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Exciton pulses transport excitation and entanglement adiabatically through Rydberg aggregates,
assemblies of highly excited light atoms, which are set into directed motion by resonant dipole-dipole
interaction. Here, we demonstrate the coherent splitting of such pulses as well as the spatial segregation of
electronic excitation and atomic motion. Both mechanisms exploit local nonadiabatic effects at a conical
intersection, turning them from a decoherence source into an asset. The intersection provides a sensitive
knob controlling the propagation direction and coherence properties of exciton pulses. The fundamental
ideas discussed here have general implications for excitons on a dynamic network.
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Introduction.—Frenckel excitons [1], in which excitation
energy of an interacting quantum system is coherently
shared among several constituents, are a fundamental
ingredient of photosynthetic light harvesting [2]. Recently,
they have become accessible in ultracold Rydberg gases, due
to strong long-range dipole-dipole interactions [3—11] and
large lifetimes of atomic Rydberg states [12,13]. Assemblies
of several regularly placed and Rydberg excited cold
atoms—flexible Rydberg aggregates—provide new con-
cepts such as adiabatic guiding of an exciton through atomic
chains as an exciton pulse [14—16]. Such a pulse is initiated
by a displacement of one atom in the regular chain.
The displacement simultaneously localizes the exciton on
the atom pair with the smallest separation and initiates the
pulse, i.e., the motion of the exciton. Subsequent binary
collisions propagate the exciton pulse and the associated
entanglement through the chain with very high fidelity.
Without atomic motion, this would require careful tuning of
interactions [17-20].

That this propagation along a one-dimensional (1D)
chain of atoms preserves the exciton with high fidelity [15]
is remarkable, since the transport appears quite fragile
requiring a lossless locking in of electronic excitation
transfer and atomic motion. However, exciton transport
often occurs in higher dimensional systems, where it is
a priori unclear if we can also guide and control the exciton
pulse. Already, a two-dimensional setup of atoms gives rise
to conical intersections (CIs) [21] which might compromise
adiabaticity known to be an important prerequisite of
exciton transport. On the other hand, CIs can play con-
structive roles in photochemical processes [22], and hence,
might be similarly useful for atomic aggregates.

In the following, we will show how an exciton pulse can
be coherently split through a CI that arises between two
excitonic Born-Oppenheimer (BO) surfaces of the system.
The junction between two atomic chains that gives rise to
the conical intersection can be functionalized in two ways,
as a beam splitter or a switch, sending the pulse split in both
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directions on the second chain or in only the one
preselected. The surfaces involved in the CI serve as output
modes of the beam splitter. We will explicitly demonstrate
that the junction constitutes a sensitive point where
essential characteristics of the exciton pulse propagation
can be controlled through small shifts in external trapping
parameters. Our results concern exciton transport on any
network whose constituents move, such as (artificial)
light-harvesting devices [19].

T-shaped aggregates.—The junction is created with
two chains of Rydberg atoms in a 7 shape configuration
[Fig. 1(a)], with the required one-dimensional confinement
generated optically [23,24]. Specifically, we will use 2N
Rydberg atoms with mass M = 11000 a.u. and principal
quantum number v = 44. We assume that N of these atoms
are constrained on the x axis, and the other N on the y axis,
such that all atoms can only move freely in one dimension.
We start with one Rydberg atom in an angular momentum
p state, while the rest are in s states. The electronic wave
function |y (R)) of the whole system can be expanded in
the single excitation basis |y (R)) = > 2N ¢, (1)|7,),
where |z,) = s, ..., p, ..., s) is the state with the nth atom
in the p state [14-16] and R = (R, ..., Ryy)T groups
all atomic coordinates R,. The system is ruled by the
Hamiltonian

2N
H=—2 Vi + m;‘; (Vaa(Ryn) + Vvow(Ry)). (1)

where R,,, = |R,, — R, | is the distance between atoms m
and n.

