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Quasibound states of tetrahedral quantum structures
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Chemical reaction dynamics is known to be influenced by quasibound states (unstable electron standing
waves) that exist in the positive-energy continuum in the spatial neighborhood of molecules. These unstable
spatial structures give rise to resonances in the scattering dynamics between molecules or between electrons and
molecules. Here we analyze the quasibound states associated with both an attractive and a repulsive molecule-
size tetrahedral structure by using Wigner-Eisenbud R-matrix theory. Our results indicate that quasibound states
typically exist in the neighborhood of all small molecules and other small quantum objects.
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I. INTRODUCTION

The atomic structure of molecules largely determines the
spatial distribution of electrons attached to the atoms that
comprise the molecule. The electrons form bound-state (neg-
ative energy) quantum standing waves on the molecular struc-
ture, and they can also form quasibound (positive energy)
standing waves that can exist in the positive-energy contin-
uum. Although quasibound states have a finite lifetime, they
can have a large influence on the dynamics of chemical reac-
tions [1,2]. Visualization of the spatial structure of quasibound
states has proved elusive. However, recent experiments have
begun to image their spatial structure [3,4].

An important tool for determining the energy of quasi-
bound states is scattering theory because quasibound states
generally give rise to scattering resonances. However, numer-
ical simulations of quantum waves scattering from a molecule,
or other extended objects, can be daunting, because the anal-
ysis of the scattering process generally has to be repeated for
each incident energy. In Ref. [5], a formalism was developed
to study wave scattering from two- and three-dimensional
localized objects using Wigner-Eisenbud (W-E) scattering
theory [6,7] (also called R-matrix theory). This formalism
forms the model for the approach we use here. Wigner-
Eisenbud scattering theory has a long and distinguished
history. It was first developed by Wigner and Eisenbud to
study nuclear scattering processes [8] and subsequently as a
framework to compare predictions of random matrix theory to
experimental nuclear scattering data [9,10]. It has been used
extensively to model atomic scattering processes [11-14] and
electron-molecule collisions [15-18]. W-E scattering theory
has also been used to study quasibound state formation in a
two degree of freedom (DoF) model of HO-CI dissociation
[19,20], electron scattering in two DoF waveguides [21-23],
scattering of waves from a chaotic system with cylindrical
symmetry [24-26], scattering from periodic lattices [27,28],
and a search for bound states in the energy continuum [29].
In subsequent sections, we show that W-E scattering theory
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provides a means to visualize the structure of quasibound-
electron waves that form in the positive-energy continuum of
three DoF objects.

In addition to the study of quantum wave dynamics in
molecules and small quantum devices, the study of electro-
magnetic waves in optical microcavities has become a field
of growing interest [30]. For example, Nockel, Stone, and
Redding [31,32] showed that D-shaped optical resonators
with internal chaotic dynamics [33] could be used to construct
lasers with unique directional emissions. These new appli-
cations of small open quantum and electromagnetic systems
invite a detailed examination of the quantum dynamics (wave
properties) of other small quantum systems that could be
used to model unique nanometer scale quantum and optical
devices.

In subsequent sections, we explore the quantum wave
dynamics of a molecule-size tetrahedron and use W-E the-
ory to analyze the scattering properties of a complex three-
dimensional object. Molecules with tetrahedral structure oc-
cur commonly in nature. Nuclei whose distribution of protons
and neutrons have tetrahedral symmetry have high stability
[34-36] and have been suggested as a means to explain
the order of elements in the periodic table [37]. Tetrahedral
structures have been shown to have fractal scattering proper-
ties [38]. Thus, the scattering of waves from tetrahedrons is
relevant for molecules, atomic nuclei, and even metal clusters
[39].

W-E theory decomposes configuration space into a reaction
region that fully contains the potential-energy distribution and
an asymptotic scattering region in which the potential energy
is zero. The asymptotic region can be characterized by a
complete set of good quantum numbers. The reaction region
may be partially chaotic and does not have a complete set
of good quantum numbers. However, it can be described in
terms of a complete set of basis states that satisfy certain
boundary conditions on the interface between the reaction and
asymptotic regions. The reaction region basis states are then
coupled to the asymptotic region through a singular coupling
[40,41].

We begin in Sec. II with a description of the tetrahedron
system. In Sec. III, we formulate the exact scattering problem
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for the three-dimensional system considered here. In Sec. IV,
we formulate the W-E scattering theory. In Sec. V, we de-
scribe the scattering properties of the attractive tetrahedron
and show the structure of some of its quasibound states. In
Sec. VI, we perform a similar analysis for the repulsive tetra-
hedron. And finally in Sec. VII, we make some concluding
remarks.

