Chapter 10 ®)
Methods for the Simulation of Coupled oo
Electronic and Nuclear Motion

in Molecules Beyond

the Born-Oppenheimer Approximation

Erik Lotstedt, Tsuyoshi Kato and Kaoru Yamanouchi

Abstract We review theoretical methods which can be used for the simulation of
time-dependent electronic and nuclear dynamics of gas-phase molecules beyond
the Born-Oppenheimer approximation. We concentrate on methods which allow
for a description of extensive electronic excitation and ionization. Particular em-
phasis is placed on the extended multiconfiguration time-dependent Hartree-Fock
(Ex-MCTDHF) method. We provide a derivation of the equations of motion of the
Ex-MCTDHF method, and discuss its advantages and disadvantages over the meth-
ods based on the Born-Huang expansion.

10.1 Introduction

When molecules are irradiated with intense laser light, one or more electrons in the
molecule absorb energy from the laser pulse. The motion of electrons is excited and
the electrons can be ejected from molecules, and the molecules as well as the result-
ing molecular ions can be electronically and/or vibrationally excited. The acquired
energy is subsequently transferred to the nuclei, which triggers a variety of nuclear
motion within the molecule: vibrational motion, structural deformation, and disso-
ciation. An interesting example is a process called hydrogen migration, in which a
hydrogen atom or a proton in an excited molecule moves in the wide spatial range
within the molecule on a fast time scale. In [1, 2], the hydrogen migration process
in methanol was studied. In [1], it was revealed that, after the ionization CH;OH
— CH30HT of a methanol molecule by an 800 nm, 60 fs laser pulse, a hydrogen
atom moves within a molecule, so that CH; and OHJ fragments are formed af-
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ter a double ionization. The hydrogen migration was found to proceed within the
laser pulse, that is, on a time scale shorter than 60 fs. By employing a pump-and-
probe scheme, the time scale of the hydrogen migration was found to be shorter than
25 fs [2].

Another example is the experiments on the asymmetric dissociation of H, into H
+HT or HT + H [3, 4], in which H, is first ionized to HJ by a short laser pulse, and
then, in the course of the dissociation of H;, the remaining electron is driven by the
later part of the laser field so that it ends up with being caught by either one of the
two protons. It was shown that the final position of the electron (on the left proton or
on the right proton) could be controlled by varying the carrier-envelope phase of the
driving laser field. We stress that ionization, electronic excitation and dissociation in
this case proceed within the same laser pulse.

The complex interplay between electronic excitation, ionization, and nuclear mo-
tion has also been shown in experiments on other molecular species, such as I, [5],
N, [6], HY [7], and C4Hg [8, 9].

In order to interpret the experimental results showing that laser-driven molecules
undergo complex dynamical processes such as electronic excitation, ionization, nu-
clear vibration and dissociation, we need to develop a theoretical framework in which
both electronic and nuclear motion are included in a general way without imposing
any constraints on the electronic motion and the nuclear motion, so that arbitrary
electronic excitation (including ionization) and nuclear motion (including dissocia-
tion) can be simulated. Presently, an efficient quantum mechanical method fulfilling
fully these requirements has not been known. However, a few attempts have been
made along this direction in these years. In this article, we first review in Sect. 10.2
the standard theoretical method for dealing with laser-molecule interaction based on
the Born-Oppenheimer (BO) approximation. After discussing the advantages and
the disadvantages of the BO approximation, we will review several attempts at going
beyond the BO approximation. In Sect. 10.3, we give a detailed account of the ex-
tended multiconfiguration time-dependent Hartree-Fock (Ex-MCTDHF) method, in-
cluding a derivation of the equations of motion. In the remaining sections, we provide
brief overviews of three related methods, i. e., the multiconfiguration time-dependent
Hartree (MCTDH) method (Sect. 10.4.1), the multi-configuration electron-nuclear
dynamics (MCEND) method (Sect. 10.4.2), and the MCTDHF method for diatomic
molecules (Sect. 10.4.3).

10.2 Born-Oppenheimer Approximation

The BO approximation is the standard method for simulating laser-molecule inter-
action. In order to derive the working equations for the BO approximation [10], we
start with the Hamiltonian of a general molecule consisting of N, electrons with
mass m. and Ny nuclei with masses M and charge numbers Z; (k =1, ..., Nxn),

H =Ty + Van + Unx(t) + He + U (1), (10.1)
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where
NN _hz
V2 (10.2)

=Y ——
N — oM N

is the nuclear kinetic energy operator with R; denoting the spatial coordinate of

nucleus k,
ZkZle
ZZ 4 IRy — Ry| (10.3)
=1 1<k TTEOIRK !

is the nuclear-nuclear repulsive Coulomb potential,

NN

Un(t) = =Y ZieE(1) - Ry (10.4)
k=1

is the nuclear-laser interaction expressed in the dipole approximation with the laser
field E(7),

Ne N
Ho=Y%" _—hzvfk—iZ’—eZJrZe—Z (10.5)
2me P 4reolre — Ry| — 4reo|re — 1]

k=1

is the electronic Hamiltonian with r; denoting the spatial coordinate of electron k,
and

Ne
Uet) = Y eE(1) - 1 (10.6)

k=1

is the electron-laser interaction In the following discussion, we introduce for conve-
nience a collective coordinate R = (R, Ry, ..., Ry,) to denote the spatial coordi-
nates of all the nuclei, and similarly ¥ = (r;, Iy, . .., ry,) for the electrons. We also
define the spin coordinate of electron k as sy, the combined spatial-spin coordinate
as x; = (Ig, Sx), and the collective spin-spatial coordinate as x = (x1, X2, ..., Xy,)

In the BO approximation, we first construct a set of Lpo electronic states @ (X; R),
j=1,2,..., Lgo, which parametrically depends on the nuclear coordinate R. The
electronic states are calculated by solving the eigenvalue equation

&R P;(x; R) = H.(R)®;(x; R), (10.7)

where R is treated as a set of parameters (Ry, ..., Ry, ) taking fixed values. Because
H_. is Hermitian, the electronic states are orthogonal. We have f q);f x; R)®,(x; R)dx
= J j; after appropriate normalization. Equation (10.7) has to be solved at each value
of the nuclear coordinate R, which may become a difficult task for large molecules.
This point is discussed more in detail later at the end of this section.

