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We investigate the transport of excitations through a chain of atoms with nonlocal dissipation introduced
through coupling to additional short-lived states. The system is described by an effective spin-1/2 model
where the ratio of the exchange interaction strength to the reservoir coupling strength determines the type of
transport, including coherent exciton motion, incoherent hopping, and a regime in which an emergent
length scale leads to a preferred hopping distance far beyond nearest neighbors. For multiple impurities, the

dissipation gives rise to strong nearest-neighbor correlations and entanglement. These results highlight
the importance of nontrivial dissipation, correlations, and many-body effects in recent experiments on the

dipole-mediated transport of Rydberg excitations.
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The transport of energy, charge, or spin is of fundamental
importance in diverse settings, ranging from the operation
of nanoelectronic and spintronic devices [I-4] to the
dynamics of electron-hole pairs in organic semiconductors
[5,6], and in natural processes such as photosynthesis
[7-11]. In these systems different elementary excitations
and basic transport mechanisms can give rise to very
different behavior including coherent exciton motion,
thermally activated diffusion, or even collective fluidlike
dynamics [12]. However, understanding or exploiting these
differences (e.g., for applications in photovoltaic devices) is
extremely challenging, as they depend on the complex
interplay between quantum statistics, coherence, confine-
ment, disorder, and the nature of the interactions between
the constituent particles. A key question is how dissipation,
through the coupling to reservoirs, leads to a crossover
between coherent and incoherent motion. While dissipation
is usually assumed to destroy coherence, certain dissipative
processes, noise, or specially structured environments may
positively affect transport [7,8,10,13,14] or even preserve
coherence [15], both in engineered quantum systems and in
natural ones.

Here, we analyze the excitonlike motion of individual
excitations through a network of dipole interacting quan-
tum systems (i.e., atoms, molecules, or quantum dots) in
the presence of a specially engineered reservoir [Fig. 1(a)].
Each subsystem is assumed to be coupled to one or more
additional short-lived states. The populations of these
states are determined by the coupling fields and by their
proximity to any excitations, which provides a handle to
introduce and control new types of dissipation in the
system. By eliminating the short-lived states we show that
the resulting system is characterized by coherent hopping
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and nonlocal dissipative terms, which lead to correlated
exciton motion. Simulations of the single excitation and the
two excitation dynamics demonstrate this has a dramatic
effect on the transport properties, leading for example to the
emergence of a new length scale for hopping and strong
spatial correlations even at steady state.

As a physically realizable system we propose a chain
of ultracold atoms in which Rydberg states with large
transition electric dipole moments are optically coupled to
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FIG. 1 (color online). Transport of excitations (red spheres)
through a chain of optically dressed atoms with site index j (green
spheres). (a) Excitonic motion arises through coherent long range
exchange interactions J and through dissipative processes medi-
ated by a tailored reservoir coupling. The blockade radius R,
refers to the distance over which the dipole-dipole interactions
significantly affect the states of neighboring atoms. (b) Each site
is represented by an atom, which can be in either the impurity
Rydberg state |p) or the auxiliary states |g), |e), or |s). Dipolar
interactions result in exchange between |s) and |p) Rydberg
states. States |g)<>|e) and |e)<>|s) are coupled with Rabi
frequencies w and Q, respectively. The state |¢) spontaneously
decays to the |g) state with the rate I',. The state space H,
comprising |e) or |s) excitations can be adiabatically eliminated,
resulting in an effective spin-1/2 model for the impurity and
dressed states.
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low-lying electronic states, which provides a clean syn-
thetic system to investigate energy transfer dynamics and
transport including controllable interactions and dissipation
[16-27]. Recently, the excitonlike migration of an ensem-
ble of Rydberg impurities in a bulk system was observed
using electromagnetically induced transparency (EIT) of a
background atomic gas as an amplifier [28]. Remarkably,
the figure of merit for exciton migration, the diffusion
length L, = /Dt~ 50-100 um (with D the diffusion
coefficient and 7 the typical lifetime of the Rydberg state),
was an order of magnitude larger than in even the purest
organic semiconductors [29], and can be tuned by the
probing light fields, which act as a controllable environment.
In another experiment the coherent hopping of a single
excitation amongst three equidistantly spaced Rydberg
atoms was observed [30]. Future experiments will be able
to probe the coupled coherent and incoherent motion with
high spatial and temporal resolution, while the strength and
nature of the dipole coupling, the degree of disorder, the
excitation density, and the role of the environment can
all be controlled, allowing unprecedented opportunities to
investigate the fundamental processes at play.

