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We introduce the concept of giant superatoms (GSAs), where two or more interacting atoms are
nonlocally coupled to a waveguide through one of them, and explore their unconventional quantum

dynamics. For braided GSAs, this setup enables decoherence-free transfer and swapping of their internal
entangled states. For separate GSAs, engineering coupling phases leads to state-dependent chiral emission,
which enables selective, directional quantum information transfer. This mechanism further facilitates
remote generation of W-class entangled states. Our results thereby open exciting possibilities for quantum

networks and quantum information processing.

DOI: 10.1103/crzs-k718

Introduction—Giant atoms—quantum emitters coupled
to their environments at multiple spatially separated
points—have reshaped our understanding of light-matter
interactions [1]. In particular, they challenge the conven-
tional understanding that interactions between single atoms
and fields should be treated in a pointlike and local manner.
Experimentally, giant atoms have been realized using
superconducting qubits coupled to surface acoustic waves
[2,3] or to meandering microwave transmission lines [4—6].
In addition, a number of feasible implementations have
been proposed, relying on building blocks such as dynami-
cally modulated optical lattices [7], coupled-waveguide
arrays [8,9], Rydberg-atom pairs [10,11], or photonic
synthetic dimensions [12,13].

Thanks to the self-interference effects that profoundly
modify their decay rates, frequency shifts, and coherence
properties [1,2,14], giant atoms exhibit a range of pecu-
liar quantum phenomena, including decoherence-free
(DF) interactions [4,15-21], chiral spontaneous emis-
sion [6,10,12,22,23], non-Markovian retardation effects
[3,24-27], and unconventional bound states [9,28,29].
Moreover, by engineering the band structure and
Hermiticity of the environment, giant atoms can exhibit
even more intriguing properties stemming from the inter-
play between self-interference effects and unconventional
dispersion relations [30-32]. Despite these advances, the
potential of giant-atom systems for manipulating and
routing multiqubit states in a compact, scalable, and reliable
manner remains largely unexplored.
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In this Letter, we fill this gap by introducing the concept
of giant superatoms (GSAs), i.e., composite systems
consisting of two or more entangled atoms, collectively
coupled to a waveguide through only one of them, at two or
more separate coupling points; see Fig. 1(a). Such systems
host complex internal collective effects that can greatly
extend the potential of giant-atom physics, while main-
taining simple atom-field coupling structures. Unlike
prior works [33-37], this architecture encodes multiqubit
entanglement in a single compact node and addresses
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FIG. 1. (a) Schematic of a bipartite GSA, formed by a giant

atom (atom 1) directly coupled to an additional atom (atom 2) via
an interaction J. (b) Dispersion relation of the 1D tight-binding
chain (modeling the waveguide). Colored lines indicate relevant
frequencies and the corresponding wave vectors. (c) Dressed
energy levels of the GSA and corresponding phase accumula-
tions. (d) Time evolution of the fidelity F of |y(¢)) with respect
to |p(0)) for different values of N. Other parameters are

o =0y, =0, gy/go=1, /gy = 15, J = V/2¢, and |p(0)) =
(e +e)16)/ V2.
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higher-dimensional entangled states without adding extra
giant-atom units. We reveal the dressed dynamics of
GSAs and show how they lead to state-selective interfer-
ence effects. These interference effects enable a series of
intriguing quantum-optical phenomena in both braided and
separate GSA structures. In braided structures, GSAs sup-
port DF transfer and swapping of internal dressed states. This
mechanism can be further generalized to create various
highly entangled states. For separate GSAs, we demonstrate
state-selective chiral emission, which facilitates high-fidelity
entanglement distribution over long distances and controlled
generation of multipartite entangled states, such as W-class
states. These results open new avenues for designing hybrid
quantum systems, where nonlocal light-matter interactions
and internal degrees of freedom are harnessed as key
resources for quantum technologies.

