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electronic states. I. General formalism and application to open-shell states
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The solution of the time-dependent Schrédinger equation for systems of interacting electrons is gen-
erally a prohibitive task, for which approximate methods are necessary. Popular approaches, such
as the time-dependent Hartree-Fock (TDHF) approximation and time-dependent density functional
theory (TDDFT), are essentially single-configurational schemes. TDHF is by construction incapable
of fully accounting for the excited character of the electronic states involved in many physical pro-
cesses of interest; TDDFT, although exact in principle, is limited by the currently available exchange-
correlation functionals. On the other hand, multiconfigurational methods, such as the multiconfigu-
rational time-dependent Hartree-Fock (MCTDHF) approach, provide an accurate description of the
excited states and can be systematically improved. However, the computational cost becomes pro-
hibitive as the number of degrees of freedom increases, and thus, at present, the MCTDHF method is
only practical for few-electron systems. In this work, we propose an alternative approach which effec-
tively establishes a compromise between efficiency and accuracy, by retaining the smallest possible
number of configurations that catches the essential features of the electronic wavefunction. Based on
a time-dependent variational principle, we derive the MCTDHF working equation for a multicon-
figurational expansion with fixed coefficients and specialise to the case of general open-shell states,
which are relevant for many physical processes of interest. © 2011 American Institute of Physics.

[doi:10.1063/1.3600397]

. INTRODUCTION

Over the last couple of decades, substantial progress
in the field of laser technology has provided powerful tools
to probe the dynamics of excited electronic states in atoms
and molecules. Indeed, new radiation sources combining
high intensities with ultrashort pulse durations have been
developed, allowing for the time-resolved investigation of
dynamical processes which occur on subpicosecond time
scales. Prominent examples include studies of photoexcita-
tion dynamics'™ and ultrafast charge transfer processes "’ in
complex molecular systems.

The theoretical interpretation of these experiments offers
significant challenges, since it requires better approximations
for solving the time-dependent Schrodinger equation for
systems of many interacting electrons, taking into account the
excited character of the electronic states without hampering
computational performance. One of the most widely used
methods is time-dependent density functional theory®®
(TDDFT), in which the electronic density is propagated in
time. The popularity of TDDFT stems from the success
of its time-independent counterpart in electronic structure
calculations, as well as the possibility of including electron

3)Electronic mail: r.miranda@ucl.ac.uk.
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correlation effects in a numerically tractable way. Although,
in principle, TDDFT could yield the exact solution of the
time-dependent Schrédinger equation, in practice its results
need to be interpreted carefully, since it is nontrivial to build
an exchange-correlation functional which can accurately
describe localised excited states, e.g., polaron-excitons.lo
Further, since TDDFT only deals with the electronic density
and not with the many-body wavefunction, it can be difficult
to define several important physical observables in a rigorous
way: one important exception is the single-particle excitation
spectrum. The choice of a single Slater determinant repre-
sentation for the charge density also makes it difficult to see
how to construct a calculation starting from (for example) an
excited singlet state that requires at least two determinants in
a wavefunction calculation.

An alternative wavefunction-based approach, also with
low computational cost, is the time-dependent Hartree-
Fock!'"!3 (TDHF) approximation. This method consists in
restricting the electronic wavefunction to the form of a single
Slater determinant, built using a number of single-particle
orbitals, which are optimised according to a time-dependent
variational principle. The single-configurational nature of
TDHF is clearly insufficient to accurately describe the
excited states involved in most physical processes of inter-
est. This is especially true for the commonly used restricted

© 2011 American Institute of Physics
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version of TDHF, where the spatial parts of the single-particle
orbitals are identical for both spin states. An improved de-
scription may be achieved by relaxing this constraint, but
the resulting unrestricted formalism has only been employed
with limited success.'*

In recent years, considerable effort has been devoted to
generalising the TDHF method, by expanding the electronic
wavefunction into several Slater determinants,'>'° rather
than a single one. This multiconfigurational time-dependent
Hartree-Fock (MCTDHF) approach exploits the idea of vari-
ationally optimising the expansion coefficients, as well as the
single-particle orbitals used to build each configuration. This
allows for a much more effective sampling of the many-body
Hilbert space in comparison with expansions which use time-
independent configurations. The MCTDHF method systemat-
ically improves the description of electron correlation effects
towards the exact solution of the time-dependent Schrédinger
equation, as more and more electrons are added to an increas-
ingly large active space.

