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Simulating photonic lattices remains to be an interesting and important goal for quantum technologies. Here,
we propose several simulation schemes of one- and quasi-one-dimensional photonic lattices based on arrays of
diverse three-level giant-atom dimers. The resulting models, including diamond, Su-Schrieffer-Heeger, and ladder
lattices, exhibit protected nearest-neighbor and greatly inhibited next-nearest-neighbor interactions, which are
challenging with most state-of-the-art experimental platforms. Our proposals based on circuit quantum electro-
dynamics are tunable, scalable, and reconfigurable, thus providing opportunities for simulating more advanced
photonic lattices and exploring unprecedented phenomena with no counterparts in conventional condensed mat-

1. Introduction

Simulating the evolution of quantum particles in various periodic
structures is a crucial and long-standing task in quantum mechanics,
with potential applications in fields ranging from quantum many-body
physics to quantum information processing. It is believed that photons
are excellent quantum information carriers with low noise, long coher-
ence length, and high transmission speed [1]. Therefore, photonic lat-
tices provide a promising platform for engineering light-matter interac-
tions and large-scale quantum networks, allowing for phenomena ab-
sent in conventional condensed matter physics. The research interest in
photonic lattices is rising rapidly, with the implementation candidates
including coupled waveguide arrays [2,3], photonic crystals [4], super-
conducting quantum circuits [5,6], and optomechanical systems [7-9]1,
to name a few. Moreover, recent progress shows that it is possible to cre-
ate lattice structures in synthetic dimensions, such as those based on the
frequency [10-12], momentum [13], orbital angular momentum [14-
161, and Fock states of photons [17]. More interestingly, it was recently
shown that photonic lattices can be used to simulate curved spaces, both
in real space and through a specific mapping [18,19]. These exciting
breakthroughs not only find applications in computational science but
also show the possibility towards unifying quantum mechanics and gen-
eral relativity.

* Corresponding authors.

In this paper, we study a new quantum optical paradigm that allows
for simulating photonic lattices with tunable architectures and protected
interactions. The building block here is the so-called “giant atom” [20],
which is coupled to a guided field at two or more separate points and
can be readily implemented in experiments. Such a device can behave as
a sort of tiny quantum interferometer, which exhibits self-interference
effects that depend on the phase accumulations of the field traveling
between different coupling points [21-26]. An important hallmark of
giant atoms is their ability to interact with each other in a decoherence-
free manner, i.e., the atoms exchange energy without relaxing into the
waveguide field, even if the atomic frequency is within an energy band
of the waveguide [27,28]. In contrast to conventional schemes where
decoherence-free interactions between normal atoms (i.e., atoms that
are locally coupled to the waveguide) are realized through virtual pho-
ton processes mediated by localized photon-atom bound states [29,30],
in the giant-atom case the interactions can have very long range, and
one does not have to engineer band gaps for the waveguide to create
photon-atom bound states.

The in-band decoherence-free interactions between two-level giant
atoms have been demonstrated to be a powerful tool for simulating
one-dimensional (1D) tight-binding chains with protected and tunable
nearest-neighbor couplings [27]. These couplings can be complex (i.e.,
mimicking synthetic magnetic flux) by properly modulating the atom-
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Fig. 1. (a) Schematic diagram of the A — V model. The A- and V-type three-level giant atoms are coupled to a common 1D waveguide with an equally spaced
braided structure. (b) Effective A-type energy-level configuration under the decoherence-free condition (upper) and the corresponding STIRAP with n=n" =1,
at; =400, at, = 600, and «T = 100 (lower). (c) A — V model array with only nearest-neighbor decoherence-free interactions. (d) Effective diamond lattice based on

the array in panel (c).

field interactions or the atomic transition frequencies [31]. Moreover,
it is also feasible to simulate the Su-Schrieffer-Heeger (SSH) model
[32,33], which is the simplest (Hermitian) topological lattice model,
with two-level giant atoms based on either chiral photon-atom bound
states [34] or staggered decoherence-free interactions [35]. Considering
that atoms with more energy levels involved can exhibit richer quantum
interference effects and more control parameters, it is natural to expect
more advanced lattice structures by choosing appropriate multi-level gi-
ant atoms. Motivated by this, we here study several atomic dimer mod-
els based on different combinations of three-level A- and V-type giant
atoms and demonstrate how to simulate diverse photonic lattices by ex-
tending them to well-designed arrays. Our proposals show a series of
advantages compared with other conventional ones and are highly rele-
vant to state-of-the-art experimental platforms such as superconducting
quantum circuits.