II. TETRAHEDRON SYSTEM

We consider a particle of mass m; (an atom or an elec-
tron for example) scattering from the tetrahedron which has
mass myp and is extended in space but fairly localized (falls
off faster than %). Let us assume that, in the laboratory
frame, m; has displacement #; and m; has displacement f,.
The relative displacement of the two masses is = £, — I
and their center-of-mass displacement is R = e+ G,
where M = m; + m; is the total mass. We will assume that
the interaction potential energy V (f) depends only on the
relative displacement of the two objects. We let p; and p»
denote the momentum of particles m; and m,, respectively,
in the laboratory frame. The center-of-mass momentum is
P = P, + p» and the relative momentum is p = 27D — 571
The Hamiltonian for this system is

AD ) H2 A2
A P P; A P 14 A
H=—+4+—4+V®)=—+ —+V({), 1
2m1~|—2m2+ (F) 2M+2M+ #), (1)
where = (m"l‘frflz) is the reduced mass. Because the Hamilto-

nian is independent of ﬁ, the center-of-mass momentum is a
constant of the motion. We can assume that the center-of-mass
momentum is zero and set P = 0 without loss of generality.

The total angular momentum of the system can be writ-
ten as

L=t xp+fxp=RxP+¢xp. )

The center-of-mass angular momentum ﬁcm =RxPisa
constant of the motion and can be set to zero without loss of
generality. For interaction potentials of the type V = V (), the
relative angular momentum of the particles can change during
the scattering process.

The energy eigenstates |W ), which describe the scattering
process, satisfy the time-independent Schrddinger equation
H| W) = E|W). In spherical coordinates, (r, 6, ¢), the time-
independent Schrodinger equation can be written

, BPl1a/,d L?
HWgp(r) = —Z[r—25<r 5>:|“IJE(I') + m‘l’E(r)
+V({r)Pe(r) = EVE(r), 3)

where 7 is Planck‘s constant, u is the reduced mass of the
system, Wg(r) is the probability amplitude, and L? is the
angular-momentum operator
1 02
)

[*= —hz[ ! i(' (9)i> +—— 7
- sin@) 90 \"" 796 ) T sin2(9) 992

The eigenstates of [? are the spherical harmonics Y;" (6, ¢) so
that

2270, ¢) = F2e(C + )Y, ). )

FIG. 1. Schematic picture of the tetrahedron.

We assume that the particle moves in a tetrahedral potential.
The basic geometry of a tetrahedron is shown in Fig. 1. A
potential with this basic structure can be modeled by the
following function:
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where 03 is an elliptic theta function, ry is the radius of
the sphere that the four corners of the tetrahedron sit on,
o = 1.0 determines the number of potential wells along the
¢ direction, € = 0.25, and ¢ = 0.25 determines the standard
deviation of the widths of the potential wells. In Fig. 2, we
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FIG. 2. The tetrahedron formed from elliptic theta functions:
(a) spherical coordinates, (b) Cartesian coordinates.
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plot this potential energy for ro = 1.0 d.u. and Up = 10 d.u.
(d.u. denotes dimensionless units).

Throughout, we use the following units, based roughly
on those of tetrahedral molecules [42], and the quasibound
state structures that we find should be fairly typical of those
molecules: The spacing between atoms at the corners of
the tetrahedron is about d = 2.24 10\, which means they lie

on a sphere of radius a = \/§2.24 A =137 A. We take as

our energy unit Ey = /f; =5.9x 10" ergs = 3.62eV. We
consider both an attractive tetrahedral distribution of potential
wells with Uy = —10Ey, ry = la, and a repulsive distribution
of potential peaks with Uy = +10Ey, ry = la. Therefore, the

depth or height of our potential is about 36 eV.

III. THE REACTION AND SCATTERING MATRICES

To solve the scattering problem, it is useful to divide the
scattering system into a reaction region that fully contains
the scattering potential, and an asymptotic region outside any
influence from the scattering potential. The energy eigenfunc-
tion W (r) = (r|Wg) [the solution to Eq. (3)] is then divided
into a part that lies in the reaction region (r < a), \IJ§ (r), and
a part that lies in the asymptotic region (r > a), Wa(r). The
functions WX (r) and W4 (r) and their slopes must be continu-
ous across the » = a interface. This can be accomplished by
equating the logarithmic derivatives of these two functions at
the interface so that

\i—’g(a, 9, ¢) _ ‘ilé(a,@, ¢)
VK@, 0,9) Ui, 0,9)

)

where Wz (a, 0, q))z%hza.