In its current formulation, MCTDHEF is only practical for
few-electron systems, since the wavefunction expansion quite
rapidly becomes prohibitively large as the number of degrees
of freedom increases (the computational time has an exponen-
tial dependence on the number of electrons). In this work, we
take a complementary approach which aims at establishing a
compromise between efficiency and accuracy, thus allowing
for the study of much larger systems. The idea is to retain
the smallest possible number of configurations that catches
the essential features of the electronic wavefunction, notably
its spin symmetry. This is important, as it allows us to distin-
guish between singlet and triplet excited states, which exhibit
quite different properties. The single-particle orbitals used to
construct the wavefunction expansion are then optimised ac-
cording to a time-dependent variational principle. However, in
contrast to the work of Refs. 15-19, the expansion coefficients
are held fixed. In this way, we are implicitly assuming a min-
imal description of the electronic wavefunction, such that, for
symmetry reasons, the expansion coefficients can be treated
as time-independent. We are particularly interested in special-
ising to the case of general open-shell states,”*>> which are
relevant for many physical processes of interest, such as the
dynamics of photoexcitations in molecules.

The remainder of this paper is organised as follows. In
Sec. II, we derive the MCTDHF working equation for a mul-
ticonfigurational expansion with fixed coefficients, using the
Dirac-Frenkel formulation of the time-dependent variational
principle.'>?%2* In Sec. III, the method is applied to the
case of general open-shell states. The illustrative examples
of closed-shell and open-shell singlet states are considered
in detail. Finally, a comparison with related work is given in
Sec. IV, and Sec. V is devoted to concluding remarks.

Il. GENERAL FORMALISM
A. MCTDHF working equation

Consider a system of N interacting electrons, described
by the Hamiltonian?’

J. Chem. Phys. 134, 244101 (2011)

N o 1 RN
H= ZEjCjcj +5 Z %jklcjcjclcks (H
i ikl

where 6j (¢;) creates (annihilates) an electron in the molecular
spin-orbital ¢;, and

1y = [ 61@7 0@,
@
Vi = [ 61©087(EVE 200108 des’

The operators 7 and V gather all the one-electron and
electron-electron interactions, respectively, and & = {r, o}
denotes collectively the orbital and spin coordinates of an
electron.

The task of finding an approximate solution to the time-
dependent Schrodinger equation,

ih|) = H|W), 3)

requires that we specify an ansatz for the electronic wavefunc-
tion. We will assume that this has the form of a superposition
of Slater determinants,

) = Caley - Guy) = Y Cal®a)s (@)

with fixed expansion coefficients, Cy. Although this multi-
configurational form is quite general, we have in mind a min-
imal description of the electronic wavefunction, which retains
the smallest possible number of Slater determinants required
to generate an eigenfunction of the spin operator. In this case,
the expansion coefficients are uniquely defined (up to an over-
all phase factor) and can be regarded as time-independent. For
instance, in a photoexcitation process, absorption of a pho-
ton creates an open-shell singlet state, which can be written
as a sum of two Slater determinants, provided that electron
correlation is not too important. The time evolution of such
a state, under a spin-independent Hamiltonian, clearly does
not introduce a phase difference between the two configura-
tions, in order to preserve the proper spin symmetry. For this
reason, in a minimal model to study the dynamics of such
an excited state, the expansion coefficients can be considered
time-independent.

Each configuration in Eq. (4), ®,, is built using N molec-
ular spin-orbitals, indexed by «;, from the complete set {¢;}.
Although some orbitals may not be included in the expansion,
the existence of such a complete set can always be assumed.”
Our goal is then to derive a set of optimal equations of motion
for the (single-particle) molecular spin-orbitals. Stated in an
equivalent way, we wish to find a single-particle, Hermitian
operator, R, that provides the best self-consistent approxima-
tion to the true evolution of the many-body wavefunction, W:

ifiW) ~ RIW) = > Ryele;|w), (5)
i,j

where

R = /¢;k(§)1é(g)¢j(§)dg =ihf¢§‘(§)¢'>j(£)d§- (©6)
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244101-3 Efficient MCTDHF method for excited states

Note that R|W) is equivalent to a sum over the time derivatives
of the single-particle orbitals. It is clear that this can only pro-
vide an approximation to the true evolution of the many-body
wavefunction, since R is a single-particle operator, unlike the
Hamiltonian [Eq. (1)]. This is a fundamental consequence of
keeping the coefficients fixed in the wavefunction expansion,
which is meant to be highlighted through the use of the ap-
proximation sign in Eq. (5).

The evolution operator R (and, hence, the optimal equa-
tions of motion for the molecular spin-orbitals) may be
found using the Dirac-Frenkel time-dependent variational
principle.'>2*2* In this formalism, one varies the action
integral

I[qj]zfz(\pm—ih%\y)dt, (7)

5]

with fixed end points. This procedure yields the variational
equation

f D LD
<8\IJ|<H—1h§>\11>+<<H—1h5>\11|5\11>=0, ®)

which must be satisfied for arbitrary variations, §W, of the
approximate many-body wavefunction, W. Although Eq. (8)
is usually stated directly as the Dirac-Frenkel variational
principle,'>?* the underlying principle is always the integral
formulation, which is necessary to justify the presence of the
time derivative acting on the bra (in the second term) by par-
tial integration.