The long-range Rydberg-Rydberg interactions [12] are
described with two explicit contributions V4 and Vypw, a
resonant dipole-dipole (dd) and a van der Waals (VDW)
term, respectively. V44 couples excitations |z,) on different

atoms n through
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FIG. 1 (color online). (a) Orthogonal atom chains with one
Rydberg dimer each. Atoms 0 and 1 initially share an excitation,
due to which atom 1 reaches the conical intersection at xcy.
The origin of the coordinate system is set to the mean initial
position of atom 0. (b) The repulsive energy surface U, (red)
and middle surface U ;4 (green) of the trimer subunit (atoms 1, 2,
and 3) near the CI. (c),(d) Forces on atom 2 (solid lines) and atom
3 (dashed lines), for the repulsive surface [red, (c)] and middle
surface [green, (d)]. The insets show atomic positions and the
excitation distribution (d,,, see text) of exciton states and forces
for the indicated values of Ax;,, which denotes the distance
between atom 1 and the vertical chain. The parameter p controls
the degree of symmetry of the trimer, where p = 1 corresponds to
an isosceles trimer configuration.
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where y =d, 1,0/ V/6 is the scaled radial matrix element.
The nonresonant van der Waals interaction

Ce
2RS,,

‘A/VDW(Rmn) = 0. (3)

ensures for C¢ < 0 repulsive behavior at very short distances
regardless of the electronic state. Therefore, [ denotes a unit
matrix in the electronic space. We sketch, in [25], how this
simple model of interactions arises from the full molecular
physics of interacting Rydberg atoms using a magnetic field
and selected total angular momentum states.

As previously shown [14-16,21], the joint motional and
quantum state dynamics can be well understood from the
eigenstates |¢(R)) of the electronic Hamiltonian A (R) =
> mnVaa + Vypw]. These eigenstates and the correspond-
ing eigenenergies U (R) depend parametrically on R and
are referred to as Frenkel excitons [1] and BO surfaces,
respectively. The total wave function including atomic
motion can be written as |¥(R)) = >, ¢,(R)|p,(R)).
To solve the coupled electronic and motional dynamics,
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FIG. 2 (color online). Normalized total atomic density for
atomic motion on two BO surfaces; overlayed are selected
trajectories of the quantum classical method. (a) Horizontal
density n(x,t) (see [25]) of atoms O and 1. The dashed white
line marks the x position of the vertical chain. (b) Vertical density
n(y, t) of atoms 2 and 3. In (a) and (b) we actually plot /n(x, t),
\/n(y, ). (c) Purity of reduced electronic state, see [25]. Our
calculations are for lithium atoms excited to principal quantum
number v =44 with a transition dipole moment of
u = 1000 a.u.. The parameters of the initial atomic configuration
were a; = 2.16 ym, a, = 5.25 ym, and d = 8.5 ym. To sample
the nuclear wave function, we have propagated 10° trajectories
[36] with a standard deviation of o, = 0.5 um for the atomic
positions. Here, we have used Cg = 0 for simplicity.

we employ Tully’s fewest switching algorithm [25,31-34], a
quantum-classical method that is well established for our
type of problem [15,16,35].

Two perpendicular dimers.—To realize a T shape chain,
a minimum of two dimers is required, see Fig. 1(a). The
atoms have a Gaussian distribution about their initial
location R, along their chain with width ¢ = 0.5 ym as
sketched. Transverse to the chain, we assume perfect
localization. The bars in Fig. 1(a) visualize the excitation
amplitude of the exciton on the repulsive BO surface
|¢rep(Ry)). For each atom, the length of the bar shows
d, = (m,|¢rp(Ry)), orange for positive and blue for
negative values. As one can see, initially the single p
excitation in the system is shared among atoms 0 and 1.
On the BO surface k, the force on atom n is given by
F,. = =Vg, U(R). Because of the initial repulsive force
F rep (blue arrows) atom 1 moves and eventually reaches
the position x¢y, where atoms 1-3 form a planar trimer. The
two highest BO surfaces of this trimer conically intersect
when the three atoms form an equilateral triangle, as shown
in Fig. 1(b) and studied in detail in [21]. In the following,
we will call these surfaces the repulsive (red) and middle
(green) surface, respectively.
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Exciton splitting.—Initialized on the repulsive surface of
the global (double dimer) system, the exciton pulse is
transferred to the vertical chain via the conical intersection
onto these two electronic surfaces—the repulsive and the
middle ones—dependent on the position of atom 1 relative
to atoms 2 and 3 in the y direction when it enters the trimer
configuration [see parameter p in Fig. 1(a)]. Viewed from
the perspective of the trimer subsystem only, the exciton
pulse enters on the middle surface, where the excitation
amplitude (blue bar) matches the initial excitation distri-
bution, see insets of Figs. 1(c) and 1(d). If atom 1 arrives
right in the middle between atoms 2 and 3, the atomic
trimer passes through the degenerate point of the CI leading
to significant transfer of exciton amplitude to the repulsive
surface [Fig. 1(c)]. If this is not the case, an asymmetric
trimer configuration is realized for which nonadiabatic
transitions, due to the CI, are much weaker, and the system
remains on the middle trimer surface leading to the
situation of Fig. 1(d) with quite different forces on atoms
2 and 3. This has profound consequences on the atomic
motion: Amplitude on the repulsive surface leads to a
symmetric repulsion of atoms 2 and 3 of the vertical chain,
creating the outer pulses in the density shown in Fig. 2(b).
A representative quantum-classical trajectory is shown as a
white dotted line, with p = 0.98. On the repulsive surface,
atom 1 is often reflected off the vertical chain as visible in
Fig. 2(a). On the other hand, amplitude on the middle
surface has the effect of a very asymmetric atomic motion
in y, with that atom on the y axis remaining almost at rest,
which has initially the smaller distance to the location of the
dimer on the x axis. This type of motion is responsible for
the inner and central features in Fig. 2(b), with a repre-
sentative trajectory shown as white dashed lines with
p = 0.82. One can also recognize the variant of the motion,
where the other vertical atom remains at rest. The middle
surface is mainly responsible for atom 1 freely passing the
vertical chain in Fig. 2(a).