In the asymptotic region, angular momentum and energy
are conserved because V (f) = 0. \112 (r) will be a superposi-
tion of incident and scattered waves. Thus, it can be written in

the form

[ee) 4
W) =D ) [Aemx k) + Benx k)] Yem(©, ¢),

=0m=—¢
| (8)
where x," (kr) [x%(kr)] contains the radial dependence
of incomfng (outgofng) waves with energy E and quantum
numbers £, m.
In the reaction region, the wave function takes the form

o0 4
VR =D brom(r¥em(®. ¢), ©)

{=0m=—¢

where the form of ¢g ¢, (r) depends on the interaction po-
tential. Angular momentum will be conserved only if the
interaction potential is spherically symmetric, V = V(|r|).
When angular momentum is conserved, each value of (£, m)
in \Ilé (r) couples only to the same value of (¢, m) in WR(r).
The R matrix R,,.,, where v; ={{;,m} and v, =
{€,, my}, relates the value of wg‘ (r) with angular-momentum
channel {¢;,m;} to the slope of Wa(r) with angular-
momentum channel {£,, m,} at the interface. The R matrix

thus satisfies

oo

153
>0 ) aR, (B)Ay, X (ka) + By, 3" (ka)]

62:0 mz:—ez

= Ay, x " (ka) + By, x O (ka), (10)

where x"(ka) = h\”(ka) and xo"(ka) = h\"(ka) (B\* and
h;l) are spherical Hankel functions). The quantity R, ,/(E) is
the (v, v')th element of the R matrix. More explicitly, Eq. (10)
takes the form

Z aRK,m;l/,m’ (E )hf) (k(l )AZ’,m’
0.m

(1
+ ) R (B (ka)By
o.m'
2 1
= A wh (ka) + By why (ka), (1)
. ah® (k.
where A% (ka) = 2282 .
The scattering matrix relates the coefficients A, ,, of incom-
ing states to coefficients By ,, of outgoing states. Equation (11)
can be written in matrix form as

= =2) _ = = _ =@ - =) -
aR(E)-h -A+aR(E)h -B=h -A+h B, (12)

where R(E) is a M x M matrix, A and B are M x 1 column
=2 =(1

matrices, gnd h( ) and h( ) are M x M diagongl matrices. The

S matrix S(E) is given by the relation B = S(E)-A. Solving

Eq. (12) for B, we get

=(1)

3(E) = —[h B

S =) =)
—aR-h 17 :[h " —aRh 1] (13)

. . . =(2) =(1)
To simplify the notation, let i, =/ " and jour =/ . Then

S(E) = —[Fout — aR X ou] " [Fin — aR- X3l (14)

The general structure of the R matrix and the S matrix is
determined by the behavior of states in the reaction region.
The R matrix is nondiagonal in the indices v when angular
momentum is not conserved in the reaction region. This means
that incident waves with quantum numbers {E, v} give rise to
outgoing waves with quantum numbers {E, v'}. Conversely,
when angular momentum is conserved in the reaction region,
the R matrix is diagonal in indices v.

IV. WIGNER-EISENBUD SCATTERING THEORY

The tetrahedral potential energy is spatially localized. This
allows us to separate the system into a “reaction region”
(0 < r < a,), which fully contains the tetrahedral potential,
and an asymptotic region (¢ < r < 00) in which the potential
energy is effectively zero. This spatial separation can be
accomplished by using projection operators. Let

a T 2
Q:/rzdr/ sin(e)de/ do\r,0,¢)(r,0,¢| (15)
0 0 0

project onto the reaction region 0 < r < a and let

00 T 2
P =/ rzdr/ sin(@)d@/ dolr, 0, ¢)(r,0,¢| (16)
a 0 0
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project onto the asymptotic region a < r < 0o, where the
states |r, 6, ¢) are delta normalized,

(r1, 01, ¢11r2, 62, P2)

1
- S —
risin(6;) (r2

It is straightforward to sAhow that PP = P, 00 = 0, and
PO =0 so that P+ Q = 1. Then the eigenvalue equation

r1)8(62 — 01)8(p2 — ¢1).  (17)

H|E) = E|E) takes the form
OHQIE) + OHP|E) = EQ|E), (18)
PHP|E) + PHQIE) = EP|E). (19)

We can write the projections of the Hamiltonian into the
reaction and asymptotic regions.

P19 9
oi0- furvoo|-E[55(3)]

+ i +V(r)}(r,9,¢|, (20)
2ur?
and
PHP = fdrve ¢){ hz[l a< 8)}
2u|r2or\ or
£2
+ 2W2}<r,9,¢>|, 1)

respectively, where

a T 2w
?{ dr = [ rdr f sin(0)do / d¢ and
R 0 0 0
[es) T 2
fdr: / rdr / sin(6)d6 / do. (22)
A a 0 0

The coupling terms QHP and PHQ are defined in terms of
the singular operator [40,41], which can be written as

(23)

so that
OHP = —QVP
2h2
f]{dl‘lf]{dl‘zh‘l Hri|r2)d(ry — a)—(r2|

(24)

where |r) = |ry, 01, ¢1). .