The rest of this paper is organized as follows. In Section 2.1, we study
an atomic dimer model consisting of a A- and a V'-type giant atoms and
then demonstrate how to simulate a diamond lattice with an array of
such dimers. In Section 2.2, we study a double-A model and simulate
the SSH model based on the extended array. In Section 2.3, we study a
double-V model and construct a synthetic ladder lattice by introducing
external driving fields to the extended array. In Section 3, we discuss
the experimental implementations and the advantages of our proposals
and conclude our work. In the supplementary material, we provide the
derivation procedure of the time-delayed dynamical equations of the
A —V model in Section 2.1 and the analytical expressions of the eigen-
values of a more general synthetic diamond lattice, possibly with middle
band gaps.

2. Results and discussion
2.1. A -V model
We first consider a pair of giant atoms with A- and V-type three-

level structures, respectively, as schematically shown in Fig. 1a. The
two atoms are coupled to the waveguide in a braided structure [27,28],
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with each having two identical coupling points. For simplicity, we as-
sume that the coupling points are equally spaced by distance d, but this
is not the essential condition of the results in this paper (decoherence-
free interactions between giant atoms can be realized even if the braided
coupling points are not equally spaced [27,28]). The A-type atom (la-
beled as A,) has one upper state |e;) and two lower states | f,) and |g;)
(with frequencies w,;, @, and o, ;, respectively), while the V-type
atom (labeled as A,) has two upper states |e,) and | f,) and one lower
state |g,) (with frequencies @,,, @;,, and w,,, respectively). More-
over, the energy-level transitions of the two atoms are well designed
so that w,| ~@, | =@, —~ W, =@, and @, — ;| =@, — W, ) = O
(this condition can be appropriately relaxed as will be shown below). In
experiments, such a model can be readily achieved with superconduct-
ing quantum circuit platforms, as discussed in detail in Section 3. Based
on the above assumptions, the Hamiltonian of this braided A — V model
can be written as (72 = 1 in this paper)

H=Hy+Hy +Hy +Vy + Vi, o
+oo
H, = /m dkoya a, o
Hy = o,le )e |+ A1 f1){/1], )
Hy, = oley){eal + 01 2)(fal. @
+o0 )
Vi =/ dk(1+e21kd)(ge|€1>(81|+ gflel)(fll)ak +H.c., ;)
—00
+oo ) )
Vo = / dk(e™ + &%) (g,les)(ga| + &/1/2)(82l)a + Hoc., (6)
—00

where a; (aZ) is the annihilation (creation) operator of the waveguide
mode with wave vector k and frequency w;, = v,|k| (v, is the group ve-
locity of the waveguide modes); g, and g, are the coupling coefficients
between the waveguide field and the atomic transitions with frequen-
cies o, and o/, respectively, which are assumed to be real constants
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under the Weisskopf-Wigner approximation and identical for the two
atoms; A, = o, — w, is the difference between the two atomic transi-
tion frequencies; and the positions of the four coupling points are as-
sumed as {x;, x,,x3,x,} = {0,d,2d,3d} without loss of generality. Con-
sidering that the total excitation number of the model is conserved, i.e.,
[N, H]=0with N = [ dkala, + |e;){e,| + le;){(e,] + | 2){f,| the opera-
tor of the total excitation number, and assuming that A; (A,) is initially
prepared in state |e;) (|g,)), one can study the dynamics of the model
in the single-excitation subspace and write the state at time 7 as

