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We present Meissner-like photon currents in a quantum Rabi zigzag chain under staggered synthetic
magnetic fields. The ground state of the Meissner superradiant phase hosts persistent chiral edge currents in
a sequence of cancellation of antiparallel vortex pairs, akin to surface currents of the Meissner effect in
superconductors. The Meissner phase displays distinct vortex structures and anomalous scaling exponents,
arising from geometric frustration effects. Modifying the staggered flux triggers transitions to even- or odd-
vortex superradiant phases, where the chiral edge currents flow exclusively in even or odd cavities with
localized vortices, respectively. Enhanced interspecies interactions induce the vanishing of currents in a
ferromagnetic superradiant phase. Our results enable observation of stabilized photon vortices and edge
currents with analogy to quantum Hall-like robustness in light-matter coupling systems.
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Introduction—Remarkable achievements have been
made in simulating quantum many-body phenomena via
synthetic gauge fields in ultracold atoms and bosonic gases
[1–4], akin to charged particles in magnetic fields. By
exploiting light-matter interactions, optical platforms such
as the cavity and circuit QED facilitate realizing complex
many-body interactions with tunability [5–8], leading to
exotic quantum phases of matter [9–15]. The superradiant
phase transition [16–18], a well-known phenomenon in
strongly coupled light-matter interactions, has been real-
ized in Bose-Einstein condensates [19] and Fermi gas
[20,21]. The quantum Rabi model, as a fundamental
light-atom coupling, is recognized to exhibit the super-
radiant transition [22–27]. In an artificial magnetic field,
novel quantum phase transitions are observed, such as
chiral superradiant phases in a quantum Rabi triangle [28],
chiral magnetic phases in a quantum Rabi ring [29,30], a
frustrated superradiant phase [31–33], and fractional quan-
tum Hall physics in the Jaynes-Cummnings Hubbard lattice
[34,35]. These advancements demonstrate significant
progress in simulating fascinating physics through artificial
magnetic fields.
The Meissner effect is an intriguing phenomenon char-

acterizing a superconductor exposed to a magnetic field,
where circulating surface currents produce a counteracting
field to cancel the applied field [36]. In low-dimensional
quantum systems, it has been a long challenge to explore
analogous concepts and study the interplay of the magnetic
field and many-body interactions. Recently, the distinctive

quantum behavior known as chiral Meissner currents,
observed in multiple species of neutral particles, has been
simulated within two-dimensional bosonic ladders [37–39]
and two-leg ladders [40] subjected to an artificial magnetic
field. The Meissner currents arise due to the interspecies
coherence of interacting bosons. The analogy to the
Meissner effect is characterized by chiral edge currents
[37,38], where the intraspecies currents cancel in the bulk
but persist at the boundaries, resulting in parallel edge
currents along the edges. The chiral edge currents were also
realized in zigzag optical ladders [41–44] subjected to
synthetic magnetic fields, akin to topological quantum Hall
insulators [45]. However, the technical difficulty in engi-
neering many-body systems and magnetic fields of neutral
particles has constrained studies for understanding of
analog ideas of the Meissner effect due to intractability.
Considering highly tunable light-matter interactions, we

investigate the Meissner-like effect in a specific quantum
Rabi chain. Tuning the staggered flux drives transitions
to distinct vortex superradiant phases. A novel Meissner
superradiant phase exhibits species-specific chiral edge
currents and globally canceling antiparallel vortex pairs,
analogous to the behavior in the superconductor.
Additionally, geometric frustrations give rise to distinct
vortice patterns and anomalous criticality.
Hamiltonian—We study a quantum Rabi zigzag chain

under a synthetic magnetic field, realized by arranging two
species of coupled cavities in a one-dimensional array, as
shown in Fig. 1(a). Each upward and downward triangular
plaquette is threaded by a staggered magnetic flux, imple-
mented by assigning a photon hopping phase θ to odd
cavities and π − θ to even cavities. Experimental imple-
mentation of our system is proposed [see Supplemental
Material (SM) [46] ]. The Hamiltonian is given by
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HRZ ¼
XN