We next introduce eigenstates Q|¢,) of the reaction re-
gion Hamiltonian OHO and eigenstates, P|®(K)), of the
asymptotic region Hamiltonian PHP. Then, the exact energy
eigenstates can be expanded in the form

oo
= Y(E)0l¢pa) + Tk(E)P|O(K)),  (25)
a=1
where Y, (E) = (¢4 |E) and I'k(E) = (P(K)|E) are complex
coefficients that determine the weight of the contribution of
each of the basis states Q|¢,) and P|®(k)), respectively, to
the energy eigenstates |E) of the system.

A. Reaction region eigenstates

The eigenvalue problem in the reaction region can be
written

I_?QQQ|¢¢1> = )‘-aQ|¢a)’ (26)

where Hyp = QH (. The eigenstates Q|¢,) are orthonormal
and complete so

(GalQl¢par) = Suor and Y Olgpa)($alQ = 0.  (27)

The reaction region eigenstates in the position basis can be
written

(r|Qlg.) =

Z Z chmnNen]e(

£=0 m=— n=1

YO, ),

(28)
where k/ , ensures that the Bessel function Je(=2r) has zero
slope at r = a and Np ,, is the normalization constant

Ken

—1/2
N@,nz[ /0 Zdrh('cg” )] . (29)

Note also the normalization condition

T 2
/ Sin(6)d6 / dBY? (0. W (. 8) = 80, 6x5m
0 0

(30)
The eigenvalue equation in the reaction region takes the
form

r|QHQOIr)(r|Q|¢.)
50 L? vy hwd
{ |:r2 ar( 5>]+m+ r }(I‘IQI%)
Ao (|0l ) @31

This can be solved with spherical Bessel functions j,(x) if we
note the identity

2

,d d
d ——Je(x) + Zxd—Je(X) + [x* — €L+ D]je(x) = 0. (32)

Letx = kg ,r, where k¢, = K"” . Then, Eq. (32) takes the form

19/, (£+1)
-2 ke
r2 ar( or )Jﬁ( t r)+

Now substitute Eqs. (28) and (33) into Eq. (31) to get

zzmmm(

{=0m=—Ltn=1

JZ(kZ n) - kz nJK(kZ n)

(33)

=+ V(r)) Jekemr)Yy" (0, @)

oo 4 oo
=y > Cl Newjelhewr)Y 0. 0).  (34)

{=0m=—Ln=1

If we multiply Eq. (34) by j,(ke,.n,7)Ye,.m, (6, ¢) and inte-
grate over (r, 6, ¢), we get

2,2 co ¢ o0
h K_Zmno o 2 E : 2 o
% a2 CZ(,,W!U,VL,, + <£07 my, nU|V|£’ m, n>C[,m,n

L=0m=—~L{n=1

= 2aCy ny (3%)
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FIG. 3. Absolute value of the probability amplitude for bound
states of the attractive tetrahedron. The bound states have ener-
gies (a) E = —1.6837 d.u,, (b) E = —0.48746 d.u. (this state is
antisymmetric about y = 0), (c) E = —0.32975 d.u. (this state is
antisymmetric about x = 0), (d) £ = —0.30059 d.u.

where

(Lo, my, oV €, m, 1)

= NZO,mo,n,,NZ,m,n/ drjin(ké,,,n(,r)
R

X Y,n,(0, @IV () je(kenr)Yem(0, @) (36)

We can solve Eq. (35) for the eigenvalues A, and coefficients
cy and then use the results to plot the eigenstates in the

Lo,mg,ny’
reaction region. For the attractive tetrahedron with Uy = —10,
there are four bound states which have energies E = —1.6837,

E = —0.48746, E = —0.32975, and E = —0.30059. The ab-
solute value of the probability amplitudes for the bound states
(in Cartesian coordinates) is shown in Fig. 3 for the reaction
region radius a = 4. The bound states sit in the potential
wells of the tetrahedron. Although it is not shown explicitly
in the figure, the bound state in Fig. 3(b) is antisymmetric
about y = 0, and the bound state in Fig. 3(c) is antisymmetric
about x = 0. There are no bound states for the repulsive
tetrahedron.

B. Asymptotic region eigenstates

The Schrodinger equation for the asymptotic region can be
written as

(r|PHP|E) P10 (a0 -
= —_—— = —
2u | r?or or
=F

(r|P|E), (37

~

L2
2ur?