We make the ansatz here
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Lgo
YR, X, 1) = Z xR, )®;(x; R) (10.8)

j=1

for the total wave function. The expansion (10.8) is commonly referred to as the
Born-Huang (BH) expansion [11]. The time-dependence of the wave function is
contained in the nuclear wave functions (R, 1). Inserting the ansatz (10.8) into the
time-dependent Schrodinger equation (TDSE)

= HUY R, x,1) (10.9)

and integrating out the electronic degrees of freedom leads to a set of coupled equa-
tions for the nuclear wave functions,

(R _ _
ihw =(Tn + Un() + VI°R)) x; (R, 1)
Lo
+ Y (“E@® - 1y (R) + Aji + Bjr) (R, 1), (10.10)
k=1
where
VPOR) = & (R) + Van(R) (10.11)

is a BO potential energy surface defined using the electronic eigenenergy in (10.7),

Ne
1y (R) = —e / dx®?(x; R) (Z r,) &, (X; R) (10.12)
=1
is the transition dipole matrix element, and
NN v
2 —=H* (= D R —.
Ay =—h /dxCDj x; R) <; E) @, (x; R) - Vg, (10.13)
and
1 = [ Vi -
— >D* (7 1 .
Bj = —E/dxqu(x,R) ;E @, (x; R) (10.14)

are non-adiabatic coupling terms.

The BO approximation consists in neglecting the non-adiabatic coupling terms
Aji and Bj;. This neglection can be rationalized by (i) the small value of the 1/M;
nuclear-mass factors in the expressions (10.13) and (10.14), and (ii) the small value
of Vg, @ (X; ﬁ), which is assured as long as the electronic states @ (x; E) change
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slowly with R. If we also neglect the term Un(#) in (10.10) by considering that it
only affects the center-of-mass motion, we arrive at the BO TDSE,

ax; (R, - N
i ngt 1) _ (TN + VIBO(R)) Xj(Rv ) —E@) - Z”’jk(R)Xk(R’ t). (10.15)
k=1

The physical picture of (10.15) is that each nuclear wave packet x ; (R, t) moves on
apotential energy surface VJBO(R). Transitions between different electronic states are

described by the R-dependent transition dipole matrix elements jk (R). In Fig. 10.1,
we show an example of the BO potential energy curves and transition dipole moment
for a hydrogen molecular ion, H; .In H; , there is only one internal nuclear coordi-
nate, the internuclear distance. The potential energy curves shown in Fig. 10.1 were
calculated by solving (10.7) with the finite-difference method at each value of the
internuclear distance.

It is true that the BH expansion together with the BO approximation works well
for many cases of laser-molecule interaction, and is a standard method for the simu-
lation and interpretation of experimental results, but there are of course some limits.
We would like to point out a few of the disadvantageous points of the BO approx-
imation, which serve as a motivation for developing methods which go beyond the
BO approximation.

(i) The magnitude of the A j; and B ; operators may become unrealistically large
at a nuclear geometry R where j-th and k-th BO potential energy surfaces are close
in energy to satisfy & (R) ~ & (R). By using (10.7), we can derive
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N Ny (Ve He)

(v _ J@eER) (I ) a® R
dx®*(x; R RV, 7 R) = . M ,
/x j@ )(IZl Mz) ¢ (%; R) 5

(10.16)

from which it becomes clear thatboth A j; and B j; become extremely large if &; (i) —
& (R) approaches zero.

(ii) The calculation of potential energy curves is a very difficult task for large
molecules. A general, non-linear molecule with N atoms has 3N — 6 vibrational
degrees of freedom. If we assume that K points along the coordinate of each vi-
brational degree of freedom are required for a sufficiently accurate description of
the potential energy surface, (10.7) has to be solved K*¥~% times, which increases
exponentially as N increases. Even for a tetratomic molecule (N = 4), we have
3N — 6 = 6, so that the complete potential energy surface would have to be repre-
sented as a 6-dimensional array. Although there are sophisticated methods for fitting
high-dimensional potential energy surfaces (see for example [12]), the accurate rep-
resentation of high-dimensional potential energy surfaces is a difficult problem.

(iii) Omission of electron excitation and ionization. In the BH expansion, we al-
ways have to limit the number of electronic states Lo included in the expansion of
the wave function (see (10.8)). Typically, Lo is settobe Lgo < 5, meaning that only
the electronic states with the lowest energy (ground state + a few excited states) are
included. Extensive excitation to Rydberg states, doubly excites states, continuum
electronic states, which would be required to describe ionization, are difficult to be
treated. The omission of such highly excited states and continuum states becomes
particularly problematic when we describe the interaction of molecules with ultra-
short and intense laser pulses, because ionization and excitation occur with a high
probability. In the simplest case of a hydrogen molecule H, there exist models by
which potential energy curves are calculated for quasi-stable doubly excited elec-
tronic states as well as for electronic states corresponding to the ionization [13, 14],
but for a general, polyatomic molecule, this approach is not practically applicable.

10.3 Extended Multiconfiguration Time-Dependent
Hartree-Fock Method

10.3.1 Basic Concepts

In this section, we describe one promising attempt to go beyond the BO approxi-
mation, called the extended multiconfiguration time-dependent Hartree-Fock (Ex-
MCTDHF) method [15]. The Ex-MCTDHF method is an extension of the multicon-
figuration time-dependent Hartree-Fock (MCTDHF) method for electron dynamics
[16, 17] (see also [18] for an overview of the method), which is a natural exten-
sion of the multiconfiguration time-dependent Hartree (MCTDH) method for nuclear
dynamics [19, 20].
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The basic idea of all the methods mentioned above is to introduce time-dependent
single-particle (or single-mode) functions for the description of the time-dependent
dynamics. This means that each degree of freedom is described by its own time-
dependent basis set. In this way, any kind of excitation can be described in a flexible
manner.