Consider a system of ultracold atoms initially prepared in
either a Rydberg state with orbital angular momentum
[ = 1 (impurity state |p)) or the electronic ground state |g).
The |g) state is weakly optically coupled via an EIT
resonance to a short-lived excited state |e¢) and an [ =0
Rydberg state |s) [Fig. 1(b)]. The |g) — |e) probe transition
is driven with Rabi frequency w and the |e) — |s) coupling
transition is driven with Rabi frequency Q with o <« Q.
The state |e) spontaneously decays to |g) with a rate I',,
while the other states are assumed to be stable on the time
scale of the dynamics. Migration of the |p) excitations
among the dressed ground state atoms occurs via the |s)
state admixture (by |s;)|pi)%|p;)|sk) exchange, with j
and k the site indices) [23], while the |e) state admixture
introduces a controllable environment [31], both of which
are influenced by the competition between the EIT laser
fields and the Rydberg-Rydberg interactions.

The Hamiltonian describing the system is given by
(h=1)

P A ik
A =8y + > U 1s ) pe) (1 (sl (1)
J#k

where Hy=13",Qs;)(e;| + wle;)(g;| + H.c. accounts

for the single-atom laser couplings and Ug’d’k) =
C,/|x; = x;|™. Here, we mainly consider dipolar inter-
actions corresponding to m = 3; however, m = 6 can also
be realized using nonresonant van der Waals interactions
between Rydberg states [32-34]. For simplicity the inter-
action coefficient C,, is assumed to be independent of j and
k. Additionally, spontaneous decay of the intermediate
excited states is included through Lindblad terms leading to
the master equation for the density matrix p

p = —ilfl.p] + L]p), )

where L[p] = >,LpLT =L (LTL;p + pL!L;) and each of
the Lindblad operators represents a single decay chan-
nel (L; = /7] (e,

Simulating the open-system dynamics for more than
approximately five four-level atoms is beyond what can be
readily performed using exact numerical methods (e.g.,
Monte Carlo wave-function techniques). However, in the
weak probe regime most relevant to experiments
(w < Q,T,) the populations of the |e) and |s) states are
always small. Furthermore, the dynamics between these
states due to the laser coupling is fast compared to the
hopping dynamics. Therefore, the many-body states which
include |e) or |s) can be adiabatically eliminated [35-37].

For this we use the effective operator approach, which
allows for a simple interpretation of the dominant processes
in terms of coherent and incoherent coupling rates
(for a comprehensive description of the method see the
original paper by Reiter and Sgrensen [38]). First, the state
space is separated into a slowly evolving “ground-state”
subspace involving only |g),|p) states and a rapidly
evolving “excited-state” subspace including |e), |s) states
[Fig. 1(b)]. The ground state Hamiltonian contains no direct
couplings A 4 = 0, while the coupling laser and the dipole-
dipole interactions enter the Hamiltonian for the excited
state manifold H,. The matrices V. (with \A/+ =V
describe couplings between the ground and excited sub-
spaces due to the weak probe laser coupling and can be
constructed from our Hamiltonian as detailed in Ref. [38].
The master equation governing the evolution of the ground
states is then defined through the operators AT =
—V_Re[x] + H , and f,jff =L X, where x is the solution
to the matrix equation Hyx=V _ with the non-Hermitian
operator Hyy = H, — (i/2)3 jf,;f, ;- To simulate the time
evolution of the system for a given set of parameters we
first numerically obtain x in order to define an effective
master equation [as in Eq. (2) but using the operators H°
and f,;ff], which can then be solved in the usual fashion.

