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ABSTRACT. Integrating plasmonic resonance into photonic bandgap nanostructures promises 

additional control over their optical properties. Here, one-dimensional (1D) plasmonic photonic 

crystals with angular-dependent structural colors are fabricated by assembling magneto-plasmonic 

colloidal nanoparticles under an external magnetic field. Unlike conventional 1D photonic crystals, 

the assembled 1D periodic structures show angular-dependent colors based on the selective 

activation of optical diffraction and plasmonic scattering. They can be further fixed in an elastic 
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polymer matrix to produce a photonic film with angular-dependent and mechanically tunable 

optical properties. The magnetic assembly enables precise control over the orientation of the 1D 

assemblies within the polymer matrix, producing photonic films with designed patterns displaying 

versatile colors from the dominant backward optical diffraction and forward plasmonic scattering. 

The combination of optical diffraction and plasmonic properties within a single system holds the 

potential for developing programmable optical functionalities for applications in various optical 

devices, color displays, and information encryption systems. 

Many natural creatures can exploit the interaction of their micro- or nanostructures with light to 

produce vivid structural colors, which has inspired the development of a large number of functional 

photonic materials.1-6 Such structurally colored materials are attractive due to their long-term 

stability, color tunability, and sustainable production, and are expected to have broad applications 

in colorimetric sensors, full-color display, information encryption, photonic pigment, and energy 

harvesting.7-12 Diverse metallic and dielectric nanostructures have been developed to generate 

structural colors based on various physical phenomena, such as thin-film interference, light 

scattering, diffraction, and plasmonic resonance.13-16 In particular, photonic crystals, periodically 

arranged nanoscale materials, can selectively reflect narrowband light with a strong dependence 

on the incident and observation angles.17 Plasmonic nanostructures, on the other hand, generate 

angular independent, low vibrancy colors due to the resonant interaction between light and metallic 

nanostructures,18 allowing remarkable spectral tuning achievable by plasmonic coupling to display 

colors across the entire visible region.19 Featuring convenient control over the spatial configuration 

of the nanostructured building blocks, colloidal assembly strategies have been successfully used 

to modulate both types of structural colors.19-21 
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Combining plasmonic resonance and photonic bandgap within a single system produces an 

intriguing optical active material: plasmonic photonic crystal, possessing unique and controllable 

optical properties from their synergetic effect.22-23 Typically, photonic crystals have been used as 

structural motifs for metal deposition to produce plasmonic photonic crystals.22-23 Kim et al. 

reported directional deposition of gold or aluminum on the photonic microspheres to generate 

Janus structures, showing plasmonic color from the top hemisphere while diffractive color from 

the bottom hemisphere. The two-color modes can be switched by the orientational control of the 

Janus microspheres using an external electric field.24 Omenetto et al. also reported plasmonic-

photonic crystal hybrid nanostructures by depositing gold on a silk inverse opal, producing 

versatile optical properties by manipulating the interplay between photonic bandgap and surface 

plasmonic resonance.25 It is believed that incorporating active structural manipulation into such 

plasmonic photonic crystals will further enable the convenient and dynamic tuning of the two 

structural coloring mechanisms, resulting in novel optical materials with more exciting 

applications. 

Magnetic actuation is appealing in fabricating responsive optical materials due to its fast response, 

reversibility, and remote control.26-28 Self-assembly of magnetic nanoparticles under an external 

magnetic field produces 1D periodic structures by balancing the electrostatic repulsion and 

magnetic attraction, creating a dynamically tunable photonic bandgap.29-30 In addition, 

magnetically tunable plasmon resonance has been demonstrated by assembling magneto-

plasmonic hybrid nanostructures.31-33 We previously reported magneto-plasmonic hybrid nanorods 

that could selectively excite the longitudinal and transverse plasmonic modes by dynamically 

controlling their orientation using external magnetic fields, thereby displaying different colors.32  
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Developing magnetically responsive plasmonic photonic crystals is desirable as the dynamic 

manipulation of the interplay between photonic bandgap and plasmonic resonance promises the 

creation of programmable optical properties, which is a valuable feature for practical applications. 

In this work, we show that magneto-plasmonic nanoparticles can be assembled into 1D photonic 

crystals under an external magnetic field to display angular-dependent and dynamically tunable 

optical properties that take advantage of the different field-responsive behaviors of plasmonic 

scattering and optical diffraction. The convenient and robust magnetic assembly process further 

enables the fixation of the 1D plasmonic photonic crystals in an elastic polymer matrix to produce 

photonic films with angular-dependent, mechanically tunable, and multiple color patterns, which 

are promising for potential applications in color display, optical devices, and information 

encryption.  