In the Ex-MCTDHF method, the total time-dependent wave function for both
nuclei and electrons is written as

L.
YR.E =Y xR P, 1), (10.17)
J=1

using the same notation for the nuclear and electronic coordinates as adopted in
Sect. 10.2. In (10.17), x, (R, 1) isa time-dependent nuclear wave function, @; (X, )
is a time-dependent electronic wave function, and L. is the number of terms in-
cluded in the wave function expansion. In order to make the total wave function
antisymmetrized with respect to an exchange of electrons, @ (X, t) is represented
as a Slater determinant, constructed from a set of time-dependent electronic spin-
orbitals ¢ (x, 1) (k =1, ..., Ke),

Q,(x,1) = |9y (1) ... sy ()], (10.18)

where the label J is a composite index J = (Ji, ..., Jy,). We should have at least
as many spin-orbitals as the number of electrons in the molecule, that is, K. > Ne.
It is assumed that at all times, the spin-orbitals are orthonormal, (¢; (1)|¢(¢)) = 0.

We point out here that the meanings of the electronic wave function @, (x, ) in
(10.17) and the electronic wave function @ (x; R) in the Born-Huang expansion
(10.8) are different. In (10.8), @; (x; R) represents an electronic state, an eigenfunc-
tion of the electronic Hamiltonian H,(R) at fixed R, which is usually expanded into a
linear combination of several Slater determinants, butin (10.17), @ (X, ¢) is a single,
time-dependent Slater determinant.

It is frequently assumed that the same spatial orbitals are used to construct spin-
orbitals of both spin types. That is, we assume a set of M, spatial orbitals ¢ (r, 7),

k=1,..., M, and construct K. = 2M, spin-orbitals according to
_ o, Dals)  ifk < M.,
Pl ) = {wk_mr, NBGs) ifk > M.. (10.19)

In (10.19), a(s) and B(s) denote spin-up and spin-down spin functions, respec-
tively. In this case, each Slater determinant is labeled by adouble index J = (J¢, J P,
with J* = (J7¥, ..., J§.) and JB = (Jlﬁ, R Jlﬁﬁ). The numbers N of « electrons
and Nf of B electrons satisfy N + Nf = N, and we assume that all Slater deter-
minants have the same value of N and Nf . A determinant is written as
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D, 1) = lprrMa...pp, (DagpOp ... ¢, Bl (10.20)
3 NE

The total number of electronic Slater determinants that can be constructed in this
way is Le = (y5) (4s) = M /INSINEY (M, — NOUM, — NOYI.

The wave function defined by (10.17) looks very similar to the BO wave function
in (10.8). The important difference is that the electronic wave function @, (x, 7) in
(10.17) does not depend on the nuclear coordinates R, but instead depends on time 7.
This means that each electronic wave function @ (X, ¢) is no longer associated with a
certain electronic state with a certain energy. At some moment in time, @, (X, ) may
be a superposition of a bound part (consisting of both ground-state and excited-state
components) and a continuum part. This feature makes it possible for a wave function
of the type (10.17) to describe arbitrary electronic excitation, including ionization,
with a limited number of terms L, in the sum over J in (10.17). Moreover, because
the electronic wave functions do not depend on R, there is no need to calculate
potential energy surfaces in the Ex-MCTDHF method. The major drawback of an
ansatz like the one in (10.17) is that the equations governing the time-evolution of the
time-dependent orbitals become non-linear, as we will see below in (10.31), (10.46),
and (10.54).

In [15], the ansatz (10.17) was further adapted to describe “diatomic-like”
molecules, which refers to molecules consisting of two heavy atoms like O or C
and N, light hydrogen atoms. Explicit examples are C,H, and CH;OH. The idea
proposed in [15] was that the protonic part of the wave function can be expanded in
terms of Slater determinants, because protons are also fermions whose wave function
needs to be properly antisymmetrized. The motivation of using Slater determinants
also for the description of the protonic motion is to make the structure of the wave
function as flexible as possible, which can allow us to simulate highly distorted
molecular structures such as those appearing in the course of hydrogen migration.

In order to describe the protonic part of the wave function with Slater determinants,
the wave function x (R, 1) for the nuclear coordinate is expanded as

LP
xR D) =) Cry®Ry, A(X, 1), (10.21)

I=1

where ih is the collective coordinate for the two heavy atoms, X is the collective
spatial-spin coordinate for the N, protons, and L, is the number of terms included
in the expansion of the nuclear wave function. The proton coordinate X is defined as
X = X1, ..., X Np) with X = (R, Si) expressed in terms of the spatial coordinate
R, and the spin coordinate S of the proton k. Similarly to the electronic part of
the wave function, A; (Y, t) is taken to be a Slater determinant constructed from the
time-dependent protonic orbitals \; (X, 7),

Ar(X, 1) = N (@) gy (O] (10.22)
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with I = (Iy, ..., Iy,). In the same way as for the electronic Slater determinants,
it is convenient to assume that the same spatial orbitals are used both for « and g
spin-orbitals, that is,

KR, Da(S) if j < M,

kj-m, R, DB(S) if j > M,, (10.23)

Ai(X, 1) 2{

where we have assumed that there are M), spatial protonic orbitals. The protonic
Slater determinants are in this case written as

Ar(X, 1) = licre (B .. ./q;g () K ®p... Kt ®Bl, (10.24)

where there are NJ a-spin protons and Nf B-spin protons in each determinant. The to-
tal number of protonsis N, = N + Nf . Similarly to the electronic determinants, we

have a total number of L, = (fjg)(fjg) = My /[NSIN\(My — NONM, — ND)!]
P P
protonic Slater determinants.

