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ABSTRACT 

The field of topological photonics was initiated with the realization of a Chern insulator phase in a 
gyromagnetic photonic crystal (PhC) with broken time-reversal symmetry ( T ), hosting chiral edge states 
that are topologically protected propagating modes. Along a separate line of research, a quadrupole 
topological insulator was the first higher-order topological phase supporting localized corner states, but has 
been so far limited to T -invariant systems, as T is a key ingredient in early models. Here we report the 
realization of a quadrupole topological insulator phase in a gyromagnetic PhC, as a consequence of 
topological phase transition from the previously demonstrated Chern insulator phase. The phase transition 
has been demonstrated with microwave measurements, which characterize the evolution from propagating 
chiral edge states to localized corner states. We also demonstrate the migration of topological boundary 
states into the continuum, when the gyromagnetic PhC is magnetically tuned. These results extend the 
quadrupole topological insulator phase into T -broken systems, and integrate topologically protected 
propagating and localized modes in a magnetically tunable photonic crystal platform. 

Keywords: quadrupole topological insulator, time-reversal symmetry breaking, corner states, topological 
phase transition 
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Bernevig-Hughes (BBH) model that exhibits a 
quantized quadrupole moment as the bulk topology 
[16 ,17 ]. Such an insulator is called a quadrupole 
topological insulator (QTI), with its topological 
states localized at its 0D corners [16 –24 ]. The 
QTI phase has been realized in a variety of plat- 
forms, such as microwave circuits [20 ], mechanical 
metamaterials [23 ], electric circuits [18 ], acoustic 
crystals [21 ,24 ] and photonic lattices [19 ,22 ]. So 
far, all previous QTI realizations have been limited 
to T -invariant systems [18 –24 ], since T is a key 
ingredient for the quadrupole moment there. As a 
result, a T -broken QTI has never been realized, and 
it remains unclear what T breaking can be used for 
in such a T -broken QTI phase. 

Recent theories have shown that the quadrupole 
topology can potentially occur in a T -broken sys- 
tem such as a gyromagnetic PhC [25 ,26 ]. A gyro- 
magnetic PhC with broken T offers the advantage of 
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NTRODUCTION 

opological photonics is a subfield of photonics ded-
cated to exploring the topological states of light [1 –
 ]. This field was initiated more than 10 years ago
ith a gyromagnetic photonic crystal (PhC) that ex-
ibited the Chern insulator (CI) phase with broken
ime-reversal symmetry ( T ) [5 –8 ]. When biased
y external magnetic fields, the gyromagnetic PhC
pens a topological band gap characterized by the
on-zero Chern number, hosting chiral edge states
hat are unidirectionally propagating modes along
he 1D edges of a sample [5 –10 ]. Such photonic chi-
al edge states exhibit robustness against defects and
isorder, being technologically promising in various
pplications such as topological lasers [11 –13 ] and
hotonic circuits [8 ,14 ]. 
Higher-order band topology is a recent break-

hrough in topological physics [15 ]. This line of

esearch began with the famous Benalcazar- 
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Figure 1. Design of a gyromagnetic photonic crystal with topological phase transition from Chern insulator (CI) phase to 
quadrupole topological insulator (QTI) phase. (a) A photonic square lattice consisting of gyromagnetic quarter-cylinders with 
diameter d and height h = 8 mm. The lattice constant is a = 14.3 mm. An external magnetic field B is applied along + z 
direction. The lattice is placed between two metal planes (in gray) with the upper plane half-covered and transparent for 
visualization. (b) Phase diagram. The topological phase transition occurs along the dashed black line. Black dots indicate 
three distinct phases at B = 0.3 T: C1 is a CI phase; D1 denotes the phase transition point; Q1 has QTI phase. The photonic 
bandgap also closes at the gray regions. (c–e) Band structure evolution induced by d/a at B = 0.3 T. Colored dots and triangles 
in the band structure diagrams indicate the band inversion of second and third eigenstates at � points. Insets are the unit 
cell configurations of each crystal. 
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liminating negative coupling, which is a challenge
or a PhC but is an essential component in previ-
us realizations. Moreover, this gyromagnetic PhC
as the potential to realize topological phase tran-
ition between CI and QTI, which in turn permits
he integration of topologically protected unidirec-
ional propagating and localized states in a single
hotonic platform. Note that there are also a vari-
ty of higher-order localized states that arise from
 non-zero dipole moment in PhCs [27 –30 ]. How-
ver, such states belong to higher-order topological
hases ultimately distinct from QTI, as deliberately
lassified in a recent theoretical work [30 ]. 
Notably, the occurrence of such a phase transi-