Basic model—As illustrated in Fig. 1(a), we begin by
considering a bipartite GSA, which consists of a pair of two-
level atoms and is coupled to a waveguide [represented here
as a one-dimensional (1D) tight-binding chain] through atom
1 at two different points. The two atoms interact directly,
enabling excitation exchange at a rate J. The Hamiltonian of
the whole system is given by H,; = Hgsa + Hchain + Hine
with (7 = 1 in this Letter)

Hgsa = Za)lag)ag) + J(a(_l)af) +Hc.), (la)
=12

H pain = zg(aja;-&-l + H'C-)’ (lb)
j
Hip = (900 + gyay)o' + He. (1c)

The first part, Hgga, is the Hamiltonian of the GSA,
where the raising (lowering) operator of atom / is denoted
by ai” (). The second part, H,,, describes the 1D
tight-binding chain, with a; (a;) the annihilation (creation)
operator of the jth lattice site and £ the nearest-neighbor
hopping rate. The dispersion relation w(k) = 2& cos(k) of
the 1D chain is depicted in Fig. 1(b). Here we have set the
(uniform) on-site potential of the lattice as the energy
reference, so that @, represents the detuning of atom / from
the lattice band center. The final term, H,,, gives the
interaction between atom 1 and two lattice sites a, and ay,
with coupling coefficients g, and gy, respectively.
Although a discrete waveguide (i.e., a 1D chain) is
considered here, we point out that the results in this
Letter also hold for the case of continuous waveguides.

A single two-level giant atom features self-interference
effects that are closely related to its transition frequency and
the coupling-point separation [1,5,14]. Indeed, when J = 0
and in the Markovian limit (i.e., with negligible retardation
effect), the effective decay rate of the giant atom takes the
form y. o g3 + g% cos(¢p), where ¢ = k| N is the phase
accumulation of the field between the two coupling points,

with k; the wave vector corresponding to w, [see Fig. 1(b)].
The giant atom can thus exhibit either enhanced or sup-
pressed decay to the waveguide, depending on the value of
¢. In particular, when g, = gy and ¢ = z (mod 27x), the
giant atom retains a finite population in the long-time limit,
forming a bound state in the continuum that is localized
between its two coupling points.

Working principle of GSAs—In the GSA proposed
above, the interatomic coupling J hybridizes the two
constituent atoms, see Eq. (la), such that it exhibits
state-selective self-interference effects that depend on the
value of J. Even when focusing on the single-excitation
subspace, the unique features of GSAs can be well revealed.
Specifically, as illustrated in Fig. 1(c), the GSA has two
dressed eigenstates, |+) = cos(@)|eg) + sin(@)|ge) and
|—) = sin(@)|eg) — cos(0)|ge), when J #0, with the
mixing angle 6 given by tan(26) =2J/(w; — @,). To
lighten notation, we define the atomic states as, e.g.,
leg) = |e); ® |g),, which represents that atom 1 is in the
excited state while atom 2 is in the ground state. The states
|£) form an entangled basis within the single-excitation
subspace; they have the corresponding eigenvalues

_ 01+ ® n () — wy)?

2
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When ¢y = gy, their effective decay rates are given by
[38,39]

Feff,i = 277.'D(a)i)g%[1 + COS(¢i)]|Si|2, (3)

where D(w) is the density of states of the waveguide at
frequency w, ¢ = kN are the associated phase accumu-
lations with k. the wave vectors corresponding to @, [see
Fig. 1(b)],and s.. = (gg|c")|+) [see Supplemental Material
[40] for details and for generalization of Eq. (3) to multi-
partite GSAs]. Note that a GSA differs fundamentally from a
pair of giant atoms: in the latter case, the effective interatomic
interactions arise from the self-interference effects, while in
GSAs the direct interatomic interactions actively modify the
dynamics. Our proposal also behaves differently from
coupled small atoms sharing a common waveguide [54,55],
as further discussed in [40].