Substituting (10.21) into (10.17), we find for the total wave function,

L. L

YR, XX )= > CryRy. ) A (X, )P, (X, 1). (10.25)
J=1I=1

Due to the similarity of (10.25) to the configuration-interaction expansion of a
many-electron wave function [21], we refer to the C, J(Eh, t) as time-dependent
configuration-interaction (CI) coefficients.

Because all factors [C;;(Ry, 1), A;(X, 1), and @, (%, 1)] depend on ¢, we have
to derive appropriate evolution equations. In order to derive the evolution equations,
also referred to as the equations of motion, we employ the time-dependent variational
principle [22, 23],

(W (1)|H — ih%up(r)) =0, (10.26)

where W (t) is the variation of the total wave function with respect to parameters
CryRy, 1), A (X, 1),and @, (x, 1), and the bra-ket in (10.26) implies the integration
over all variables Ry, X, and X. Orthogonality of the electronic and protonic orbitals,
(@i (O er(t)) = (kj (@) |ki(t)) = Sk, is assumed by introducing suitable Lagrange
multipliers in (10.26).

Before we derive the equations of motion for the Ex-MCTDHF method, we first
define the single-proton Hamiltonian,

h2
hy(R, 1) = —ﬁvﬁ —¢E@) - R, (10.27)
P

where m,, is the mass of the proton, the single-electron Hamiltonian,
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2

he(r, 1) = 24 ¢E(t) -, (10.28)

and the Hamiltonian for the Ny, = Ny — N, heavy particles,

Ha(Ry, 1) = o G V2 _eE(n-R Zizie” 10.29
h(Rn, )—Z 2M, R —eE(@) - hk+2m . (10.29)
k=1

where Z; here represents the charge number of the heavy nucleus k. In [15], it was
assumed that N, = 2. Then, the total Hamiltonian can now be written as

H= th(Rpk,z)nLZZ‘lmo‘R

k=11<k pk ~ Rpil
+ he(rg, 1) +
Z ¢ I;ZXI;MEOIW—UI
Np Ne Ne Zke Ny NP
_l;;mreolR k — X1l _EZ%EOIRM — 1 ZZ4H€O|th — Ryl
+ Hy(Ry, 1). (10.30)

‘We note that the Hamiltonian (10.30) is the same as that in (10.1), but the form is
rewritten so that the different interaction terms appear more clearly.

10.3.2 Equations of Motion

In order to obtain the equation of motion for the electronic orbitals, we take the
variation ¥ with respect to one spatial orbital ¢ in (10.26). The result is

ihw = 0.(?) Z Dy l(l)(Dfm(t)he(r, D+ W, 1)+ Wh(r, 1)
Im
+ Wi (e, 0))gn (r. ), (10.31)
where
Dlm(t) = Z / dRhC P(iha t)CIQ(ihy t)@ﬂ;le (1032)

IPQ

is the spin-summed electronic first-order density matrix,
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Wis(r, 1) =Y d,,, (D85 (X, 1) (10.33)
Pq

is the electron-electron interaction defined using the spin-summed electronic second-
order density matrix,

A () =) / dRLCp Ry, )Cro R 1)-F5 it (10.34)
IPQ

and the repulsive electron-electron Coulomb potential

2 (', e, (', 1)
g = — / ar ¥ %/ : (10.35)
4meg [r—1|

the electron-proton interaction is

W)= > f dRLC}p Ry, )CyoRh, EF 0, 67,80 (x, 1) (10.36)
1JPOQrs

defined with the attractive electron-proton Coulomb potential

*
gh(r, 1) = — 4;280 / dRK”(I{"rtiK;(F’ 0 (10.37)
and the attractive electron-heavy nuclei interaction is
We(r, 1) = — ¢ N /di Ct (R, 1)Cro R, 1) (ii>
im 5 dreo LT ppte e U Ry —x) )
(10.38)

In (10.32), (10.34), (10.36) and (10.38), we have used the following matrix ele-
ments of the spin-summed excitation operators &,, and .7 4,5 [21],

Efoim = (@p (O éimPo(1)), (10.39)
glpjrs = <A1(t)|(é5rS|AJ(t)>v (1040)

and A
cgZ}E’lemn = (¢P(t)|fgklmn|¢Q(t)>- (1041)

For later use, we additionally define

T 1kimn = (A1 Frtmn| A g (). (10.42)
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The spin-summed excitation operators are defined using the creation and annihi-
lation operators a'_ and d,, as [21]

p
bpg =Y dlydyo (10.43)
o=a,p
and A o A
F pars = Epgbrs — 8qrEps. (10.44)

Upon the operation of the creation operator &;a on a Slater determinant (either
electronic or protonic), the spatial orbital p with spin o (=« or B) is created. On the
other hand, upon the operation of the annihilation operator d,,, the spatial orbital
g with spin o is annihilated if it exists in the determinant. The matrix elements
defined in (10.39)—(10.42) are equal to either 0, —1, or 1. We can derive their explicit
values for different combinations of indexes by using the orthonormality of the
spatial orbitals and by taking into account the sign change of a determinant upon the
permutation of the order of the orbitals. The matrix elements, &5 olm and 5},’ Olm» €an
take non-zero values only when the two determinants involved differ by at most one
orbitals, and the matrix elements, 7} ,y;,,, and Fr Okimn> ar€ non-zero only when
the two determinants differ by at most two orbitals. We also note that &% ,,,,, & 3 olm>
Fp Oklmn and ﬁg Oklmn defined (in (10.39)—(10.42)) as matrix elements composed of
time-dependent determinants, are independent of time.

