment value by 20 and 16 kJ/mol,
respectively, emphasizes that the calculation of this singlet-triplet splitting energy is indeed
delicate. Only the highly accurate CCSDTQ and QMC methods are able to achieve a result

that is within 5 kJ/mol of the experimental value. A peculiar observation is that the small
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TABLE L. Vertical singlet-triplet splitting, AE(*S, — 'Ay) (in kJ/mol), for O, at the equilibrium
bond distance, calculated with CAS—srDFT employing different srDFT functionals and values of
p (in bohr™1).

Method p=00 p=01 p=03 pu=04 p=05 p=10 p—o00

CAS(12,8)-scLDA  96.96 95.11 95.18 95.82 96.86 102.24  92.35

(
CAS(12,16)-stLDA  96.96  96.97  97.66  100.13  103.53 107.78  110.44
(
(

Q

AS(12,8)-srPBE  127.62 123.79 121.24 120.36 119.88 118.92  92.75

CAS(12,16)-srtPBE  127.62  126.91 123.83 12299 122.80 125.74 110.44

Exp™ 94.6

active space CAS(12,8) is very close to the experimental result, and CAS(12,8)-srLDA is
almost identical to experiment. Both results are due to fortuitous error cancellation, as
extending the active space leads to deterioration. Yet, CAS(12,16) and CAS(12,16)-srLDA
are in fact still closer to experiment than both CCSDT and MRCI, showing that assessment
of the functionals can require some consideration of the active space employed. Finally, we
note that approaches based on perturbation theory (e.g. CASPT2 or NEVPT2) are likely
also to provide a reasonable spin-state splitting. Indeed, we performed a NEVPT2(12,8)
calculation which gives a singlet-triplet splitting of 92.35 kJ/mol. However, an in-depth
discussion of CASPT2/NEVPT?2 results is out of the scope for our current paper, where we
focus on MC-srDFT. To improve spin-state energetics, we are planning to make a number
of improvements on the stDFT functionals, e.g., employing local spin densities. One option

could be to employ the on-top pair density?*™ for this purpose.

B. The A, — *T,, spin-state splitting in [Fe(H,0)4]*"

We now turn to a system where methods such as CCSDT(Q are probably beyond reach.
The prototypical [Fe(H,O)q]*t complex has been described in numerous theoretical works
with a variety of methods. We will here focus on the °A, — Ty, transition, where in
our labeling we assume octahedral symmetry. The higher spin state (°A,) can qualitatively
be described as an open-shell d-complex with five singly occupied d-orbitals, whereas the

lower spin state (*Tq,) can be described as a doubly occupied orbital in the lowest-lying o,
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TABLE II. Singlet-triplet splitting, AE(*S, — 'Ay) (in kJ/mol), for O, at the equilibrium bond
distance. The CAS-srLDA and CAS-srPBE results are for = 0.4 bohr~!. Note that Refs. 5253
report the adiabatic energy difference, but with a difference of 0.008 A between R, for the two
states, this is expected to be of minor importance.

Method AECY, = 'Ay)

Our work (all with cc-pVTZ):

CAS(12,8) 92.35
CAS(12,8)-stLDA 95.82
CAS(12,8)-stPBE 120.36
CAS(12,16) 110.44
CAS(12,16)-stLDA 100.13
CAS(12,16)-stPBE 122.99
Literature:

CCSD(T)/cc-pVTZ 124.66
CCSDT/cc-pVTZ* 114.34
CCSDTQ/ce-pVTZ 99.48
MRCIP! 111.61
MRCI/cc-pVTZ> 98.40
QM(CH3 96.58
Exp. ™ 94.6

orbital level and a hole in the e, level. The lower spin-state thus does not involve a coupling
between spatially separated orbitals, suggesting that we will not observe errors due to the
lack of local spin dependence in the employed stDF'T functionals as described in the previous

section.

The experimental band for the A, — Ty, transition has a maximum at 12600 cm™*

72

(1.56 eV) in acidic, aqueous solution™. However, previous results obtained with CASPT2

and CCSD(T) have showed remarkably large deviations (up to 1.5 eV) from this value®*.
Large deviations were also found with the spectroscopically oriented configuration interac-

tion (SORCI) method™. On the other hand, both DET™" and the semi-empirical INDO/S
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TABLE III. Vertical quartet-sextet splitting (in eV) of [Fe(H,0)4]*", calculated with CAS-srPBE
employing different values of y (in bohr—1).