Now we consider a typical case where w; = w,. In
this case, |+) are the symmetric and antisymmetric
entangled states in the single-excitation subspace, i.e.,
|£) = (Jeg) + |ge))/\/§, with eigenvalues @, = w; £ J.
Equation (3) shows that |+) can exhibit self-interference
effects that are distinct from those of a single giant atom.
This difference arises from the state-selective phase accu-
mulations, i.e., ¢, = k. N. For instance, when w; = 0 and
Jo = gy, the phase accumulation ¢ for a single giant atom
is ¢ = Nzx/2 [19], such that it exhibits DF dynamics
(Yetf =0) for N =2 and shows enhanced decay
(Yo o Zg%) for N =4. In contrast, for the GSA with
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J =/2&, the phases become ¢, = Nz/4 and ¢_ =
3Nz/4 [see Fig. 1(b)], so that both |+) and |—) are dark
simultaneously (I'e¢r + = 0) when N = 4 and decay rapidly
into the waveguide when N = 2.

In Fig. 1(d), we provide a proof-of-principle demonstra-
tion of the self-interference effects of these entangled states
(see Supplemental Material [40] for the numerical and
analytical methods). The GSA is initialized in the symmetric

entangled state, i.e., |w(0)) = (oil) + a@)\G)/\/Z where
|G) denotes the global ground state of the whole setup (with
all atoms in their ground states and the waveguide in vacuum)
throughout this Letter. We then track the time evolution of the
fidelity (1) = |(w(1)lyw(0) ], where |y (1)) = [e; (10! +
cz(t)o(?] |G) is the state at time z with superposition
coefficients ¢, (f). As expected, the entangled state remains
dark when N = 4 and exhibits enhanced decay as N reduces
to 2. As will be shown below, this effect enables a DF
swapping between the symmetric and antisymmetric
entangled states in braided GSA structures.

Braided structures—We now extend the above model to
a braided coupling structure, where a second GSA (labeled
“GSA B”) is coupled to the waveguide with its two
coupling points (with coupling coefficients g, and g,,)
between and outside the two coupling points of the present
one (labeled “GSA A”), respectively, see Fig. 2(a). We
therefore include two additional Hamiltonian terms

Hgsa = 1= 3450,0()5()4—]’( Blg )—l—Hc)andH’

int

(Gn, ap, + Gn,a n2)0(+> +H.c. in Hy to describe this
extended model, where J' is the interatomic coupling
strength of GSA B and the coupling positions satisfy
0 < n; <N < ny. Accordingly, the state of the whole
setup at time # can be written as |y (1)) = >_7_, cl(t)agf) |G).

We now show how this braided structure can be
exploited for DF entanglement transfer and swapping. In
Fig. 2(b), we also plot the time evolution of the coherences
c/(t)c;(t) between pairs of atoms, with the requirement
that the |£) states of both GSAs are dark [cf. the cyan solid

c1(t)es(t) —-=-cs(t)e(t), A=0 e c3(t)ey(t), A=2J
0.5 s 5
2 e |4+ //
= 7 \ /
SR PRSI
gl ® )
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FIG. 2. (a) Schematic of the braided GSA structure. (b) Time
evolution of the atomic coherences c,(t)c;(t) for two dif-
ferent values of A, starting from an initial state |w(0)) =

(o+ + a+ )|G>/\/_ Other parameters are ; = w, =

= 9N = Y9n, with {I’ZI,N,I’Zz} =
15, and J = J' = V2¢.

o3 —A=w,—A=0,gy=g, =
{1,4,5},&/90 =

line in Fig. 1(d)]. When the two GSAs have the same
frequency, they exhibit a DF interaction: the initial sym-
metric entangled state of GSA A can be transferred to GSA
B with nearly negligible decoherence (extremely weak
decoherence occurs due to non-Markovian retardation
effects [8,17,19]). This DF mechanism can be analytically
understood using the resolvent formalism, as detailed in
[40]. Interestingly, when GSA B is detuned from GSA A by
A=w34—w,=2J] withJ = V/2¢, the initial symmetric
entangled state of GSA A is converted into the antisym-
metric entangled state of GSA B, leading to a DF swapping
of entangled states. This result can be understood from the
fact that, when A = 2J, the “+” state of GSA A becomes
resonant with the “—"" state of GSA B, both of which satisfy
the DF condition.