n¼1

HR;n − J1
�
a†nanþ1 þ a†nþ1an

�

−J2ð−1Þn
h
eiθa†nanþ2 þ e−iθa†nþ2an

i
; ð1Þ

where J1 > 0 represents the photon hopping between
nearest-neighbor (NN) cavities of different species, and
J2 > 0 denotes the coupling for next-nearest neighbors
(NNN). Modifying J2ð−1Þneiθ in the even or odd chain
leads to a sign alternation based on n, generating effective
magnetic fluxes of θ and π − θ in adjacent plaquettes.
The artificial magnetic field is realized by tuning the
phase lag between the time-varying J2ðtÞ (see SM [46]).
Each cavity couples to a two-level atom, characterized
by the quantum Rabi Hamiltonian HR;n¼ðΔ=2Þσzþ
ωa†nanþgða†nþanÞσx, where a†n (an) is the creation (anni-
hilation) operator of the single-mode cavity with frequency
ω, and σkðk ¼ x; y; zÞ are the Pauli matrices. Δ is the atom
transition frequency, and g is the cavity-atom coupling
strength. The scaled coupling strength is denoted as
g1 ¼ g=

ffiffiffiffiffiffiffi
Δω

p
. Such a finite-component system exhibits

the superradiant phase transition in the infinite frequency
limit Δ=ω → ∞ [22–27].
Applying a unitary transformation U ¼Q
N
n¼1 exp½−igσnyða†n þ anÞ=Δ�, the effective Hamiltonian

projected onto the ground state of the atom j↓i is
H↓

RZ ¼ P
N
n¼1 ωa

†
nan − ωg21ða†n þ anÞ2 − ½J1a†nanþ1 þ

J2ð−1Þneiθa†nanþ2 þ H:c:�, where high-order terms and
the constant are neglected. Due to the alternating sign
present in the NNN hopping strength, we perform the
Fourier transform by defining a†k ¼

P
n¼even e

−inka†n=
ffiffiffiffi
N

p

and b†k ¼
P

n¼odd e
−inka†n=

ffiffiffiffi
N

p
with the momentum

k ¼ 2nπ=N. The Hamiltonian becomes H↓
RZðkÞ ¼P

k ωkþa
†
kak þ ωk−b

†
kbk − ωg21ða†ka†−k þ aka−k þ bkb−k þ

b†kb
†
−kÞ − 2J1 cos kða†kbk þ b†kakÞ, where ωk;� ¼

ωð1 − 2g21Þ � 2J2 cosðθ − 2kÞ. We diagonalize the

Hamiltonian as H↓
RZðkÞ¼

P
k ϵþðkÞa†kakþϵ−ðkÞb†kbk, with

the energy bands ϵ�ðkÞ dependent on k. At θ ¼ π=2, ϵ�ðkÞ
is analytically given as

ϵ2�ðkÞ¼ω2

�
1

4
−g21

�
þJ21cos

2kþJ22sin
2k

�ω
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
J21ð1−2g21Þ2cos2kþJ22ð1−4g21Þsin2k

q
: ð2Þ

Take N ¼ 6 for example. The low excitation energy
ϵ−ðkÞ exhibits two degenerate minima at k ¼ �π=3 with a
small J1=J2 ratio, while it shifts to one minimum at k ¼ 0
as the ratio increases (see SM [46]). The vanishing of ϵ−ðkÞ
leads to a critical k-dependent coupling strength

g1cðkÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ω2 − 4ðJ21cos2kþ J22sin

2kÞ
4ωðωþ 2J1 cos kÞ

s

: ð3Þ

Fig. 1(b) displays the ground-state phase diagram at
θ ¼ π=2. For a weak coupling g1, the system is in the
normal phase (NP), characterized by zero excitation num-
ber. As g1 increases, the system undergoes second-order
phase transitions from NP to two different distinct super-
radiant phases in Fig. 1(b). The phase boundaries are
marked by critical lines g1cðk ¼ 0Þ and g1cðk ¼ �π=3Þ,
which join at a critical hopping ratio

ðJ1=J2Þc ¼
� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ω2 þ 12J22

q
− ω

�
=2J2: ð4Þ

The critical value ðJ1=J2Þc marks a triple point (TP), where
three quantum phases coexist.
Superradiant phases—When the coupling strength

exceeds g1c, the cavity field is macroscopically populated
and the system transitions into superradiant phases. In this
case, we shift the bosonic operator an → ãn ¼ an þ αn
with a complex αn ¼ An þ iBn. The local displacement αn
can be mapped to classical XY spins Sn ¼ ðSxn; SynÞ using
the Holstein-Primakoff transformation [29](see SM [46]).
The lower-energy Hamiltonian projected to the ground
state of the atom is obtained (see SM [46]),