To write the variation, let us consider the effect of a small
rotation of the orthonormal set of molecular orbitals,

N= eMig;). ©)
J

Notice that, since the new orbitals also form an orthonormal
set, the matrix of orbital rotation (or mixing) parameters, A,
must be anti-Hermitian,

Ay = =A%, (10)

The transformed wavefunction can be written as
Z Co ]_[ FARATS (11)

where the symbol []" means that the product runs over the

subset of spin-orbitals included in ®,, and é:.T creates an elec-
tron in the rotated orbital ¢;. This operator can be expressed
in the basis of the original orbitals as>

=" (lhet (12)
j
or since we are considering small rotations,
&t~y @5+ Ak (13)
J
Inserting Eq. (13) into Eq. (11), we obtain to first order in A,

y %an[l_[c 8| Do) +ZZAJ,C &Py ]

= W)+ Y Al ), (14)
ij

J. Chem. Phys. 134, 244101 (2011)

from which we identify

8W) = Ajicie|w). (15)

This methodology has the obvious advantage of incorporating
the orthonormality constraints by construction. Furthermore,
it provides physical insight into the structure of the varia-
tion, thus facilitating the elimination of redundant parameters,
which is of key importance.

Combining Eqgs. (5), (8), (10), and (15), the variational
equation can be recast in the form

Y AW - R, élé;1w) =0, (16)
iJ
or after inserting the Hamiltonian [Eq. (1)] and doing some
operator algebra,

Z Aij{ Z [(Tki — Rk,')p]((li) — (Tjx — Rjk)pi(li)]
’ k 17

2 2
+ § [Vklimplglznj - ijmlp;kl)m]} =0,
k,l,m

where

1 AT A
P = (Wiele;|w),
@ AT AT (18)
Oijr1 = (W|¢;¢; CkCl|‘y)

denote the one- and two-body reduced density matrices,?> 26

respectively. Equation (17) constitutes the basic MCTDHF
working equation. To carry on the derivation of the equations
of motion for the single-particle orbitals, it is necessary to fur-
ther specify the form of the one- and two-body reduced den-
sity matrices. In Sec. III, we will do so for general open-shell
states, with the special cases of closed-shell and open-shell
singlet states being treated explicitly.

B. Conservation properties

In order to obtain proper dynamics, it is crucial that the
equations of motion conserve energy (for time-independent
Hamiltonians) and preserve the orthonormality of the molec-
ular spin-orbitals. To establish energy conservation, we can
resort to the Dirac-Frenkel variational principle directly. In
general, we can write?*

|SW) = |W)ést. 19)
Substitution into Eq. (8) yields
(U|H|W) + (V|H W) =0, (20)

which shows that energy is conserved throughout the dynam-
ics if the Hamiltonian is time-independent. The conservation
of orthonormality,
d . ;
a<¢i|¢j> = (¢il®)) + (®il9;) =0, 2D
follows trivially from the requirement that the effective
single-particle operator R is Hermitian, on view of Eq. (6).
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244101-4 Miranda et al.

lll. APPLICATIONS
A. Closed-shell singlet state

We now specialise the variational approach of Sec. II A to
the case of a closed-shell singlet state and a spin-independent
Hamiltonian. The wavefunction takes the form of a single
Slater determinant,

(W) = |¢161 2002 -+ Puhn). (22)

In the above expression, ¢; (¢;) denotes a spin-up (spin-down)
state and n = N /2. Spin symmetry suggests the use of a
restricted formalism, for which the spin-up and spin-down
states possess the same orbital part. It also suggests that we
set

Aim,jtrj = Zijama,-v (23)

thus considering only the mixing between the spatial parts
of the molecular spin-orbitals. The relevant operators are all
spin-independent, with matrix elements satisfying

Tia,-,jaj = Tijsa,aj,
Vio:joj korlor = Vijki86:0,85,015 24)
Ris; jo, = Rijds0;s

where

T = [ or0rt s ar,
V= [ 610080900 (s arar's 29

By = [orokmemar = in [ g:wdmar,

and ¢; now denotes the spatial part of the molecular spin-
orbitals alone.

Using the standard rules for the behaviour of creation and
annihilation operators,” the elements of the one- and two-
body reduced density matrices can be easily computed. The
result is

()]
pia,-,ja,-

(2)

piaijaj,kaklm

= Sij(sa,»aj s
(26)

= 8i18jk50,018a,-m< - 5ik8j18(7,-0k80,-ms

when all the indices refer to occupied orbitals, and zero oth-
erwise. Inserting Eq. (26) into Eq. (17), we can write the vari-
ational condition as

Z Z,Aiai,ja/ I:(Tjaj,iai - Rj(fj«iax)

i,0i J,0;

2 :/
+ (Vj(r,-kak,ia,-kak - Vja‘fkdk,kakia,-)i|

k.o

- Z/ Z Aic,,jaj |:(ch,>,1'0, - RjU,’,iU,)

i,o; J,oj

+ Z,(Vj(rjk(rk,ia[k(rk - Vj(rjkak,k(rki(r,‘)i| = 0, (27)

k,O’k

J. Chem. Phys. 134, 244101 (2011)

where the symbol Y means that the sum extends only over
occupied molecular orbitals. Performing the summations over
spin, with the help of Egs. (23) and (24), yields