The above mechanism can be further extended to
generate more complex superposition states by incorporat-
ing GSAs composed of more atoms. In fact, one can realize
DF swapping between arbitrary eigenstates of two braided
giant subsystems, provided that the target states have the
same energy while remaining distinguishable from all other
eigenstates of the subsystems. As shown in Fig. 3(a), for
example, we replace GSA A in Fig. 2(a) with a single giant
atom (i.e., setting J = 0), and replace GSA B with a
Su-Schrieffer-Heeger (SSH) chain [56,57] of two-level
atoms. In this case, the total Hamiltonian reads H,, =

0)16( )6( ) + Hcham + HSSH + Hmt + Hmt’ where Hchain
and H;, are given in Egs. (1b) and (Ic), respectively, and

M—1
HSSH—ZJm ‘021 43 " 1o 62 4 He.,  (4a)
=1 =1

Hint (gnl anl + gnzan2)6+ +H.c. (4b)

Here o/ = (67!)" and 69" = (621)" are, respectively, the
raising operators of the two sublattice sites (labeled P and
Q) in the Ith unit cell of the SSH model. J; and J, are the
associated intracell and intercell coupling strengths, respec-
tively. A finite SSH model, as described by Eq. (4a), is
known to host two topological edge states in the topologi-
cally nontrivial phase (i.e., when J; < J,) [58]. These edge
states are zero modes with eigenvalues pinned to the center
of the middle energy gap. Despite being degenerate, the
two edge states are mutually orthogonal since they occupy
different sublattices. Consequently, we anticipate DF swap-
ping between the giant-atom excitation and a given edge
state under suitable conditions. Figure 3(b) shows the high-
fidelity generation of a topological edge state that is
strongly localized on the left end of the SSH-type GSA.
The process begins with the giant atom initially prepared in
the excited state. This selective swapping is achieved by
coupling the leftmost (i.e., first) atom of the GSA to the
waveguide, such that only the left edge state interacts with
the giant-atom excitation, while its effective coupling

223601-3
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50 100

time gyt

FIG. 3. (a) Schematic of an extended braided structure, where a
giant atom is braided with an SSH-type GSA. (b) Time evolution
of the excitation probability distribution in the SSH-type GSA
with M = 6 and @, = 0. Inset: time evolution of the fidelity F of
the transferred state with respect to the topological left edge state
of the GSA, assuming the giant atom is initially excited. Other
parameters are gy = g,, = gy = gn, With {n;, N, n,} = {1,2,3},
E/go =15, J1/g0 = 0.5, and J,/gy = 1.5. (c) Schematic of a
“structured entanglement lattice” formed by a chain of braided
GSAs. Each lattice site encodes an entangled state of the
constituent atoms, rather than a single-atom excitation.

strength to the waveguide is simultaneously maximized.
This result demonstrates the versatility and scalability of
our DF manipulation scheme.

Furthermore, as schematically illustrated in Fig. 3(c), a
chain of braided GSAs can be employed to realize a
structured entanglement lattice, in which each site encodes
an entangled state of multiple atoms, rather than a simple
single-atom excitation. This architecture marks a signifi-
cant departure from conventional tight-binding lattices: its
composite sites possess internal correlations and are coher-
ently coupled via protected waveguide-mediated inter-
actions. The DF mechanism preserves coherence during
this process, thereby facilitating the transfer and redistrib-
ution of these entangled states across the lattice. Further
elaboration on this proposal is provided in Appendix A.

Separate structures—Up to now, we have focused on
braided coupling structures, which enable DF dynamical
processes, yet require the giant (super)atoms to be close to
each other. A long-standing challenge in quantum tech-
nologies has been to achieve deterministic state transfer
between remote nodes [59]. In giant-atom systems, chiral
spontaneous emission, i.e., directionally biased photon
emission [60], can be achieved by carefully engineering
the local coupling phases at multiple coupling points
[6,12,22]. This makes such systems promising building
blocks for high-fidelity remote state transfer.

