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Abstract 

Photonics have been considered as versatile platforms for emulating condensed-matter physics, particularly topo-
logical phases, owing to the highly controllable band structures, directly observing the wave dynamics, and flexibly 
engineering topological transport beyond the limitations of natural materials. Molecular-crystal topological insulators 
have recently attracted growing interest as structurally programmable platforms, in which lattice geometry, orbital 
coupling, and molecular rotation can all be engineered by design. Inspired by this concept, we have introduced 
the molecular-rotational degree of freedom into valley photonic crystals to implement a valley photonic molecular 
crystal (VPMC). Because random molecular rotations break the periodicity of the VPMC, conventional band-based 
analysis of valley topology becomes inapplicable. To address this, we have proposed an effective topological indicator 
to characterize the valley topology and validate it by adopting a real-space Spectral Localizer operator. Furthermore, 
we have investigated the evolution of the valley topology under varying degrees of random molecular rotation 
and demonstrated that the valley topology would persist even under strong disorder. This result updates the conven-
tional knowledge that valley-topological systems can only withstand weak and local disorder, and demonstrates their 
robustness to withstand strong and global disorder. This work would also be helpful to establish the VPMC as a pro-
grammable photonic platform for emulating molecular-crystal inspired topology and manipulating artificial gauge 
fields.
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Introduction
Topological insulators (TIs) have inspired a paradigm 
shift in physics due to their topological bandgaps and 
robust edge states against disorder, and have been 
extended to other systems, such as photonic and pho-
nonic topological insulators [1–6]. Recently, molecu-
lar-crystal topological insulators have attained much 
attention as they represent a novel topological phase 
of matter and possess the potential for structural tun-
ability, spintronics, valleytronics and flexible electron-
ics. Currently, most organic topological insulators are 
realized through a class of molecular crystal known as 
metal–organic frameworks (MOFs) [7–18]. In MOFs, 

metal atoms and their connecting organic molecules are 
situated at periodic lattice sites. Unlike inorganic crys-
tals, the molecules in MOFs possess rotational degrees of 
freedom, which is responsible to the torsional potential 
energy [19–21]. It has been reported that such molecu-
lar rotations have significant impact on the adsorption, 
optical, and mechanical properties of MOFs [19–24]. 
However, the impact of molecular rotations on topologi-
cal properties remains largely unexplored, as nonperiodic 
systems require more complex topological characteriza-
tion and there are no well-defined conventional momen-
tum-space invariants. Therefore, it is not only essential 
but also highly meaningful to investigate the influence of 
molecular rotation on the topological properties.

Photonic crystals feature band structures and topo-
logical properties analogous to electronic solids, while 
the photonic bands and wave functions can be readily 
engineered, so that they could serve as an ideal platform 
for emulating condensed-matter systems, particularly 
topological phases [25–29]. Inspired by the concept of 
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molecular-crystal topological insulators, we have intro-
duced rotational degree of freedom in to valley photonic 
crystals to implement a valley photonic molecular crys-
tal (VPMC). In the VPMC, the molecules are localized 
at the periodic sites with random oriental angles, which 
is consistent with those in molecular crystals. Intro-
ducing random molecular rotations breaks the original 
periodicity, creating a disordered system, where conven-
tional valley-topological analysis based on band theory 
is no longer directly applicable. To address this issue, 
we have developed an effective Hamiltonian model for 
the VPMC, proposed an effective topological indicator 
to characterize the corresponding valley topology, and 
further verified the valley-topological properties of the 
VPMC by adopting a real-space Spectral Localizer opera-
tor. Based on it, we have investigated the evolution of the 
valley topology of the VPMC under different degrees of 
rotational disorder. Theoretical modeling, numerical sim-
ulations, and experiments consistently demonstrate that 
the valley topology of the VPMC is preserved even under 
strong disorder. In addition, under strong disorder (ran-
dom rotation ranges of 40° and 60°), we have observed a 
competition between valley-topologically protected edge 
states and Anderson-localized states.

