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A method for density analysis of static polarizabilitiés and second hyperpolarizabiliti€s) on the basis
of the finite-field(FF) many-electron wave packeIEWP) method is developed and applied to evaluation of
the longitudinale and y in the dissociation process for a one-dimensionahtbédel. Remarkable increases in
«a and vy are observed in the intermediate dissociation region. The internuclear distance whers thexi-
mized is also found to be larger than that wheredtie maximized. In order to elucidate the characteristics of
a andy in the dissociation process, we extract their classical pictures describing displacements of two-electron
configurations by usinghypeppolarizability densities on the two-electron coordinate plane. It is suggested
from these classical pictures that the polarization in the ionic structure contributes primarily to the enhance-
ment of (hypeppolarizability in the intermediate dissociation region, while the polarization in the diradical
structure causes the decrease of(tiygenpolarizability at a large internuclear distance. This implies that the
experimental search for species with chemical bonds in the intermediate correlation regime is important and
interesting in relation to the molecular design of nonlinear optical matefa1€050-294{@7)09102-4

PACS numbdis): 42.65.An, 42.50-p, 33.20--t, 33.15-¢

I. INTRODUCTION here as the many-electron wave pack®&&WP) method, is
characterized by a direct treatment of numerically exact
Recently, the variation in polarizability in the dissociation many-electron wave functions with arbitrary spin states on a
process of H has been studied to elucidate relationships bemultidimensional real coordinate and spin spaces, in contrast
tween a linear optical process and electron correlations, anigh the case of standard molecular orbisO) based meth-
it has been found that the polarizability has a maximum inods. Although the standard methods can compute energies
the intermediate dissociation regidh,2]. This feature was and properties for the ground and low-lying excited states
discussed in relation to the Hartree-Faéle) instabilities of  more accurately than the present MEWP method, the MEWP
chemical bonds by Champageeal.[2]. However, the non- method is expected to be useful for studies on behaviors of
linear optical response for molecules in the intermediate andlectrons near the Wannier ridge and under strong external
strong correlation regime is now one of the current topics irfields. The MEWP method can be also easily extended to a
chemical physics. In previous pap¢&4], we proposed the time-dependent scheme that can treat transient behaviors,
viewpoint that the(hypeppolarizability is a measure of the e.g., responses under pulsed laser, which cannot be treated
ability of electron fluctuation(electron fluctuatability and by the standard time-dependent schemes, e.g., the time-
developed a method for analysis ¢fiypeppolarizability = dependent Hartree-FocKTDHF) method. Further, the
based on a concept of tlibypenpolarizability density. This MEWP method is helpful in obtaining pictorial and intuitive
guantity is found to sensitively reflect the nature of electronphysical pictures for various quantum phenomena since this
correlationg 3,4]. In order to elucidate relationships between method can directly provide graphical images of wave func-
a nonlinear optical process and electron correlations, th&ons in real coordinate and spin spaces. A purpose of this
variations in(hypenpolarizability densities for second hyper- study is to propose pictorial methods for analysigtofpen
polarizability (y) of H, in the dissociation process are inves- polarizabilities. Therefore, the finite-field MEWRFF-
tigated compared with those in polarizability). MEWP) method is employed to calculate total energies and
H, is a primary test case for any quantum-chemical calcharge densities for the singlet ground state of one-
culation of energies and properties. We consider onedimensional H in the presence of static electric fields. The
dimensional H that is one of the simplest models for repro- (hypeppolarizabilities and their densities are obtained by us-
ducing the characteristics of the longitudinal ing the numerical differentiation of the total energies and
(hypeppolarizability for real three-dimensional ,H The charge densities with respect to the applied fields. In addition
methods including sufficient electron correlations and usingo the (hypeppolarizability density analysis based on the re-
extended basis sets are essential for obtaining the corredticed one-electron density, an analysis based on many-
variations in energies and properties in the dissociation proelectron density is proposed to extract classical pictures of
cess. In a previous pap¢b], we proposed a calculation polarization primarily contributing to théhypeppolarizabil-
method using electron wave packets, providing numericallyity. Using this method, the characteristicsofind y of one-
exact solutions to the nonrelativistic ScHimger equation dimensional H in the dissociation process are discussed in
with the ab initio many-electron Hamiltonian under the connection with classical displacements of two electrons.
Born-Oppenheimer approximation. This method, denoted This paper is organized as follows. The FF-MEWP
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Xan wherey(x4,X,,t) ande(w;,w,,t) represent, respectively, the
S o spatial and spin wave functions, in whighh and w, indicate
;’ 1 2 E each spin coordinate. The singlet state of the two-electron