 

Figure 1. (a) TEM image of Ag@Fe3O4 nanoparticles. (b) Experimental setup for measuring 

extinction and reflection spectra [i] and observing the color of the nanoparticle solution [ii] under 

an external magnetic field from a cubic permanent magnet. (c) Photos of an aqueous solution of 

Ag@Fe3O4 nanoparticles before and after exposure to a magnetic field of varying directions (0, 

45, 90º). (d) Extinction spectra of the nanoparticle solution under a magnetic field with varying α 
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from 0 to 90º. (e) Polar curve of the extinction peak shifts corresponding to the spectra in (d). (f) 

Reflectance spectra of the nanoparticle solution under a magnetic field with varying α from 0 to 

90º. (g) Polar curve of the reflection peak shifts corresponding to the spectra in (f).  

Magneto-plasmonic Ag@Fe3O4 core-shell nanoparticles with 80-nm Ag core and 75-nm thick 

Fe3O4 shell, as shown in the transmission electron microscopy (TEM) image in Figure 1a, were 

used as building blocks (Figure S1).34 After surface modification with polyacrylic acid, they had 

high surface charges and good dispersibility in water so that they could be assembled into 1D 

nanochains with controllable orientation under external magnetic fields (Figure S3). Thanks to 

their strong magnetic property, the Ag@Fe3O4 nanoparticles can assemble into 1D chains within 

one second under an external magnetic field with a strength of 11 mT. As schematically illustrated 

in Figure 1b[i], the angle (α) between unpolarized incident light and the nanochains could be tuned 

from 0 to 90º by rotating the cubic magnet along the Z-axis in the XY plane (Video 1). When the 

nanoparticle solution was illuminated and observed along the Y-axis, as illustrated in Figure 1b[ii], 

it showed yellow, green, and light brown colors as α changed from 0 to 45 to 90º (Video 2). In 

contrast, it appeared dark brown without a magnetic field (Figure 1c), showing two extinction 

peaks, namely, a dipole and a quadrupole peak at 763 and 420 nm, respectively (black curve in 

Figure 1d and simulation in Figure S2). The extinction spectra in Figure 1d and the corresponding 

polar curve in Figure 1e shows that the quadrupole and dipole plasmonic peaks gradually 

blueshifted from 446 to 413 nm and from 827 to 717 nm, respectively, under an external magnetic 

field with a varying α from 0 to 90º. The reflection spectra in Figure 1f also showed a gradual 

blueshift of the diffraction peak from 610 to 455 nm as α increased from 0 to 45º. As α varied from 

45 to 90º, a broader peak around 440 nm appeared, showing little dependence on α.  
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Finite-difference time-domain (FDTD) calculation was conducted to understand the angular-

dependent optical properties of the Ag@Fe3O4 nanochains. Figures 2a and b reveal a very good 

match between the experimental and the simulated results, including extinction spectra and the 

corresponding plasmonic peak shifts of the nanochains as α varied from 0 to 90º. We further 

performed detailed simulations on the two cases when α=90 and 0º. When α=90º, as shown in 

Figures 2c and S4, the quadrupole plasmonic mode dominated the extinction spectra, with 

scattering mainly contributing to the extinction. The right panel maps the electric field distribution 

of a nanochain, indicating strong coupling between neighboring nanoparticles under 413 nm 

incident light, which greatly contributed to the strong plasmonic scattering. However, under this 

condition, the dipole plasmonic mode was greatly suppressed, and the dipole peak blueshifted due 

to the far-field plasmonic coupling between neighboring nanoparticles (Figure S5).35 In contrast, 

when α=0º, the dipole plasmonic mode dominated, redshifting with greatly enhanced peak 

intensity (Figure 2d), while the quadrupole peak was significantly suppressed and redshifted. The 

electric field distribution of the nanochain in Figure 2d indicates that the Fe3O4 shells are also 

polarized, showing the electric dipole mode when incident light propagates along the nanochain. 

