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The behavior of singlet- and triplet-state bipolarons in liquid ammonia has been studied by quantum
simulation. The singlet-state electron density is a peanut-shaped cavity structure with peaks in the dis-
tribution about 7 A apart, whereas the triplet-state electron density consists of two distinct cavities.
These findings are consistent with a large number of experimental observations and with a model pro-
posed by Mott. In the singlet state, the dynamics of the electrons is characterized by novel hopping

events.
PACS numbers: 71.20.Cf, 71.25.Lf, 71.30.+h

Metal-ammonia solutions have been studied extensively
by scientists since their discovery in the nineteenth centu-
ry [1,2]. In broad terms, the behavior of such solutions
can be divided into four distinct regimes: A very-low-
density region characterized by isolated excess electrons
p <0.1 mole percent metal (MPM), a slightly higher-
density region p<2 MPM dominated by spin-paired
species (bipolarons), a liquid metal p>4 MPM, and a
high-density form characterized by metallic solid com-
pounds with units of the form M (NH3), [1,2].

While considerable progress has been made in the
study of solvated electrons and the low concentration re-
gime [3,4], very little is known about the microscopic
structure and dynamics of metal-ammonia solution in the
1-MPM concentration range. That spin-paired species
are present can be inferred from the susceptibility which
has its minimum at this density [1,2]. Moreover, the
pairing must be rather weak as the absorption spectrum is
relatively unchanged from the low-density regime and at
very low concentration the bipolarons dissociate [1,2]. To
explain these results, Mott has postulated an electron dis-
tribution resembling a hydrogen molecule but with a
binding energy of a few tenths of an eV [5]. The dynami-
cal behavior of this state was not discussed.

In order to more fully understand this part of the
metal-ammonia phase diagram, we have performed Car-
Parrinello calculations [6] based on local-spin-density-
functional theory [7] for both singlet- and triplet-state bi-

polarons at a density of ~1 mole percent electrons
(MPE). Such calculations allow the determination of
both the structure and dynamics of the solvated electrons
on the ground-state surface [6,8,9]. In our calculations,
the ideas of Mott concerning the peanut-shaped cavity
and the binding energy are quantified. In addition, we
have identified a novel diffusion mechanism for the bipo-
laron.

It is now known that ammonia retains its gas-phase
geometry throughout the metal-ammonia phase diagram
[10]. The ammonia molecules were therefore represented
by a rigid point-charge model [11]. The potential param-
eters were fitted to the properties of liquid ammonia. A
simple pseudopotential which includes the polarizability
of nitrogen atoms, Pauli repulsion, and the Coulomb in-
teraction with the fixed charges of the solvent molecules
was used to approximate the electron-ammonia interac-
tions. This pseudopotential, which was fitted to the bind-
ing energy of an electron to small metal-ammonia clus-
ters [12], was also found to reproduce the behavior of a
single excess electron quite well [13]. With these poten-
tials, a system containing 256 ammonia molecules and
two electrons was studied at the state point pnp,=0.023
A 73, T=260 K in both the singlet and triplet electronic
states.

The energy of the electronic states of the system was
determined using local-spin-density-functional theory

| [7,14]. In this theory, the energy of an N-electron system
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where the exchange-correlation energy is defined as
E«(r)=fdrn(r)le,(r)+¢.(r)]l. The form of the spin-
polarized ¢,(r) and e.(r) are taken from Perdew and
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Zunger [7]. The singlet electronic state is determined by
solving this set of equations for the ground-state spin-up
and spin-down orbitals. The triplet state is determined by
constraining the ground-state spin-up orbital and the
ground-state spin-down orbital to be orthogonal. A
plane-wave basis set was used to expand the orbitals with
a cutoff of k ma, =14xn/L, where L is the size of the simu-
lation cell.

The structure and dynamics of the system were deter-
mined using the Car-Parrinello method [6,15]. The
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FIG. 1. The electron density of representative configurations
of (a) singlet and (b) triplet bipolarons taken from the present
calculations which consist of 256 ammonia molecules and two
electrons in a periodically replicated cell of edge 22 A. The
outermost contour contains 95% of the electron density.

coefficients of the plane-wave basis set are given a ficti-
tious momentum and the system propagated according to
a Lagrangian consisting of the electronic energy, the sol-
vent potential energy, the solvent kinetic energy, and the
fictitious momentum. In addition, independent Nosé
thermostats were placed on the solvent atoms to keep
them at a temperature of 260 K and on the basis-set
coefficients to keep them at a temperature of 0.02 K [16].
The mass of the basis-set coefficients was then adjusted
until an adiabatic separation between the electronic and
the solvent degrees of freedom was attained, mpasis =256
a.u. This separation ensures evolution on the ground-

L

[0}
I
S ——
|

T

R(t)/A

T
1

0 20 40 60
t/ps

FIG. 2. The distance between the average position of the
spin-up density and the average position of the spin-down densi-
ty, as a function of time for the singlet-state bipolaron in liquid
ammonia (see text).

state electronic surface. Independent thermostats were
placed on the solvent translational and rotational degrees
of freedom with masses 30000(N.;o) a.u. and
2000(N o)) a.u., respectively. The thermostats for the
spin-up and spin-down orbitals were also assumed to be
independent, each with mass 32 a.u. Simulations were
run for 50 ps using the Verlet integration algorithm and a
time step of 16 a.u. The Shake algorithm was used to ap-
ply the orthogonality constraints [6]. Further details will
be presented in another publication [17]. The results of
the present Car-Parrinello calculation for the singlet state
have been confirmed by path-integral Monte Carlo stud-
ies, which gives us confidence in the method outlined
above [17].