K“ L © ‘IT) X system is considered here, since we focus on the ground-state

e I N SN (hypeppolarizability of H,. For the singlet-state two-electron
X4 X12 ; X2 3 system, the spatial wave function, which must be symmetric
| ‘——T with respect to the interchange of the spatial coordinates of
P two electrons, is generally represented as

X
2A
(X1, X2,1) = d1(X1,1) Pa(X2, 1) + Pa(Xy, 1) d1(X2,1),
FIG. 1. One-dimensional {composed of two nucldiA andB) (4)

and two electron$l and?2).
§ ) whereg, (x,t) is theith single-particle wave function. There-

method for one-dimensional,tand a numerical calculation fore, the time-dependent Sciioger equation to solve is

procedure ofhypeppolarizabilities are presented in Sec. Il. g
In Sec. I, a concept of many-electr¢hypeppolarizability i — s(Xq. X0, 1) = Hotha(Xq , X2, 1). (5)
density is introduced as well as conventional reduced one- ot
electron (hypeppolarizability density. Some classical pic- i i i o .
tures for a one-dimensional two-electron system are ex] Ne singlet spatial wave functiof(x,,x,,t) is simply writ-
tracted by using two-electrofhypeppolarizability densities €N as ¢(X1,Xp,t) for convenience hereafter. In the FF-
on the two-electron coordinate plane. In Sec. 1V, the variaMEWP method, a Gaussian wave packet is considered as the
tions in a and y for one-dimensional Kin the dissociation initial ith single-particle wave function expressed as
process are investigated by using the two-electron and re- )
ducec_i one_-electron(lhype|)pola_r|zablllty dens,lt_y pIots._The Bi(x; t=0)=C exr{ip(x-—xio)— X X2|0| . (6
classical pictures of polarization corresponding to displace- ! ] 20
ments of two-electron configurations are extracted at some
internuclear distances. This is followed by a conclusion inHere, p, X;9, and o indicate momentum, coordinate of the
Sec. V. center, and width of theth initial wave packet, respectively.
The symboIC denotes a normalization constant. Using Egs.
(4) and (6), an initial singlet wave function is constructed.
Il FINITE-FIELD ?f:?:’-\ll\jl(l-zl\E/:/_IE;:I/ngzc\)AlleVE PACKETS This wave function is superposed by singlet eigenstates in-
volving ground and excited states of the Hamiltonidp.
A. One-dimensional H, under static electric fields Since our desired wave function is the ground state that is

We first explain a reduced version of the MEWP methodgenerat6d by the reIaxgﬂon meth'od, as shown .m.(EEm.)
later, the form of Eq(6) is not so important. But it is sig-

that was originally developed in order to investigate quantunm ... : .
dynamics in real coordinate and spin spa@sin a reduced nificant that the spatial part of the ground-state singlet wave-

version of the FF-MEWP method, the wave-packet dynamic g'}ﬁtéogxgra:vzilf tcvflrcc;_réI22;?:5?0fof%?;]:;rgsvgmvﬁsi%eg
are performed in the spatial coordinates for a two-electro 9 9

system at a fixed spin state. One-dimensiongaisHexamined 4.

here, as shown in Fig. 1. In the Born-Oppenheimer approxi-S zlir;eth'll'shessg%):,e V\tlﬁed(ljsocL:%InZ]eb tg?em;\feisf;ncpgzn:gté(ejaé
mation, the electronic Hamiltonian involving the interaction pace. ' P PP y

with static electric fieldE is written as the foIIowmg softgned Coulom_bl'c forfi®] in order to elimi-
nate the singularity at the origin:

H_1(92 16 1 1 1 1+1+F
7 209x{ 29x5 Xia Xip Xoa XoB X1 X i% 1 @

Xij  Na+xd

wherea is a parameter. Javanainehal. gavea=1 for cal-
wherex; andx, denote the coordinates for electrahand2,  cylations of above-threshold ionizati¢ATl) spectra for the
respectively, and;; indicates the distance between particlesgne-dimensional H atorf6]. This potential falls off like the
i and j. The atomic unitsh=m.=e=1 (a.u) are used Coulomb potential at largéx;|, but takes an asymptotic
throughout this article. The solution to a time-dependentorm of the Coulomb potential at shapt; .
Schralinger equation involving the electronic Hamiltonian, After discretizing in space, as shown in Fig. 2, the kinetic
part on the right-hand side of E¢p) is approximated as