The interaction between the dipole modes of the Ag core and Fe3O4 shell and that of the 

neighboring nanoparticles may induce complex plasmonic coupling, producing the redshifted 

dipole and quadrupole peaks at α=0º. In short, the dipole plasmonic resonance dominated the 

extinction spectrum at α=0º, and quadrupole plasmonic resonance dominated at α=90º, attributed 

to different coupling modes, enabling angular-dependent optical properties. Furthermore, 

scattering always appeared stronger than absorption, which, when combined with optical 

diffraction, might contribute to interesting angle-dependent colors of the nanochain solutions. 
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Figure 2. (a) Simulated extinction spectra and (b) the corresponding polar curve of the peak shifts 

of the Ag@Fe3O4 nanoparticle chains when α changes from 0 to 90º. (c, d) Simulated extinction 

spectra and electric field distributions of the Ag@Fe3O4 nanoparticle chains for α = 90° (c) and α 

= 0° (d). (e) Schematic illustration of the angular-dependent colors from the selective activation of 

plasmonic scattering and optical diffraction as α varies from 0 to 90º.  

Control experiments were conducted to study the contribution of plasmonic scattering and optical 

diffraction. First, Fe3O4 shells were completely etched with oxalic acid, producing a pink 

dispersion of Ag nanoparticles with both extinction and reflection peaks at around 430 nm (Figure 

S6). Second, the Ag cores were removed by H2O2 etching to obtain a dispersion of Fe3O4 hollow 

nanospheres, which showed yellow, green, and reddish colors under external magnetic fields with 

varying directions from 0, 45, to 90º (Figure S7). The extinction peak shifted from 735 to 482 nm 

as α increased from 0 to 45º and remained constant at 482 nm for α above 45º. In contrast, the 
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reflection peak blueshifted from 567 to 444 nm as α increased from 0 to 45º, with no detection of 

any pronounced peaks when α was beyond 45º. Furthermore, simulations show that scattering 

dominates the extinction spectra of the Fe3O4 hollow nanosphere chains at both α=0 and 90º. These 

results suggest that the color of Fe3O4 hollow nanospheres was generated mainly from the optical 

diffraction as α varied from 0 to 45º. In contrast, scattering was the source of the color when α was 

larger than 45º (Figure S7e, f). Based on these control experiments and the above analysis, we 

conclude that optical diffraction dominates when α=0~45º and plasmonic scattering dominates 

when α=45~90º (Figure 2e), although the latter always contributes to the color of the Ag@Fe3O4 

nanoparticle solution.  

The angular-dependent diffraction of the 1D Ag@Fe3O4 nanoparticle assemblies was further 

confirmed by the photonic bandgap calculation. By inputting the experimental parameters into 

Bragg’s Law (mλ=2ndsinθ, with m being the order of diffraction, λ the diffraction wavelength, n 

the effective refractive index, d the lattice plane spacing, and θ the Bragg angle), we found that the 

colors were from the second-order diffraction (m=2) (see Supporting Information for detailed 

calculations). For confirming the applicability of the second-order diffraction at varying α, the d 

value was calculated by inputting the λ value from the reflection spectra into Bragg’s Law (Figure 

S8), which was in a reasonable range when α varied from 0 to 45º but too large when α was over 

45º, indicating the diffraction in the visible region was achievable only when α = 0~45º. FDTD 

simulation of reflection spectra in Figure S9 also confirmed that reflection peaks in the visible 

region were observable only when α = 0~45º.  
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Figure 3. (a) Schematic illustration of the interaction between neighboring nanoparticles within a 

chain and the tunability of separation distance by controlling the magnetic field strength. (b) 

Extinction peak shifts of Ag@Fe3O4 nanoparticles under increasing magnetic field strength. (c, d) 

Color changes (c) and reflection peak shifts (d) under increasing magnetic field strength. (e) TEM 

images of the Ag@Fe3O4 nanoparticles before and after coating with silica shells of different 

thicknesses. (f) Extinction peak shifts of the 5 samples in (e) before and after exposure to a 
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magnetic field (45 mT) at α = 0 and 90°. (g) Reflection peak tunability of the above 5 samples 

when the magnetic field changes from 5 to 45 mT at α = 0°. 