The symbol Q. in the equation of motion (10.31) is a projection operator whose
action on an arbitrary function f(r) is defined as

Qc(t) f(r) = f(r) — Z J O (flow(@)). (10.45)
k

The projection operator Q.(t) appears in the equation of motion (10.31) because
of the restriction of (¢, (#)|¢k(¢)) = &1 imposed by the Lagrange multipliers. By
multiplying the equation of motion (10.31) by ¢} (r, ) and integrating over r, we
may confirm that (¢;](9/0¢)|¢@r) = Oholds forarbitrary j and k if {¢; (t)|ex (1)) = 8k
because of the presence of Q. (), and therefore, (¢;(¢)|@i(2)) = §;i is satisfied for
all ¢ provided that the orbital set {¢;(¢)} is orthonormal at t = 0.

The equation of motion for the protonic orbitals « ; (R, 1) is calculated by taking the
variation §¥ in (10.26) with respect to «; on the condition that («; (t)|ki()) = & .
‘We obtain the following equation of motion, similar to that for the electronic orbitals,
(10.31),

okr(R, t
0 Kk ( )=

- 2,y D,S;l(t)(Dgn(t)hp(R, 0+ WPR, 1) + WER, 1)
Im

m

+ WhR, t))Km R, 1), (10.46)
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where

D} () = Z / dRLCp Ry, 1)Cyp Ry, 1)EL ), (10.47)
1JP

is the spin-summed protonic first-order density matrix,

WiNR. 1) =Y _df, (g% (R, 1) (10.48)
rq

is the proton-proton interaction with the spin-summed protonic second-order density
matrix,

Bis® = 3 [ ARC]p R 0Cop Roe T (1049)
1JP

and the proton-proton Coulomb potential,

¢ KE(R, Dy (R, 1)
g% (R, t)=4ﬂ8o,/dR L |R_"R/| . (10.50)

Furthermore,

WhR. D)= > [ dR.Cp Ry, )CroRy, ES 0Ly, 85 (R, 1) (10.51)

m
1JPOQrs

is the proton-electron interaction defined using the attractive proton-electron
Coulomb potential,

e? @, (r, ), (r, 1)
PR, 1) = — dr—2 , 10.52
8pg R 1) 4m;0/ "TTIrCR| (10.52)
and
WPR, 1) = ¢ > &r fdﬁ Crp Ry, )Crp Ry, 1) % Zi
Im ’ _47'[5‘0 — 1Jlm h&7p Bh, J PR, P |th—R|
(10.53)

is the repulsive proton-heavy nuclei interaction.
Finally, we take the variation with respect to the coefficients C;; (Ry, ), which
results in the equation of motion,

dC1y (R, = R
ih% = Hy(Ry, 1)Cry(Ry, 1)
+ Z <W;15KL(K}1’ 1)+ W?EKL(ih’ H+ WPJKL(t)) CrtRn. D).
KL
(10.54)
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In (10.54), Hy(Ry, 1) is given by (10.29),

e (rv t) m(rv t)
W”KL(Rh, 1 = —811( Zgjum (ZZ / %) (10.55)

is the heavy nuclei-electron interaction,

& al (R, 1)k (R, 1)
EFeim z /dk# (10.56)
S (G

is the heavy nuclei-proton interaction, and

]jKL(Rh’ t) - SJL

WPk () =81k (fom (P (D) he ()] (1)) + Z TS5 Lktimn (om0 255 (z>|¢n(r)>)
kl klmn

+8sL (Z Tk ek O hp (D) iy (1)) + Z Q,Kk,mn<xm(t)|g,£’§’<t)|xn<r)>)

klmn

Y S LG ks (@1 D]855 (O |om () (10.57)

Imrs

is an Eh—independen_t matri& The CI Co_efﬁcients Cry (ﬁh, t) are not orthonormal in
general, that is, f dRyCy;(Ry, 1)Cxr Ry, t) # 0 for IJ # K L. However, the total
wave function is normalized as

i Z / dR,C}; Ry, )Cr 7Ry, 1) = 1. (10.58)

I=1J=1

We remark here that the equations of motion (10.31), (10.46), and (10.54) pre-
sented above are the same as those given in the original publication [15] even though
the notations are different.

The interaction potentials Wz (where x, y = e, p, h) in general arise from the
inter-particle Coulomb potentials (repulsive or attractive), but the Coulomb potentials
always appear as those averaged over the particle distributions. For example, in
the case of the electron -proton interaction term Wlm (r, t) defined in (10.36), the
Coulomb potential g (r t) (defined in (10.37)) is not the bare Coulomb potential
—e?/(4mep|r — R)), but is that averaged over the protonic orbitals «,(R, ¢) and
ke (R, 1).

Even though we have presented the general equations of motion for Ry,-dependent
CI coefficients as seen in (10.54), we can assume that the heavy nuclei, i.e., all nu-
clei except for the protons, in the molecule are immobile, which corresponds to
the clamped-nuclei approximation. In this case, the coordinates of the heavy nu-
clei should be treated as a parameter, and the heavy-nuclei Hamiltonian Hy Ry, 1)
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in (10.30) should be omitted. As a result, the first line of (10.54) involving the
term Hy, (Eh, t)Cy J(Eh, t) disappears, and the equation of motion for the CI coeffi-
cients becomes an ordinary differential equation (in ¢) instead of a partial differential
equation. Moreover, all integrations over the heavy nuclei coordinates Ry, should be
dropped, so that the electron-heavy nuclei potential (10.38) and the proton-heavy-
nuclei potential (10.53) depend on a parameter R;.

We can find the ground state wave function, that is, the Ex-MCTDHF wave func-
tion ¥ that minimizes the total energy & = (W |H |¥), by integrating the equations
of motion (10.31), (10.46), and (10.54) in imaginary time [17]. This means that the
time ¢ is replaced by —it, resulting in id/dt — —9/d7, so that the TDSE takes the
form of a diffusion equation.

