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We present the new concept of photonic alloy as a nonperiodic topological material. By mixing
nonmagnetized and magnetized rods in a nonperiodic 2D photonic crystal configuration, we realized
photonic alloys in the microwave regime. Our experimental findings reveal that the photonic alloy sustains
nonreciprocal chiral edge states even at very low concentration of magnetized rods. The nontrivial topology
and the associated edge states of these nonperiodic systems can be characterized by the winding of the
reflection phase. Our results indicate that the threshold concentrations for the investigated system within
the first nontrivial band gap to exhibit topological behavior approach zero in the thermodynamic limit for
substitutional alloys, while the threshold remains nonzero for interstitial alloys. At low concentration,
the system exhibits an inhomogeneous structure characterized by isolated patches of nonpercolating
magnetic domains that are spaced far apart within a topologically trivial photonic crystal. Surprisingly, the
system manifests chiral edge states despite a local breakdown of time-reversal symmetry rather than a
global one. Photonic alloys represent a new category of disordered topological materials, offering exciting
opportunities for exploring topological materials with adjustable gaps.
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Topological materials have become a prominent area of
research in various fields of physics [1–23]. These materials
are defined by their bulk nontrivial topological invariants,
which lead to phenomenalike topological edge states that
are robust against local perturbations. Originally studied in
condensed matter systems [24], topological materials have
since been observed in photonic [5–14] and acoustic
platforms [15–23]. It has also been discovered that a
periodic crystalline structure is not necessary for bulk
topological invariants to exist [25–31] and photonic sys-
tems have proven to be an excellent platform for realizing
nonperiodic topological materials such as photonic quasi-
crystals [32,33], photonic Anderson insulators [34–36], and
photonic amorphous materials [37,38].
While disorder and randomness are often seen as

detrimental, disorder can induce nontrivial topology, as
demonstrated by the concept of topological Anderson
insulator [34–36,39–41]. In the field of material science,
it is well established that randomness can also give rise to
extraordinary and advantageous characteristics in materials
through another form known as random alloy. Alloys are a
group of nonperiodic materials that are composed of a mix-
ture of different chemical elements, in which the random
distribution of elements can result in unique physical pro-
perties that differ from those of their constituents [42–44].

However, the concept of “alloy” in photonic systems with
topological properties has remained unexplored.
In this Letter, we introduce a new concept of topological

alloys into photonics by demonstrating that nontrivial
topology can emerge in disordered 2D photonic crystals
composed of random mixtures of nonmagnetized (A) and
magnetized (B) yttrium iron garnet (YIG) rods in the form
of substitutional and interstitial alloys. Remarkably, in
these random photonic alloys, chiral edge states (CESs)
can emerge even when the concentration x of magnetized
rods is very low. Instead of applying magnetism every-
where in the crystal to achieve nontrivial topology, we can
accomplish the same by just applying magnetism to a few
randomly chosen sites. Moreover, we will demonstrate
below that there exists a substitutional photonic alloy
configuration where the density of these randomly selected
positions can approach zero. We experimentally confirm
the existence of CESs through nonreciprocal transmission
and edge-state distribution. The nontrivial topology of
CESs is confirmed through a topological invariant that is
defined by the appearance of a 2π reflection phase change
in the scattered wave, computed via full-wave simulation.
In an ordinary photonic crystal (crystal A) comprising

an array of nonmagnetized dielectric rods, as depicted in
Fig. 1(a), topological chiral edge states are absent. In this
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Letter, photonic alloys are achieved by introducing some
magnetized rods into crystal A. We mainly explore the
substitutional random photonic alloys. Figure 1(b) shows a
typical substitutional (A1−xBx) photonic alloy, with the
doping concentration x defined as x ¼ NB=ðNA þ NBÞ,
with NA and NB representing the number of A-type
(nonmagnetized) and B-type (magnetized) rods, respec-
tively. To experimentally demonstrate the existence of
CESs in the photonic alloys, we consider a rectangular
array (20a × 30a), where a ¼ 18 mm is the lattice con-
stant, composed of YIG cylindrical rods (4.0 mm diameter,
10 mm height) containing both A-type and B-type rods, as
shown in Fig. 2(a). The B-type YIG rods are individually
magnetized using permanent magnets embedded under
the rods.
We calculate the transverse magnetic (TM) band struc-

ture and the corresponding Chern numbers in the band gaps
for both pure A and B photonic crystals, which represent
the two limiting configurations of the A1−xBx substitutional
photonic alloy with x ¼ 0 and 1 [45,46]. As expected, the

