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Search for Borromean states in the He-He-Rb triatomic system
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We search for the existence of weakly bound He-He-Rb molecules. The He-He-Rb molecule is treated as a
three-body system. By using hyperspherical coordinates, the Schrodinger equation for the triatomic system is
solved in the adiabatic approximation. A bound state is found for each of the 3He-He-%°Rb, *He-*He-%Rb, and
4He-*He-%Rb trimers, respectively. The bound state for the He->He-**Rb molecule is a Borromean state found
in a realistic molecular systems because there are no bound states in both the *He-*He and *He-*Rb dimers.
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I. INTRODUCTION

The bound states of a three-body system when its two-body
system does not have any bound state is called the Borromean
(halo) states [1,2], after the Borromean rings, which are
interlaced in a subtle topological way such that if any one
of them is removed, the two other become unlocked. The
adjective Borromean is nowadays broadly accepted in the field
of quantum few-body systems [3,4].

Some Borromean systems have been known for several
years in nuclear physics. For instance, if one neglects the
internal structure of « particle, a fairly realistic approximation,
®He is a bound (a-n-n) system, while neither (a-n) nor (n-n)
is bound. Thus, °He is Borromean [5].

For three identical particles in real atomic and molecular
systems, Lim et al. and Esry et al. have shown that the second
bound state of the helium trimer appears to have properties
similar to those of an Efimov state [6,7]. Blume et al. have
predicted that the single vibrational bound state of the quartet
tritium trimer is a Borromean state [8], and Kraemer et al.
observed an Efimov resonance in an ultracold gas of cesium
trimer [9], which confirms central theoretical predictions of
Efimov physics and represent a starting point with which to
explore the universal properties of resonantly interacting few-
body systems. So far, He,-**K is the only mixed molecular
system for which the Borromean state has been predicted
theoretically [10].

In this article we present the results of searching for weakly
bound states of the He-He-Rb molecule. The He-He-Bb
molecule is treated as a three-body system. By means of the
best empirical interaction between each pair of particles, the
Schrodinger equation for the triatomic system is solved using
hyperspherical coordinates in the adiabatic approximation.
The results show that there is a bound state for each of the
4He-*He-%Rb, “He-*He-%Rb, and 3He-*He-*Rb molecules,
respectively. The bound state for the *He-*He-3"Rb molecule
is the Borromean (halo) states found in the realistic molecular
system because there are no bound states in both the *He-*He
and *He-%Rb dimers. And this Borromean state is the ground
state of the *He->He-3Rb system.
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II. METHODS AND RESULTS

Neglecting the internal structure of the atoms, we consider
He-He-Rb molecule as consisting of three atoms, He, He,
and Rb. The Schrodinger equation for three interacting atoms
is expressed by the hyperspherical coordinates and we solve
this Schrodinger equation within the adiabatic approximation
[7,11,12]. Only the most favorable condition for the lowest
states of the He-He-Rb molecules or the case of J = 0 is
considered. Given the detailed description in Ref. [10] of the
calculation procedure, we mention here only some key points
of the method.

In the adiabatic hyperspherical approach, we treat R initially
as a fixed parameter and solve the eigenvalue equation,

"
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The full solution to the Schrodinger equation has the following
form:

V(R.¢.0) =Y F.(R),(R,0,0). )

If the coupling terms between different channels are neglected,
then we obtain the hyperradial equation in the adiabatic
approximation,

1 a2
[_ZW + UV(R) + va(R)] Fvn(R) = Evann(R)v (5)
where

1 92
W, (R) = _ZM)V(R)'W

It can be shown [13,14] that the ground-state energy obtained
by solving Eq. (5) is an upper bound to the true ground-state

|y (R)). (6)
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energy. If we solve Eq. (5) without W,,(R), it also can be
shown [13,14] that the ground-state energy obtained in this
way is a lower bound to the ground-state energy. Thus, after
Eq. (5) is solved with and without W,,,(R), we can obtain the
range of the ground-state energy.

The hyperradial equation Eq. (5) is solved by numerical
integration method and Eq. (1) is solved by using B-spline
expansion.