For a bipartite GSA, one can hence naturally expect dis-
tinct chiralities for the states |£). As illustrated in Fig. 4(a),
this is achieved by tuning the phase difference ¢ between
the two coupling coefficients of the GSA to break the

(a)g'(t)[ ]g'(t)ew g(t)[ ]g(r)ew g'(t)g'(t)ew

—_—
1
b
( ) — Fi(t), Case I
| Fu(t), Case IT| |
05 ¢ (1) gma
g(t) /gmax
0 i
-150 100 150
gmaxt
«107 (d) Case II %107
3 20 3
10 2
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0
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0 50 100 -100 O 100

site n

site n

FIG. 4. (a) Schematic of the separate GSA structure. High-
efficiency chiral state transfer between remote GSAs is allowed
by engineering the coupling phase difference ¢. (b) The time-
dependent coupling coefficients g(7) and ¢ (¢) together with the
time evolution of the fidelities F} and JF7;. (c), (d) Time evolution
of the field intensity distribution |a,(#)]> for cases I and II
(see text for details). Other parameters are ;_; 34 =0, N = 2,
n; =100, n, =102, ny = =102, ny = —100, &/gma = 12.5,
J =T = V2 ¢ =1/2, gt = 5.657, and B/ . = 0.045.

time-reversal symmetry of the effective atom-field inter-
action. In particular, |+) and |—) exhibit opposite chiralities
when @ — ¢, (¢ —¢_) is an even (odd) multiple of z
while ¢ + ¢, (¢ + ¢_) is an odd (even) multiple of 7z [40].
As a result, excitations in |+) can be emitted in opposite
directions and subsequently be reabsorbed by another
quantum node positioned on the corresponding side of
this GSA.

We first explore the possibility of state transfer (referred
to as “case I”) where two GSAs, A and B, are spatially
separate, as shown in the right part of Fig. 4(a) (disregard-
ing GSA C for the moment), with @; = 0 (j=1,2,3,4),
J=J =+/2& and 0 < N < n; < n,. We also assume an
identical phase difference ¢ = 7/2 for both GSAs, which
can be readily achieved using SQUID couplers and
appropriate modulations of the magnetic fluxes [40]. To
achieve high-efficiency state transfer, the atom-field cou-
pling coefficients should be carefully modulated to elimi-
nate the back reflection of the field from the receiving GSA
[22,61,62]. Without loss of generality, we assume identical
time-dependent coupling coefficients g(7) [¢/(¢)] for the
two coupling points of GSA A (GSA B), which satisfy

e’

o) = (7= 1) = { ST

gmax ’

t <0,
t>0.

(5)
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Here, 7 (see Supplemental Material [40] for the explicit
expression) is the propagation time of the field between the
GSAs, while g, and f determine the maximum and the
slope of the coupling modulation, respectively. Figure 4(b)
shows the evolution of g(¢) and ¢/(¢), which obey a time-
reversal symmetry with respect to r=7/2. We also
compute the fidelity F;(¢) of the evolved state, which is

initialized as |w(0)); = (O'S:) +6f))|G> /V/2, with res-

pect to the target state (o-f) + o'f) ) |G)/+/2. It shows that

the fidelity approaches unity (>99%) with appropriate
values of f [40]. In Fig. 4(c), we plot the evolution of the
field intensity distribution |a,(#)]?, which confirms the
nearly perfect directional state transfer between the two
GSAs, as expected. Note that high-fidelity chiral transfer is
also achievable for general specified superposition states—
beyond the Bell states considered above; see Supplemental
Material [40] for further details.