+FXx,, (8]

.0
5t DX =HeP0x, %), @ ~ (np+ 13,0 = 29N, N1, D) + (N 10y 1)
2(Ax)?

is the electronic wave function,
_ (/l(nZ!nl—’_ 1lt)_2¢(n21nllt)+ w(nZInl_ 11t)
q)(X].IXth):w(X]_IXth)(p(wl!wZIt)l (3) Z(AX)Z '

®
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v(ny,m) . (X1, X2, 7)
Xq1,X5)=lim , 11
wg( ! 2) T— ff|¢(xlvx217)|2dx1dx2 ( )
(N.DI(N,2)[(N,3)] - |(N.N)
where y(x1,X2, 7) = (X1, X2, 1) it = -
B. Calculation of (hyper)polarizability of one-dimensional H,
(o]
= The change in energyAE) of a one-dimensional system
G.DIG2IE3 =GN under a uniform external electric fieldy is written as[3]
@n|En|EH| -GN AE=—puF—3aFF—3BFFF—yFFFF—---, (12
1LDADL3)| - |(LN) where theu, a, 8, and y are dipole moment, polarizability,
. first, and second hyperpolarizabilities, respectively. We cal-
1

culate the statiex and the staticy of one-dimensional Kby

using a numerical differentiation method. The longitudinal
FIG. 2. Discretized coordinate plane for the one-dimensionaktatic « and y are calculated by

two-electron system. A finite one-dimensional space is divided into
N fragments. The numbers, andn, represent the grid numbers of a=—[E(F)+E(—-F)— 2E(0)]/F2, 13
electronsl and 2, respectively.

and
Here, y{n,,n;,t) represents the wave function at the site
(X5,X4), in whichx;= (n,—1)Ax [n;=0,1,..N+1 (i=1,2].  ¥=—[~E(3F)+12E(2F)—3%(F)+56E(0)—3%(—F)
Similarly the potential part using the softened Coulombic +12E(— 2F)—E(— 3F)]/36(F)* (14)
form [Eq. (7)] is written as ’

where the total energy under static electric field(F), is
1 1 obtained as

VI(ni—naAx*+1 Vl(np—na)Ax[*+1

E(F)=Ee(F)+ —F(na—1)Ax
1 1 ° VI(na—ng)Ax[?+1
V(ni—ng)Ax]?+1  V|(n,—ng)Ax|?+1 —F(ng—1)Ax. (15)
A On the right-hand side of the above formutg(F) denotes
+ (i —ny)AxZ+1 +F(n;—1)Ax the electronic energy under the static electric field, the sec-
e ond term represents the nuclear repulsion, and the remaining
terms describe the interaction between nuclei and electric
+F(nz=1)Ax|(nz,ny,t), (9 field.
lll. (HYPER)POLARIZABILITY DENSITY ANALYSIS
where nucleiA and B are located at the coordinates BY USING REDUCED ONE-ELECTRON
(na—1)Ax and (hg—1)AX, respectively. In this work, we AND MANY-ELECTRON DENSITIES

adopt the fixed boundary condition as ) ) .
In this section, we introduce the reduced one-electron and

many-electron (hypeppolarizability densities of the one-
#(nz,n=0t)=¢(n,=0ny,t) dimensional many-electron system for simplicity. These con-
= (npn=N+1p) cepts can be straightforwardly extended to the case of two-
' ' and three-dimensional systems.
=i(n,=N+1,n,,t)=0. (10
A. Reduced one-electronhyper)polarizability density

The time propagation of/(x,,X,,t) is carried out by The reduced one-electron density under static electric
solving Eq. (5) in the Runge-Kutta-Tanaka scheni&], field F for the one-dimensional system is expande3;8—
which is an eight-step procedure with a sixth-order accuracy11]
According to Kosloff and Tal-Ezef8], the singlet ground-
state wave function under static electric fields can be ob-
tained by propagating initial wavepackets in imaginary time,
i.e., by settingr=it in Eq. (5). After sufficient long-time
propagation, the wave packets relax to the ground state, since
all excited states involved in the initial wave packets decay
to zero. The singlet ground-state wave function is repre-
sented by The induced dipole moment is expressed as