band structure shown in Fig. 2(b) for the nonmagnetic
crystal exhibits trivial topology characterized by the zero
Chern numbers in all the bands. When x ¼ 1, all the rods
are magnetic and the band structure exhibits nontrivial band
topology, as shown in Fig. 2(c). Specifically, a nontrivial
band gap between the second and third bands emerges, with
a Chern number of 1. Our focus lies on the frequency range
within this band gap, as we investigate the topology of
the photonic alloys for doping concentrations ranging
0 < x < 1. The full-wave simulated field pattern under
the excitation of a point source at frequency 11.15 GHz is
shown in Fig. 2(d). Here, we have enclosed the photonic
alloy with metal cladding on three sides as illustrated in
Fig. 2(a). Remarkably, the numerical results indicate the
presence of CES bound between the photonic alloy and
metal cladding, as shown in the left panel of Fig. 2(d). This
CES propagates unidirectionally in an anticlockwise direc-
tion and can wrap around the corners, indicating that
randomly substituting some of the rods in A-type photonic
crystal by magnetized rods opens up a topological gap that
sustains CESs.
We compare the system with another disordered con-

figuration, namely replacing the A-type rods with air in the
same positions. As shown in the right panel of Fig. 2(d), the
Air0.6B0.4 system does not support CESs, highlighting
the uniqueness and topological nontrivial nature of our
proposed photonic alloy. In Fig. S2 of Supplemental
Material (SM), we also present the CES distribution for
a whole range of filling ratios [47]. Our observation is that
the CES can be sustained in random substitutional photonic
alloys and generated robustly even at a very low doping
concentration x. We found that the presence of a topologi-
cal gap in the system is essential to sustain CES. Notably,
the A-type crystal carries a band touching point between the
second and the third band in Fig. 2(b), and this degeneracy
is broken to open a nontrivial band gap of the magnetized
B-type photonic crystal. For the case of A1−xBx, once a
small fraction of magnetic rods are randomly introduced
into the system, a tiny topological gap will be opened at the
band touching point, leading to the emergence of CESs. We
will discuss the gap opening later. In contrast, for the case
of Air1−xBx, the percolating air voids support propagating
states within the frequency range of the nontrivial band gap
of magnetized B-type photonic crystal. The presence of
such states hinders the formation of topological gaps in
Air1−xBx system required for the formation of CESs.
Additional information on Air1−xBx system is presented
in the SM [47]. The photonic alloy system exhibits order at
the extremes of x ¼ 0 and x ¼ 1 while displaying disorder
in the intermediate range. We anticipate that the alloy will
acquire topological properties once x surpasses a specific
threshold value. When the nonmagnetic unit cells contain
air rods, the system remains nontopological until the
magnetic rods form robust interconnected networks at high
values of x. However, if the dielectric rods are used, the
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FIG. 1. (a) Schematic diagram of photonic crystals with non-
magnetized (A) YIG rods. (b) Substitutional alloy with a random
mixture of A and magnetized (B) YIG rods.
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FIG. 2. (a) Schematic diagram of the substitutional photonic
alloy (A0.6B0.4). (b),(c) The TM bulk band structures of A and
B-type photonic crystals, respectively. The lower inset illustrates
the lattice geometry. (d) Simulated electric field distribution jEzj
at 11.15 GHz for photonic alloy A0.6B0.4 (left panel) and that with
A rods replaced by air (right panel). A-type rod positions are
marked with white circles and squares. Black circles mark the
B-type rods. The line source is denoted with the blue star.
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system becomes topological even for extremely small
values of x.
To verify our theoretical results, we study experimentally

both the phase diagram of the topological gap and the
distribution of CESs. The experimental sample is shown in
Fig. 3(a) and we put two antennas near the upper and left
metal cladding edges to measure the transmission Sij, as
indicated by two red stars. Three sides of the array are
covered with nonmagnetic metal cladding, while the right
side is covered with microwave absorbers. More details on
materials and the experimental setup can be found in
Methods in the SM [47]. At x ¼ 0, the photonic alloy
system is an ordinary nonmagnetic photonic crystal and we
expect S12 ¼ S21 due to reciprocity. This observation is
evident in Fig. 3(d), where the red dots (S12) and blue dots
(S21) on the left axis coincide with each other. However,
when x ¼ 0.5, the random substitution of half of the rods
by magnetized rods leads to the opening of a gap to host the
CESs. Indeed, Fig. 3(e) clearly shows a frequency region
[11.05, 11.28] GHz in which a sharp drop of wave transport
occurs in one direction S12, which is much smaller than S21.
This gives evidence to the existence of nonreciprocal CESs.