Z Z’ 2A;; [(fj,« - R+ Z/(Zvjkik - ijki)i|
j k

i

— Z’Z 23,7 |:(i:ji - ﬁji) + Z/(zvjkik - ijki)] =0.
i j k

(28)
Let us now introduce the (closed-shell) Fock
operator, 12,24
F=T —i—Z/(ij — Kp), (29)
k

where J; and K are Coulomb and exchange operators,'>2*

defined by

i) = [ / SLENV (. ) dr/}qx(r),
(30)
Re(r)di(r) = [ / SEE IV (r, Py dr’]qsk(r).

Clearly, we have

Fii=(¢jIF1¢0) =Tji + > _'QVitr — Vi), (31)
k

and thus the variational equation can be rewritten as

Z Z/Zzi,‘(fji - Eji) - Z/Z ZZU(F_/,‘ - ﬁji) =0.
i i J

(32)

Introducing the occupation numbers,

2, if ¢; is doubly occupied
n; = ) (33)
0, otherwise,

it is possible to gather the two terms in Eq. (32),

> Aij(nj —ni)(@,|F — Rig) =0. (34)
ij

Hence, the choice R = F satisfies the Dirac-Frenkel varia-
tional principle, and the optimal equations of motion for the
spatial part of the single-particle orbitals read

i) = Fli), (35)

as expected (this is the usual TDHF result''~!3). Notice that
there is a certain degree of arbitrariness in this choice of the
effective single-particle operator R, since Eq. (34) is auto-
matically satisfied when n; = n;. Thus, the relevant matrix
elements are those connecting the occupied and virtual sub-
spaces, for which the choice of R is unique.

B. Open-shell singlet state

Let us now consider the case of an open-shell sin-
glet state and a spin-independent Hamiltonian. The spin
symmetry arguments of the single-configurational case can
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244101-5 Efficient MCTDHF method for excited states

still be invoked, and thus Egs. (23)—(25) remain valid. In this
case, the wavefunction is the sum of two Slater determinants,

1 _ _ _
V) = E|¢1¢1 o G 1P Py Pe)
1 _ _ _
+ E|¢1¢1 o Pu1Pno1 Deby)
1
—(|®1) + |D2)), (36)

v

corresponding to a singlet arrangement of a set of n — 1 dou-
bly occupied orbitals and two singly occupied orbitals, la-
belled “v” and “c” (motivated by the physical picture of an
excitation from the valence band to the conduction band in
periodic systems, e.g., conjugated polymers). As before, the
elements of the one-body reduced density matrix are trivial,

n;
O = 28118010, 37)

O; io;,jo; 2
with the populations

2, if ¢; is doubly occupied

—_—

n; = , if ¢; is singly occupied (38)

0, otherwise.

However, the two-body reduced density matrix possesses a
more involved structure, which we will describe briefly. When
all the indices refer to occupied orbitals, its elements can be
written as the sum of two terms (we recall that they are zero
otherwise),

1
(2)
)Omljgj kowloy — E(Viaijaj,kaklal + ;ia,ja,',kckla,)' (39)

i,],0,0

J. Chem. Phys. 134, 244101 (2011)

The first one, given by

Yioijorkorloy = (8118 jk86,6:86,0, — Sik8j106,0,00;07)
X [(1 = 8iv30,y — 8jv00;1)
X (1 = 8;c86;4 — 8jcbo;1)
+ (1 = 8iv85,4 — 8jv86,1)
X (1 = 8icbg;) — 5jc30,-¢)], (40)

arises from contributions, such as (®;|é! Cio, Ja Cko, Cioy | P1),
which are only nonzero when we annihilate and create the
same pair of orbitals. Since each configuration is “miss-
ing” two states (¢,, ¢. are not included in ®;, and ¢,, @,
are not included in ®,), some combinations of indices re-
ferring to occupied orbitals only give a partial contribution
to the total matrix element, via (d>1|cm jo Cro, Clo, | P1) O

<(D2|C et Cko, Cig, | P2) (but not both). In Eq. (40), this is ac-

io; = joj
counted for by the term in square brackets. The second con-
tribution is given by

8k081v80kT8ml)
+ aicsjvaaiisam(akcalv(sokﬁ*sali_ 8kv51680k¢5011‘)
+ (Sicsjv&nTsajl(akL'alt780k¢861T_ Skv‘glcaamaml)