Given a knot sequence on the x axis [15]

frr<x < <aw < < v, (N

B-spline functions of order k are defined as

I, x <x <X
B =

0, otherwise
X — X Xigk — X
B;i(x) = “— B i1 (x) + —

Xitk—1 — Xi

B 5—1(x).
®)

It is immediately seen that B; x(x) (i = 1, 2, .. .) are piecewise
polynomials of order k — 1 localized within [x,xy], while
B; x(x) is nonvanishing only within [x;,x;t]. The behavior
of B-spline functions can be readily adjusted with the knot
sequence, viz., the choice of knot point x;, order k, and number
of B splines N, which offers a means to optimize the B splines
as a basis set to expand the wave functions of one or several
states concerned.

In our case for Eq. (1), there are two variables (¢,0), for a
fixed R, and the channel function ®(R,¢,0) in Eq. (1) can be
constructed with the B splines as a basis set,

Xit+k — Xi41

M,N
D(R,$,0)= Y CijBix($)B; () ©)
ij=1
Substituting ®(R,¢,6) into Eq. (1), we obtain
HC = ESC, (10)
where H is the Hamiltonian matrix and S is the overlap
matrix of B splines. E and C are eigenvalues and eigenvectors,
respectively. Solving this generalized eigenvalue equation,
we obtain the channel function ®(R,¢,0) and the adiabatic
potential U, (R) at a fixed R.

We treat the He-He-Rb molecule as a three-body system.
The three-body interaction is expected to be small and in the
case of the He-He-He system it has been shown to affect
less than 1% of the ground-state energy [16,17]. Therefore,
we do not consider any possible three-body interaction in our
calculations and the interactions of the system are the two-body
interactions between each atom.

For the He-He dimer, the potential from Aziz and Slaman
[18] is used, and the potential proposed by Kleinekathofer [19]
is used for the He-Rb system. These potentials are considered
to be among the best available and they are obtained from
quantum chemistry calculations and then fitted and adjusted so
that the low-energy atom-atom scattering data are reproduced.
In Fig. 1, we show the pairwise interaction potentials for the
He-He and He-Rb dimers.

To determine the dissociation limit of the lowest channel
potential for He-He-Rb molecule, we search for the bound
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FIG. 1. Interatomic potentials for He-He and He-Rb systems.

states for the “He-3"Rb and *He-3"Rb molecules. The related
two-body radial Schrodinger equation is solved numerically
with the He-Rb potential from Fig. 1. The results for the
bound states are shown in Table I together with the results for
the helium dimers. We can see that there is a bound state for
“He-3Rb dimer with binding energy —10.3 mK, and no bound
state for the He-*"Rb diatom. It is well known that there is
a bound state for the “He-*He dimer with the binding energy
—1.31 mK, but there are no bound states for both the *He->He
and *He-He diatoms. Therefore, if there are bound states for
the 3He-*He-%Rb molecule, they would be the Borromean
states in realistic molecular systems. And the dissociation limit
of the lowest channel potential is —10.3 mK for both *He->He-
85Rb and “He-*He-3Rb molecules, and the dissociation limit
of the lowest channel potential is 0 K for the 3He-*He-%Rb
molecule.

As mentioned, to search for the bound states for the
He-He-Rb system, we solve the Schrodinger equation for
the triatomic system using hyperspherical coordinates in the
adiabatic approximation. The hyperspherical method with
adiabatic approximation is one of the most powerful theo-
retical techniques for searching for stable bound states. In
this approach, the adiabatic hyperspherical potential is first
calculated. If the potential curve is repulsive, there is no
possibility for the existence of any bound states. If the potential
curve is both attractive and deep enough, stable bound states
are expected. This technique has been successfully applied
to many three-body systems. The previous results show that
the stability and the binding energies of these systems depend
sensitively on the interaction potentials and the masses of the

TABLE 1. The calculated binding energies of the ground states
for the He-Rb dimers together with the results for helium dimers.
The interatomic potential between Rb and He is taken from Ref. [19].
Missing entries indicate that no bound is found.

*He “He 85Rb
3He
‘He —1.31 mK —10.3 mK
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FIG. 2. The lowest hyperspherical potential curves for each of
the triatomic systems, “He-*He-%Rb, *He-*He-%Rb, and *He->He-
85Rb trimers. The curves of both the “He->He-**Rb and “He-*He-
85Rb trimers converge to the bound state of the *He-%Rb dimer
with binding energy of —10.3mK. The curve of 3He->He-**Rb
trimer converges to zero, the three-body breakup threshold, at
large R.

particles. Quantum symmetry is also known to play an essential
role [20] in determining the stability of systems and the binding
energies.