1
p(r.F)=p (1) +pN(r)F+ 55 p®(N)FF

1
+§p(3)(r)FFF+--- : (16)
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_Q?‘)+y>0
—‘<—_©>+y<0

(a)

b
O:r Px)> 0 ¢
@®: <o 2
b
FIG. 3. Schematic diagram of the second hyperpolarizakijity ‘.1' 2 .2' 1
densities[p(3)(x)]. The white and black circles denote, respectively, N X 2 X
positive and negativ¢(3)(x) 's. The size of the circle represents the s' 2 1 {2 1
magnitude ofp'®(x) and the arrow shows the sign gf'(x) deter- X ——X
mined by the relative spatial configuration between these two . '
pP(x)’s. 2 1 1 2
—_—o0—o>» X X
[¢ d c d
Mio= Mot aF+BFF+ yFFF+--- | (17)

where , denotes the ground-state permanent dipole mo- FIG. 4. (a) Two-electron(hypeppolarizability density plots cor-

responding to two methods of drawing vectfs') andt(t’) from
ment. From Eqs(16) and(17), the « and y are represented positive to negative two-electrafinypenpolarizability densities for

by [3,9-17 the one-dimensional system. The white and black circles indicate
positive and negative densities, respectively. The decomposed vec-

a= —f Xp(l)(X)dX (19 torss(s') andt;(t/) (i=1,2 are also shown(b) Classical pictures

of polarization extracted from vectosss', t, andt’. Two electrons

and (1 and?2) are represented by white circles; amd, ¢, andd denote

the positions of the one-dimensional coordinate.

1
Y=-3 f xp @ (x)dx, (19)
' [3,10,11. The positive sign of the®@(x) implies that the
where thep®(x) and p'®(x), which are defined as the re- second derivative of the charge density increases with the
duced one-electrom and y densities, respectively, are ob- increase in the field. As can be seen from &), the arrow
tained by from positive to negative®(x) shows the sign of the con-
tribution to y determined by the relative spatial configuration

Do IPXF) between the twg®(x)’s. Namely, the sign of the contribu-
p (X)_T 20 tion to v becomes positive when the direction of the thick
F=0 arrow coincides with the positive direction of the coordinate
and system. The contribution tg determined by the®(x)’s of
the two points is more significant, when their distance is
p(x,F) larger.

P(3)(X)=T (21)

F=0
» ] B. Many-electron (hyper)polarizability density
These quantities are also simply referred taxesnd v den-

sities, respectively. These are calculated at each spatial point FTom the relation between many-electron and reduced

in the discretized space by using the following numericalPne-electron densities, the reduced one-electiinorder
differentiation formulas: (hypeppolarizability density is related to thd -electronnth-

order (hypenpolarizability density as

p () ={p(x,F)—p(x,—F)}/2F (22)

and p(“)(x)szp(”)(xl,xz,...,xM)dxz‘~dx,v,. (24)
p@(x)={p(x,2F) = p(x,— 2F)

—2[p(x,F)=p(x,—F)]J2(F)%, (23

M
wherep(x,F) represents the reduced one-electron density at a:_f (2 Xi)P(l)(XLXZn---uXM)dxldXZ'" dxy
a spatial poini in the presence of the field. [

In order to explain a method of analysis employing the (29
plots of reduced one—eIectrc(hyper)PoIarizability densities,
we consider the pair of localized®(x) shown in Fig. 3 and

Therefore, thew and y are also expressed by
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TABLE |. Parameters used in the FF-MEWP method.

Parameter description Value
Number of spatial grid pointbl 401

Size of spatial grid intervaAx 0.05 a.u.

Width At of time slices 2100 a.u.
Momentump for initial wave 0.0 a.u.

packet 1

Position of the center of initial
wave packet 1

Width ¢ of initial wave packet 1

Momentump for initial wave
packet 2

Position of the center of initial
wave packet 2

Width o of initial wave packet 2
Minimum electric fieldF

Position of nucleus

1.0 a.u.
0.0 a.u.

Position of nucleu

1.0 a.u.
0.005 a.u.