+ 8iv5jc(str,-i(SUjT(SkVSICBGk?(SU/L_ 8kc8lv80kLSG/T)a
(41

Cka éla, | q)2) and

é—ia,ja_,-,kaklm = 5iv5jcaa,-T(Saji(gkv&c&rkism? -

and arises from the cross terms (<I>1|cu7 o,

(d>2|c“r jo, Cko, Clo, | P1). Since the configurations included in
the wavefunction differ in two orbitals, namely the singly oc-
cupied ones, these terms are only nonzero when we annihi-
late the singly occupied states that appear in one configu-
ration and create the respective states included in the other.
Equation (41) expresses all the allowed ways in which we can
accomplish this.
With these results, Eq. (17) reads

n; n;
Z Aiai,jaj |:?J(Tjo,-,ia,- - chr,-,ia,-) - _(qu,-,io,v - Rja},-,io,v):|

2

nj
+ Z Z///Aigi,jaj |: Z ?(Vjajkok,ia,'kak - V_]'ajkak,kokiai )i|

i,0; 0 k,o%

" nj
- Aitr,-,ja,- ?(Vjajkak,imkm(

i,o;  J,0j k0%

N % Z Z/Aiai,jfff [Z/”(Vjt];ko‘k,iaikak -

i,0i J,0j k.o

+ % Z/ Z Aim,_/o’ |: Z,//(Vjajk”k’imkm‘

i,o; j,0; k,ox

- Vja,-ktrk,kakizr,- )i|
Vjajkak,kakia,- )]

- Vjajkak,knkia,-)]

1
+ E Z[Aiai,vT(VvﬁcJ,,ioici - VL\LvT,ia,»c\L + Vc’rvi,ia,»ci - VvicT.imci)

i,0;

+ Aiai,vi(vvicT,iaicT - Vchi,iaicT + Vch?,ich - VvTcL,ia,-cT)
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+Aic7,-,c¢(Vch¢,ia,-vl - Vv¢cT,ia,-v¢ + VvTaL,iva - VCLVT,[G,-VL)
+ Aiai,ci(vcivT,ia,-vT - VvTci,imv? + Vvic?,imv? - Vchi,ia,-vT)]
1
- E Z[AVT,ja,v(Vjajci,vTc\L - Vjo,ci,civ? + Vj(rjci,chJ, - Vja‘,vc\L,vJ,cT)
J:oj
+ Av\L,ja‘,v(Vjach,vlcT - Vja‘,ch,ch\L + VjO'fCT,C\LVT - Vja},-cT,vTcL)
+ Ac‘T,_iaj(Vjajvi,chL - Vja,»vi,vic’r + Vjcjv\L,vTc\L - Vjajv\L,c\Lvﬁ)

+ Aci,j(f/(vj(r/vT,clvT - anjvT,va + Vja/vT,vicT - VjajvT,chi)] = 07 (42)

"

where the symbol )

means that the sum runs over both doubly and singly occupied molecular orbitals (but not empty ones),

and Y is used for sums which extend only over singly occupied orbitals. Using Egs. (23) and (24) to perform the summations

over spin, yields

Z Zij [nj(i'i - ﬁji) - ni(’fji - Eji)] + Z Zmzij an(zvjkik - ijki) - Z/”Z Zij an(zvjkik - ijki)
ij P k P k

=Y DA, Z///ijkik — Viu) + > A Zw(zvjkik — Viu) + > [Aiv(Vacie + Voeei) + BieWVeriv + Vo)l
T, K i k i

- Z [Zvj(vjc'vc' + i7jccv) + chj(‘?jvc‘v + Vjvvc)] =0.
J

Explicitly separating the sums that run over all occupied states
into contributions from orbitals with double and single occu-
pancies, and collecting similar terms, we obtain

Z Zij[nj(i:ji — Eji) — ni(i‘i - Eji)]
ij
"X 1 v v
+ Z { Z Aijnjl:i an(Zijik - ijki)i|
i j k
2% 1 ” %4 %
+ Z A,-jnj|:§ Xk: nk2Vikix — Vikki)
J
I, o~ ~
+ 5 Z e 2Vikik + 2Vii)(1 — 5jk)]}
k
1729% 1 7 %
— Z Z Ajjn; 3 an(Zijik — Vikxi)
; i k
~ 1 1" >4 7
+ IZ/Aijni |:§ ; nk2Vikik — Vikki)
I, o~ ~
5 Y@V + 2V = 50| =0, 44
k

where the symbol }” means that the sum extends only
over doubly occupied molecular orbitals, and we have con-
veniently introduced some occupation numbers.

It is clear from the form of Eq. (44) the emergence of
Fock-like operators which depend on the orbital occupation,
in contrast with the case of a single Slater determinant. Specif-
ically, all the doubly occupied orbitals possess the same Fock
operator, whereas each singly occupied orbital has its own.
Gathering groups of orbitals with the same Fock operator in a

(43)

shell, labelled by wu, v, ..., we can rewrite Eq. (44) as
SOY A8 In" FY = ntFr — (" — n")RIg;,) =0,
MoV by, o
(45)

where i, runs over orbitals of shell u, n* =0, 1, 2 denotes
the occupation number of an orbital in shell u, and the Fock
operator for shell o (i # 0) is given by

A . -
Pr=1+3 > Zn“(z.ljv - bk}, (46)
v Jv

with
11 1
b=]|1 2 -2 1, (47)
1 -2 2
where we adopted the conventional ordering,”’-?? in which

u =1 labels the doubly occupied shell, and p = 2, 3 refer
to the singly occupied ones. Notice that we also consider the
subspace of unoccupied orbitals as a proper shell (labelled by
n = 0), even though its Fock operator is undefined (this is,
however, irrelevant since it is always premultiplied by zero),
and therefore this shell is not included in the definition of b
given above.