Importantly, multipartite entanglement generation can
be achieved with remote GSAs, if one considers a more
general case (referred to as “case II”) where GSA A is
initially prepared in a superposition ¢, |+) + c_|-), i.e.,

(1) (2) (1) )
o, +o o, —0
|l//(0)>ll = <C+ L \/E L +c - \/i - >|G> (6)

with |c, >+ |c_|* = 1. In this case, the |+) and |-)
components can be emitted in opposite directions, such
that the original entanglement in GSA A is transferred
to photonic modes propagating in different directions,
thereby creating spatially separated entangled states [63].
Accordingly, we introduce a third GSA (labeled C), which
is identical to GSA B—including the interatomic coupling
J' and the time-dependent coupling coefficient ¢ (¢#)—but
positioned on the opposite side of GSA A (with its two
coupling points located at a,, and a,,); see Supplemental
Material [40] for details. Following the modulation scheme
in Eq. (5), the |+) and |-) components of |y(0)), can be
deterministically transferred to GSAs B and C, respec-
tively. As a result, GSAs B and C finally form a target W-
class entangled state [64—66]

) = C—;<|eggg> +|gegg)) +%<|ggeg> — lggge)), (7)

where the lattice field and GSA A have been traced out.
Here, we use simplified notation, e.g., |eggg) =
leg)s ® |9g)c, to represent the states of GSAs B and C.
Starting from the initial state in Eq. (6), with ¢, = v/3/2
and ¢_ = 1/2, the evolution of the corresponding fidelity
Fu and the field intensity distribution are depicted in
Figs. 4(b) and 4(d), respectively. As expected, a high-
fidelity W state is generated between GSAs B and C, even
at a large separation distance. In Appendix B, we further

discuss how to extend this protocol to involve more
complex GSA configurations.

Conclusion—We have introduced the concept of GSAs
as a new quantum optical paradigm. Specifically, we
demonstrated a series of quantum processes in single,
braided, and separate GSA configurations, including
dressed self-interference effects, DF state transfer and
swapping, and state-dependent chiral spontaneous emis-
sion. In particular, the latter makes it possible to achieve
selective, directional transfer of quantum information and
remote generation of W-class entangled states. These
findings highlight the potential of GSAs in quantum
communication and quantum networks.

Our Letter opens several promising directions for future
research. For instance, engineering GSAs in topological
structured baths [21,30,67,68] could enable robust entan-
glement generation and protection against decoherence,
crucial for scalable quantum networks. Moreover, the inter-
play between GSAs and non-Hermitian photonic lattices
[32,69] offers an avenue to engineer exotic decay dynamics
and nonreciprocal quantum transport. By leveraging struc-
tured light-matter interactions, self-interference effects, and
internal degrees of freedom, GSAs provide a versatile plat-
form for programmable quantum information processing.
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End Matter

Appendix A: Dynamical entanglement spreading in a
structured entanglement lattice—In Fig. 3(c), we intro-
duced the concept of a “structured entanglement lattice”
formed by a chain of braided GSAs. Here, we illustrate
the dynamical spreading of entanglement in such a lattice,
showing how an initially local entangled state can evolve
into a nonlocal entangled state involving an increasing
number of physical qubits. As a simple example, we con-
sider a uniform 1D chain of braided GSAs, each com-
posed of two atoms as in Fig. 1. We initialize one of these
GSAs (e.g., the fourth one) in its |+) state, and let this
excitation propagate along the GSA chain. The dynamics
are governed by the effective tight-binding Hamiltonian

Hgg = §SELZ|+,m><+,m + 1|+ H.c,

m

(A1)

where |+,m) denotes the “+” dressed state of the mth
GSA, and the effective hopping rate is given by &gg =~
Zeir4 (0 +i0%) = g2/2¢&, derived from Eq. (S40) in [40].
Figure 5(a) shows the dynamics of the probability
distribution across eight GSAs, along with the distribution

0 0.2 0.4 060 0.5
time Esprt probability

ket index n

FIG. 5. (a) Time evolution of the probability distribution (left)
and distribution profile at the final time (right) of a structured
entanglement lattice, which is formed by a chain of braided
bipartite GSAs. The process begins with the fourth GSA prepared
in its |+) dressed state. (b) State tomography (density matrix
elements p3E) of the 16 physical atoms forming the structured
entanglement lattice, which indicates a nonlocal multipartite
entanglement.