}<r|P|E>

and the basis states can be written as

00 L
(XlPIE) =) )" pu(r)¥em(®, ), (38)
=0m=—¢
where
Dy (1) = Agh (kr) + By (kr). (39)

The spherical Hankel function hf)(kr) denotes the incoming
part of the wave function, and the spherical Hankel function
hle) (kr) denotes the outgoing part of the wave function.

C. The Wigner-Eisenbud R matrix

The first step to obtain an expression for the W-E R matrix
is to consider again the projection of the eigenvalue equation
(18) and note that the spectral decomposition of QH Q is

OHQ = "1u01¢a) ($al0- (40)

a

We can therefore write Eq. (18) in the form

> 1a01¢a)(6a|0IE) + OHPIE) = EQIE).  (41)

Now multiply by (¢4|, and use the orthonormality of the
states |¢y), to get so that

(ke — E)(¢a|QIE) + ($a| OHPIE) = 0. (42)

The matrix element (¢, |OHP|E) is computed in Appendix A.
Combining the result for (¢,|QHP|E) obtained in
Appendix A with Eq. (42), we can write

R hzaz oo ¢ o) .
(ha = ENGalQIE) = =3 > > CiruNewdelen)
w
{=0m=—Cn=1
0Dy, (k
x <—f* ( ”) —0. 43)
ar r=a

Now remember that

E) =) va(E)Ql¢a) + Tk(E)P|®(K),  (44)

a=1
50 Yo (E) = (¢o|O|E) and we finally obtain

ﬁgzoo t oo

(e — E)YalE) — %Z 3y e @

{=0m=—{n=1

x <—8®‘3*’”(kr)> =0, (45)
ar r=a

where £ (r) = C&* Ny nje(kenr), sO

L,m,n L,m,n

RS o 605 (@) (3D (kr)
ya(E>=2—ZZZ(; _E)< ” ) . (46)
H L=0m=—L€n=1 o r=a
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Because the energy eigenstates can be divided into reaction
region and asymptotic region contributions, we find that

(r|E) = Zya<E>r|Q|¢a> + (r|PIE)

a=1

= Zya(E)Z Z ngmn(rm (0. ¢)

L=0m=—Ln=1

00 14
+ 30D Ppkr)Ye (6. ¢). @7)

L=0m=—¢L

Next impose the condition that the scattering eigenstate

(r, ¢|E) be continuous at r = a so (a, $|0|E) = (a, ¢|P|E).
This takes the form
o0
D Vo EWapm(a) = Dy m(ka), (48)
a=1

where waém(a) Zn légmn(a) Zn— gmnNZ n]E(KZ n)-
Combining Eqs. (46) and (48) we obtain

H2a Zi Z Vam( @y (@) <ac1>[,m,(kr)>
=0 m'=—¢' (ka B E) or r=a
— Dy (ka). (49)

The R matrix is obtained from the condition

00 4
0Dy (kr)
> aRe,m;ef,m/(E)<ZT> = @, (ka).

=0 m'=—¢
(50)

Therefore, the R matrix is given by

_ Walm(a)wa R m( )
RZmZ’m(E) ZMZ ()\a —E) . (51)

If we substitute this expression for the W-E R matrix into
Eq. (14), we obtain an explicit expression for the scattering
matrix for the tetrahedral system. Below we show the results
of this scattering theory for both an attractive tetrahedron and
a repulsive tetrahedron.

V. SCATTERING FROM AN ATTRACTIVE
TETRAHEDRON

We used the W-E theory described above to compute the
scattering matrix for the eigenstate basis £ =0, ...,7; —€ <
m< ¢, n=1,...,8 The radial quantum numbers n are
summed over when computing the R matrix. For this ba-
sis, the S matrix is then a 512 x 512 matrix composed of
scattering amplitudes for all possible scattering processes
{61, m}—={lry,m}for £ =0,...,7, —€ < m < £. The scat-
tering matrix elements are labeled left to right and top to
bottom in the order

{¢, m} ={(0,0), (1, =1), (1,0), (1, +1),
x(2,-2),2,—-1),...,(2,42),(3,-3),....