Since the nuclear wave packet of the exciton pulse will
have a distribution of positions of atoms 1, 2, and 3, there
will be in general a splitting of the exciton when it has
passed the conical intersection with the electronic excita-
tion propagating on the repulsive as well as the middle
surface. In fact, about 50% of the initial amplitude has been
transferred from the middle to the repulsive surface after
3 us under the initial conditions for our exciton pulse
leading to the dynamics of Fig. 2.

Hence, not only does the exciton split into two parts,
traveling with the atoms in opposite directions in the y
chain, we have a further coherent splitting of electronic
excitation into the middle and repulsive electronic surface:
The total initial wave function was |U;;(R))=
$o(R)|@rep(R)), where ¢o(R) describes the initial, har-
monically trapped, spatial ground state. After the evolution
shown in Fig. 2, the wave function reads |Ug,(R)) =

¢rep(R> |90rep(R)> + ¢mid(R) |(pmid(R)>'

In this final state |, (R)), the atomic configuration and
the electronic state are entangled, which can be quantified
through the purity of the reduced electronic density matrix.
It is obtained by averaging over the atomic position as
described in [15,16,25]. The purity drops from one to 1/2
when the exciton is split, as shown in Fig. 2(d), reflecting a
transition from a pure to a mixed state. For the total (pure)
system state, this implies a transition from a separable to an
entangled state.

Exciton switch.—The minimal T shape system consist-
ing of two dimers discussed so far primarily serves the
purpose of elucidating the central element for exciton pulse
control, namely, the junction between perpendicular atomic
chains. Ultimately, we would like to interface the two
dimers in Fig. 1(a) with longer atomic chains that can
support exciton pulses as described in [15]. Such a pulse
travels to the junction to become coherently split as just
described, with the resulting exciton pulses on the vertical
chain depending on how the conical intersection of the
trimer at the junction was passed. Since the relative strength
of the exciton pulse on the middle and repulsive surface of
the trimer depends on the atomic positions and momenta
near the conical intersection, we can control the exciton
pulse propagation on the vertical chain, for example, via the
position of the horizontal chain relative to the vertical one.
We demonstrate this effect with three atoms on the
horizontal and four atoms on the vertical chain, allowing
for a vertical offset Ay of the horizontal chain from the
center of the vertical chain, and a variable separation a,
of the two central atoms in the second chain, see sketch
in Fig. 4.

With small variations of the two parameters Ay, a,,
qualitatively very different scenarios can be realized, as
illustrated with Fig. 3 and Fig. 4.

In scenario (a), the spacing a, and the shift Ay are so
large that the trimer subunit discussed before does not form
[37]. Since atom 2 approaches atom 4 closest (see Fig. 4),
the exciton pulse travels in the downwards direction. To
switch it upwards, we would use Ay — —Ay. We character-
ize the relevant entanglement transport using E; j» the
bipartite entanglement [15,16,25] during the last collision
of the two terminal atoms i, j on the vertical chain, i.e.,
(i,j) = (5,6) upwards and (i, j) = (3,4) downwards. We
know the last collision is in progress, whenever atom 3
(atom 6) reaches position r.,, indicated in Fig. 3 by
horizontal white lines for the downwards (upwards) direc-
tion. Our results in Fig. 4 reveal that pulse propagation is
linked with high fidelity entanglement transport, demon-
strating successful control of the direction of exciton-pulse
propagation without losing coherence.