lw(®)) = [Ce,l(l)|91g2> +c.o(t)lgrey) + Cf,z(t)|f1f2>]e_iwer|0>

+oo
* /
—00
+oo
o/
—0o0

where ¢, |, ¢,,, and ¢, , are the time-dependent probability amplitudes
with the waveguide in the vacuum state |0) and the atomic states |e,),
le,), and | f,) being populated, respectively; ¢, (c,) is the time-dependent
probability amplitude of creating a photon in the waveguide and atoms
A, and A, in states |g;) (| f,)) and |g,), respectively. Here we have as-
sumed that A, is large enough (|A, /| > {|g.l. |g/|}) such that a photon
with frequency w, (w,) can hardly be coupled to the atomic transition of
frequency o, (@,). By solving the time-dependent Schrédinger equation
id;|w(t)) = H|w(t)), one can obtain the dynamical equations:

dker(naje™ " |g18,)10)

dkcy(t)al e er' e | £, ,)[0), @)

ic, () = /dk(l + ezikd) [geck(t)e_m“’ + gfcI/c(t)e—iAfr]’ 8)
i6 (1) = / dkg, (™ + ¥*) ¢, (e™iAe!, ©
ic;o(t) = / dkg (e + &) e, (e A (10)
for the atomic excitation amplitudes and

ic (1) = g, | (14 €725 )c, 1 (1) + (e7* 4 73K ) ¢, (1)] €2, (11)
iey (1) =g [(1+ e )c, (1) + (7% + 7 ), 5 ()]s (12)

for the field excitation amplitudes, where A, = o, — @, and A, = o, —
o are the detunings between waveguide mode g, and the two atomic
transitions. Assuming that the waveguide is in the vacuum state initially,
it is straightforward to write down the formal solutions of ¢, (r) and c;( 1),
ie.,

t
o) = —i /0 dr'g, [(1+ e )e, (1) + (7K 4 73, ()] 2, (13)

t
c;((t) — —i/ dt’gf[(l +e—2ikd)ce,l(t/)+ (e—ikd +e—3ikd)cf,2(t/)]emfﬂ.
0
(14)

By substituting Eqs. 13 and 14 into Eqs. 8-10 and following a stan-
dard derivation procedure (for more details see Sec. I in the supple-
mental material), the time-delayed dynamical equations of the atomic
excitation amplitudes can be obtained as

. oy
Co1() = =Ty +T ey (1) — <Fee2‘¢ T )Dfl)

| I .
— —2 |3 pV) 4 Q3ib p©®
) [3e Dey2 +e De.Z]

r
I a ¢! p i 1y
= L3 D+ D), (15)
. r . .
benr() = T [een® +eD0)| = = 360D + 7 D). (16)
. Trp ,
o) =T, [c o) + Y D?}z] -4 [3e'¢’ D)+ D(31)] a7
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where D(ﬂ” = ¢yt = D)0t — I7) with ©(x) the Heaviside step function;
¢ =0,7=w,d/v, (¢ =¢—A,7=w,7)is the phase accumulation of a
photon with frequency o, () traveling between two adjacent coupling
points and 7 is the corresponding time delay (i.e., propagation time);
I, =4ng?/ vg (T, = 4ng} /vg) is the waveguide-induced decay rate of the
atomic transitions with frequency w, (@ f). If we consider the situation
where (i) both ¢ and ¢’ are half-integer multiples of = and (ii) the time
delay 7 is small enough such that {I',z,T" i<l (i.e., in the Markovian
regime), we have

bpr (D) = 2[(—i)"l“ec&2(t) + (=)' T e, (18)
ée,Z(t) = 2(—[)”1—‘60(,’1([), (19)
épa(0) = 2(=iY"T ey (1) (20)