M
1
Y==3 (EI xi)p(3)(x1,x2,...,x,v,)dxldxz- ~dXy
(26)

where thepP(x;,X,,... Xy) and p®(x;,X»,... Xy) are de-
fined respectively by

(?p(Xl,Xz,...,XM ,F)‘
JF

(27)

p<l)(xl!X21'--!XM): ‘
F=0

and

aap(xlvx21'--lXM IF)‘
JF3

PP (X1, X, X)) = (28

|F:0

Here, theM -electron density under the static electric fi€ld
is obtained by

p(X1,Xo, e X F) =% (X1, X0,... Xm »F)
X p(X1,X2,...Xm,F), (29
.y
B *
Ap ]
A B X

FIG. 5. Positions of the centers of the initial wave function are

1507

3-1.32
>-1.34
-1.36 |-
—-1.38}
S-1.40F

-142 ¢

energ

otal

146520 30 40 50 60 7.0

Internuclear distance AX [a.u.]

Ground-state
N
N

FIG. 6. Potential-energy curve for the singlet ground-state of the
one-dimensional kcalculated by the MEWP method.

where (X41,X5,....Xm ,F) denotes a spatial wave function
under the static electric field. TheseM -electron(hypeppo-
larizability densities are calculated numerically as

p(l)(Xl,...,XM)Z{p(Xl,...,XM ,F)—p(Xl,...,XM ,_F)}/ZF

(30)
and
PP (Xe,. . X)) ={p(X1,... X\, 2F) — p(X1,... Xp , — 2F)
—2[p(X1,.--Xm ,F)
—p(X1,... X, — F)]}2(F)3. (31

We next propose a method for analysis based on the
many-electron(hypenpolarizability density. The procedure
for evaluating spatial contributions from their densities is
basically the same as that in the reduced one-electron hyper-
polarizability density analysis mentioned in the Sec. Ill A.
The two-electron(hypeppolarizability density for the one-
dimensional two-electron system is considered for simplicity
and for the latter applicatiofsee Sec. IY. Similarly to the
case for the reduced one-electr@rypeppolarizability den-
sity analysis, we consider two pairs of positive and negative
localized densities on the two-electron coordinate plane.
They are located symmetrically with respect to the diagonal
line x;=X,, since the two electrons cannot be distinguished.
Here, let us draw arrows from positive to negative densities,
similarly to the thick arrow shown in Fig. 3. In this case, we
can draw arrows from positivéwhite circle to negative
(black circle densities in two ways, as shown in Figajt In
the first way, two vectorgs ands’) are symmetric with re-
spect to a diagonal line; =X, , while in the second one, two

20.0
180}
_ 160/
a
S140]
o]
12.0
10.0
8.00

10720 30 40 50 60 70
Internuclear distance AX [a.u.]

1400
1200
1000
-2
800 iy
600 £
400
200

FIG. 7. Variations in the longitudinat and y, with internuclear

represented by black circles. Dotted lines indicate the positions oflistanceAX, for the one-dimensional Hcalculated by the FF-

nuclei A andB.

MEWP method.
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(a) 1.6 a.u. (b)3.0 a.u.
Two-electron ¢ density Two-electron ovdensity
20 20
16 16
5 12 5 12
) s
K8 K8
4 4
0 0
0 4 & 12 16 20 0 4 8 1216 20
x, [a.u] x; [a.u.]
Reduced one-clectron o density Reduced one-electron o density

2 — 2

]

Reduced one-electron
a density [a.u.]
Reduced one-electron
o density [a.u.]

0 4 8 12 16 20

x [au]
Classical picture Classical picture
oo+ > X —of—o-} > X
}op — —to—fo—x

FIG. 8. Two-electronx densities, reduced one-electrardensities, and classical pictures of polarization primarily contributing &
each internuclear distance(a) 1.6 a.u.,(b) 3.0 a.u.,(c) 4.0 a.u., andd) 6.0 a.u. In density plots, dotted lines depict the positions of the
nuclei. Contour lines are drawn from0.35 to 0.35 a.u(contour step, 0.05 au.In classical pictures, ticks and white circles indicate the
positions of nuclei and electrons, respectively. Thick arrows represent the displacements of two-electron configurations.

vectors(t andt’) intersect each other across the diagonal linetained by the vectorsands’ has no interchange of electrons
X1=X,. Let us focus on the contribution from vectarWe 1 and 2 in the polarization process, while another type of
decompose the vectar into vector components; and s, displacement obtained by the vectarandt’ has an inter-
which are along the coordinateg andx,, respectively. The change. In general, therefore, multiple classical pictures can
contribution from the vectos is obtained by adding the con- be extracted from the same pair of positive and negative
tributions from the vectors; ands,. The sign of the contri- (hypeppolarizability densities. In this study, however, the
bution becomes positive when the directionsspfands,  differences in the electrons’ number are not considered, since
coincide with the positive direction of the coordinaigsand  the (hypeppolarizability relates only to the displacement of
X5, respectively. The magnitude of the contribution from thethe middle point of the coordinates of the two electrons.
vectors (i =1,2) increases by increasing the distamggand

by increasing the magnitude of the two localized densities.