10.3.3 Applications of the Ex-MCTDHF Method

Thus far, only two reports [24, 25] have been published on the application of the
Ex-MCTDHF method. Both of these applications deal with the stationary properties
of ground-state wave functions. The equations of motion derived in the preceding
Sect. 10.3.2 are used in this section to obtain the optimal ground state via the imag-
inary time propagation.

10.3.3.1 CH3;O0OH

In [24], the Ex-MCTDHF method was applied to the calculation of the electro-
protonic ground state wave function of methanol, CH;OH. The oxygen atom and
the carbon atom were treated as heavy nuclei, and rotation of the molecule was
neglected, which means that R, = Rco, the C-O internuclear distance. Furthermore,
the clamped nuclei approximation was assumed for C and O, so that Rco was treated
as a parameter. Since the C atom and the O atom define a molecular axis, and the
total Hamiltonian for the electrons and the protons is symmetric under rotations
around this axis, cylindrical symmetry around the C-O axis can be assumed for
the electronic and protonic orbitals. If we take the C—O axis to be the z-axis in the
cylindrical coordinate system, we have ry = (Ze, Pek, ex) for the coordinate of the
electron k, and Ry, = (zp1, ppi, @pr) for the coordinate of the proton /. We have

Pe(Te, 1) = fi(Ze, pe, e (10.59)
for the electronic spatial orbitals, and
ke (Rp, 1) = gi(zp, pp, 1) (10.60)

for the protonic spatial orbitals. Both the electronic orbitals and the protonic orbitals
were discretized using the grid method. In (10.59) and (10.60), the quantum numbers
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mer and myy, determine the angular momentum around the molecular axis of the
respective orbital. In [24], the values [m¢;| < 1 and |mp| < 3 were adopted. For the
electronic structure, a single closed-shell Slater determinant was adopted, meaning
that Le =1 in (10.25). For the protonic wave function, a total of M, = 16 spatial
orbitals were employed, and determinants with the highest possible protonic spin,
S = 2, were constructed. This means that NI‘j‘ =4 and Nf =0in (10.24),and L, =
('9) = 1820 in (10.25).

The main result obtained in [24] is that the molecular structure of a polyatomic
molecule such as CH3OH in the absence of a laser field can indeed be described by
the Ex-MCTDHEF ansatz given in (10.25). This is a remarkable result, because the
spatial distribution of the protons is not determined from the energy minimum of a
potential energy surface, but is the result of the optimization of the Ex-MCTDHF
ground state wave function.

The protonic structure of CH3OH was elucidated first by calculating the 2-proton
spatial distribution,

1
ToRon, Rpn) = 53 060 Ry it Ry )i, Ry (Ryo). (10.61)

klmn

expressed in terms of the spin-summed protonic second-order density matrix dj;,, ,
defined in (10.49). I',(R;1, Ry2) represents the probability distribution of find-
ing one proton at R, and another one at Rp;. We can now define a conditional
1-proton distribution D, (R,|Ro) = I',(R;, Rp) by fixing one of the proton positions
in I,(Rpi, Rpp) to Ro. D, (Rp|Rp) represents the spatial proton distribution of the
three remaining protons, given that the position of the fourth proton is fixed to Ry.

In Fig. 10.2, we show the conditional 1-proton distribution Dp(xp, yp|Ro) =
[ dzpy Dp(R,|Rp) in the xy-plane, integrated along the z-axis (the C-O axis). The
fixed position Ry of one of the protons is taken to be the most probable position of
the proton in the hydroxyl group, Ry = (2o, po, $0) = (—2.02 ay, 1.78 ap, 0), where
ap ~ 0.53 A denotes Bohr’s radius. As expected, the proton distribution in the xy-
plane exhibits three maxima, consistent with the protonic structure of the methyl
group in CH3OH. For comparison, we also show in Fig. 10.2 the conventional ball-
and-stick representation of CH3;0H, corresponding to the positions of the nuclei
yielding the lowest total energy on the BO potential energy surface.

The results presented in [24] show that the spatial correlation among protons
in a molecule containing several protons can be correctly reproduced with an Ex-
MCTDHF wave function, provided that the number of protonic orbitals included
in the wave function expansion is sufficiently large. It was shown in [24] that the
spatial correlations among the four protons in CH;OH were properly described when
M, = 16 and |mp| < 3 as shown in Fig. 10.2a, and that the three distinct peaks seen
in Fig. 10.2a, corresponding to the methyl-group protons, were not reproduced when
a smaller set of M, = 12 protonic orbitals including orbital angular momentum
|mpk| < 2 was adopted.
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Fig. 10.2 a Conditional probability distribution D} (x, yp|Ro), taken from [24]. One proton is
fixed at the point marked with a cross x, corresponding to the most probable position of the proton
in the OH group. The peaks in the distribution labeled with o, B, and B’ correspond to the protons
in the methyl group on the side of the C atom. b Ball-and-stick model of CH30H. The C-O axis
defines the z-axis, while the xy-plane is perpendicular to the C—O axis. ¢ Ball-and-stick model of
CH3OH oriented so that the C—O axis (z-axis) becomes perpendicular to the plane of the paper. The
rightmost proton is the proton on the O atom side, corresponding to the position of the cross x in
panel (a)

10.3.3.2 H,

In [25], the Ex-MCTDHF method was applied to a one-dimensional model of an H,
molecule. The one-dimensional model means that all particles, that is, two protons
and two electrons, are restricted to move along one spatial dimension. A soft-core
potential

&? 1

ey /12 + a2

with soft-core parameter a is used for describing the attractive and repulsive potentials
instead of the Coulomb potential. This model of H; contains only three degrees of
freedom, that is, one for the vibrational motion, and two for the motion of the two
electrons. Therefore, it is feasible to compute the total wave function of the system
directly in a numerically exact way without making a product expansion as in the
Ex-MCTDHF method. We may therefore compare the results of the numerically
exact calculation and the results obtained by the Ex-MCTDHF method and examine
the accuracy of the Ex-MCTDHF method in a rigorous way.