with n = mod(¢,27)/(x/2) and n' = mod(¢’,2x)/(x/2) (it is clear that
{n,n"} = {1,3}). As shown in Fig. 1b, such a model shows a protected A-
type configuration consisting of states e, ), |e,), and | f,), with the effec-
tive Rabi frequencies determined by the atom-waveguide coupling coef-
ficients g, and g, as well as the phase accumulations ¢ and ¢'. With this
effective A-type configuration in hand, one can implement stimulated
Raman adiabatic passage (STIRAP) [36], which enables efficient and
robust population transfer from |e,) to | f,) (or vice versa) in a coherent
control manner, by properly modulating the atom-waveguide coupling
coefficients g, and g r (e, the effective Rabi frequenciesI', and I" ) with
time. In circuit quantum electrodynamics (QED), such time-dependent
coupling coefficients can be readily achieved by connecting the (artifi-
cial) atoms to the transmission line through superconducting quantum
interference devices with tunable inductance and dynamically modulat-
ing their inductance via a controllable bias current [37]. In Fig. 1b we
provide a proof-of-principle demonstration of STIRAP by using counter-
intuitive time-dependent modulations T'/(r) = aexp[—(t — #,)*/T*] and
T,(t) = aexp[—(t — t,)*/T?], which show the peak value « at ¢ = ¢, and
t =t,, respectively, and have a width 2T in the time domain. The adi-
A/ + Ff(t)2 with
(1) = arctan[I',(t)/T ;(#)]. This condition is, in principle, feasible due to
the greatly suppressed decoherence of this braided giant-atom pair.

If the above A — V' model is extended to a multiple-atom version
where an array of such atomic dimers (with an alternating arrangement
of A- and V-type atoms) is considered to form a 1D chain, and if each
atom is only braided with its two nearest neighbors but is separated
from all the other atoms [27], as shown in Fig. 1c, then a 1D diamond
lattice consisting of the atomic upper states (e.g., |e;), |e,), and | f,)) can
be realized as shown in Fig. 1d.

One intriguing feature of the diamond lattice in Fig. 1d is the exis-
tence of a flat band [38], i.e., a completely dispersionless energy band
that allows for compact localized states [39]. More specifically, the dy-
namical equations of such a lattice can be given by:

abatic condition can be expressed as |d0(t)/dt| <

dpy = =2i[Co(Byy +bpy) + T4 (G + Gy )]s @D
by = =2iT (@ + Gy ) (22)
by = =20 (ay, + Ay ) 23)

where we have rewritten the atomic excitation amplitudes as ¢, »,,_; =
iy Conm — by and ¢ om = €, and assumed mod(¢, 27) = mod(¢', 27) =
/2. By using the plane-wave solutions d,,(?), b, (1), ¢, (t) x exp(ikm —
iEt), the eigenvalues of the effective diamond lattice can be obtained
as

Ey =0, Et=i2\/2<l“g+]“2f)(l+cosk), (24)
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Fig. 2. Band structures of the effective diamond lattice with (a) A/I", =0 and
I,/T,=1,(b) A/T,=2and T, /T, = 1, and (c) A/T, =2 and T, /T, = 0.5.

which show a flat band between two symmetric dispersive ones. Note
that in this case, there is no band gap between these bands, as shown in
Fig. 2a.

To open band gaps, one can introduce small frequency mismatching
to either the A-type or the V' -type atom so that the transition frequencies
of two atoms are not exactly matched. In fact, this is a common situa-
tion in circuit QED since it is challenging to construct exactly matched
A- and V-type atoms (although one can also simulate the three-level
structures by using two two-level atoms). Fig. 2b and ¢ show the gapped
band structures of the diamond lattice in this case (here we assume
Do = Dgom = @ +Aand sy, — @5, = @, — A with A the small fre-
quency mismatching; for more details see Sec. II in the supplemental
material). As expected, the frequency mismatching opens gaps between
these bands, with which the associated compact localized states can be
robust against certain types of disorders [40]. Note that a complete flat
band disappears if T, # I';. As shown in Fig. 2¢, although the band gaps
persist in this case, the middle band is nearly dispersionless around the
middle and edges of the Brillouin zone but becomes dispersive else-
where.