This work has systematically investigated how molec-
ular-rotational degrees of freedom influence the valley 
topology of the VPMC and the robustness against rota-
tional disorder has been verified. The tolerance of the 

VPMC to strong global disorder fully demonstrates the 
robustness of valley-topological systems and suggests its 
potential for realizing highly robust integrated photonic 
circuits. The results of this work are not only restricted 
to the molecule structure, but also are applicable to all 
C3-symmetric molecules. In addition, the molecular-
rotation degree of freedom in the VPMC can serve as 
an additional tuning dimension, enabling programmable 
topological photonic systems and various forms of syn-
thetic gauge fields, such as pseudo-electric and pseudo-
magnetic fields. Beyond valley-topological systems, the 
proposed framework can also be extended to spin-Hall 
systems and may further inspire analogous studies in 
condensed-matter, acoustic, and cold-atom platforms.

Design of the photonic molecular valley crystal
The scheme of the periodic VPMC is shown in Fig. 1a, the 
molecule in the honeycomb-shaped unitcell is C3-sym-
metric and composed of six silicon (Si) rods with two 
different radii RA and RB . The structural parameters are 
defined as follows: the height of Si rods is h = 1 μm, the 
radii of two different Si rods are RA = 0.15a , RB = 0.08a , 
the distance between the centers of rods and the unit cell 
is d = 0.6a/

√
3 , and the lattice constant is a = 900 nm. 

Each molecule is embedded in air and can rotate freely 
around its center, defined by the orientational angle θ . 
Fig.  1b, and  c are corresponding to two contrast con-
figurations: a periodic VPMC, where all molecules share 

Fig. 1  Valley photonic molecular crystal. a Scheme of the unitcell and the first Brillouin zone of the periodic VPMC. b, c Schemes of the periodic 
and disordered VPMCs, the dashed gray hexagonal boxes mark the unitcells. d Phase diagram of the periodic VPMC. The purple solid squares are 
valley energy gaps obtained from finite element method (FEM) simulations; red (blue) lines are normalized �P with valley Chern number −2 (2). 
The unitcells of the VPMCs with θ = ±60◦ (a), −30◦ (b), 0◦ (c) and 30◦ (d) are also provided in the right column. e Band structure of the periodic 
molecular crystal with θ = 0◦ (blue) and 60◦ (red), a bandgap with Cv = 2 for θ = 0◦ ( Cv = −2 for θ = 60◦ ) is marked by blue. At K  valley, three 
modes (marked by gray dots) are with non-zero valley Chern number. Phases of Ez profiles of the three marked modes are shown on the right, 
the OAM charge of the modes are represented by  l
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a uniform orientation angle θ, and a disordered VPMC, 
where θ is randomly distributed.

In the periodic VPMC, the energy bands around the K  
and K ′ valleys can be described by the Dirac Hamiltonian:

where σ̂i , τ̂i are the Pauli matrices acting on orbit and 
valley, and �P is the mass term, |�P | and sgn(�P) describe 
energy gap and valley Chern number ( Cv ) at K/K ′ val-
ley, respectively [30–34]. Such Hamiltonian is analogous 
to the tight-binding one, which is previously adopted to 
describe molecular topological insulators [9, 24]. Inter-
estingly, the effective mass term is related to the orienta-
tional angle θ:

Detailed derivation of Eqs.  (1) and (2) are provided in 
the Supplemental Material. A. The phase diagram with 
respect to θ is calculated by Eq. (2) and shown in Fig. 1d. 
The analytical results are quite consistent with the finite-
element method (FEM) simulations of energy gap at K  
point (purple solid  squares in Fig. 1d), validating our the-
oretical model. Surprisingly, the �P–θ relationship shown 
in Fig. 1d is highly consistent with the relation between 
the torsional potential energy and the orientation angle 
of the molecule in a C3-symmetric molecular crystal [21, 
24]. Thus, it is validated to emulate molecular-rotation 
degree of freedom by introducing random twisting into 
the VPMC.

Moreover, the phase diagram of Fig.  1d could be 
divided to two regions: when |θ | < 30◦ , �P > 0 , the val-
ley Chern number is Cv = 2 ; when |θ | > 30◦ , �P < 0 , 
Cv = −2 . The energy bands and mode profiles of the 
periodic VPMC with θ = 0◦ and 60◦ are shown in Fig. 1f. 
Although the energy bands are identical due to the equal 
|�P | , the phase profiles exhibit opposite orbital angu-
lar momentum (OAM) charges due to the opposite �P
(Details in Supplemental Material. B, their valley-topo-
logical properties are shown in Supplemental Material. 
C). Such phase diagram highlights the significance of the 
molecular orientation angle θ in VPMC: it determines 
the system’s effective mass term and the corresponding 
valley-topological properties. Therefore, it is impera-
tive to investigate the influence of molecular orientation 
angles in quasi-periodic VPMCs with variable orienta-
tion angles.