In quantum theory, the position of an electron cannot be IV. POTENTIAL ENERGY, a AND v,
determined, and an electron wave function is extended in FOR ONE-DIMENSIONAL H ,
space. In this context, a choice of the position of an electron IN THE DISSOCIATION PROCESS

in the two-dimensional plane corresponds to an extraction of
a classical picture of the electron. From this viewpoint, a
choice of a vector drawn from the positive to the negative One-dimensional klis examined as one of the most fun-
two-electron(hypenpolarizability density corresponds to an damental low-dimensional systems with two electrons in
extraction of the classical picture of polarization relating toquantum optics. Table | summarizes the parameters used in
the (hypeppolarizability specified by the vector. In Fig(s},  the FF-MEWP calculations of the species. The internuclear
four classical pictures of polarization corresponding to thedistance is varied from 1.2 to 7.0 a.u. Two initial wave pack-
vectors(s, §', t, andt’) are shown as classical displacementsets are set on the positions of two nuclei, respectively. Thus
of two-electron configurations at the starting and terminalhe initial wave function is located as shown in Fig. 5. The
points of these vectors. These classical displacements asinglet wave function has no nodes in the real coordinate
divided into two types. The first type of displacement ob-space, as seen from E). The potential curve for one-

A. Potential-energy curve for one-dimensional H
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(c)4.0a.u. (d) 6.0 a.u.
Two-electron ocdensity Two-electron o density
20
16
5 12
=
<8
4
0 4
0 4 8 12 16 20 0 4 8 1216 20
x [a.u] x, [a.u.]
Reduced one-electron o density Reduced one-electron o density

2

27

«
—

Reduced one-electron
o density [a.u.]
=}
Reduced one-electron
o density [a.u.]

2074 8 1216 20 0 4 8 12 16 20
x [a.u] x [a.u.]
Classical picture Classical picture
—o+—o+ > X f } » X
; ; > X f } =)

FIG. 8 (Continued.

dimensional H is shown in Fig. 6. The equilibrium nuclear slowly at a nuclear distance of less than 3.0 a.u. For the
distance(~1.6 a.u., obtained by the MEWP method is foundvalidity of these MEWP results, we must first consider the
to be slightly larger than the numerically exact valael.4  effects of the softened Coulombic potential on thgpeppo-

a.u) obtained by Kolos and WolniewicfA2]. This feature is larizabilities. The use of this potential has two types of in-
considered to be caused by using the softened Coulombituence on electronic structures. One is caused by the effects
potential[Eg. (7)]. Details of the characteristics of the poten- on the electron-nucleus interaction, and the other is caused
tial curve obtained by the MEWP method are discussed iy the effects on the electron-electron interaction. Since elec-
connection with some approximate Coulombic potenfid]s  trons distributed far from nuclei are known to primarily con-
As a result, it is found that the qualitative shape of the po4ribute to the(hypeppolarizability, the use of the softened
tential curve obtained by the MEWP method is nearly equalCoulombic potential is considered to have a primary influ-
to that of the numerically exact calculation, although the ab€ence on thehypeppolarizability by reducing the Coulomb
solute value of the system obtained by the MEWP method isepulsion for an electron pair with short interelectronic dis-

different from those of the real three-dimensiongl. H tance nearly equal to or less than the spatial grid intekwal
As mentioned above, however, tlieypeppolarizability is
B. Variations in @ and y in the dissociation process found to be essentially characterized by electron distributions

i L i . from extended and diffuse spatial regions. Therefore, quali-

_ Figure 7 shows the variations in the longitudinadndy  ative features ofhypejpolarizability could be meaningfully
in the dissociation process of the one-dimensional $imi-  giscyssed if we used a sufficiently small ghic and a suf-
larly to previousab initio calculation result$1,2], a has a ficiently large coordinate plane. Judging from the agreement
maximum around the internuclear distand&=3.4 a.u. Al-  of the shape of the potential-energy curve and the variation
though the absolute value of maximuwm(15.8 a.u} in this  in « with those of real H, the characteristics of obtained
model obtained by the FF-MEWP method is different fromhere are considered to reproduce those of longitudjrfalr
the precise valu¢l9.4 a.u). obtained by theab initio calcu-  real H,.
lation for real H, [1], the characteristics of the variation én The maximumy at R=4.0 a.u. implies that both theoreti-
are found to reproduce thab initio results. cal and experimental searches of species with chemical