After Eq. (1) is solved by using B-spline expansion, we
obtain the lowest adiabatic hyperspherical potentials for the
4He-*He-%Rb, “He-He-%Rb, and *He->He-3*Rb molecules.
The calculated hyperspherical potentials are presented in
Fig. 2. In the large-R limit, each potential curve converges
the related dissociation limit. The dissociation limits for both
the “He-*He-*Rb and *He->He-*Rb trimers are the bound
state of the *He-3>Rb dimer with the binding energy of
—10.3 mK. For the He-*He-*Rb molecule, both the *He->He
and *He-%°Rb dimers have no bound states, so the potential
curve approaches zero, the three-body breakup threshold, at
large R.

Once the adiabatic hyperspherical potentials are obtained,
we can search for the bound states supported by each curve
by shoveling the hyperradial equation. The results show that
each curve can support only one bound state. The binding
energies are listed in Table II. We can see from Table II
that the upper bounds of the binding energies are —152,
—65.9, and —38.6 mK for the “He-*He-%Rb, *He-He-®Rb,
and *He-*He-%Rb trimers, respectively, and the lower bounds
of the binding energies are —155, —69.0, and —40.8 mK for
the *He-*He-®3Rb, *He->He-#Rb, and *He->He-%Rb trimers,
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FIG. 3. The wave functions for the bound states of the “He-*He-
85Rb, *“He-*He-*’Rb, and *He->He-*Rb trimers. The Borromean state
of the *He-3He-*Rb trimer has an larger spatial extent.

respectively. The bound state for the 3He-3He-*Rb trimer is
a predicted Borromean state in the ground of the trimer since
there are no bound states in both the *He-*He and 3He-%Rb
dimers. The wave functions with W,,, (R) for the bound states of
the “He-*He-3°Rb, *He-3He-%’Rb, and *He-3He-3’Rb trimers
are shows in Fig. 3, which shows that the Borromean state of
the *He-*He-3Rb trimer has an larger spatial extent.

For the purpose of comparison, Table II also includes the
results from Li et al. for the He-He-*°K trimer [10]. The
results in Table II show that the binding energies of the tri-
atomic molecules depend sensitively on the mass of each
of the particles in the system, and the binding energies for
He-He-*>Rb are deeper than those for He-He-*K system
since the mass of 3°Rb is heavier than that of *°K. Note
that the relative gap between the lower and upper bounds
for He-He-3 Rb is about 20 times smaller than for the similar
He-He-*’K molecules. This can be understood in the following
way. The He-He-**Rb and He-He-*K molecules are similar
and they have the similar diagonal coupling term W,,,(R). The
adiabatic hyperspherical potentials for He-He-*K system are
shallower than those for He-He-®Rb system. Therefore, the
diagonal coupling term has a larger influence on the He-He-3*K
system in Eq. (5). This leads to the bigger relative gap between
the lower and upper bounds for the He-He-*’K trimer.

III. SUMMARY

We have searched for the existence of the weakly bound
He-He-*"Rb molecule. The He-He-®Rb molecule is treated as

TABLE II. The calculated binding energies of the ground states for “He-*He-3Rb, *“He->He-*Rb, and *He-*He-3Rb trimers together with

the results for “He-*He-*K, *He-*He-*°K, and *He-*He-*K trimers.

SHe-He SHe-*He ‘He-*He
Low bound Up bound Low bound Up bound Low bound Up bound
PK —9.01 mK —0.728 mK —42.2 mK —11.0 mK —115mK —66.6 mK
85Rb —40.8 mK —38.6 mK —69.0 mK —65.9 mK —155mK —152 mK
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a three-body system. By using hyperspherical coordinates, the
Schrodinger equation for the triatomic system is solved in the
adiabatic approximation. A bound state is found for each of
the *He->He-%°Rb, *He-*He-%°Rb, and *He-*He- 8 Rb trimers,
respectively. The bound state for the 3He-*He-%Rb molecule
is the Borromean state found in the realistic molecular system
because there are no bound states in both the *He-*He and
3He-%Rb dimers. Since they have binding energies of the
order of less than 1 K, these weakly bound molecules can
exist only in a cold environment. Using laser cooling and
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other cooling methods for atoms and molecules [21-23],
it may be possible to make direct observations of these
molecules.
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