HSR
RZ ¼

XN

n¼1

ωã†nãn −
λ2n
Δn

ðã†n þ ãnÞ2 −
h
J1ã

†
nãnþ1

þ J2ð−1Þneiθã†nãnþ2 þ H:c:
i
þ Eg; ð5Þ

where λn ¼ gΔ=Δ0
n is the effective coupling strength and

Δ0
n ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δ2 þ 16g2A2

n

p
is the renormalized frequency of the

atom. The ground-state energy is obtained in terms of αn as
Eg ¼

P
N
n¼1ωðA2

nþB2
nÞ− 1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δ2þ 16g2A2

n

p
þENNþENNN,

where the NN and NNN energy terms are

(a) (b)

FIG. 1. (a) Constructing a quantum Rabi zigzag chain exposed
to a staggered flux θ by rearranging a 1D representation. (b) Phase
diagram in (J1=J2, g1) for N ¼ 6 cavities with θ ¼ π=2. Critical
boundary g1cðk ¼ �π=3Þ (red solid) and g1cðk ¼ 0Þ (black dash)
in Eq. (3) mark the NP-MSR and NP-FSR transitions of second
order. First-order line (blue dash dot) converges with the second-
order line at a triple point (TP). In all calculations, we set ω ¼ 1
as the unit for frequency, and Δ=ω ¼ 50, J2=ω ¼ 0.05.
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ENN¼
P

N
n¼1−2J1ðAnAnþ1þBnBnþ1Þ and ENNN¼

P
N
n¼1−

2J2ð − 1Þn ½ cosθ ðAnAnþ2 þ BnBnþ2 Þ þ sinθðBnAnþ2 −
Bnþ2AnÞ�, respectively. Minimizing ENN results in the shift
of the NN cavity displacement αn along the An or −An real
axis, resembling ferromagnetic spin alignment. Similarly,
the first term in ENNN induces ferromagnetic or antiferro-
magnetic displacement dependent on the sign of
−J2 cos θð−1Þn, while the second term favors a complex
displacement αn, resulting in noncollinear displacements.
The relative strength of the first and second terms in ENNN
is modulated by θ.
The displacement αn can be analytically solved by min-

imizing the ground-state energyEg (see SM [46]). Figure 2(a)
shows the local displacement configurations along the realAn
and imaginary Bn axis in N ¼ 10 system. The local photon
number is given by ha†nani ¼ jαnj2. Distinguished super-
radiant phases are identified by tuning θ and J1=J2.
Ferromagnetic superradiant (FSR) phase: For strong

interspecies hopping above the critical value ðJ1=J2Þc,
the system exhibits a FSR phase at k ¼ 0 in Fig. 1(b). The
dominant NN coupling energy ENN yields a real αn of the
same sign, exhibiting a ferromagnetic-like configuration.
Remarkably, the average photon numbers between odd
and even cavities exhibit an asymmetric distribution for
θ ≠ π=2 (see SM), which is distinct from the previous
symmetric FSR phase [29]. It attributes the alternating
magnetic flux θ and π − θ in adjacent plaquettes for
θ ≠ π=2, unlike the symmetric distribution at θ ¼ π=2.
Below ðJ1=J2Þc, the dominant coupling energy within

the same species, ENNN, results in three distinct super-
radiant phases by tuning θ:

Meissner superradiant (MSR) phase: For θc1 < θ < θc2
near π=2, the second term of ENNN, influenced by sin θ,
dominates and induces the MSR phase. Specifically, at
θ ¼ π=2, the MSR phase is characterized by the closing of
the excitation gap at momentum k ¼ �π=5 as shown in
Fig. 2(d). The corresponding local displacement αn is
complex and displays a noncollinear pattern within the
ðAn;−BnÞ plane, akin to the chiral spin magnetization in
the x–y plane. An abrupt change in ground state energy Eg

at θc1 and θc2 in Fig. 2(c) indicate first order phase
transitions from the MSR to distinct superradiant phases.
Odd-vortex superradiant (OVSR) phase: When the flux

is small θ < θc1 < π=2, the system enters a OVSR phase
with lower excitation at k ¼ �2π=5 shown in Fig. 2(d).
Odd cavities where −J2 cos θð−1Þn > 0 induce frustrated
antiferromagnetic patterns due to geometric frustration on
both chain sides with N=2 ¼ 5 cavities. A cavity consis-
tently exists where αn remains real, while the remaining αn
values are complex in in Fig. 2(a). This situation is
analogous to the frustration observed in antiferromagnetic
spins in a triangular pattern. Conversely, for even cavities,
αn is approximately real and has a uniform sign, indicating
a ferromagnetic arrangement.
Even-vortex superradiant (EVSR) phase: When the