2.2. Double-A model

In this section, we turn to consider two identical A-type atoms cou-
pled to the waveguide with the equally-spaced braided structure. As
shown in Fig. 3a, the Hamiltonian of such a double-A model can be
written as H' = H,, + Hy, + H;‘Z + Vi1 +V,.,, which is obtained by re-
placing H,, and V,,, in Eq. 1 by H /"2 and V,,, respectively, with

H:ﬁz = welex)(ex] + Agp /2l

+o00
r_
V- |
—0o0

If A, is initially prepared in state |e,;), there are two possible single-
excitation states depending on which lower state A, is initially in: if A,
is prepared in state |g,) (we refer to it as “case .A” hereafter), the state
at time ¢ is given by

(25)

3ikd

dk(e[kd + ¥ ) (g,ley) gl +g/|32>(f2|)ak +H.c.. (26)

by () a = [e1®lergs) +cor(Dlgie)]e™*!10)

+o0
+ /
—00

+ep ()] aze_iw“t 18182710,

dk [ D e D1 g le !
j=12
@7

whereas if A, is prepared in state |f,) (we refer to it as “case B” here-
after), the state becomes

() = { [eca(Dlerf2) + con(®l freg)] e

+oo
+/ dk[ Z Ck,j(f)|gj><fj| +cllc,12(t)

Jj=12

Xe"'A“f"]aie""”k’|fl f2>}e"'Aff’|0>. 28)
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Here ¢, ;(1) [cl’(‘ (1] is the time-dependent probability amplitude of atom
A; in state |g) (|f)) and the other one in state |f) (|g)), while ¢, ,(t)
[c,’mz(t)] is the time-dependent probability amplitude of both atoms in
state |g) (| f)). Note that the two atoms cannot be in state | f) (|g)) si-
multaneously in case A (case /) during the time evolution.

By solving the time-dependent Schrédinger equation and following a
similar calculation procedure as in the previous section, one can finally
obtain:

. . N o
Cet®) = =T, +T p)eg (1) — (Feez’d’ +T %9 )D;l’

r,r. . .
Lo 156 p0) o 3id p®
- [ nl) + %], (29)
. - i\
Conlt) = =T +T s = (Tee® +T e ) L)
r,[. . 4
_Lefa 0 p . e p®
=300 + D] (30)
in case A, and obtain:
. - i\ n
Eaa(®) = =T +T e (0 = (T + 1,29 ) D2
r
S i (D) 3i¢! H3)
-5 [3e‘ Dy, +e” De.Z]’ (€20)
. - i¢' \ n
bonlt) = =T +T s = (Tee® 4T e ) L)
r
I [1,i0" pD o 3i¢" 3
- [3e# D)) + e D] (32)

in case B. Once again, in the Markovian regime of {I',z,I',7} < I and
if mod(¢, 27) = mod(¢’, 2x) = z/2 (i.e., n = n’ = 1), the above equations
can be simplified to

bo1 (1) = =20y, (1), (33)

bon(t) = =20y, (1), (34)

where g = e, f for cases A and B, respectively. Clearly, the two A-type
atoms exhibit a decoherence-free interaction (i.e., the two atomic ex-
cited states exchange excitation without decaying into the waveguide),
with the effective coupling strength depending on which state A, is initially
prepared in. This intriguing feature allows us to implement the SSH
model based on the atomic excited states. As shown in Fig. 3b, this can
be accomplished by using an array of such double-A models, where the
atoms are initially prepared in states |g) and | /) alternately.

One of the most important features of the SSH model is the existence
of topologically protected edge states which are localized at the two ends
of the lattice (under open boundary conditions) [41]. We plot in Fig. 4a
the real-space energy spectrum of the effective SSH model, which can
be described by the Hamiltonian:

M M-1
Hggyy = )" 20, ()b, + Hee) + Y 20/ (b} a4y + Hee.) (35)
m=1 m=1

with 2I', =T, — 6T" and 2I'; =T’y + 6I" describing the intracell and in-
tercell couplings, respectively. In Eq. 35 we have defined 4, (b,) as
the annihilation operator of the effective lattice site |e,,,_;) (|e,,)) in
the single-excitation subspace. Fig. 4a shows that a pair of zero-energy
edge states appear in the middle band gap under open boundary condi-
tions and when 6T is positive. Such a topological phase transition tends
to be ideal (showing an explicit phase transition point 6" = 0) in the
thermodynamic limit M — +o0, as shown in the inset of Fig. 4a. These
zero-energy states are protected by the chiral symmetry [42] of the lat-
tice and thus robust against certain types of disorders.