From Eq. (45), we can see that mixing orbitals that
belong to the same shell does not lead to any change in
the variational quantity, and thus the terms with u = v can
be safely disregarded. Equivalently, as already encountered
in the single-configurational case, there is a gauge freedom
to choose the matrix elements of R within the subspaces
spanned by each shell. For simplicity, these will be set to
zero. Additionally, the contributions which arise from mix-
ing orbitals of different shells, but with the same occupation
number, in general differ from zero regardless of the choice of
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244101-7 Efficient MCTDHF method for excited states

the operator R. Hence, the corresponding orbital rotation pa-
rameters must be set to zero in order to satisfy the variational
principle. This is consistent with neglecting two-electron pro-
cesses which change the shell structure and can only be de-
scribed using a formalism with time-dependent expansion
coefficients.

With the above considerations, the variational equation
reduces to

> S K lnt B =t B — " = n)Rigy,) =0,

oV
(n#£n")
(48)

which suggests that we set

N " EY —ptEr

R= ) PP, (49)

v n"—n
(n##n")

where P" is a projector onto the subspace spanned by shell
M’

= 1¢i,) (1. (50)
Clearly, this choice satisfies the Dirac-Frenkel variational

principle. The optimal equations of motion for the spatial part
of the single-particle orbitals thus read

A v fv
o At —n"FY
ifld,) = §M P Pl 6D
(n"#n*)

C. General open-shell states

We now turn to general open-shell states, within a spin-
restricted formalism. These are characterised by the one- and
two-body reduced density matrices

12

M s
’OIMU/M ]V(r/v - 2 LuJv™0iy, Tjy 2
n*nY

2

Pi 1Oy Jv Oy ka0, Leor, ™

n
[(4 Hv—bﬂu)(8lul ajvkkamumk 5U/V0k

- 3im 8,183, 01, 801,01, )

+ Z(CZMU - buv)(aiuk,\(sj“lkémumx Sa_fvmq
- Si#l,( (Sjvkk(sa,'# Ok;, 30'1‘\,0'1,( )]7
(52)
where
a®’ = g"*
o o (53)

are numerical coefficients (or state parameters) specific to the
particular form of the wavefunction,?*?> which in general is
a sum of many Slater determinants. Equation (52) leads to the
energy expression

E = Zznu Tiin+ ~ Z Znﬂn (261“” s — b/le”]U)

oV iy Jy
(54)

J. Chem. Phys. 134, 244101 (2011)

which is the more familiar way to define a general open-shell
state.”-?2 Notice that the closed-shell and open-shell singlet
states of Secs. III A and III B are special cases of this broad
definition. For a closed-shell singlet state, there is only one
occupied shell, and the state parameters read a = b = 1. As
we have already seen, in the case of an open-shell singlet state,
there are three shells, b is given by Eq. (47), and

I 11
a=|1 1 1]. (55)
1 1 1

Many other important electronic states of atoms and
molecules fall into this category. Most notably, it includes
all possible spin-adapted states that can be generated from a
given electronic configuration.’%->2

To derive the optimal equations of motion for the single-
particle orbitals, we now proceed as in Secs. III A and III B.
Inserting Eq. (52) into Eq. (17), and summing over spin, af-
ter using the Kronecker deltas to eliminate several sums, we
obtain

)IPINIH {"v(fw = Rjy) = (T,

sV iy o

|: Z Z n*(2a"*Vv jvkwkA b V vkiks lu)il
s
1 » ~
—nt I:E Z Z n)\(za/tk Vlvkki}ik)\_ - b/M Vj,,k)\k,\i# ):| } = O’
A

= Rji,)

ks,
(56)
ie.,
DO A" = n F— (' —n*)R|¢;,) =0,
v iH’j\/
(57)

where the Fock operator for shell i (u # 0) takes the gener-
alised form

Fr=T+ = ZZ Y(2a" J;

vy

—b"K;).  (58)

As before, in order to satisfy the Dirac-Frenkel variational
principle it is necessary to zero the mixing parameters be-
tween orbitals of different shells, but with the same occupa-
tion number. Also, the terms with © = v may be ignored, as
they do not change the variational quantity (again, we will
use this gauge freedom to set the matrix elements of R within
each shell subspace to zero). We are, thus, lead to the choice

N n'Fv — ptFr

_ w1 m
R= Z P — —_— PH, (59)
(n"in )

and the optimal equations of motion for the spatial part of
the single-particle orbitals have the form of Eq. (51), with the
Fock operators given by Eq. (58).