In the case of Hy, it is not necessary to use Slater determinants for the description
of the protonic motion because there is only one vibrational degree of freedom
represented by the internuclear distance R. Therefore, we can set L, =1, A; =1,
Ry = R, and C;;(Ry,, 1) = C;(R, 1) in (10.25), so that the total wave function for
H, is written as

Vsc(r) == (10.62)
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L
W(R.%.1) =Y Ci(R.0P(X. 1), (10.63)

I=1

where X is the collective spatial and spin coordinate for the two electrons, and @; (X, t)
is a two-electron Slater determinant. If we assume a singlet state, we should have
one « and one B electron, and each Slater determinant is written as @;(x,t) =
l@re (1) @6 (t) B|. Therefore, once M, electronic spatial orbitals are given, we can
construct L, = M? different Slater determinants.

One of the main results of [25] was that a well-converged ground state of one-
dimensional H; can be obtained already with M, = 3 spatial orbitals, corresponding
to Le = 9 determinants. The ground state wave function was obtained by imaginary
time-propagation, and the electronic orbitals were numerically discretized using the
grid method. At M, = 3, the difference between the numerically exact ground state
energy &V = —39.34 eV and the Ex-MCTDHF energy & V™" was found
to be @@O(EX—MCTDHF) _ éao(exact) ~ 101116\7, and at Me — 5’ éao(Ex—MCTDHF) _ go(exact) ~
0.5 meV.

Another feature of the Ex-MCTDHF wave function pointed out in [25] is that the
expansion (10.63) allows us to represent the total wave function in a compact form, in
the sense that the number of parameters needed to represent the wave function can be
smaller than the number of parameters needed for describing a wave function using
the Born-Huang expansion. If we assume for simplicity that both an electronic spatial
orbital ¢y (r, t) and a CI coefficient C; (R, t) are discretized using ./~ grid points,
the total number of parameters needed to specify the Ex-MCTDHF wave function
becomes Ny = Lo NV + M N = M. A (M. + 1). On the other hand, in the case
of one-dimensional H,, when we employ a Born-Huang expansion to describe the
total wave function,

Le
Wgu(R.%.1) = CP(R, NP (% R), (10.64)
=1
we would need JKOI%H =L N + M. N?*= M. N (M, + ./) parameters, because
each spatial orbital ¢y (r; R) is a function of both r and R, and therefore needs ./ 2
grid points for the discretization. In practical calculations, the number of grid points is
typically .#” > 102, and the number of orbitals is typically M, < 10. Therefore, the
number of parameters .4, 2! required in the Born-Huang expansion (10.64) is much
larger than the number of parameters .4 required in the Ex-MCTDHF expansion
(10.63). If we assume that .4 >> 1 and M. < A, then A BH/ A0~ A4 > 1.

10.4 Related Methods

In this section, we give a brief account on methods similar to the Ex-MCTDHF
method, describing the coupled, time-dependent motion of both electrons and nuclei
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in a molecule in order that electronic and vibrational excitation are treated with a
larger extent of flexibility than the BO approximation.

10.4.1 Multiconfiguration Time-Dependent Hartree Method

The multiconfiguration time-dependent Hartree (MCTDH) method [19, 20, 26] is
a method originally invented for the simulation of vibrational motion of polyatomic
molecules. The total vibrational wave function is written as

V(i oq )= Y GO0 (@00 (g D), (10.65)
i

..... iy

where g; represents the coordinate for the vibrational mode j, and there is a set of
time-dependent basis functions {n,(cj )(qk, t)} for each mode. We have assumed that
there are a total of » modes. The equations of motion for the coefficients C;, _;, (¢) and
the basis functions n,((j ) (gx, t) can be derived using the time-dependent variational
principle [20], similarly to the procedure described in Sect. 10.3.2. The MCTDH
method can be used to simulate the vibrational motion of large, many-dimensional
systems, as has been demonstrated in the simulation of the 15-dimensional vibrational
motion of H5O§r [27] and the 21-dimensional vibrational motion of C3H40O, [28].

An extension of the MCTDH method is called the multi-layer MCTDH method
[26, 29, 30]. In the multi-layer MCTDH method, the vibrational coordinates are
combined into K groups of combined coordinates Q ; as [26]

Ql = (qlv cee f]kl)7 Q2 = (Clkl-s-l, cee qu—kz)v cee QK = (qn—kk-‘rlv cee ‘Zn)s
(10.66)
where k; is the number of coordinates in group j. The wave function is written
in the same way as in the original MCTDH method, but in terms of the combined
coordinates 6 I

(i g )= Y G0N @Q1 0 g Qg ). (10.67)

The idea of the multi-layer MCTDH method is to express each time-dependent
basis function ;“,5/ ) «Q ;- 1) as a time-dependent multiconfiguration expansion,

Q=3 Gl O @arr D G 0 (10.68)

[1,...,lk/.

where a; = le;ll k;. Using the multi-layer MCTDH method, we can simulate the
vibrational motion of very large systems. For example, in [31], it was shown for
CH3I embedded in calix[4]resorcinarene (CogH40g) that the full 189-dimensional
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vibrational wave function as well as its electronic absorption spectra can be obtained
by the multi-layer MCTDHF method.

In [32], it was shown that the expansion (10.65) can be applied to the coupled
electro-nuclear motion of Hy, if g, represents the internuclear distance R and ¢,
represents the coordinate r of the electron. If we assume a one-dimensional model
like that described in Sect. 10.3.3.2, the total wave function becomes

Y(R,r 1) = ZCIJ(I)XI(R, D@y (r.1), (10.69)
1J

where x;(R,t) and @, (r, t) are orbitals describing the nuclear and the electronic
motion, respectively, and c;;(¢) is a time-dependent expansion coefficient. If we
define an R-dependent CI coefficient by

C/(R,1) = cryOxi(R, 1), (10.70)
1

(10.69) can take the same form as (10.63),

U(R,r t)= ZCJ(R,t)(pJ(r, t). (10.71)
J

The difference of (10.71) and (10.63) is that the electronic wave function ¢, (r, t) is
asingle-particle orbital in (10.71), while @; (X, ) is a two-electron Slater determinant
in (10.63).