In Fig. 4, we show the absolute value of four S-matrix
elements as a function of energy. Figure 4(a) shows |S3 3| as a

1.0 T

| | (b)
o6 1S3l 11Ssal
0.2 (a) B

o 2 g4 60 2 g4 6
1.04 E

_ ©] | (d)
06{ |Seal 1 1Sos5l
0.2 _/L

o 2 g4 T o 2 g4 e

FIG. 4. Absolute value of scattering amplitude for Uy = —10
and incident energy E = 0—6 d.u. (a) |S33| scattering ampli-
tude for {£, m} = {1, 0}—{1, 0}. (b) |S53| scattering amplitude for
{€,m} = {2, —=2}—{1, 0}. (c) |Se.4| scattering amplitude for {¢, m} =
{2, —1}—={1,+1}. (d) |Sos| scattering amplitude for {£, m} =
{2, +2}—{2, —2}. Peaks and dips are due to quasibound-state scat-
tering resonances.

function of energy. |S3 3| is the square root of the probability
for an incoming particle with angular momentum {£ = 1, m =
0} to scatter as an outgoing particle with angular momentum
{¢ = 1, m = 0}. Note that there are scattering resonances in
the neighborhoods of energies E = 0.6, E =2.8, E = 3.8,
and E = 6. Figure 4(b) shows |Ss 3| as a function of energy.
|Ss5,3] is the square root of the probability to scatter from
(€ =2,m=-=2}to {£ =1, m = 0}. Figure 4(c) shows |Ss 4|
as a function of energy. |Se4| is the square root of the
probability to scatter from {{ =2, m=—1}to { =1,m=
+1}. Figure 4(d) shows |So 5| as a function of energy. |So 5|
is the square root of the probability to scatter from {¢ = 2,
m = 42} to {£ =2, m = —2}. All four scattering processes
have scattering resonances in the neighborhood of energies
E=06FE=28E=38,and E =6.

In Fig. 5, we plot the absolute value of S-matrix ele-
ments S, ,, with ny =1,...,16 and n, = 1,...,16. This
corresponds to scattering amplitudes between all angular-
momentum states £ = 0, ..., 3 and the corresponding values
of m. In these plots, we only show values of [S,, ,,| > 0.2
so that we pick up the dominant scattering processes. In
Figs. 5(a), 5(c), and 5(d), we show the S matrix for energies
E =0.435, E =2.76, and E = 3.8, which are energies at
which scattering resonances occur in Fig. 4. At these energies,
there are multiple transitions between different angular mo-
menta. In Fig. 5(b), we show the S matrix for energy £ = 1.5
which is an energy at which no significant scattering occurs in
Fig. 4.

In Fig. 6, we show the poles of the S-matrix element S 3 in
the complex energy plane. All of the scattering resonances that
appear in Fig. 4 can be associated with poles of the § matrix in
the complex energy plane. Note that the imaginary part of the
energy increases as the real part of the energy increases. This
indicates that the higher energy quasibound states have shorter
lifetime than the lower-energy quasibound states because the
lifetime is proportional to 7/Im(E) (in dimensioned units).
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FIG. 5. Plots of the absolute value of S-matrix elements for
attractive potential Uy = —10 d.u.: (a) at resonance £ = 0.435 d.u.,
(b) off resonance E = 1.5 d.u., (c) at resonance E = 2.76 d.u., (d) at
resonance E = 3.8 d.u. Only matrix elements with absolute value
greater than 0.2 are plotted.

Finally, in Fig. 7, we show some of the quasibound states
(reaction region eigenstates) that give rise to the scattering
resonances. All the states in Fig. 7 sit in, or are tightly wrapped
around, the position of the potential wells of the tetrahedron.
The state in Fig. 7(a), with energy E = 40.43186 is purely
imaginary. The lighter (orange) surface in Fig. 7(a) has the
value Im[¢g(r)] = —0.06034 and the darker (blue) surface
has the value Im[¢¢(r)] = 4+0.06034. The state in Fig. 7(b),
with energy E = +2.65181, is real. The lighter (orange)
surface in Fig. 7(b) has the value Re[¢3(r)] = —0.08861, and

FIG. 6. S-matrix poles obtained from S;3; for the attractive
potential.

472 X
~“0
2

FIG. 7. Quasibound states of the attractive tetrahedron with
energies (a) £ = +0.43186 d.u., (b) £ =2.65181 d.u, (¢c) E =
2.75598 d.u., (d) E = 3.8135 d.u. These are localized reaction region
states.

the darker (blue) surface has value Re[¢s0(r)] = +0.04315.
The state in Fig. 7(c), with energy E = 42.75598, is purely
imaginary. The lighter (orange) surface in Fig. 7(c) has he
value Im[¢3,(r)] = —0.07974, and the darker (blue) surface
has the value Im[¢3;(r)] = +0.07974. The state in Fig. 7(d),
with energy E = 43.8135, is purely imaginary. The lighter
(orange) surface has the value Im[¢yg(r)] = —0.09246, and
the darker (blue) surface has value Im[¢45(r)] = +0.09246.
In the neighborhood of each of the energies listed, there are
several quasibound states. We have only shown a selected few
quasibound states here. Each of these states can be associated
with the poles of the S matrix shown in Fig. 6.