To further verify that the nonreciprocal region indeed lies in
a gap, we numerically studied the average transmission of
the system by placing a line source at the middle of left side
of the system. Under a periodical boundary condition in the
vertical direction, we evaluated the energy exiting the right
boundary denoted as Eout and the summation of energy
leaving both the left and right boundaries denoted as Etot.
The bulk transmission is obtained through hTi ¼
hlog10ðEout=EtotÞi [37,46]. The black circles in Fig. 3(e)
shows the result of hTi obtained by averaging over 20
configurations at each frequency. The presence of a gap in
which hTi drops suddenly is clearly seen. Its location
coincides well with the frequency window of CESs mea-
sured experimentally. Good agreements have also been
found in other concentrations in SM Fig. S4 [47]. In
Figs. 3(d) and 3(f), we show the results for the special cases
of x ¼ 0 and 1, respectively.
It is important to note that the sudden drop in hTi

represents a gap in the density of states (DOS). To illustrate
this, we conducted a numerical simulation of the DOS for a
photonic alloy (A0.5B0.5) with 20 configurations, as shown
in Fig. 3(c). We observed a clean DOS gap located in the
frequency range of [10.99, 11.21] GHz, which corresponds
to the sudden drop in transmission as shown in Fig. 3(b). In
SM Fig. S5, we show that the DOS gap aligns well with the
transmission gap for all concentrations studied [47].
To further investigate the behavior of CESs in the sub-

stitutional photonic alloys, we measured the jEzj field dis-
tributions experimentally at a frequency of 11.20 GHz on
the edge sites. The measured field intensity at various posi-
tions along the sample’s edge is presented in Figs. 3(g)–3(i).
The locations of these measured positions are indicated
by the inset in Fig. 3(g). We excite the TM wave using a
source antenna placed at the point labeled as position #10.
Figure 3(g) illustrates that the measured field intensity
exhibits a near-symmetrical pattern on both the left and
right sides of the source antenna. This shows that the TM
wave can propagate equally well in both directions in the A-
type photonic crystal as expected. However, in the photonic
alloy system, as shown in Fig. 3(h), the distribution of field
intensity becomes significantly asymmetrical around the
source with right-hand side (position # > 10) being much
stronger, indicating directional propagation that gives evi-
dence to the presence of CESs. In Fig. 3(i), the unidirectional
CES is evident when x ¼ 1. The measured jEzj field
distributions for other concentrations are presented in SM
Fig. S6 [47].
To see the entire phase diagram of the topological gap, in

Fig. 3(b), we plot the experimentally observed frequency
window of CESs at each concentration by two green
diamonds. The color map in Fig. 3(b) shows the numerical
results of hTi as a function of concentration and frequency.
It is seen that the positions of green diamonds fall on the
boundaries of the dark region for all the concentrations
studied experimentally. It is also interesting to see that the
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FIG. 3. (a) Photo of an experimental sample with a rectangular
lattice geometry (top metal plate removed). Two antennas marked
with red stars are placed on the top and left edges. (b) Simulated
transmission spectrum versus x. The red circles represent the
topological gap calculated from the reflection phase winding. The
green diamonds denote experimental measured nonreciprocal
transmission region. (c) Simulated DOS of photonic alloy
(x ¼ 0.5) using 20 configurations. (d)–(f) Experimentally mea-
sured edge transmission (solid lines with blue and red dots, left
axis) and simulated transmission (solid line with black dots, right
axis) when x ¼ 0, 0.5, 1, respectively. (g)–(i) Experimentally
measured edge field distributions when x ¼ 0, 0.5, 1 at
11.20 GHz, respectively. The first and second red vertical dash
lines at position #10 and 20 indicate the position of the light
source and the bottom left corner of the photonic alloy as
indicated in the inset of panel (g).
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size of topological gap decreases with decreasing x and
vanishes at some threshold concentration xth ≃ 0.1 with a
frequency close to the band touching point of the second
and third band in the A-type photonic crystal. The finite
value of xth found here may be due to the finite size effect.
If so, increasing the sample size should be able to push xth
to an even smaller value. It is also possible that xth may
eventually reduce to zero in the thermodynamic limit.
To investigate this possibility, we compute the winding