ion between CI and QTI also provides insights into
D higher-order Weyl semimetals, particularly when
reating these 3D semimetals as effectively 2D sys-
ems governed by specific kz values [31 –33 ]. How-
ver, it is worth noting that the direct experimental
alidation of such a phase transition requires T break-
ng, a feat that has yet to be achieved. 
Here, we present the experimental realization of

 QTI in a gyromagnetic PhC. Compared to pre-
ious QTI realizations that are all T invariant, we
mphasize the uniqueness of our work—the inten-
ional T breaking through the application of exter-
al magnetic fields. Firstly, our work serves as the
rst QTI realization in a T -broken system. Unlike
Page 2 of 7
QTI models governed by T invariance, such as the 
BBH model, our experimental realization broadens 
the realm of QTI phases to encompass T -broken sys- 
tems. Secondly, the broken T allows us to demon- 
strate the topological phase transition between QTI 
and CI phases. This transition holds the potential 
to integrate topologically protected unidirectional 
propagating and localized states in a single photonic 
platform. Finally, we further manipulate T break- 
ing as a unique degree of freedom to manipulate 
topological boundary states. By tuning magnetic 
fields, we show that topological corner states can mi- 
grate into bulk bands and remain localized. This ap- 
proach contrasts w ith prev ious demonstrations of 
migrating/constructing topological boundary states 
into/in the bulk, which were based on T -invariant 
approaches [34 –37 ]. 

RESULTS AND DISCUSSION 

The designed gyromagnetic PhC is depicted in 
Fig. 1 a. The unit cell consists of four quarters of a gy-
romagnetic ferrite cylinder with diameter d , each of 
which is located at a corner of a square with side a . A
uniform magnetic field B is applied along the z direc- 
tion to break the T . The entire PhC is sandwiched 
between two parallel metal planes, and the electric 
fields are polarized along the z direction. 
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Figure 2. Simulation of in-gap boundary states. (a)/(d) Square lattice for C1/Q1. The samples with 9 × 9 unit cells are 
enclosed by PECs in simulation. Here the PEC edges are placed away from the lattice edges (dotted lines) with a constant 
distance of 0.21 a . (b)/(e) Numerically simulated eigenstates of the C1/Q1 sample. Edge states (circles in (b)) and four corner 
states (triangles in (e)) are found in the bandgap spectrum with one typical profile shown in the insets. Other bulk states are 
colored in black. (c)/(f) Simulated Ez field distributions for corner excitation of the C1/Q1 sample. Colored stars denote the 
source antenna (labeled ‘1’). 

 

Q  

a  

H  

s  

a  

l  

m  

(
 

b  

b  

n  

c  

c  

t  

i  

m  

t  

g  

f  

q  

c  

s  

Q  

t  

e  

t  

 

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/nsr/article/11/11/nw

ae121/7638834 by guest on 02 February 2025
As B and d vary, both the CI phase and the
TI phase can emerge in the gyromagnetic PhC,
s shown in the phase diagram plotted in Fig. 1 b.
ere we fix B = 0.3 T, and plot the band disper-
ions of the PhC at d/a = 0.27 (C1), 0.33 (D1)
nd 0.38 (Q1) in Fig. 1 c–e, respectively. The calcu-
ated gap Chern number ( C ) and quadrupole mo-
ent ( qxy ) have been indicated in the same figure
see Section S1 for their calculation). 
As shown in Fig. 1 c for the C1 state, a complete