In contrast, it is found thay has a maximum at a larger bonds in the intermediate correlation regime are important in
distance compared with the caseafandy increases more relation to the molecular design of nonlinear optical materi-
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FIG. 9. Two-electrony densities, reduced one-electrgrdensities, and classical pictures of polarization primarily contributing &b
each internuclear distance(a) 1.6 a.u.(b) 3.0 a.u.,(c) 4.0 a.u., andd) 6.0 a.u. Contour lines are drawn frorb0 to 50 a.u(contour step,
5 a.u). Classical pictures corresponding to internal and external two-elegtdemnsities are shown. See Fig. 8 for further legends.

als; e.g., m-conjugated compounds with labile chemical dimensional H model. For the radical structure, two elec-
bonds[3,14]. trons (shown by the symboD) are located near the nuclei
(shown by+), respectively. In contrast, for the ionic struc-
ture, both of electrons are located near either of the two
nuclei. By using these classical pictures, the variations in
The two-electron and reduced one-electrodensities at  polarizability during the dissociation process are found to be
1.6, 3.0, 4.0, and 6.0 a.u. are shown in Fig. 8. The fourcaused by the change from the polarization in an ionic struc-
maximum points of positive and negative two-electrean ture to that in a radical structure. The rapid increase it
densities are found to be located around the nuclei. Twan internuclear distance of less than 3.0 a.u. is considered to
pairs of positive and negative maximum points located symeorrespond to the polarization in the ionic structure. In con-
metrically with respect to the diagonal line;=x, are trast, the decrease in the polarization in the ionic structure

stretched and divided along another diagonal lineand the increase in that in the radical structure seem to cause
Xp= =X+ 20 with the increase in the internuclear distance.the decrease im at a distance larger than 3.4 a.u.
In the reduced one-electrandensity plots, the region with

the negative contribution ta develops at a distance larger

C. Classical pictures based on two-electron
and reduced one-electrona density analyses

than 3.0 a.u. This feature can be understood as the beginning D. Classical pictures based on two-electron
of the appearance of the density of each H atom shown in and reduced one-electrony density analyses
Fig. 8(d).

Here, we introduce classical pictures of electronic struc- From the two-electrory density plots shown in Fig. 9, we
tures, i.e., radical and ionic structures, for the one-can see four pairs of positive and negative densities con-
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(c)4.0 a.u. (d) 6.0 a.u.
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FIG. 9 (Continued.

structed from two internal and external pairs that give negais a difference in the dipole moments between statasd 1
tive and positivey's, respectively. The internal pairs repre- (the ground staje andE;, is the transition energy of staie
sent the two pairs of densities near the lijpe=—x;+20 a.u.  The numerators of each term on the right-hand side of Eq.
The external pairs represent the two pairs of densities remot&2) characterize the virtual excitation paths involved in each
from the line y,=—x;+20 a.u. This feature can also be un- term. The three types of virtual excitation path specified by
derstood by the negative contribution in the bond region andhe first, second, and third terms are represented respectively
the positive one in the outer region in the reduced oneby type I (1-n-n-n-1), type Il (1-n-1-m-1), and type Il
electrony density plots at the equilibrium distan¢e6 a.u). ~ (1-n-m-n’-1) contributions. The type-l contributions vanish

In general,y is composed of contributions from three for the centrosymmetric systems because of the disappear-
types of virtual excitation process. The perturbative formulg®Cc€ Of their dipole moments. As seen from E8p), the

o N ype-l contributions are positive, while the type-IlI contribu-
of static y is expressed bj13-1§ tions are negative. Although the type-lll contributions can
2(A 2 2 2 take both positive and negative values, in principle, the type-
¥(0)=>, (#ns) (3 #n) -> () (’L;ml) Il contributions are usually positive. The magnitudes and
n Eni nm  EnEn

the signs of totaly are determined by the balance among
these contributions. The three-type analysis for various com-
pounds based on the virtual excitation processeg isfdis-