We also examine in Fig. 4b—d the time evolutions of the initial single-
site excitation ¢, ,(t = 0) = §,,; (i.e., the leftmost atom is initially pre-
pared in state |e)) for different values of 6I" € [T, I'y]. For a large (pos-
itive) 6T, it shows that the excitation maintains localized in the leftmost
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Fig. 3. (a) Schematic diagram of the double- A model. The two A-type giant atoms are coupled to a common 1D waveguide with an equally-spaced braided

structure. (b) Effective SSH lattice based on an array of the double-A models.
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Fig. 4. (a) Energy spectrum of an effective SSH model with M = 6. The
inset depicts the energy spectrum with M = 50. (b)-(d) Time evolutions of the
initial single-site excitation c, ,,(t = 0) = §,,, for (b) 6I'/Ty = 0.3, (c) 6I'/Ty = 0.7,
and (d) 6I'/T) = 0.9. We assume M = 6 in panels (b)-(c). Other parameters are
T, =, -6)/2and T, = (T, +60)/2.

lattice site with no transfer along the lattice. As 6" decreases, the excita-
tion may partially leak to the nearest-neighbor lattice site, which can be
understood from the edge state with a weaker localization strength in
this case. Such a localization feature disappears, however, when 6I" be-
comes small enough. In this case, the excitation spreads along the lattice
and is reflected back and forth by the lattice boundaries.

In contrast to the simulation scheme of SSH model based on the
chiral bound states of two-level giant atoms [34], the present scheme
works in a very different regime where the waveguide does not pos-
sess designed band gaps. Moreover, compared with the scheme in Ref.
[35], where the SSH model is simulated based on the staggered braided
structures (i.e., braided structures with designed unequal coupling sep-
arations) of two-level giant atoms, our effective SSH model is closely
related to the initial states of the atoms and thus is reconfigurable. For
instance, our model can reduce to a 1D tight-binding chain if the atoms
are reset to the same lower state. Furthermore, one can also create an
SSH heterostructure [43] by simply reversing the staggered atomic ini-
tial states within a chosen spatial range and engineer topologically pro-
tected interface states.

2.3. Double-V model

Finally, we study another atomic dimer model where a pair of identi-
cal V-type atoms are coupled to the waveguide with the equally-spaced
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braided structure. As shown in Fig. 5a, the Hamiltonian of such a double-
V model can be written as H” = H,, + H/’41 + Hy, + V., +V,p, which

is obtained by replacing H,, and V,,; in Eq. 1 by H ;\1 and V, , respec-

tively, with

H/,xl = w,le; e + /| f1){fils (36)
+o0 ) )

48 =/ dk(elkd+€3lkd)(gg|91><g1|+gf|f1><g1|)ak+H-C~ 37

In contrast to the case in Section 2.2, here there are two possible single-
excitation states depending on which upper state of A; (i.e., |e;) or | f))
is initially occupied. More specifically, if A, is initially in state |e,) (we
refer to it as “case C” hereafter), the state of the model at time ¢ can be
written as

W) = {[ce1®le1g) + coa(Dlgrer)| e

+o0 .
+ / dkck(t)aze_’“’ktl&gz)}|0)s
—00

whereas if A, is initially prepared in state |f;) (we refer to it as “case
D” hereafter), the state becomes

(3%)

lv®)p = { [Cf,1(f)|f1g2> + Cf,z(t)|g1f2>]e_iw/t
+oco
-/
Here c, ;(1) [c ;(1)] is the time-dependent probability amplitude of atom
A; in state |e) (|f)) and the other one in the ground state |g); c,(¢) is
the time-dependent probability amplitude of both atoms in the ground
state and creating a photon with wave vector k in the waveguide.