We conclude this section with a discussion of the cost
of the numerical implementation of the proposed scheme.
In all the applications we envisage, the number of occupied
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shells, Nghens, Will be fixed by the spin symmetry, indepen-
dent of system size, and in addition will be much lower than
the size of the basis set, Npuis. This is typically the case
when only a few configurations are included in the wavefunc-
tion expansion, e.g., for an open-shell singlet state. In such
a case, the computational bottleneck lies in the calculation
of the two-electron Coulomb and exchange terms required
to build the matrix form of the Fock operators, exactly as in
the TDHF method. The formal scaling is NShellsNIjasis’ since
the total number of two-electron integrals increases as N .
and Ngpes different Fock operators must be constructed. If
semiempirical parameters are used instead, the numerical ef-
fort can be more favourable, of the order of N7 ;.. In the limit
of Nshens <K Npasis, the proposed method requires only a few
more matrix multiplications than the TDHF method, and thus
exhibits a comparable computational cost.

IV. COMPARISON WITH RELATED WORK

Let us now consider the case of a multiconfigurational
expansion [Eq. (4)] with time-dependent coefficients, Cg(?).
The time evolution of the approximate many-body wavefunc-
tion reads

ifi|\W) =i Y Col®a) + R|W), (60)

where the first term on the right-hand side arises from the
time dependence of the expansion coefficients, and the sec-
ond one emerges from the time dependence of the molecular
spin-orbitals. As we have seen in Sec. II A, this latter contri-
bution is conveniently expressed in terms of a single-particle,
Hermitian operator, R, which is to be found through a varia-
tional procedure. In the case under consideration, the expan-
sion coefficients need to be variationally optimised as well.

Since the expansion coefficients and the single-particle
orbitals used to build each configuration are independent vari-
ables, the many-body wavefunction can be varied separately
with respect to each of them. The variation with respect to the
expansion coefficients can be written as

BeW) =) 8Cu|Pa). (61)

o
Application of the Dirac-Frenkel time-dependent variational
principle [Eq. (8)], with the variation given by Eq. (61), yields

ihc’a=2<q>a|ﬁ—1é|q>ﬂ)cﬂ. (62)
B

As shown in Sec. IT A, the variation with respect to the orbitals
can be expressed as

1850) = > Ajéle;|w). (63)
ij

Combining Egs. (8), (60), and (63), we obtain

+ihY (CiCp+ c;Cﬂ)<q>a|aj@j|q>ﬂ>} =0. (64)
o, B

J. Chem. Phys. 134, 244101 (2011)

Notice that, if the time evolution of the expansion coefficients
only changes the wavefunction by an overall phase factor,
Eq. (64) reduces to Eq. (16). In this case, the derivation of
the optimal equations of motion for the single-particle orbitals
follows that of Sec. III C, for general open-shell states and a
spin-independent Hamiltonian. Also, in such a case, Eq. (62)
may be disregarded, since an overall phase factor is unimpor-
tant for the calculation of physical observables.

We now proceed assuming that the wavefunction expan-
sion is built from all (%) possible configurations obtained by
distributing N electrons over M spin-orbitals. In principle,
Eq. (64) should uniquely determine the single-particle opera-
tor R, which in turn could be used in Eq. (62), that governs
the time evolution of the expansion coefficients. Let us ex-
amine Eq. (64) more closely to see whether this statement
holds for such a complete active space expansion. First, we
note that the terms which involve mixing unoccupied orbitals
are equal to zero, since, in this case, éjé i1®e) =0 for all
configurations included in the wavefunction expansion. The
contributions which arise from mixing occupied orbitals are
also equal to zero. This is most clearly seen by combining
Egs. (62) and (64),

Y AGUWIH — RY(1 = Pcle;w)
ij

—(Wlele;(1 — BYH — R)|W)] =0, (65)
with

P =7 1a){Pal. (66)

When the indices i, j both refer to occupied states, 6;6 1)
generally yields a superposition of Slater determinants, all
of which are included in the expansion. However, this is
eliminated by the action of the projector onto the virtual
subspace, 1 — P. Finally, we note that the matrix elements
(Cba|6j Cj|®g) are only nonzero when the indices i, j both
correspond to occupied orbitals. With these considerations,
Eq. (64) can be recast in the form

Y 8| K R+ Y Vina |
i k

k,l,m

+y Z’Ai,[Z%Tki - R)py; + Z’Vkump,i%;j} =0,
i j k kd,m
67)

where the symbol ) " means that the sum extends only over
occupied molecular orbitals, and Z” is used for sums which
run over empty states. It is clear that Eq. (67) can only deter-
mine the matrix elements of R between occupied and unoc-
cupied orbitals (and vice versa), but not within the occupied
subspace. On the other hand, these latter terms are precisely
the ones required in Eq. (62). They remain, however, unde-
termined and it is necessary to introduce further constraints.
This is in striking contrast with the case of a multiconfigura-
tional expansion with fixed coefficients, for which the neces-
sary matrix elements are determined from the Dirac-Frenkel
variational principle alone, as we have seen in Sec. III.
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244101-9 Efficient MCTDHF method for excited states

This problem can be overcome by exploiting the invari-
ance of a complete active space wavefunction with respect to
unitary transformations of the single-particle orbitals, com-
pensated by reverse transformations of the coefficients.!”-!?
Such property guarantees that the single-particle operator R
can be chosen arbitrarily within the occupied subspace, in
analogy with the (more restricted) gauge freedom observed
for general open-shell states. The simplest possible choice
reads'>1?