and gap occurs between the second and the third
ands, and its corresponding non-zero gap Chern
umber C = −1 manifests C1 as a CI phase. By in-
reasing d to reach the D1 state (Fig. 1 d), the gap
loses and forms a single Dirac point at the center of
he Bri l louin zone ( � point) [38 ] (see Section S2 for
ts verification), which can be effectively treated as a
agneto-optical near-zero index medium [39 ]. Fur-
her increasing d to reach Q1 (Fig. 1 e), a complete
ap reappears between the second and third bands,
eaturing a trivial Chern number yet a non-trivial
uadrupole moment qxy = 1/2, indicating that Q1
orresponds to a QTI phase. During the phase tran-
ition process between the CI phase (C1) and the
TI phase (Q1), a band inversion occurs between
he second and third bands, evidenced by exchanged
igenstates at the � point (marked as purple and red
riangles in Fig. 1 c and e; see Section S2 for the pro-
Page 3 of 7
files of eigenstates). In contrast, previously discussed 
trivial-nontrivial QTI phase transition relies on the 
band inversion at the M point [25 ]. The CI-QTI
phase transition can also be induced by tuning the 
external magnetic field strength B (see Section S2 for 
the phase transition). 

Next, we study the boundary modes of C1 and 
Q1 by constructing two finite samples, as plotted in 
Fig. 2 a and d, respectively. Here, semi- and quarter-
cylinders near the boundaries of the samples are re- 
placed by full circular cylinders with preserved areas 
of cross sections to facilitate the experimental fabri- 
cation. Note that simulation results have shown that 
such shape deformations have no essential influence 
on the eigenmodes and experimental observations 
(see Section S3 for more details). Perfect electric 
conductors (PECs) are introduced to all boundaries 
to prevent wave leakage into the surrounding envi- 
ronment. Figure 2 b shows the eigenmodes solved for
the C1 sample in Fig. 2 a. Clearly, the gap of the bulk
states has been populated with chiral edge states, in- 
dicating that the C1 sample belongs to the CI phase.
With a source antenna placed near a corner of the
C1 sample (labeled ‘1’ in Fig. 2 c), chiral edge states
are found propagating counterclockwise along the 
boundaries with negligible reflection; the decay of 
the propagating edge states is the result of unavoid- 
able material losses (see Section S3 for more details). 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae121#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae121#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae121#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae121#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae121#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae121#supplementary-data
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Figure 3. Observation of in-gap boundary states. (a)/(d) Photograph of a square sample for C1/Q1. The PhC samples are 
enclosed by copper bars with the same geometrical set-ups indicated in Fig. 2 a/d. Colored stars denote the source antenna 
(labeled ‘1’) and probe antenna (labeled ‘2’) in three measurements for corner, edge and bulk transmissions. (b)/(e) Measured 
frequency-resolved transmissions for the C1/Q1 sample. (c)/(f) Measured field distributions excited by port ‘1’ for the C1/Q1 
sample. 
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or the Q1 sample, Fig. 2 e shows that only four de-
enerate corner modes exhibit in the bulk gap, indi-
ating the emergence of a QTI phase. The corner ex-
itation in Fig. 2 f thus results in highly localized cor-
er states. 
Experimentally, the yttrium iron garnet ferrite

ylinders are employed to construct the C1/Q1 sam-
le in Fig. 3 a/d. The samples are covered with cop-
er claddings that function as PECs. We measure
he transmissions of the bulk, edge and corner states
y placing a pair of antennas, as i l lustrated by labels
1’ and ‘2’ in Fig. 3 a, into the fabricated gyromag-
etic PhCs. As shown in Fig. 3 b, the measured edge
ransmission for the C1 sample dominates at around
.96 GHz–9.27 GHz, consistent with the eigensolver
redictions in Fig. 2 b. We also put a source antenna
ear a corner of the sample and scanned the excited
eld distribution. When the osci l lating frequency
9.12 GHz) lies in the bulk gap, the measured electric
elds in Fig. 3 c propagate robustly along the coun-
erclockwise direction, in agreement with the simu-
ation results in Fig. 2 c. There is also the decay of the
ropagating edge states resulting from unavoidable
aterial losses. 
For the measured transmissions in Fig. 3 e for the
1 sample, both the bulk and edge transmissions
xhibit obvious dips around 8.04 GHz–8.38 GHz,
ndicating the absence of the edge states in the
ulk gap. However, a significant peak of the corner
ransmission appears at 8.23 GHz, manifesting the
Page 4 of 7
emergence of corner states. Note that a frequency 
shift of 0.02 GHz from the simulation results in 
Fig. 2 e, which may be caused by fabrication errors 
and experimental imperfections, is generally negli- 
gible. Further field scanning results have visualized 
the strongly localized corner states directly, as shown 
in Fig. 3 f. These results have experimentally corrob- 
orated the topological phase transition between a 
CI phase with chiral edge states and a QTI phase 
with localized corner states in a PhC platform. With 
further proper choice of CI and QTI parameters, 
integrating chiral edge states and corner states in 
the same platform can be accomplished by creat- 
ing coupling paths in CI-QTI heterostructures (see 
Section S4 for the integration of topological states). 