Valley‑topological properties in molecular crystals
To demonstrate of the pivotal role of molecular rotation, 
we have investigated the evolution of valley-topological 
properties by introducing varying degrees of random 
rotations into an initially periodic VPMC. The periodic 

(1)Ĥ = fD + υD
(
σ̂x τ̂zδkx + σ̂yδky

)
+ �

P σ̂z ,

(2)�
P ∝ cos(3θ).

VPMCs with θ = 0° and 60° are utilized as the initial sys-
tems, as they correspond to the valley-topological phases 
with the largest bandgaps (Fig.  1d). Random molecu-
lar rotations are introduced by applying a random twist 
angle θi to each lattice site i, where θi follows the uniform 
distribution:

Here, θd is the maximum range of the random molecu-
lar twist and represents the strength of disorders. There-
fore, the VPMC with random twists could be described 
by two parameters: ( θ0 , θd ). θ0 is the initially uniform 
orientation angle of the period VPMC, and θd indicates 
the range of rotation angles of the molecules within the 
VPMC. To investigate the valley-topological proper-
ties of the VPMC, we construct a heterostructure inter-
face by stitching together two types of VPMCs: (0°, θd ) 
and (60°, θd ). Fig. 2a, b shows the schemes of VPMCs of 
(0◦, 0◦)|(60◦, 0◦) and (0◦, 40◦)|(60◦, 40◦) , respectively (the 
sign  means the interface).

When random molecular twists are introduced, the 
periodicity of the system is broken, rendering band 
theory-based calculations invalid. To inspect the topo-
logical properties of this quasi-periodic system, we have 
employed two different methods: effective Hamiltonian 
approach and spectral localizer analysis. The effective 
Hamiltonian approach is as follows: since the lattice of 
the VPMC remains periodic, and the orientational angle 
of the molecule modify its mass term �P , the quasi-peri-
odic VPMC could be approximately treated as a periodic 
crystal with an average effective mass term. The effective 
Hamiltonian could be formulated by averaging the �P of 
each unit cell:

where �Pi  is the �P within each unitcell and determined 
by the corresponding oriental angle θ0 + θi [35]. The 
averaged efficient mass term is given by

∣∣�Pe
∣∣ and sgn

(
�
P
e

)
 describe the effective valley energy gap 

and valley Chern number, respectively. As a result, the 
effective valley Chern number of sgn

(
�
P
e

)
 can serve as a 

topological invariant for characterizing the valley-top-
ological properties of the VPMC. According to Eq.  (3), 
the variation of �Pe  with respect to θd is shown in Fig. 2c. 
When θd = 0◦ , 

∣∣�Pe
∣∣ achieves the maximum and decreases 

as θd increases, while the sgn
(
�
P
e

)
 and valley Chern 

(3)θi ∼ U

(
−θd

2
,
θd

2

)
.

(4)
Ĥ = fD + υD
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σ̂x τ̂zδkx + σ̂yδky

)
+

∑N

i=1

�
P
i (θ0 + θi)

N
σ̂z ,

(5)�
P
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�
P
i (θ0 + θi)

N
.



Page 4 of 9Li et al. PhotoniX Synergy (2026) 1:16

number of the VPMCs (0◦, θd) and (60◦, θd) is remained. 
With the strongest disorder ( θd = 60◦ ), 

∣∣�Pe
∣∣ remains more 

than 0, so that the bulk gap is still remained and topologi-
cal edge states are maintained within the bulk gap.