As pointed out in Ref. [29], for scattering systems with-
out a well-defined boundary, such as the tetrahedral system
we are considering here, the reaction region contains two
types of states: localized states, whose probability distribu-
tion is localized in the neighborhood of the potential energy
and do not depend on the size of the reaction region; and
extended states, which only see the walls of the reaction
region and are not influenced by the potential energy. In
Fig. 8, we show some examples of extended reaction region
states. The state in Fig. 8(a), with energy E = +1.27137,
is real. The lighter (orange) surface in Fig. 8(a) has value
Im[¢;5(r)] = —0.08872, and the darker (blue) surface has
value Im[¢;5(r)] = +0.08601. The state in Fig. 8(b), with
energy E = 41.99251, is real. The lighter (orange) surface
in Fig. 8(b) has the value Re[¢ys(r)] = —0.08911, and the
darker (blue) surface has the value Re[¢,g(r)] = 4+0.09789.
The state in Fig. 8(c), with energy E = 42.75598, is purely
imaginary. The lighter (orange) surface in Fig. 7(c) has value
Im[¢36(r)] = —0.1353, and the darker (blue) surface has the
value Im[¢s6(r)] = 4+0.1353. The state in Fig. 8(d), with
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FIG. 8. Extended reaction region states of the attractive tetrahe-
dron with energies (a) E = +1.27137 d.u., (b) E = +1.99251 d.u.,
(c) E = +2.85299 d.u., (d) E = +3.8524 d.u.

energy E = +3.8524 is real. The lighter (orange) surface in
Fig. 8(d) has value Re[¢s3(r)] = —0.1470, and the darker
(blue) surface has the value Re[¢43(r)] = 4+0.0629.

VI. SCATTERING FROM A REPULSIVE TETRAHEDRON

To obtain the repulsive tetrahedral potential, we set Uy =
+10. The repulsive tetrahedron has no bound states, but it
does have quasibound states. Evidence for this comes from
scattering resonances and poles of the S matrix in the complex
energy plane.

In Fig. 9, we show four S-matrix elements as a function of
energy. Figure 4(a) shows that |S3 3| is the square root of the
probability for an incoming particle with angular momentum
{€ = 1, m = 0} to scatter as an outgoing particle with angular
momentum, {£ = 1, m = 0}. Note that there are weak scat-
tering resonances in the neighborhoods of energies E = 2.6,
E =3.6,and E = 6. Figure 4(b) shows |Ss 3| as a function of
energy. |Ss3| is the square root of the probability to scatter
from {¢ =2, m = -2} to {£ = 1, m = 0}. Figure 4(c) shows
|S6.4] as a function of energy. |S¢ 4| is the square root of the
probability to scatter from {£{ =2, m=—1}to{{ =1, m =
+1}. Figure 4(d) shows |So 5| as a function of energy. |So 5|
is the square root of the probability to scatter from {¢ = 2,
m = +2} to {£ =2,m = —2}. All four scattering processes
have scattering resonances in the neighborhood of energies
E=26FE=3.6,andE = 6.

In Fig. 10, we plot the absolute value of S-matrix ele-

ments S,, ,, with ny =1,...,16 and n, =1, ..., 16. This
corresponds to scattering amplitudes between all angular-
momentum states £ = 0, ..., 3 and the corresponding values

of m. In these plots, we only show values of [S,, ,,| > 0.1
so that we pick up the dominant scattering processes. In
Fig. 10(a), we show the S matrix for energy £ = 0.7 which is

1.0 -
| \| - (b)
064 1S3l 1 1S53l
0.2
o 2 = g4
1.04
064 1Seal

g4

FIG. 9. Absolute value of scattering amplitude for Uy = 410
and incident energy E = 0—6 d.u. (a) |S;3| scattering ampli-
tude for {£, m} = {1, 0}—{1, 0}. (b) |S53| scattering amplitude for
{€,m} = {2, =2}—{1, 0}. (c) |Se 4| scattering amplitude for {£, m} =
{2, —1}—>{1,+1}. (d) |Sos| scattering amplitude for {£,m} =
{2, +2}—{2, —2}. Peaks and dips are due to quasibound-state scat-
tering resonances.

an energy at which no significant scattering occurs in Fig. 9. In
Figs. 10(b)-10(d), we show the S matrix for energies E = 2.5,
E =3.5,and E = 5.9, which are energies at which scattering
resonances occur in Fig. 9. At these energies there are multiple
transitions between different angular momenta.