In scenario (b), we segregate mechanical and electronic
degrees of freedom of the exciton pulse, by choosing a,
small enough such that a trimer subunit forms at the
junction. Since an offset Ay is kept, the nuclear wave
packet, however, misses the conical intersection and

223001-3



PRL 113, 223001 (2014)

PHYSICAL REVIEW LETTERS

week ending
28 NOVEMBER 2014

0 0.2 0.4 0.6 0.8 1

0O 15 30 45 0 15 30 45 0 15 30 45
tus] tfus] tlus]

FIG. 3 (color online). Use of the trimer subunit with conical
intersection as an exciton switch. Depending on the geometry, we
can realize three qualitatively different scenarios: (a) asymmetric,
repulsive surface; (b) asymmetric, middle surface; (c) symmetric,
repulsive and middle surface. Each plot shows +/n(y, ) as in
Fig. 2. When atoms reach the white horizontal lines (7., 6.6 ym
beyond the initial y position of atoms 3, 6), we extract the level of
bipartite entanglement, listed in Fig. 4. The parameters, different
from those of Fig. 2, are v =80 (hence, y = 3374 a.u.),
a; =6 um, d =22 ym, and Cq~ —7.6 x 10°° a.u. as derived
in [25]. Also, see [25] for videos of representative single
trajectories.

remains on the middle trimer surface. Importantly, the
middle trimer surface does not connect to a global surface
allowing coherent exciton pulse transport: At the first
collision within the vertical chain [between atoms 3
and 4 in Fig. 3(b)], part of the excitation evades those
atoms and delocalizes on the remnant upper chain.
Momentum is, henceforth, transported downwards by
van der Waals collisions only such that the original exciton
pulse with entangled atom and electron dynamics has been
ripped apart. For this momentum transport without exci-
tation transport, the inclusion of VDW interactions is
crucial. They further cause the atom on the y axis closest
to the x axis to carry most acceleration, in contrast to Fig. 2.

Finally, in scenario (c), Ay = 0 and the wave packet fully
traverses the conical intersection at the junction. Here, the
trimer subunit operates as described in the first part of the
article. The wave packet is split onto both, the repulsive and
middle trimer surfaces. As discussed for scenario (b), the
middle trimer surface does not give rise to exciton-pulse

6]° scenario | (a) (b) (c)
d az 20pm 9.5pm 9.5um
' a Ay 1.5pm 1.5pm 0
[ ] 2 =
IAY up, Es¢ | 0% 60% 24%

[Ble | |down, Esa| 97% 7%  24%

o[

FIG. 4 (color online). Geometry and entanglement switching
for the three scenarios of Fig. 3. Atom numbering and control
parameters a,, Ay are defined in the sketch on the left. The
entanglement measure E; ; 1s defined in [25].

propagation. On the repulsive surface, one gets symmetric
(up-down) propagation of two pulses as expected.
However, the entanglement transport in both directions
is much weaker than in scenario (a), which is due to the fact
that the atoms still share only a single p excitation.
Subsequent nonadiabatic effects allow a strong coherent
pulse only in a single direction. Even within this symmetric
scenario, the relative importance of the middle and repul-
sive surfaces can be tuned via the effective size of the
conical intersection [38], determined by atomic velocities
and separation (energy splittings).

Conclusions.—We have shown how an exciton pulse can
be coherently split through nonadiabatic dynamics at a
conical intersection in a flexible Rydberg aggregate. Our
results turn a junction between two Rydberg atom chains
into a switch. The switch can control if and how exciton
pulses continue to propagate in the system. Similar physics
may be of interest for research on artificial light harvesting
systems [39], where exciton transport and control is
quintessential for energy efficiency. The atomic junction
introduced here also provides a tool to directly examine the
many-body dynamics near conical intersections in the
laboratory.

The exciton splitting predicted could be experimentally
monitored using high resolution Rydberg atom detection
schemes [40-42], which are, in addition, state selective.
Applied to our system, they allow a direct visualization of
many-body wave packet dynamics near a conical inter-
section. The essential modular subunit of an atomic trimer
exhibiting a CI can be envisaged as a building block for
networks of exciton carrying atomic chains or a device for
controlling the energy flow in molecular aggregates.
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