Method p=001 p=01 =033 =04 =05 =07 pu=10 pu=o

CAS(9,12)-srPBE  1.15 1.15 1.35 1.44 1.61 1.74 2.10 2.24

method seem to be reasonably accurate™. A recent study by Radon et al® pointed out
some of the possible failures of accurate ab initio methods. First, it was argued that the
second solvation shell was important, mainly for the molecular structure of the [Fe(H,0)]*"
core. If this effect is taken into account, even calculations on [Fe(H,0)y]*" are in significant
better agreement with experiment. Further, Radon et al®® argued that in addition to the
d orbitals, the employed CAS space should at least contain two o Fe-O bonding orbitals.”
This leads to a CAS space of 9 electrons in 12 orbitals, whereas some earlier studies em-
ployed the smaller CAS(5,5) and CAS(5,10) active spaces.™. The effect was estimated to
be around 0.24 eV on the transition energy. However, Radon et al'® also stressed that their
study was not directly comparable to some of the previous studies as they (unlike Ref. [73)
employed an IPEA-shifted zeroth-order Hamiltonian and also larger basis sets of which the
combined effect can be estimated to be around 0.3 eV on the transition energy.

Here, we start by investigating the dependence on  of the spin-state splitting AE(°A, —
*Ty,). Results for selected values of u are shown in Table Compared to the spin-state
splitting in O, (see previous section), the AE(°A, — *Ty,) spin-state splitting in the range
g = 0.4 — 1.0 bohr™! varies somewhat more with 1.15-2.10 eV for CAS(9,12)-srPBE. For
values in the interval p = 0.33 to u = 0.50 bohr~! expected a priori to be optimal, we do
obtain good agreement with the experimental value of 1.56 eV. The ”end-points” in Table
[11| corresponds to a pure CAS(9,12) (1 = oo) and pure PBE (u = 0.01); these respectively
overestimate and underestimate the experimental value significantly. It is gratifying the
range of p-values expected to provide the best results, indeed all are the best ones obtained
(an in fact, all closer to experiment than CASPT2 with srPBE). Yet, before more general
conclusions concerning the performance can be made, a larger span of systems must be
explored. In Table , we compare the CAS(9,12)-srPBE result at 4 = 0.4 bohr™! with
the CAS(9,12)-srLDA one, as well as results obtained with a number of other theoretical

methods. As mentioned above, the literature results show a rather large scatter, and all
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TABLE IV. Vertical quartet-sextet splitting (in eV) for [Fe(H,0)4]*". The CASPT2, CAS(9,12)-
stLDA, and CAS(9,12)-srPBE calculations are for the [Fe(Hy0)g]>" core with a molecular structure
that included the second solvation shell in the optimization, see Ref. [66l The CAS(9,12)-srLDA
and CAS(9,12)-srPBE calculations are for a range-separation parameter of u = 0.4 bohr~!.

Method AE(PA, = *Ty,)
[Fe(H,0)4)*" optimized in vacuum

Literature:

CCSD(T)H 2.47

SORCT# 2.07

CASPT2%4 2.64

[Fe(H,0)q)*" optimized with a second solvation sphere

Literature:
CASPT260 1.96
Our work:
CAS(9,12)-srLDA 1.14
CAS(9,12)-srPBE 1.44
Exp 72 1.56

the values for the quartet-sextet splitting are too large. Our result with CAS(9,12)-srLDA
shows the opposite pattern, it underestimates the experimental value significantly. The
corresponding values for p = 0.33 and p = 0.5 are 1.04 eV and 1.29 eV and are thus still
significantly underestimated. However, the gradient-corrected stDFT functional significantly
improves the spin-state splitting energy for the value y = 0.4. This shows that a GGA stDFT
functional is important, as it also was for O,. We found in previous section that y = 0.4
was a good compromise between flexibility of the long-range wave function to include static
correlation and ability of the stDFT functional to recover dynamical correlation. This value
also provides a very accurate estimate for the quartet-sextet splitting AE(°A, — 4Ty,) with
CAS(12,9)-stPBE. The result is 1.44 eV, only 0.12 eV below the experimental value. In
comparison, a calculation with CAS(9,12)PT2 on the same [Fe(H,0)4)*" molecular structure
gives a spin-state splitting of 1.96 eV, which is 0.44 eV too high. We note that y = 0.33 and
= 0.5 also give splittings better than the CAS(9,12)PT2 values.
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VI. CONCLUSIONS

In this paper, we have presented the theory and implementation of a generalization of
the MC—srDFT method to employ spin-dependent short-range density functionals. We have
applied the method to two well-known cases, namely the O, molecule which has a triplet

ground state, and the transition metal complex [Fe(H,0)]*".