Once again, by solving the Schrédinger equation and following the
same calculation procedure as in the previous sections, we have

dkck(’)azeiiwk”glgz)}|0>- (39)

. r .
e = e[, 0 + D) - = [3¢ D0 + 7%, (40)
. r .
épa(t) = T, [ce’z(t) +e29 ng] - [3e'¢ DY 4 30 fof] @41

in case C, and have:
r
. e I [aid! ¢ 13
¢ =T [c (D) + &2 D(f’)l] -4 [3e’<” DY) + o0 D(f;], 42)
L) F ! e
¢ = =Ty [e a0+ DR = L[3# DY, + 7 00| @3)

in case D. Under the decoherence-free condition, e.g., mod(¢,2x) =
mod(¢’,2z)=x/2 (n=n"=1), and in the Markovian regime of
{T,7,T;7} < 1, we have the simplified dynamical equations:

é1(1) = =2iTpe (), (44)
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Fig. 5. (a) Schematic diagram of the double- V model. The two V -type giant atoms are coupled to a common 1D waveguide with an equally-spaced braided structure.
(b) Two independent effective 1D tight-binding lattices based on an array of the double-V models. (c) Effective ladder lattice with the help of external coherent

fields.

Table 1
Synthetic lattices with different giant-atom models.

Atomic pair Effective level configuration

Atomic array

A —V model
Double-A model

A-type configuration
Two-level configuration

Diamond lattice
SSH model

(with initial-state-dependent strength)

Double-V model Two-level configuration

(with initial-state-dependent strength)

1D tight-binding chains (without external fields)
Ladder lattice (with external fields)

épa(t) = =2iTpeq, (1), 45)

where § = e, f for cases C and D, respectively. Clearly, in both cases,
the two V-type giant atoms behave just like a pair of coupled two-level
systems [27,28], with the effective coupling strength determined by the
initial state. This implies that an array of such double-V models mimics
two independent 1D tight-binding chains, as shown in Fig. 5b.

More interestingly, it is also possible to simulate a quasi-1D ladder
lattice by introducing external coherent fields to drive the transitions
between the two upper states |e,,) and |f,,), as shown in Fig. 5c. This
is justified for three-level superconducting artificial atoms, where cyclic
transition structures are allowed if the atoms are operated away from
the optimal points [44,45]. Note that the cyclic structure based on an
external field does not break the single-excitation assumption [24].

Such a ladder lattice can exhibit nontrivial dispersion relations if
a synthetic gauge field is introduced to each square plaquette [46].
This can be achieved by introducing external fields with a phase gradi-
ent along the x direction, i.e., Q, = Qexp(2im¢), as shown in Fig. 5c.
By performing the gauge transform |e,,) — |e, )exp(im¢) and |f,,) —
| fyexp(—im¢), the effective ladder lattice can be described by the
Hamiltonian:

Higdger == 3 (Qdfniam +20,e %6 Gy + 200! B+ Hc) (46)
m

where 4, (b,,) now annihilates an excitation at the effective lattice site

le,,) (I f))- EQ. 46 shows that each square plaquette of the ladder lattice

is threaded by a synthetic gauge flux ® = 2¢. By using again the plane-

wave solutions 4,,, b, « exp(ikm — i Et) and assuming 2", = 2" =T for

simplicity, the dispersion relation of the ladder lattice can be given by

Q
ar)
It is clear from Eq. 47 that the synthetic gauge field can significantly

modify the dispersion relation of the lattice, leading to, e.g., the spin-
momentum locking effect [46]. Moreover, one can define the average

oot () (2)

(O ks = ¢[cos2 <7k

2

E, =-2r [cos ¢cosk F \/sin2 ¢sin® k + ( . 7

O
2

22

— sin (48)
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Fig. 6. (a) Energy spectrum of the ladder lattice versus k and ¢. (b) Average
spin of the lower energy band versus k and ¢. (c) and (d) Energy band profiles
versus k for (¢) ¢ = z/3 and (d) ¢ = n/2. The filled circles in panels (b) and
(c) with the same color correspond to the same parameters. In this figure we
assume Q =T = 1.

for the energy bands E,, respectively, with 6, =
arctan[Q/(2T sin ¢ sink)]. The Bloch modes of the lattice prefer to
occupy the sublattice consisting of states |e,,) (|f,,)) if the correspond-
ing average spin is positive (negative).