magnetic flux is strong with θ > θc2 > π=2, αn for the
even cavities exhibits a frustrated antiferromagnet pattern,
whereas the odd chain aligns ferromagnetically. Figure 2(c)
illustrates a first-order phase transition from the Meissner
phase to two vortex phases characterized by a sudden
change in ground state energy, in analogy to the Meissner
effect observed in superconductors.
We now examine the superradiant phases in the absence

of geometric frustration in N ¼ 8 system. Each chain side
comprises four unfrustrated cavities, contrasting with the
frustrated geometry of the N ¼ 10 system. Here, the FSR
maintains the real αn configuration with an asymmetric
photon distribution in Fig. 3(b), but the MSR phase
demonstrates unique chiral local displacement patterns
with stable, site-specific spin orientations, as depicted in

(a) (b)

(d)(c)

FIG. 2. (a) Phase diagram in the superradiant regime
(g1 ¼ 0.7 > g1c) for N ¼ 10 cavities. Phase boundary in solid
line separates the MSR, FSR, and E(O)VSR phases. Configu-
rations of αn are marked with red (blue) arrows in (An,−Bn)
plane. (b) Average photon number ha†nani for each phase
marked in (a) (1–3). Three distinct vortex pairs are indicated
by gray shading, and the arrow thickness indicates the magni-
tude of the current. (c) Chiral current IC (red dashed line)
and ground-state energy Eg=ω (black solid line) vs θ for
J1=J2 ¼ 0.05. (d) Excitation energies in Eq. (2) vs θ for
g1 ¼ 0.1 < g1c and J1=J2 ¼ 0.1.

(a) (b)

FIG. 3. (a) Phase diagram in the superradiant regime for N ¼ 8

cavities. (b) Currents and average photon number ha†nani for each
phase marked in (a) (1-4). Two distinct pairs of vortex currents
are represented by shades of gray. Symbols and parameters align
with those in Fig. 2.
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Fig. 3(a). Unlike the OVSR phase, the N ¼ 8 system favors
a stable antiferromagnetic configuration in odd cavities,
forming an odd-antiferromagnetic superradiant (OAFSR)
phase. Similarly, an even-antiferromagnetic superradiant
(EAFSR) phase supplants the EVSR phase.
Chiral edge current—We investigate photon currents

within zigzag cavity loops to examine chirality in anoma-
lous superradiant phases. Analogous to the classical
continuity equation, the photon current operator along
the chain is ÎT ¼ P

N
n¼1 iJ1ða†nanþ1 − a†nþ1anÞ, which is

approximated as IT ¼ P
N
n¼1 −2J1 Imðα�nαnþ1Þ in the

mean-field approximation. Similarly, Iν with ν ¼ ðE;OÞ,
representing currents on even or odd side are described by
Iν ¼

P
n¼ν −2J2ðAnBnþ2 − BnAnþ2Þ. The chiral current is

given by IC ¼ IO − IE. Figure 2(c) displays the chiral
current across the Meissner-to-vortex phase transition.
As θ increases, IC first grows in the OVSR phase, sharply
jumps to a maximum at the critical flux θc1 in the MSR
phase, then decreases in the EVSR phase θ > θc2.
Figure 4 illustrates chiral edge currents IEðOÞ along each

side of the chain by varying J1=J2. At θ ¼ 0 or π, the
current is absent. When θ ¼ π=2 in the MSR phase, the
currents in the even and odd chains flow in opposite
directions, meaning IE × IO < 0. The N ¼ 8 system hosts
two pairs of vortices in adjacent triangle plaquettes in
Fig. 3(b). Each exhibits countercirculating currents (I↻1

and I↺1) that cancel to yield a vanishing net current IT ¼ 0
in Fig. 4(a). Notably, N ¼ 10 system exhibits a nonuniform
vortex structure featuring three distinct pairs of vortices
in Fig. 2(b), arising from frustrated photon distribution.