Single exciton dynamics.—In the special case of a
single |p) excitation and by neglecting beyond-second-
order interactions (corresponding to couplings between
states involving more than one dressed atom), the
effective operator approach gives an approximate ana-
lytical expression for the N-site effective master equation,
which can be expressed in terms of the following
effective operators:

AT = "J(d;)84 8. + H.c.,

k>j
z;ffzzi\/@mﬁ— I(d;)S585, (3)
k#j
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where d;; = |x; — x| and we have made use of the
spin raising and lowering operators (3‘+ and S_, respec-
tively, with 8% = |p)(G|, where |§) is the dressed
ground state).

The resulting effective operators involve three terms:
(1) effective coherent exchange interactions J = [KV(d )/
242V(d;x)?], (2) incoherent hopping I' = {KV(d,;)/
[24+2V(d;)*]}, and (3) irreversible dephasing y =
{KV(d;1)*/[1 + V(d;;)*]*} acting on each site. Here,
K=w?/T, and V=(R./d;;)*, where R,=(2I',C;/Q?)'/3
is the dipole blockade radius [28,39]. These two para-
meters have simple interpretations as the two-level-atom
photon scattering rate and the dipole-dipole interaction
energy scaled by the EIT bandwidth, respectively. K~!
defines a natural time scale for the dynamics whereas
V(d, ) is responsible for the competition between coherent
exchange, hopping, and dephasing. Equations (3) can be
used to efficiently simulate the open-quantum-system
dynamics of a single impurity immersed in a background
of hundreds of optically dressed atoms in arbitrary geom-
etries. It is interesting to note that this effective model is
closely related to the widely used Haken-Strobl-Reineker
(HSR) model for exciton motion in the presence of noise
[40,41], including two distinct decoherence mechanisms
that originate from the spontaneous decay of the |e) states.
However, the incoherent hopping jump operators have an
unusual form, Ekaj,kg‘ﬁ:?{, describing correlated jumps
from states |p;) to collective states involving many neigh-
boring sites k [37]. This is in contrast to the original HSR
model, which ignores the influence of the system on the
reservoir and assumes uncorrelated fluctuations, e.g.,

f,?,fR :aj‘kSﬁS'{. Therefore, the system studied here

offers the possibility to use dissipation controlled via
EIT resonances to control both the strength and nature
of decoherence in these systems, which, for example, is an
active ingredient of proposals for dissipative quantum
dynamics [42-46] and quantum state preparation by
reservoir engineering [47-52].

Figure 2(a) shows the rates for coherent exchange,
hopping, and dephasing terms as a function of the relative
distance between two sites. For short distances coherent
exchange is suppressed while at large distances it is
determined by the d]‘z dependence of the dipolar inter-

action J ~ (w?/Q?)Uyq. The peak exchange rate occurs for
djx = R., where J = K/4. At this distance, however,
incoherent hopping and irreversible dephasing are equally
important. For d; ; — 0 dephasing dominates, saturating at
a rate given by the two-level-atom scattering rate y = K.

We now turn to the analysis of spin dynamics in this
system for the case of atoms arranged in a one-dimensional
chain with intersite separation a (as can be produced, for
example, in an optical lattice). We anticipate three main
regimes: (1) for V(a) < 1 coherent exchange dominates

(@) 1.0,

0.8 —
2N i =T
~ 0.6 5
o : 7
g 0.4
0.2
0.0tk == \"'u-.:--'.'ﬂn'pn"-r
0.0 05 10 15 20 25
dix (Re)

1 10
time (K™")