Ri; = ifi(¢ild;) =0, (68)

for all pairs i, j of occupied states. With this choice, Eq. (62)
reduces to

iiCy =Y (gl H|Pp)Cp, (69)
B

and the optimal equations of motion for the occupied orbitals
follow from Eq. (67). Since the real and imaginary parts of
the orbital rotation parameters can be regarded as independent
variables, the two terms on the left-hand side of Eq. (67) can
be equated to zero separately. Taking only the first term into
consideration, we find

z/[mk ~ R + z/v,-kmm;,z;m} _o, (0

k I,m

where the indices i, j refer to occupied and unoccupied states,
respectively. Multiplying Eq. (70) by the inverse of the one-
body reduced density matrix, p'¥, whose existence can al-
ways be assumed,?® yields

(¢, RIpr) = <¢,|(f|¢i> + Z/pf,?p,i?fnansn)), (71)

k,l,m,n

where
Vi (&) = / o (ENV(E, ENpum(E) dE . (72)

Since j labels an empty state, we can introduce the projector
onto the subspace spanned by the unoccupied orbitals,

O=1-)"Ig)igil = "16,)(8,1. (73)
i J
and rewrite Eq. (71) in the equivalent form

(¢, RI¢1) = <¢>_,-|Q(T|¢>,~> + Z’ﬁfk‘)pﬁfnmml¢n>). (74)
k,l,m,n

Thus, the optimal equations of motion for the occupied
molecular spin-orbitals read

ifi| i) = Q<f|¢,~> + Y B o Vzm|¢n>). (75)
k,l,m,n

The presence of the projector in the above expression guar-
antees that the conditions specified by Eq. (68) are met at all
times throughout the propagation of the orbitals. Also, it is
easy to show that equating the second term on the left-hand
side of Eq. (67) to zero, provides no further information, as it
yields the complex conjugate of Eq. (75).

J. Chem. Phys. 134, 244101 (2011)

The coupled set of Egs. (69) and (75) has been previously
derived in Refs. 15-19. It is clear that the numerical imple-
mentation of these expressions incurs a much higher cost than
for the equations of motion derived in Sec. III C for general
open-shell states. Indeed, the computational cost is exponen-
tial in the number of electrons, and thus quite rapidly becomes
prohibitive as the number of degrees of freedom increases. For
this reason, the application of this method is currently limited
to few-electron systems.ls‘19

In many processes of interest, the description of elec-
tron correlation effects does not require the level of accuracy
inherent to the MCTDHF method for a large wavefunction
expansion with time-dependent coefficients, and the essen-
tial physics is well described in terms of simple spin-adapted
states, for which the expansion coefficients can be regarded
as time-independent. In such cases, the method devised in
Sec. IIT C for general open-shell states offers an attractive
alternative. Strictly speaking, the description of several im-
portant two-electron processes, such as those governing exci-
ton transfer between molecules,?’ requires a formalism with
time-dependent coefficients (although not necessarily a large
number of configurations). Within the proposed scheme, this
is only accounted for in a mean-field way. The advantage is,
of course, that it is designed to treat the dynamics of excited
electronic states at a computational cost comparable to that of
the TDHF method, thus allowing for the study of large sys-
tems of interacting electrons.

V. SUMMARY AND OUTLOOK

We have developed a multiconfigurational method for
the approximate solution of the time-dependent Schrédinger
equation for systems of interacting electrons, which effec-
tively establishes a compromise between efficiency and accu-
racy in the description of excited electronic states. Based on
a time-dependent variational principle, we have derived the
MCTDHF working equation for a multiconfigurational ex-
pansion with fixed coefficients, and specialised to the case of
general open-shell states, which are relevant for many physi-
cal processes of interest.

The proposed scheme offers an attractive alternative to
the MCTDHF method based on a complete active space ex-
pansion with time-dependent coefficients, when an accurate
description of electron correlation effects is impractical, or
not required. With a computational cost comparable to that of
the TDHF method, the study of large systems of interacting
electrons can be readily performed.

As we shall see in forthcoming articles in this series,
when combined with a classical description of the ionic de-
grees of freedom (mean-field approximation), this method
provides a powerful tool to study the effects of Coulomb in-
teractions and interchain coupling on the dynamics of pho-
toexcitations in conjugated polymers.

28,29
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