of the reflection phases φ of a large supercell [36], which is
a rigorous yet computationally efficient method to char-
acterize a topological state in randommedia. To accomplish
this, we connect a waveguide, which supports a single TM
mode at the relevant frequency range, to the left side of the
photonic alloy. The twisting boundary condition with a
twisting angle θ is imposed along the y direction in
Fig. 4(a). The reflection phases φ are calculated as the
phase difference between the incident and the reflected
waveguide modes under the twisted boundary condition
(Sec. 7 in the SM [47]). In Fig. 4(b), we show the computed
reflection phases for the experimental setup at f ¼
11.20 GHz. There is no phase winding for A-type photonic
crystal. We observed that the reflection phases φ wind 2π
when the angle θ is varied by 2π for B-type photonic
crystal. The winding of one cycle (2π) is consistent with the
existence of one CES in the gap. We then observe that the
reflection phases φ also wind 2π in the A0.5B0.5 photonic

alloy. This supports the notion that the presence of
substitutional disorder can lead to the emergence of
topologically nontrivial states.
We identify the topological gap at each given concen-

tration x by studying the winding of the reflection phase as
a function of frequency. A region of quantized nontrivial
winding is found between two frequencies for each value of
x. These two frequencies are marked by two red circles in
Fig. 3(b). We found remarkable agreements between the
theory (red circles) and experiments (green diamonds) for
all concentrations studied experimentally. It is also noticed
that the gap closes at some nonzero threshold concentration
xth with the frequency close to the touching frequency of
A-type photonic crystal, i.e., ft ¼ 11.13 GHz. To see
whether threshold doping concentration is zero in the
thermodynamic limit, we study the sample size dependence
of xth. We fix the frequency at ft and study φ using different
sample sizes. For simplicity, we choose square samples of
size ðW ×WÞ and set a ¼ 1. The results of lnðxthÞ at each
lnðWÞ are shown by solid blue dots in Fig. 4(c). A linear
behavior in the ln− ln plot implies a power law behavior
between the threshold concentration xth (at which 2π
winding is observed) and the sample sizeW, i.e., xth ∝ W−s

with an exponent s ¼ 0.959. Therefore, we predict that the
threshold doping concentration of substitutional photonic
alloy indeed approaches zero in the thermodynamic limit.
This intriguing finding implies that for a large enough
sample, even a minute concentration of magnetic rods has
the potential to realize topological photonic alloys.
We have also studied the size dependence of the critical

concentration xc of topological transition at frequencies
different from the band touching point. The results of
f ¼ 11.14, 11.15 GHz are also shown in Fig. 4(c). It is
found that for those frequencies, xc decreases with W but
becomes saturated when W is sufficiently large. In the SM
(Fig. S8), we numerically studied the upper and lower
phase boundaries of the topological gap, which are well
fitted by the analytic relations f − ft ¼ 0.29x2 þ 0.11x and
f − ft ¼ −0.26x, for the upper and lower boundaries of the
gap, respectively. Finally, we found that a generalized
Haldane model with flux randomly introduced in certain
unit cells can mimic the zero threshold phenomenon (Sec. 9
in the SM [47]). Section 10 of the SM shows that the
threshold concentration needed to sustain nontrivial top-
ology depends on the alloy configuration [47]. For exam-
ple, an interstitial photonic alloy requires a low, but
nonzero, threshold concentration to sustain nontrivial
topology.
In conclusion, we realized topological photonic alloys

consist of a random mixture of nonmagnetized and mag-
netized rods in the microwave regime. The study demon-
strates the emergence of topologically nontrivial gap in
these systems, confirmed by existence of robust CESs and
the reflection phase winding as a topological signature.
The idea has been experimentally validated through
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11.20 GHz. (c) Sample size dependence of the threshold concen-
tration xth and critical concentration xc. Each data point is
computed with 10 configurations.
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measurements of transmission and edge-state distribution
in substitutional photonic alloys. Additionally, our numeri-
cal results strongly suggest that the threshold concentra-
tions for the investigated system within the first nontrivial
band gap to exhibit topological behavior approach zero in
the thermodynamic limit for substitutional alloys. This
implies that the CESs in substitutional photonic alloy can
emerge at extremely low doping concentrations without
requiring order. Differing from the conventional approach
of constructing topological crystals, we showed that alloy-
type configurations can sustain nontrivial topology when a
very low concentration of topological domains is
embedded in nontopological domains. It is expected that
the topological photonic alloy can be realized in honey-
comb and Kagome lattices (Sec. 11 in the SM [47]). Our
Letter not only offers a new platform and paves the way for
researchers delving into the realm of topological properties
in disordered systems, but also shows that CESs can be
created without the need to break time reversal everywhere
inside the crystal and the ideas can be applied to other
systems such as acoustic systems.
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