A
n E MinA MnnMnmMml

2 . . .
n#m EniEm cussed in detail elsewhef#4,17. Therefore, the difference
between internal and external contributions in the two-
HinMnmMmn' MnrL electrony density is considered to be ascribed to the two
+ > , (32) . > ° .
W Emen EniEmiEn1 types of virtual excitation processéype Il and type Il) in

one-dimensional K In the present casey is composed of
wherey;; is a transition moment between statesnd], A;; type-Il and -lll contributions. It is presumed for,Hhat the
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type-1l paths mainly include the ground and low-lying ionic Internuclear distance AX [a.u.]
excited states, while the type-lll paths include higher-lying 10 20 30 40 50 6.0

ionic excited states. Therefore, the internal and external con- o mionicapy <ie cadical

tributions seem to correspond to type-ll and -Ill processes,

respectively. With the increase of the nuclear distance, the Yiema< 0 mionicapp < radical

internal two-electrony densities are stretched and divided Y., cma> 0 ionic P -aiieradicals

along the diagonal lin&,= —x; + 20, similar to the case of

a, while the external maximum region is not very divided  FiG. 10. Variations in classical polarization pictures mainly

even at the internuclear distance of 4.0 a.u. contributing to @ and y during the dissociation process of one-
This change in the two-electron coordinate system corredimensional H. The Yinerna @8N Yexernal 'EPrESENtY'S contributed

sponds to the fact that a classical picture of polarization irfrom internal and external two-electrondensities shown in Fig. 9,

the internal region rapidly turns from the ionic to the radical respectively(see Sec. IV .

structure at a small internuclear distance of less than 3.0 a.u.,

while that in the external region continues to hold a polar-

ization in the ionic structure even at larger internuclear dis- « and y are found to increase exceptionally in the disso-

tance(~4.0 a.u). This tendency of the external region seemsciation region of one-dimensional,Hlt is also found thaty

to be realized by the virtual excitation patftgpe Ill), in-  reaches a maximum at a larger internuclear distance com-

cluding higher-lying excited states that are more spread oyared with the case af. In the classical picture, this feature

in space than lower excited states primarily contributing tois considered to originate in the polarization in the ionic

the internal region. structure extracted from the external region in the two-
The slow development of at a nuclear distance of less electrony density plot. Figure 10 summarizes variations in

than 3.0 a.u. seems to be caused by a reduction of the typetassical polarization pictures mainly contributingd@nd y

Il (positive contribution paths by the type-linegative con-  during the dissociation process of the one-dimensional H

tribution) paths, which are predicted to have a maximum ata The present study suggests that the variations in

small internuclear distance of less than 3.0 a.u., since th@hypebpolarizability in the dissociation and unstable regions

excited states involved mainly in the virtual excitation pathsfor systems with more electrons will present many unex-

for a seem to be the same as those of type Il jor pected and exciting phenomena for experimental and theo-

retical investigation. In fact, nonlinear optical responses of

systems in the strong and intermediate correlation regimes

are currently attracting attention in relation to many applica-
Many-electron(hypeppolarizability density is found to tions. The pictorial and intuitive method of analysis devel-

offer more information that is useful in evaluating the rela-oped here will be useful for the study of such phenomena.

tions between the classical displacements of electron corfurther, the success of the present analysis based on the

figurations and the quantum nonlinear optical processes. FérF-MEWP method indicates its fruitful application to theo-

real three-dimensional systems with more electrons, howretical investigations of dynamic responses to time-

ever, a direct visualization of contributions from many- dependent external fields by using the concept of dynamic

electron (hypeppolarizability densities in multidimensional hyperpolarizability densitf17]. Such applications are cur-

space is hard to realize. The method for extraction of classirently being studied.

cal pictures from pairs of maximum positive and negative

(hypeppolarizability densities is helpful in obtaining the ACKNOWLEDGMENT

characteristics of the main contributions ¢oypeppolariz-

abilities for these systems. This method of analysis is also We are grateful to the Ministry of Education, Science and

highly applicable to various methods treating static respons€ulture of Japan (Specially Promoted Research No.

properties. 06101004 for financial support.

V. CONCLUDING REMARKS
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