For the O, molecule, a wealth of literature data exist for the spin-state splitting between
the 329_ ground state and the lowest-lying singlet state 1A, and QMC or CCSDT(Q methods
provide a value in very good agreement with experiment. The spin-state splitting has here
been investigated with a range of values for the range-separation parameter p, but the
splitting is not strongly dependent on p. Compared to the experimental value, CAS—srPBE
lies between CCSD(T) and CCSDT in accuracy. This is already impressive, but there is also
room for improvement, as the 'A, state is estimated too high in energy by both CCSD(T),
CCSDT and CAS-srDFT. The former two methods can be improved by higher-order cluster
expansions, but this comes at a high computational cost. An improvement (that will be
computationally cheap) for CAS-stDFT is to allow dependence of local spin densities in the
employed stDFT functionals, which is expected to lower the energy of the spin-coupled 'A,
state.

Next, we investigated the spin-state splitting AFE(°A, — *Ty,) in [Fe(H,0)e]*". In
this case, CCSD(T) and CASPT2 are both significantly off. A method such as CCSDTQ
is too computationally demanding, while CAS—srPBE shows very good agreement with

experiment.

It should also be emphasized that most other high-level methods require large basis set
expansions with high-order angular momenta to describe the electron-electron Coulomb cusp
accurately. The MC—srDFT method avoids this by replacing an explicit description of the
Coulomb cusp with an effective density functional. Hence, the basis set requirements can be
expected to be similar to regular DF'T, which is known for its fast convergence with respect
to basis set expansion.

The first studies shown here are promising, but it should be emphasized that further
developments are required. An obvious extension is to employ srtDFT functionals that
include the kinetic energy density, which has been developed for range-separated methods.™

Also, a good measure of local spin density, for example in terms of the on-top pair density ™,
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needs to be implemented to satisfactorily describe for example open-shell singlets which
exhibit zero mean spin density. Extension of the open-shell algorithm to molecular properties
via response theory will also be an important extension of the method. Developments in

these directions are ongoing.

In the future it would also be interesting to extend our state-averaged version of MC-

stDFT#2 in particular for unbiased location of conical intersections.

Appendix A: Gradient contributions from short-range GGA functionals

For an srGGA functional, the short-range exchange-correlation energy density eg._y. also
depends on the three gradient variables {cc(r) = Vpe(r)- Voo (r), Ess(r) = Vps(r)-Vps(r),
and &cg(r) = Vpe(r) - Vps(r) in addition to the electron charge density po(r) and the

electron spin density pg(r):

Egxelpes ps:&cc, ss: §os| = /esr—xc(pC<r)7pS(r)7§CC<r)7€SS<I'>7£C’S<I'>>dr- (A1)

where we for brevity define the integrand as eg,_.. The derivatives required for the electronic

gradient then become

Oesrxe  OCgye Opc(T) N Oegr-xc Ops(T)
o\ dpc O\ dps O\
Desr-xe Occ(r) N Oesr-xe 0 55(T) n Oesr-xe 0cs(T)
Occ O\ 0ss O\ Ocs O\
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and the derivatives required for the electronic Hessian become

826sr—xc - aesr—xc 82,0)( (I‘) + aesr—xc aQSXXO') + aesr—xc 82§CS(I.>
8/\16/\] n 8,0X éMZ@)\J agxx 8)\18)\] 8505 8)\,,(9)\]

+ Z 826sr-xc apX(I‘) apy(l‘) i 62€sr-xc 8§XX (I‘) 8py(r)
wiTos \OpyOpx 0N DN OpyO&xx O\ O\

Deqxe Opx(r) Oyy(r) N Pegre Oxx(r) 8§YY(I~))
IyyOpx O\ O\ OéyyOExx O\ O\

n Z ( Pegxe Opx(r) Kcs(r) N Pegre O0xx(r) 5505@))
xZos \OcsOpx  OXi 0 OcsOéxx  ON O\

D*esrxc 0¢cs(r) Ocs(r)
) W W

+

The first-order derivatives of the three gradient terms are

5, oD¢
&’C _22 V(r) - V() 52,

oD3,
o\’

) oD: oD,
ey = V() (VM )G+ Vos(r) a;q),

Pastr —22 (VO(x) - Vs(r)

and the second-order derivatives are

0*cc(r) oDS, dDY,

=9 0 @) Zrs_ P4

TONON, ; (Vi (r) - VU r) Z3 5,
>’DS,

+2 %}(vnpqm Voel) gy h

9*¢ss(r DS 9D5
=2 QO Oy (r)) s

o, 6)\ ; (V8 x) - VEe(x) 53 55,
82DS

+22Vqu r)- Vps(r )) )\0)\

pq

62505(1‘) B DC 8DS DS 6DC
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pg,rs

2 82DC
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