We plot in Fig. 6 the energy bands of the ladder lattice and the av-
erage spin of the lower band to illustrate the spin-momentum locking
effect mentioned above. One can find that the energy bands are closely
related to the synthetic gauge flux, which allows for simulating the spin-
orbital coupling [46]. As shown in Fig. 6b—d, the “spin-up” ({(c,), > 0)
and “spin-down” ({), < 0) modes can propagate toward opposite di-
rections along different sublattices for appropriate values of ¢. For ex-
ample, as shown by the green and black filled circles in Fig. 6b and c,
the Bloch modes with opposite wave vectors k ~ +0.665z have opposite
group velocities and thus propagate toward opposite directions along



L. Du, Y. Zhang, X. Wang et al.

different sublattices. In this case, it is possible to observe chiral sponta-
neous emission of a quantum emitter if it is coupled to this lattice and
resonant with one of the energy bands [46].

3. Conclusion

In conclusion, we have demonstrated a series of 1D and quasi-1D syn-
thetic photonic lattices with protected tunnelings and nontrivial band
structures. By designing pairs of A- and V -type three-level giant atoms,
as summarized in Table 1, it is possible to create different decoherence-
free level structures, which can further serve as unit cells of, e.g., dia-
mond, SSH, and ladder lattices. More advanced lattice models can be
expected by considering more types of multi-level giant atoms.

Although giant-atom systems are theoretically achievable with
waveguide QED platforms based on cold atoms or various solid-state
quantum emitters, it is more convenient to implement our proposals
with superconducting quantum circuits where one can tune the level
structure of an artificial three-level atom on demand [44,45] and the
atom-field interactions can be engineered by using various tunable cou-
plers [37,47,48]. The braided coupling structure can be easily realized
by using a meandering (e.g., S-type) superconducting transmission line
such that the first (second) coupling point of A, can be located between
(outside) the two coupling points of A; [27,28]. In fact, a similar giant-
atom system has recently been demonstrated in experiments where two
frequency-tunable transmon qubits, i.e., two-level artificial atoms, are
coupled to a meandering 50 — Q coplanar waveguide in the braided man-
ner [28]. Another advantage of implementing giant-atom systems with
superconducting quantum circuits is that the atom-field coupling points
can be well controlled. For cold-atom platforms, however, one should
consider the small oscillations of the atoms trapped in harmonic opti-
cal potentials [49]. Such oscillations may result in time-varying phase
accumulations and, thereby, smeared giant-atom interference effects.
Note that decoherence-free interactions between giant atoms are al-
lowed even if the braided coupling points are not equally spaced (al-
though the interaction strengths would be modified in this case) [27].
In practice, it is challenging to precisely control the positions of all the
coupling points. This amounts to introducing tunneling disorders to the
synthetic lattices. However, this is a common challenge for most existing
simulation schemes. Moreover, some topologically nontrivial features,
such as the edge states of the SSH model, are robust against this type of
disorder since it does not break the chiral symmetry of the lattice model.

Several advantages of our proposals are summarized as follows. First,
next-nearest-neighbor couplings are greatly inhibited due to the braided
coupling structure [27]. This prevents undesired long-range interactions
from smearing the synthetic lattice [50], which however remains a chal-
lenge for many other platforms [51-53]. For example, for Zigzag cou-
pled waveguide arrays, next-nearest-neighbor couplings can be up to
30% of the nearest-neighbor ones if the intra-layer waveguide separation
is twice the distance between the layers [54]. Second, for circuit QED
implementations, other decay channels of the artificial atoms (such as
their intrinsic dissipations into the non-guided modes of the environ-
ment) can be made very small. Therefore, using our schemes, one can
construct a series of large-scale photonic lattices with, however, weak
enough decoherence. Third, one can readily turn on and off the inter-
action between two chosen adjacent lattice sites (amounts to creating a
boundary there) by tuning the corresponding atomic transitions in and
out of resonance with each other. Moreover, some of the schemes pro-
posed in this paper (e.g., those based on the double-A and double-V
models) are reconfigurable. One can simulate different lattice models by
changing the initial states of the atoms without reconstructing the archi-
tecture of the system. Last but not the least, although we have focused
on decoherence-free interactions in this paper, controllable dissipations
(into the waveguide) can be introduced to the atoms (i.e., the lattice
sites) by tuning the coupling separations of the braided structure. This
provides the possibility to simulate non-Hermitian photonic lattices with
structured loss [55].
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