In Fig. 11, we show the poles of the S-matrix element
S3.3 in the complex energy plane. The scattering resonances

— O

w

Lo o

0 1 2L3 0 1 2L

FIG. 10. Plots of the absolute value of S-matrix elements for
Uy = +10 d.u.: (a) at apparent resonance E = 0.70 d.u., (b) at reso-
nance £ = 2.5 d.u., (¢) at resonance E = 3.5 d.u., (d) at resonance
E = 5.9 d.u. Only matrix elements with absolute value greater than
0.1 are plotted.
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FIG. 11. S-matrix poles for S 3 for the repulsive potential.

that appear in Fig. 4 can be associated with poles of the S
matrix in the complex energy plane. Note that the complex
part of the energy increases as the real part of the energy
increases, indicating that the higher-energy quasibound states
have shorter lifetime than the lower-energy quasibound states.

Finally in Fig. 12, we show some of the quasibound states
(localized reaction region eigenstates) that give rise to the
scattering resonances for the repulsive tetrahedron. All the
states in Fig. 12 sit in the neighborhood of the potential peaks
of the tetrahedron. The state in Fig. 12(a), with energy E =
+2.47325, is real. The lighter (orange) surface in Fig. 12(a)
has the value Re[¢,3(r)] = —0.06773, and the darker (blue)
surface has the value Re[¢og(r)] = 4+0.07162. The state in
Fig. 12(b), with energy E = 42.51459 is purely imaginary.
The lighter (orange) surface in Fig. 12(b) has the value
Im[¢9(r)] = —0.07256, and the darker (blue) surface has the
value Im[¢o9(r)] = +0.07256. The state in Fig. 12(c), with
energy E = +3.42772 is real. The lighter (orange) surface in
Fig. 12(c) has value Re[¢4,(r)] = —0.05065, and the darker
(blue) surface has the value Re[¢4y(r)] = +0.09413. The
state in Fig. 12(d), with energy E = +3.47192, is purely
imaginary. The lighter (orange) surface in Fig. 12(d) has the
value Im[¢43(r)] = —0.08618, and the darker (blue) surface
has the value Im[¢43(r)] = 40.08618. In the neighborhood
of each of the energies listed, there are several quasibound
states. We have only shown a selected few quasibound states
here. Each one of these states can be associated with the poles
of the S matrix shown in Fig. 11.

The repulsive tetrahedron also has a series of extended
reaction region states which look very much like those shown
in Fig. 8.

FIG. 12. Quasibound states of the repulsive tetrahedron with
energies (a) E =2.47325 du., (b) E =2.51459 du., (¢c) E =
3.42772 d.u., (d) E = 3.47192 d.u. These are localized states of the
reaction region.

VII. CONCLUSIONS

Wigner-Eisenbud scattering theory provides an efficient
method to visualize quasibound-state structures in the neigh-
borhood of small quantum objects, such as small molecules.
Quasibound states are unstable standing waves associated
with parts of the molecule that can dissociate from the main
structure. Because they are unstable, they are difficult to
visualize.

For a simple molecule-size tetrahedral quantum structure,
we have found that quasibound electron states can exist in the
positive-energy continuum when the tetrahedron is composed
either of four attractive potential wells or four repulsive
potential wells. It is well known that W-E theory provides
an efficient means to model the scattering dynamics of small
quantum objects but, as we have shown above, it also provides
an efficient means to visualize the spatial structure of three-
dimensional unstable standing-wave structures.
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APPENDIX

We can obtain an explicit form for the matrix element QH P:

2K%

A A A AR A a
QHP = —QVP = —‘(fdrlfdrﬂr])(r]lrzﬁ(rg — a)—(r2|.
R A 8r2

ua?

(AL)
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This then takes the form
2h2

(¢o|QHPIE) = ——
,ua

/ 21, / rzdrz/dsz a(n—r2>8<r2—a><¢a|r1,el,¢l> 1,00, 911PIE)

G a
- / 2ar, f ar, [ 42501 — 82— 3 Y ZCM Nt oG e 61, 1)

9 oo L
e (Z Y Penkr)Yen(@1, by ))

L=0m=—¢

where dQ] = sin(91 )d91d¢1
Integrate over 6; and ¢; and sum over £’ and m’ to get

U=0m'=—{'n

(A2)

NP 21
(@I OHPIE) = — 2 / 2, / s — s — @3 Y 300 Nowjilk, P LSS

=0 m=—L n'=1

Note that since § functions are even functions with area equal to one, when they are evaluated at the limits of integration r = a,
only one half of the § function contributes and they each give a factor of % We obtain

22OO

(¢«|OHPIE) =

——Z Z Zce  aNewjelie, »(m ’"(kr)> . (A4)

L=0m=—{n=1
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