The second method is to analyze the presence of 
topological edge states by using the spectral localizer. 
Spectral localizer is a real-space operator that can diag-
nose the presence of topological edge states using local 
topological indicators, such as the local gap and local 
index [36–38]. It is particularly suitable for investigat-
ing the topological properties of disordered systems 
as it is defined in the real space. For the system shown 
in Fig.  2a, the spectrum of its spectral localizer at the 
interface is calculated and plotted in the left of Fig. 2d. 
In the frequency range of 180–200 THz, there are four 
sets of eigenvalues cross the zero line, as highlighted 
by the purple lines. The eigenvalues that cross the zero 
line indicating that there is topological edge state at the 
interface. Then, the local gap is utilized to analyze the 
localization of the edge state. At the frequency point, 
where the eigenvalue of the spectral localizer is zero 
(marked by orange dashed line), its local gap is shown 
in the right part of Fig.  2d. It could be observed that 
the local gap vanishes at the interface and is much more 
than zero at other y position. It is a clear sign that the 
topological edge state is tightly localized at the inter-
face. After introducing random twist, the spectral 
localizer of the system shown in Fig.  2b is also calcu-
lated and plotted in Fig.  2e. It could be seen that in 

the spectrum of the spectral localizer, there are still 
eigenvalues cross zero (purple dashed lines), indicat-
ing that topological states exist in the disordered sys-
tem. Similar to the disorder-free system, the local gap 
at the interface is zero, while at other locations, it is 
larger than zero, proving the edge state is localized at 
the interface. Detailed calculation and more results are 
shown in Supplemental Material. D.

The above analysis has demonstrated that the dis-
ordered VPMC can still support valley-topologically 
protected edge states. In valley-topological systems, 
the suppression of intervalley scattering is also essen-
tial. In the VPMC, introducing random molecular 
rotations would break the C3 symmetry, so that well-
defined K  and K ′ valleys no longer exist in momentum 
space. Accordingly, the effective Hamiltonian in Eq. (4) 
describes the band properties of effective K  and K ′ val-
leys. As a result, intervalley scattering in the VPMC is 
hard to be directly extracted. Nevertheless, the propa-
gation direction of valley-topologically protected edge 
states at the VPMC interface is locked to the effec-
tive valley of the VPMCs on both sides. Therefore, the 
presence or absence of intervalley scattering can be 
examined through the propagation behavior of the val-
ley-topologically protected edge states. A detailed anal-
ysis is provided in the Supplemental Material. E. The 
results show that there is no appreciable inter-valley 
scattering in the VPMC within a disorder range of 60◦.

Fig. 2  Topological properties of the disordered VPMCs. a, b Scheme of the VPMCs with (0◦ , 0◦)|(60◦ , 0◦) and (0◦ , 40◦)|(60◦ , 40◦) , respectively. 
c Evolution of the normalized �Pe with respect to the rotation range θd for the two VPMCs (0◦ , θd) and (60◦ , θd) . d, e Spectral localizer results 
of the molecular crystals in a and b, respectively. Left: the spectrum of the spectral localizer, purple lines in the spectrum are the eigenvalues 
crossing zero. The frequency marked by the orange dashed line is selected to calculate the local gap. Right: the local gaps of the spectral localizer 
at different y positions, and the red dashed line marks the interfaces
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Samples and experimental measurement
In the previous section, both the effective Hamiltonian 
and the analysis of spectral localizer demonstrate that 
the valley-topological properties of the VPMCs are pre-
served within the range of θd ≤ 60◦ . In success, we have 
fabricated samples and conducted measurements to 
verify their topological properties. The structure of the 
samples is shown in Fig. 3a. Two VPMCs with (0◦, θd) and 
(60◦, θd) are arranged to form a Z-shaped interface, while 
the two ends of the interface are connected to straight 
waveguides and grating couplers (fabrication processes 
are shown in Supplemental Material. H). The interface is 
set in a Z-shape to verify the properties of the valley-top-
ological edge state, demonstrating that the valley topol-
ogy is protected by navigating through such sharp bends. 
Our experimental setup employs a tunable laser and a 
photodetector coupled via optical fibers to the two grat-
ing couplers. The transmission spectrum is obtained by 
normalizing the total measured power over the reference 
grating couplers to account the coupling losses (details in 
Supplemental Material. I).