100 1000

-10-5 0 5 10
Site j

FIG. 2 (color online). (a) Distance dependence of the effective
coupling rates J (solid line), I" (dashed line), and y (dotted line)
for a single impurity with m = 3 in units of the two-level-atom
scattering rate K = w?/T’,. (b) Mean square displacement of the
propagating excitation (x?) for a chain of N = 121 sites obtained
from simulations for three values of the dimensionless interaction
strength: V(a) = R}/a® = 50 (triangles), V(a) = 1 (circles), and
V(a) = 0.02 (squares). The solid lines show the approximate
analytic scalings in the three regimes described in the text.
(c)—(e) Enlarged density plots showing the impurity probability
distribution at short times for (c) coherent transport with
V(a) = 0.02, (d) diffusive transport with V(a) = 1, and (e) trans-
port in the blockade regime V(a) = 50. Bright colors indicate
high probability density.

over decoherence, (2) for V(a) ~ 1 decoherence becomes
important leading to classical hopping, and (3) for
V(a) > 1 strong dephasing suppresses coherent exchange,
leaving incoherent hopping with a characteristic hopping
distance comparable to R.. Simulations for a single
impurity for N = 121 sites are shown in Figs. 2(b)-2(e).
The strength of the dipolar interactions is varied through the
nearest-neighbor Rydberg-Rydberg interaction coefficient
V(a) = R}/a®. We calculate the impurity probability dis-
tribution P;(f) = Tr(;p(x;.t)) (where i, =S, 8") on
each site for different values of V(a).

For V(a) <1 the dynamics are characteristic of a
quantum random walk, with light-cone-like spreading
and interference fringes in the spatial density distribution
[Fig. 2(c)]. In this regime coherent dipolar exchange
dominates leading to ballistic expansion of the wave
packet. For short times t <T'(a)~' the mean square dis-
placement (including beyond-nearest-neighbor exchange)
evolves according to (x?)/a*~ (z*/180)V(a)*K>*#
[Fig. 2(b)] [53]. For intermediate interactions [V (a) ~ 1]
the coupled coherent and incoherent motion makes the
dynamics more difficult to describe; however, from our
simulations we find normal diffusion [Fig. 2(d)] with
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(x?)/a* = 2Dt, where the diffusion coefficient D ~
[0.262 + 0.123V(a)]K is found by expanding around
V(a)~ 1. For V(a)> 1 qualitatively new behavior is
observed. We understand this as follows. For small sepa-
rations between the impurity and a dressed ground state
atom, the dipole-dipole interaction dominates all other
coupling strengths, giving rise to delocalized excitonic
eigenstates split by an energy gap U yy. This splitting breaks
the two-photon (EIT) resonance condition for the dressing
lasers, thereby suppressing the |s) state population and
increasing the |e) state population. In the effective operator
picture, this corresponds to a reduction of the coherent
exchange rate at short distances (due to the reduced |s) state
admixture) and enhanced decoherence (due to more spon-
taneous decay), as shown in Fig. 2(a). For another atom
situated further away from the impurity, the EIT bandwidth
is comparable to, or exceeds, the dipole-dipole interactions
and the |s) state population approaches its maximum. This
causes the coherent exchange rate to peak at these larger
distances, accompanied by strong dephasing due to the
atoms closer to the impurity. As a result incoherent trans-
port dominates with hopping rates according to I', which
has a preferred hopping distance given by the Rydberg
blockade radius R. > a [Figs. 2(a) and 2(e)]. This is in
contrast to the intermediate regime V(a)~ 1 in which
the characteristic hopping distance is set by the nearest-
neighbor distance. In the strongly interacting regime the
underlying lattice geometry becomes less important, lead-
ing for example to a reduced influence of possible disorder
in the atomic positions. An expression for the mean
square displacement can be found by neglecting coherent
exchange and integrating the incoherent hopping rate for
all other sites (x?)/a® = (x/6)V(a)Kt. This scaling differs
from the simple picture reported in Ref. [28], where
continuous observation of the system via EIT was assumed
to lead to a Zeno-like slowdown of the dynamics. Instead,
we demonstrate that the system exhibits a more complex
form of dissipation, which allows for rapid transport even in
the strongly dissipative limit.