Corner states embedded in the continuum [34 –
37 ], which is a distinctive characteristic facilitated 
by the higher-order topology, can also been real- 
ized in our platform. In previous proposals of T - 
invariant higher-order topological phases, the shift 
of corner states can be realized by modifying mate- 
rial and structural parameters [40 ,41 ]. In our plat- 
form, the eigenfrequencies of the corner states can 
be shifted simply by tuning B . Here, we fix the PhC
with d/a = 0.38 and vary B from 0.18 T to 0.42 T. As
shown in Fig. 4 a, the band gap separates the bulk con-
tinuum into the lower and higher frequency ranges. 
Increasing B continuously shifts the corner states 
from the higher frequency range into the gap, and 
then into the lower frequency range. This property 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwae121#supplementary-data
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Figure 4. Observation of corner states in the bulk continuum. (a) Numerically simulated eigenstates of the QTI sample with 
d/a = 0.38. The gray/white region denotes the bulk continuum/bandgap. Tan squares represent corner states. (b–e) Measured 
bulk and corner transmission spectra at 0.18 T, 0.26 T, 0.34 T and 0.38 T, respectively. Note that the corresponding results for 
the QTI sample at 0.3 T are shown in Fig. 3 e. (f) Measured field distributions excited by port ‘1’ at 0.38 T and 8.51 GHz. Inset 
is the corresponding simulation result. The colored star denotes the source antenna (labeled ‘1’). 
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as been experimentally verified by measuring the
ulk and edge transmissions for B = 0.18 T, 0.26 T,
.34 T and 0.38 T, as shown in Fig. 4 b–e, respectively.
pecifically, for B = 0.38 T in Fig. 4 e, the peak of the
orner transmission emerges at 8.51 GHz, which is
n the lower range of the bulk states. Consequently,
 source antenna at 8.51 GHz wi l l simultaneously ex-
ite both the bulk and corner states in a finite sample,
s verified by the measured and simulated field distri-
utions in Fig. 4 f (see Section S6 for more details on
he Q factor of the embedded corner states). 
We have thus realized a QTI phase by a gyromag-

etic PhC and revealed its topological phase transi-
ion from the CI phase. Both the in-gap and bulk-
mbedded corner states have been observed. These
esults extend the quadrupole topology to T -broken
ystems. The integration of chiral edge states and
orner states in the PhC platform provides an op-
ortunity to switch between topologically protected
ropagating and localized photonic modes. 

ETHODS 

he gyromagnetic PhC cylinders are fabricated by
ow loss commercial yttrium iron garnet (YIG) fer-
ite material with a microwave relative permittivity
Page 5 of 7
of 14.3–0.0028 i. Magnetic measurements show that 
the saturation magnetization is Ms = 1780 Gauss and 
the gyromagnetic resonance loss width is 35 Oe. In 
the bulk, the cylinders have a radius of 2.72 mm for
Q1 (1.93 mm for C1). At four boundaries, the edge
cylinders have a radius of 1.92 mm for Q1 (1.36 mm
for C1), and the corner cylinders have a radius of
1.36 mm for Q1 (0.96 mm for C1). During mea-
surements, the samples are uniformly biased by a 
static magnetic field applied perpendicular to the 
cylinders. 

In numerical studies, the band structure, bulk/ 
edge/corner transmissions, eigenstate dispersion 
and field distributions are obtained by commercial 
software package COMSOL Multiphysics. For the 
sake of simplicity, the frequency dispersion and ma- 
terial losses are neglected in band structure calcula- 
tions (see Section S3 for more details). 

SUPPLEMENTARY DATA 

Supplementary data are available at NSR online. 
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