The SEM photographs of the samples with θd = 0◦ and 
θd = 40◦ are shown in Fig.  3b, e, respectively. For the 
sample with θd = 0◦ , the two VPMCs are periodic. As a 
result, the Z-shaped interface is very clear. In addition, 
the simulated field profile of the edge state transmission 
is shown in Fig. (c). Here, the simulated field profiles are 
obtained from two-dimensional FEM simulations. This 
approach provides an effective approximation to the 
three-dimensional structure, substantially reducing the 

computational cost while maintaining high in-plane sim-
ulation accuracy and yielding high-precision mode-field 
distributions. In this work, all simulated electric-field dis-
tributions presented in the main text and Supplemental 
Materials are calculated using such method. The valley-
topologically protected edge states transmit along the 
Z-shaped interface, and is immune to the sharp bend. 
For the sample with θd = 40◦ , the VPMCs are highly 
disordered due to the large range of molecular twisting 
angles θd , and the Z-shaped interface cannot be clearly 
observed. However, the simulation result in Fig. 3f shows 
that valley-topologically protected edge states still exist 
at the Z-shaped interface of the two VPMCs. The edge 
state is tightly confined at the interface, without extend-
ing into the bulk, and there is no leakage of the mode 
at the corners. This result indicates that the topological 
edge states are well-preserved even under 40° of disor-
der. The experimental transmission spectra of the two 
systems show good agreement with our simulations, 
as shown in Fig. 3d, g, respectively. Here, the simulated 
transmission spectra are obtained from three-dimen-
sional finite difference time domain (FDTD) calculations 
to yield broadband transmission data consistent with 
the experimental configuration. The simulated transmis-
sion spectra presented in the main text and Supplemen-
tal Materials are calculated by using such approach. The 
transmission peaks corresponding to the topological 
edge states are highlighted with colored boxes. A notice-
able high transmission peak exists near the wavelength of 
1570 nm in both the disorder-free and disordered cases, 

Fig. 3  Experimental setups. a Overview SEM image showing the overall structure of the sample. b, e SEM photo of the samples with θd = 0◦ 
and 40◦ , respectively. c, f Simulated transmission profile of |Ez | (by using FEM) at the wavelength 1570 nm with θd = 0◦ and 40◦ , respectively. d, g 
Normalized simulated (gray dashed line, by using finite difference time domain (FDTD) method) and measured (red solid line) transmission spectra 
of the sample shown in b and e, respectively
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which corresponds to the transmission of the valley-top-
ologically protected edge state.

Evolution of the valley‑topological properties 
in VPMCs
The valley-topological properties of the VPMC manifest 
in two aspects. First, the VPMC possesses a global bulk 
bandgap, as inter-valley scattering cannot be suppressed 
in a gapless system. Second, valley-topologically pro-
tected edge states emerge at the interface between two 
VPMCs with different valley Chern numbers. In this sec-
tion, we would investigate the evolution of the bulk band-
gap and the valley-topological edge states as the disorder 
strength increases, and demonstrate the impact of disor-
der on the VPMC, including its valley-topological edge 
states as well as disorder-induced Anderson localization 
states.

First, the phase diagram of the VPMC under differ-
ent degrees of disorder θd is calculated by examining the 
bulk-mode transmission spectrum of the VPMCs under 
varying disorder strengths and plotted in Fig. 4a (Details 
in Supplemental Material. G). Each column in this dia-
gram corresponds to the bulk transmission spectrum 
under a given disorder strength θd and the color repre-
sents the magnitude of the transmission. It could be seen 
that within the disorder range of θd ≤ 60◦ , the transmis-
sion within the frequency range of 185–195 THz remains 
very low, indicating that the bulk bandgap is remained 
under the increasing disorder.

Then, to analyze the valley-topological edge states and 
Anderson localization states in the VPMCs, we con-
sider the system in Fig. 2b, in which a straight interface 

is formed by two VPMCs with (0◦, θd) and (60◦, θd) . 
Such two VPMCs have opposite valley Chern num-
bers and valley-topological edge states would emerge at 
the interface. The energy spectra of these systems with 
θd = 0◦ , 20◦ , 30◦ , 40◦ and 60◦ are plotted in Fig. 4b. First, 
the energy spectrum of the θd = 0◦ case could serve as 
a benchmark: it could be seen that, there are two kinds 
of modes in the spectrum: bulk modes (black circles) 
and edge modes (red stars). In the frequency range of 
181–197 THz (marked by the purple box), there is no 
bulk modes, and this frequency range is corresponding 
to the bulk bandgap, while the frequencies of bulk modes 
are continuous outside the bulk bandgap. Exactly within 
the bulk bandgap, there are several edge modes localized 
at the interface, corresponding to the valley-topological 
edge states. With increasing disorder, the width of the 
bulk bandgap (purple boxes) decreases, but the phenom-
enon that edge states lie exactly within the bulk bandgap 
is maintained. The upper and lower frequency bounds of 
the bulk bandgap are obtained from Fig. 2b and plotted 
in Fig. 2a (the gray dots) to give a direct comparison with 
the bulk transmission diagram. It could be seen that these 
two results are well-matched, confirming the dynamics 
that bandgap gradually closes under increasing disorder.