Exciton-exciton correlations.—For times that are long
compared to the inverse dissipation rate, each of the different
regimes described in Fig. 2 exhibits diffusive behavior
and for a finite system the excitation becomes uniformly
distributed over the chain [Fig. 3(a)]. However, even at steady
state (p = 0) the nature of the transport may be revealed
through the analysis of higher-order statistical properties. To
demonstrate this, and to point out the importance of many-
body effects, we present simulations of the effective master
equation for two excitations, which could be experimentally
prepared, for example, by tuning the excitation laser
frequency to match the van der Waals interaction energy
between a pair of p excitations at a well defined distance
[54,55]. Time-dependent simulations for N = 16 sites for
intermediate interaction strength are presented in Figs. 3(a)
and 3(b) and solutions to the steady-state effective master
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FIG. 3 (color online). Two exciton dynamics and density-
density correlations g(z) for'=1, Q=2, K=0.05 m=23,
and varying V(a). (a) Probability density as a function of time for
V(a) = 1 showing normal diffusion. (b) Equal time correlation
function ¢*)(0,k) for the same parameters. The colors corre-
spond to ¢ > 1 (dark red), @ < 1 (blue), and ¢ = 1 (white).
(c) Equal time density-density correlation function at steady state
as a function of V(a) [same color scale as in (b)]. (d) Nearest-
neighbor correlation function ¢ (0, 1) versus V(a) showing
bunching around V(a) = 1.

equation for a chain of N = 20 sites with varying interaction
strength (with periodic boundary conditions) are shown in
Figs. 3(c) and 3(d). While the density distribution evolves
similarly to the case of a single excitation [Fig. 3(a)], we
observe strong density-density correlations ¢ (j, k) =
c(f;ng) /((A;)(Ay)), where the coefficient ¢ = (2N —2)/
N normalizes to the case of precisely two excitations
distributed over the chain in an uncorrelated manner
[Fig. 3(b)]. These correlations persist even at steady
state, long after the memory of the initial state is lost
[Fig. 3(c)]. Figure 3(d) shows how the nearest-neighbor
correlations depend on V(a), exhibiting strong bunching
for V(a) =~ 1. For both strong and weak interactions the
correlations are suppressed, indicating that they arise as a
consequence of the competition between dipole-mediated
exchange and distance dependent dissipation provided by
the optically dressed atoms. This dissipation is minimized
for neighboring pairs and can be thought of as inducing
an effective attraction between the impurities, similar to
effects in Refs. [44,56]. These correlations vanish if the
correlated jump operators of the effective master equation
are replaced by operators that couple localized states alone.
In the case of short-range interactions (i.e., van der Waals
interactions with m > 6) these correlations become even
more pronounced, and for nearest-neighbor interactions
the steady state corresponds to the entangled pure state

D) = (N - 1)_1/22j(—1)'i|§1 e PiPjr1 GN)-
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The described impurity plus optically dressed atom
system exhibits rapid spin transport controlled by a single
parameter V(a) = 2I',C5/(Q?a?). In addition to the coher-
ent and incoherent hopping regimes recently investigated in
a related disordered system [31], we find a blockade
dominated regime in which a most-likely hopping distance
emerges given by the dipole blockade radius. In the limit of
low impurity densities we derive an effective master
equation that can be directly applied to current experiments
on Rydberg energy transport in optically driven systems,
helping to elucidate the interplay between coherent spin
exchange and decoherence due to spontaneous decay of the
dressed states. Similar physics could arise in other systems
where correlated noise [57] or exciton-vibrational coupling
[7,8,58,59] significantly affects transport properties. For
multiple excitations we observe strong density-density
correlations, which persist at steady state indicating effec-
tive interactions between excitations mediated by the
nontrivial dissipation. This suggests a novel and physically
realizable experimental route towards dissipative entangle-
ment creation [47-51] and realizing exotic pairing mech-
anisms or exotic quantum phases in the many-body
regime [60,61].
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