The equilibrium structure of the singlet- and triplet-
state bipolarons in liquid ammonia at ~1 MPE are very
different. Figure 1 compares two representative config-
urations taken from the present simulations. In the sing-
let state, on average the electrons assume a peanut-
shaped distribution with the peaks in density about 7 A
apart [Fig. 1(a)]l. However, in the triplet state, the elec-
trons form two distinct spherical cavities [Fig. 1(b)]. The
energy of the singlet state is lower than that of the triplet
state at this density by ~0.6 eV and lower than that of
two excess electrons at infinite dilution by ~0.3 eV (en-
ergies not free energies). Given these rather small stabili-
zation energy differences, triplet-state calculations were
also initialized in representative singlet-state cavities, and
singlet-state calculations were started in representative
triplet-state cavities to verify the above results. Indeed,
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after a suitable period of equilibration, the previous dis-
tributions reappeared. Thus, our results confirm the pos-
tulates of Mott concerning the electron distribution in
this region of the phase diagram and even the order of
magnitude of the bipolaron binding energies [5].

In addition to confirming Mott’s largely intuitive
deductions, the present results give some information on
the dynamical evolution of the system which has been the
source of considerable speculation [18]. The results
proved to be quite surprising. First, the dynamics of the
singlet and triplet states are quite distinct. In the triplet
state, the distance between the average spin positions 0s-
cillates quite benignly about its equilibrium value. In the
singlet state, however, the behavior is characterized by
quiescent periods of oscillation about the average separa-
tion followed by jumps to small bond length (see Fig. 2).
Typically, the jumps occur at intervals of about 5 ps.
Such jumps can occur because of a near cancellation be-
tween the electronic kinetic energy and the Coulomb
repulsion. That is, as the electron distribution approaches
zero bond length, rather than having electron density lo-
calized in the lobes of the peanut-shaped equilibrium cav-

ity, the electrons can spread out and occupy a larger
spherical cavity, thus decreasing the kinetic energy. This
also results in a large increase in the Coulomb repulsion
as the electrons now occupy the same cavity. The solvent
potential is apparently not strong enough to stabilize the
zero-bond-length configuration and the electron distribu-
tion is forced to spring back to its original peanut shape.
This behavior occurs on the ground-state surface and is
not the result of the breakdown of the adiabatic approxi-
mation.

In Fig. 3 the time dependence of the electron distribu-
tion during a typical hopping event is shown. The distri-
bution begins in a peanut-shaped cavity, jumps to a single
cavity, and then rebounds to another peanut-shaped cavi-
ty rotated from the first. The jump events are not simply
an oscillation, but lead to diffusion of the bipolaron
through the fluid. Thus, the mechanism for bipolaronic
motion in the fluid is not that of a rigid diatom but con-
sists in part of leapfrog hopping events. To quantify this
statement, the diffusion coefficient of the average spin-up
position, the average spin-down position, and the average
positions of the total density and the solvent were calcu-

1.15 ps

1.73 ps

FIG. 3. The time evolution of a hopping event for a singlet-state bipolaron in liquid ammonia. The interval between each snapshot

is 0.6 ps.
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lated. The spin-up and spin-down positions have a
diffusion coefficient of 1.2 A?%/ps, while the average posi-
tion of the density has a diffusion coefficient of 0.8 A%/ps.
The solvent has a diffusion coefficient of 0.7 A?/ps, a
value which is essentially that of a single excess electron
in our model. Thus, the calculated value of the diffusion
constant of the single excess electron is about 2 times
smaller than experiment. It can therefore be seen that
the bipolaronic hopping events give a reasonably large
contribution to the diffusion coefficient in our model.

The time between hopping events and the rather
unique diffusive behavior of the bipolaron leads to some
interesting questions about the nature of the electron-
solvent coupling that leads to the hops. That the elec-
trons do not return to the same cavity suggests that they
likely couple to shear modes of the ammonia fluid.
Indeed, the time scale (5 ps) of the events is longer than
the period of the smallest longitudinal solvent mode in the
system (256 solvent molecules).

In summary, Car-Parrinello calculations have been
performed for singlet-state and triplet-state bipolarons in
liquid ammonia at an electron density where spin pairing
is dominant but the system is not yet metallic, i.e., at ~ 1
MPE. In the singlet state, the electrons are found to oc-
cupy a peanut-shaped cavity with the peaks in the distri-
bution separated by 7 A, while in the triplet state the
electrons dissociate. The binding energy of the singlet
state is found to be 0.6 eV relative to the triplet and 0.3
eV relative to two isolated electrons at infinite dilution.
This is precisely the behavior postulated by Mott [5] for
metal ammonia solution at this density. In addition, a
detailed study of the dynamics of the system has revealed
a novel mechanism for bipolaronic diffusion. The elec-
trons hop from peanut-shaped cavities to spherical cavi-
ties back to another peanut-shaped cavity in different re-
gions of the fluid. This leapfroglike behavior was quite
unexpected and may be relevant to other systems exhibit-
ing transport of spin-paired species.
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FIG. 1. The electron density of representative configurations
of (a) singlet and (b) triplet bipolarons taken from the present
calculations which consist of 256 ammonia molecules and two
electrons in a periodically replicated cell of edge 22 A. The
outermost contour contains 95% of the electron density.
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FIG. 3. The time evolution of a hopping event for a singlet-state bipolaron in liquid ammonia. The interval between each snapshot
is 0.6 ps.