However, the overall current remains zero IT ¼ 0 in a
sequence of cancellation of antiparallel vortex pairs in
Fig. 4(b). The chiral edge current resembles surface
currents observed in the Meissner effect of superconduc-
tors. Notably, these edge currents remain robust even
under controlled inhomogeneities, as long as the cavities
preserve photon-configuration symmetry, maintaining
antiparallel vortex pairs (see SM [46]). Consequently,
both the robust antiparallel vortex pairs and the persistent
edge currents exhibit a quantum-Hall-like robustness,
despite being nontopological [45,48]. In the FSR phase,
the currents abruptly disappear above the critical thresh-
old ðJ1=J2Þc. In the OVSR phase (θ ¼ π=4), two vortex
currents I↻1ð2Þ localize exclusively in upward triangular
plaquettes in Fig. 4(c), while a chiral current emerges
exclusively in the odd chain IO < 0. Conversely, the
EVSR phase exhibits a chiral current solely in the even
chain IE > 0, with two vortex currents localized in
downward triangular plaquettes in Fig. 4(d).
Excitation energies—We analyze excitation energy

behavior close to phase transitions. Using bosonic oper-
ators β ¼ fb†n; bng as a linear combination of α ¼ fã†n; ãng,
the lower-energy Hamiltonian in the superradiant phases
can be diagonalized as HSR

RZ¼2
P

N
n¼1ϵnb

†
nbnþðϵn−ωÞ=2

with the excitation spectrum ϵn (see SM [46]). Near the
critical point g1c, the lower excitation energy ϵ vanishes as
ϵ ∝ jg1 − g1cjγ with a critical exponent γ. For the NP-FSR

(a) (b)

(c) (d)

FIG. 4. Edge currents in odd (even) cavities IOðEÞ (black dashed
(red dotted) lines) and current along the chain IT (blue solid line)
against J1=J2 for the MSR-FSR transition with N ¼ 8 (a) and
N ¼ 10 (b), and for OVSR-FSR (c) and EVSR-FSR transitions
(d) with g1 ¼ 0.7. I↻1ð2Þ and I↺1ð2Þ in triangle symbols mark
distinct vortex currents in triangle plaquettes, with arrows
showing circulation direction.

(a) (b)

(c) (d)

FIG. 5. Critical excitation energies follow ϵ versus g1=g1c for
the NP-MSR (a) and NP-FSR (b) transitions (N ¼ 6), and for the
NP-MSR transition (N ¼ 8) (c) with distinct power laws with
exponents γM ¼ 1=2, γF ¼ 1 and γNF ¼ 3=2. Shapes represent
numerical results, which fit well with analytical ϵðkÞ (lines) from
Eq. (2) for g1 < g1c. (d) Excitation energy scaling exponents for
N ¼ 10, 12, 14, 16 in the NP-MSR transition, with lines showing
a power law.
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transition, the lower excitation branch ϵM of a mean-field
mode exhibits critical scaling with exponent γM ¼ 1=2 in
Fig. 5(b), which is the same as the coventional superradiant
transition in the Dicke model [17,18]. However, the NP-
MSR transition for N ¼ 6 shows two distinct modes: a
mean-field mode ϵM with γM ¼ 1=2, and a frustrated mode
ϵF with nonsymmetric exponents γM ¼ 1=2 and γF ¼ 1
below and above the transition in Fig. 5(a). Conversely, the
N ¼ 8 system exhibits a non-frustrated mode ϵNF with
asymmetric exponents: γM ¼ 1=2 and γNF ¼ 3=2. As N
increases, Fig. 5(d) shows three distinct critical scaling
behaviors emerging simultaneously: the mean-field expo-
nent γM ¼ 1=2, the frustrated-mode exponent γF ¼ 1 for
odd-N=2 chains (N ¼ 6, 10, 14), and the nonfrunstrated
one γNF ¼ 3=2 for even-N=2 chains (N ¼ 8, 12, 16). The
unususal exponents γFðNFÞ stem from geometry frustrations
and the magnetic flux, revealing distinct universality
classes of the MSR phase transitions.
Conclusion—We have explored the Meissner-like pho-

ton chiral edge currents in the two-species Rabi cavities
coupled system subjected to a staggered magnetic field.
Our findings demonstrate how Meissner and vortex phases
emerge alongside photon superradiance under tunable
artificial gauge fields and photon hoppings. Geometric
frustration leads to unique vortex patterns and unconven-
tional criticality, uncovering diverse universality classes
in phase transitions. This optical platform allows highly
controlled quantum simulation of persistent chiral currents
and photon vortices, potentially connecting to quantum
Hall-like edge states and its related applications.
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