In [32], it was concluded that an accurate time-dependent wave function of H2+
could be obtained when M, > 8 electronic spatial orbitals with the same number
of protonic orbitals were included in the expansion (10.69). By comparing with
numerically exact wave functions obtained by a direct solution of the TDSE, it
was confirmed that both the time-dependent electronic and nuclear densities as well
as the high-harmonic spectra were well reproduced by the MCTDH method. This
conclusion was independently confirmed in [33, 34], in which methods based on the
same type of multiconfiguration expansion of the wave function shown in (10.69)
were used for investigating the strong-field induced dynamics in HJ .

10.4.2 Multi-Configuration Electron-Nuclear Dynamics
Method

The multi-configuration electron-nuclear dynamics (MCEND) method was proposed
by Nest in [35] for describing time-dependent coupled electron-nuclear motion. The
ansatz for the total wave function is written as
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YR Y1) =) CryE R, NP (X, 1), (10.72)
1J
where R = (g1, - .., qn) is a collective coordinate for the n vibrational modes of the

molecule, where g represents the coordinate of one vibrational mode, and @, (x, ) is
a Slater determinant described as a function of the collective electronic coordinate X
and . The Slater determinant is constructed from time-dependent electronic orbitals
@i (r, 1) as in (10.20). Similarly to the MCTDH method introduced in Sect. 10.4.1,
the vibrational wave functions &; (R, f) are written as a product of time-dependent
basis functions for representing the respective vibrational modes as

R0 =0"(q1.0)...00" (qu. ). (10.73)

The MCEND wave function ansatz (10.72) is similar to the Ex-MCTDHF ansatz
(10.25) if we regard the coordinate Ry, of the heavy nuclei as a constant. However, it
should be noted that the nuclear motion is described in terms of vibrational modes
in the MCEND method, whereas the motion of the protons is described by protonic
orbitals in the Ex-MCTDHF method. For this reason, the Ex-MCTDHF method is
considered to be suited for the simulation of molecules containing many (>3) protons
as well as for the discussion of quantum effects arising from the fermionic nature
of the protons, while the MCEND method could be suited for the simulation of
small molecules having only a few vibrational modes. For diatomic molecules with
only one vibrational degree of freedom, the nuclear motion is treated in exactly the
same manner in the MCEND method and the Ex-MCTDHF method. In [36], the
MCEND method was applied to investigate the time-dependent dynamics of LiH in
an ultrashort laser pulse.

10.4.3 MCTDHF Method for Diatomic Molecules

Haxton et al. [37] presented a modified version of the MCTDHF method, in which
the vibrational motion in a diatomic molecule is treated quantum mechanically in
addition to the electronic degrees of freedom. The total wave function is written in
a form similar to the Born-Huang expansion (see (10.8)) as

W(R.X. 1) =Y xs(R.O)P(.1: R), (10.74)
J

where R is the internuclear distance, x;(R,t) is a nuclear wave function, and
@;(x,t; R) is a time-dependent Slater determinant, which depends parametri-
cally on the internuclear distance R. This parametric dependence on R makes this
method different from the Ex-MCTDHF method, as can be seen from the compar-
ison of (10.74) with (10.63). The Slater determinants are constructed from time-
dependent electronic orbitals as in (10.20), but the spatial orbitals ¢y (r, #; R) depend
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parametrically on R in this case. However, differently from the Born-Huang expan-
sion, where the electronic orbitals are used to construct electronic eigenfunctions of
the electronic Hamiltonian at each R (see (10.7)), in the method presented in [37],
the R-dependence of the electronic spatial orbitals arises from the R-dependent basis
set adopted in the expansion of the orbitals. This means that each spatial electronic
orbital can be written as

ou(r, 13 R) = ) (D F;(; R), (10.75)

i

where cy; (¢) is a time-dependent coefficient which is independent of R, and F; (r; R)
is an R-dependent basis function. The finite element method and the discrete variable
representation [38] in the prolate spheroidal coordinate system were used to construct
the basis functions F;(r; R) in [37].

The MCTDHF method for diatomic molecules was employed in [37] to calculate
accurate vibronic eigenstates of HD', HD, H,, and LiH. In [39], this method was
applied to the calculation of the cross section of dissociative photoionization of HJ .
It was found that the cross section at photon energies around 30 eV, corresponding to
vertical ionization, could not be well reproduced, although the cross section for large
photon energies was reproduced well. To the best of our knowledge, this method has
not yet been applied to coupled electro-nuclear motion in molecules in strong laser
fields.

10.5 Summary

We have presented several methods that have been developed for the simulation of
the coupled time-dependent motion of electrons and nuclei in molecules. In the case
of the Ex-MCTDHF method, the equations of motion were derived and presented in
a compact form. The two examples to which the Ex-MCTDHF method was applied
have been introduced, that is, the calculations of the ground state electro-protonic
wave functions of CH3OH and H,. In the case of CH3OH, it was shown that the
spatial proton distribution corresponding to three protons around the C atom and one
proton around the O atom was reproduced well by the Ex-MCTDHF method without
using a potential energy surface. Brief overviews were also given on the three related
methods, the MCTDH method, the MCEND method, and the MCTDHF method for
diatomic molecules.

The real advantage of the Ex-MCTDHF method is expected to appear in the real-
time propagation of molecular wave functions under the influence of short and strong
laser pulses. Because the Ex-MCTDHF ansatz provides a very flexible form of the
total wave function, this method is suited for the simulation of extensive structural
change and dissociation of a molecule in the time domain. It is expected that the Ex-
MCTDHF method will be a powerful and general method for simulating ultrafast
dynamics of polyatomic molecules in intense laser fields.
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