Another important phenomenon is that Anderson 
localization states emerge in the VPMCs under relatively 
strong disorder ( θd = 40◦ and 60◦ ). In the energy spec-
tra of these two disordered VPMCs, sparsely distributed 
Anderson localization states (two Anderson localization 
states in total 150 eigenstates) lies both inside and out-
side the bulk bandgap. A representative mode profile of 
the Anderson localization state is provided in Fig. 2b, it 

Fig. 4  Evolution of the valley-topological properties. a Simulated (by using FDTD method) bulk transmission diagram of the VPMC under different 
degrees of disorder. The bulk bandgaps of the VPMCs obtained from the energy spectra in b is also provided as the gray dots, and are connected 
by the dashed lines. b Energy spectra (by using FEM) of the VPMCs with θd = 0◦ , 20◦ , 30◦ , 40◦ and 60◦ , respectively. The bulk modes, edge modes 
and Anderson localization modes (AL modes) are marked by black circles, red stars and blue dots, respectively. For the VPMC with θd = 60◦ , mode 
profiles of an edge mode and an Anderson localization mode are also provided. c, Scatter plot of the parameter B (black) as well as BC3 (red) for five 
selected values of θd = 0◦ , 20◦ , 30◦ , 40◦ and 60◦
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could be seen that this strong disorder induced Anderson 
localization state manifests as a random micro-cavity, 
and the spatial distribution of this mode is random, origi-
nating from the random relative permittivity distribution 
in the VPMCs [39–44]. A detailed analysis of the Ander-
son localization states is provided in the Supplemental 
Material. F. To quantitatively characterize the degree of 
disorder in the VPMCs, we define the parameter B to 
measure the disorder of the refractive-index distribu-
tion, and the parameter BC3 ​ to quantify the degree of C3

-symmetry breaking in the system. For the VPMC with 
disorder degree of θd , its relative permittivity distribution 
is ε(r, θd) , and B is defined as

in which ‖‖ donates the L2 norm. B(θd) represents the 
degree of disorder of the VPMC with θd compared with 
the ordered VPMC. A larger B indicates a higher degree 
of disorder in the system. Calculated B(θd) is plotted in 
Fig.  4c. As seen, B increases with θd , reaching 0.68 and 
0.81 at θd = 40◦ and 60◦ , respectively, which are already 
close to 1. This result indicates that the degree of disorder 
in the VPMC is already high at these disorder strengths, 
which also explains the emergence of Anderson-local-
ized states under these two conditions. In addition to 
the overall degree of disorder in the system, the degree 
of C3​-symmetry breaking BC3 ​ also merits attention, as 
the Dirac Hamiltonian and the valley-topological proper-
ties are closely related to C3 ​ symmetry. The definition of 
BC3 ​ is as follow: for the VPMC with θd , its C3-symmetric 
component εC3(θd) could be calculated by rotating the 
ε(r, θd) by 0◦ , 120◦ , and 240◦ , respectively, and then aver-
aging them:

in which R2π i/3 is the rotation operator with the rota-
tion angle 2π i/3 . Then BC3 could be calculated by

in which ‖‖ donates the L2 norm. Calculated BC3(θd) is 
also plotted in Fig. 4c. For the periodic VPMC ( θd = 0◦ ), 
BC3 is zero as the C3 symmetry is preserved. Then, BC3 
increases as θd increasing, and gradually approaches to 
the saturation when θd ≥ 40◦ . Compared with the large 
B , BC3 is much smaller. This is attributed to the fact that 
the lattice sites in the VPMC remain fixed, while only 
the molecules undergo random rotations, thereby pre-
serving a certain degree of C3 symmetry. The relatively 

(6)B(θd) =
�ε(r, θd)− ε(r, 0◦)�

�ε(r, 0◦)� ,

(7)εC3(r, θd) =
1

3

2∑

i=0

ε

(
R2π i/3r, θd

)
,

(8)BC3(θd) =
�ε(r, θd)− εC3(r, θd)�

�ε(r, θd)�
,

small value of BC3 ​ indicates that the C3-symmetry 
breaking in the system is not severe, which ensures that 
the disordered VPMC still retains its valley-topological 
properties and supports valley-topological edge states.