profile at the final time. Since each site in this lattice model
represents a bipartite entangled state of two physical atoms,
the overall state at time ¢ is actually a coherent super-
position of these local entangled states,

lwseL (1) = Zcm(t)lﬂm% (A2)

where C,,(?) is the probability amplitude of exciting the mth
|+) state at time z. To visualize the entanglement distri-
bution among the physical atoms, we rewrite the state in the
original atomic basis as |yg (1)) =D, C;(t)(f(f)|G),
where C, () represents the excitation amplitude of the
nth physical atom (two atoms per lattice site). For the case
in Fig. 5(a), these amplitudes satisfy C;,,_,(t) = C,,, (1) =
C,,(1)/\/2. Figure 5(b) shows the elements of the density
matrix pSEL = |yl ) (whg |, which captures the single-
excitation sector of the full multipartite state, evaluated at
the final time. The central peak and nonzero off-diagonal
coherences clearly indicate that the initial localized bipar-
tite entanglement has spread across the lattice, forming a
more complex multipartite structure that correlates a larger
number of atoms. Inspired by this result, one may also
expect the periodic revival of such nonlocal multipartite
entangled states by introducing a linear gradient in the on-
site potentials, e.g., F'Y_, m|+, m){+, m|, which induces
Bloch oscillations of the excitation [70].

Appendix B: Multichannel state transfer protocols—
The chiral state-transfer protocol in Fig. 4 can be naturally
extended to support more complex configurations of
GSAs and more routing channels. For instance, consider
the extended setup shown in Fig. 6, where the emitting
GSA (labeled A) is formed by a chain of three identical
atoms with an interatomic coupling rate J. Such a GSA
exhibits three distinct dressed states,

1 -1
1
:‘:\/Z and |l//()> = —= 0 s
2
1 V2

1
|l//i> )

with  eigenfrequencies w. = wy+v2J and w,,
respectively. GSA A is nonlocally coupled to two
waveguides, W, and W,, through two spatially separated
coupling points each (with identical coupling coefficient
go)- The spectral structure is engineered such that the
lower two eigenfrequencies, w_ and w,, fall within the
energy band of W, while the upper eigenfrequency w,
lies within the energy band of W,. The spectrum in Fig. 6
(top right) shows an example with £ = 12.5¢g,, wg = \/Zf,
and J=2¢ (all symbols, except those specified in
this paragraph, are identical to those in the main text).
Here we take the band center of W, as the energy

reference and assume a higher band center 4+/2¢ for W,.
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By initializing GSA A in a coherent superposition of its
three dressed states, i.e.,

w(O0)a= Y clw),

v==,0

(B1)

and carefully designing the phase differences among
its coupling coefficients, each component of the initial
state can be routed into a distinct propagation direction.
Consequently, the emitted wave packets are directed toward
three spatially separated receiving GSAs (labeled B, C, and
D), which are strategically positioned to selectively absorb
a specific component, through appropriate coupling phase
engineering and coupling amplitude modulation (e.g.,
similar to that used in Fig. 4). Assuming that GSAs B,
C, and D are identical in configuration to A, one can finally
obtain a multipartite entangled state of the form

lwr)sep = colwo)s ® 1999)c ® 999)p
+c_1999)8 ® lw_)c ® 999)p
+c41999)5 ® |999) ® lw)p. (B2)

where the subscripts B, C, and D indicate the states of the
corresponding GSAs.

FIG. 6. Schematic of the extended entanglement generation
scheme, involving more GSAs and routing channels. In this
scheme, the emitting GSA (A) is composed of three atoms in a
chain and thus exhibits three dressed states (with eigenfrequen-
cies w, and w,, respectively). GSA A is nonlocally coupled to
both waveguides simultaneously, via two separate coupling
points each. The two lower eigenfrequencies, w_ and w, lie
within the energy band of waveguide W, while the upper one,
@, lies within the band of waveguide W,. The system is
initialized with GSA A in a superposition of the three dressed
states. By engineering the phase differences among the coupling
coefficients of GSA A and applying appropriate coupling
modulation schemes, each component of the initial superposition
state can be selectively transferred to GSAs B, C, and D,
respectively.
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