To validate the valley-topological properties of the 
VPMCs under different degrees of disorder, we have 
conducted extensive of simulations and experiments for 
θd = 0◦ , 20◦ , 30◦ , 40◦ and 60◦ , respectively. After intro-
ducing random twisting in VPMCs, the arrangements 
of the molecules are random. As a result, multiple 
samples with the same θd but different realizations are 
considered to demonstrate that the valley-topological 
properties of the VPMCs are universal and independ-
ent of specific realizations. Ten samples are consid-
ered in simulations and three samples are fabricated 
and experimentally measured for the four cases except 
θd = 0◦.

The SEM photographs of the samples with different θd 
are shown in Fig. 5a. As θd increases, the disorder of the 
VPMCs gradually increases, and the periodicity of the 
VPMCs is gradually disrupted. Especially when θd = 40◦ 
and 60◦ , the lattice points of VPMC and the Z-shaped 
interface are difficult to distinguish. The simulated 
transmission mode profiles of these samples are shown 
in Fig.  5b. It can be seen that when θd = 0◦ , the valley-
topological edge state mode is periodic, corresponding to 
the periodicity of the VPMC. At θd = 20◦ , 30◦ , and 40◦ , 
the valley-topologically protected edge states remain 
tightly bound at the Z-shaped interface, but the edge 
of the mode field is gradually blurred. This is caused by 
the irregular molecular arrangement on both sides of 
the interface. At θd = 60◦ , the topological edge state is 
still distributed along the edges of the Z-shaped inter-
face. However, compared with the previous cases, the 
corresponding mode field is more diffused and blurred, 
and some localized states are present. The formation of 
localized states arises from the phenomenon of Anderson 
localization that occurs under strong disorder, reflect-
ing the competition between topological edge states and 
Anderson localization, as mentioned above.

The simulated and measured transmission spectra are 
plotted in Fig.  5c, d (waterfall plots are shown in Sup-
plemental Material. G and I). It can be observed that for 
all θd values, both the simulated and measured spectra 
show high transmission peaks in the wavelength range 
of 1560–1580 nm, which correspond to the transmission 
of valley-topological edge states, as mentioned in previ-
ous section. For different samples with the same θd , the 
transmission peaks of their topological edge states are 
generally similar, while the spectra outside the transmis-
sion peaks appear more randomness. It is due to the scat-
tering of bulk modes caused by structural randomness. 
These simulation and experimental results collectively 
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demonstrate that the valley-topological properties of the 
VPMC are preserved within a disorder range of 60°.

Conclusion
In this work, we have proposed valley photonic molecu-
lar crystals (VPMCs) based on the valley photonic crystal 
on the silicon platform. By introducing different degrees 
of molecular-rotational disorder into the initially periodic 
VPMC, we have systematically investigated the influence 
of molecular rotation on the valley-topological properties 
of the VPMC. Using an effective Hamiltonian approach, 
we derived a valley-topological invariant for the VPMCs. 
Such invariant enables a simple and efficient evaluation of 
the effective valley Chern number of the VPMC, thereby 
addressing the difficulty of calculating topological invari-
ants in VPMCs. We have also demonstrated the evolu-
tion of the valley-topological properties of the VPMC s 
under different degrees of disorder, revealing its robust-
ness to withstand strong rotational disorder. In addition, 
the competition between valley-topological edge states 
and Anderson localization states is also discussed under 
strong rotational disorder. We believe that this work fills 
an important gap in the study of organic topological insu-
lators. It may stimulate further investigations into organic 

topological insulators and can be extended to a broader 
range of topological systems, such as condensed-matter 
systems, cold-atom systems, and acoustic systems.
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