Both plasmonic resonance and optical diffraction properties of the assembled structures can be 

dynamically tuned by controlling the interparticle separation by varying the magnetic field 

strength. As shown in Figure 3a, the interparticle distance is determined by the balance between 

electrostatic repulsion and magnetic attraction. As the magnetic field strength increases, the 

separation distance decreases. Both dipole and quadrupole plasmonic peaks were redshifted when 

α=0º, while they were slightly blueshifted when α=90º under a magnetic field of increasing 

strengths from 5 to 45 mT due to the stronger plasmonic coupling for shorter separation distance 

(Figure 3b). Figures 3c and d show the photos and reflection spectra of an aqueous solution of 

Ag@Fe3O4 nanoparticles in response to a magnetic field of varying strengths at α=0º. The color 

of the solution changed from yellow to green to purple, and the reflection peak blueshifted from 

580 to 509 nm as the magnetic field strength increased from 5 to 45 mT. The interparticle distance 

was decreased from 300 to 263 nm, as estimated by Bragg’s Law. As shown in Figure S10a, the 

increasing magnetic field strength induced the color changes from pink to purple and slight 

blueshift of the extinction and reflection peaks at α=90º (Figure S10b,c). 

The interparticle separation is a critical factor that determines the diffraction wavelength of the 

periodic structures according to Bragg’s law and also affects the plasmonic coupling between the 

neighboring nanoparticles. We have explored tuning the interparticle separation by coating the 

nanoparticles with a layer of silica of controlled thicknesses. As shown in the TEM images in 

Figure 3e and the dynamic light scattering (DLS) measurements (Figure S11d), Ag@Fe3O4 

nanoparticles without (#0) and with silica shells of increasing thicknesses of 15 nm (#1), 25 nm 

(#2), 40 nm (#3), and 50 nm (#4) were synthesized. Under the same magnetic field strength (45 
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mT), with the increasing silica thickness, the separation distance increased, decreasing the 

plasmonic coupling and blueshifting both dipole and quadrupole peaks at α=0º. Only a slight 

redshift of the peaks was observed when α=90º (Figure 3f and S11).  Figure 3g shows the tunable 

ranges of the reflection peak and the redshift of the ranges as the silica thicknesses increased under 

a magnetic field with varying strength from 5 to 45 mT at α=0º, consistent with the visual 

observations (Figure S12). For example, sample #1 showed tunable colors from yellow to green, 

while sample #4 showed red to yellow as the magnetic field strength increased from 5 to 45 mT. 
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Figure 4. (a) Schematic illustration of the Ag@Fe3O4 nanoparticle chains fixed in the PAM 

hydrogel film. (b) Optical microscopic image of the Ag@Fe3O4 nanoparticle chains in the PAM 

hydrogel film. (c) Scheme and photo of color changes of a “heart” pattern when viewing angle 

varied from 90 to 15º. (d) Scheme and photo of a “Yin&Yang” pattern with the nanochain 

directions of the two regions perpendicular to each other, showing color switching when light 

direction changes from 0 to 90° in the XY plane. (e-g) Photos (e), extinction spectra (f), and 

reflection spectra (g) of the film upon stretching for 0 to 100%. (h) Photos of the twisted helical 

film under stretching for 0 to 100%.  

The Ag@Fe3O4 nanochains can be fixed inside a polymer matrix to produce a photonic film with 

angular-dependent optical properties. The photonic film was fabricated through the magnetic 

assembly of Ag@Fe3O4 nanoparticles within an aqueous solution of acrylamide monomers, 

followed by a UV curing process. Figures 4a and b show that the nanoparticles assembled into 1D 

chains within a polyacrylamide (PAM) hydrogel, producing diffractive colors when the light was 

illuminated along the nanochain direction. The hydrogel film exhibited the same angular-

dependent optical properties as the nanochains solution (Figure S13). Figure 4c illustrates the 

nanochains’ orientation (Y-axis), light propagation direction (Y-axis, parallel to nanochains), and 

the varying viewing angle from the Z- to the Y-axis. When the viewing angle decreased from 90 

to 15º in the YZ plane, the color of the “heart” pattern changed from purple to green, yellow, and 

red. As an advantageous feature of the magnetic assembly strategy, the orientation of nanochains 

can be precisely controlled to produce complex patterns. Figure 4d schematically shows a 

“Yin&Yang” pattern with nanochains assembled along the Y-axis on the left and X-axis on the 

right halves, with the chains in reverse orientations for the small circles. The pattern was viewed 

along the Z-axis, and the incident direction was tuned within the XY plane. When the incident 



 13 

light was along the Y-axis (90º), the nanochains parallel to the light direction showed purple color, 

while the nanochains perpendicular to the light direction showed light blue. When the incident 

light propagated along the X-axis (0º), the colors on the left and right sides of the pattern were 

switched compared with the case when light propagated along Y-axis. Interestingly, the color 

difference disappeared when light propagated along 45º in the XY plane because both nanochains 

had the same angle (45º) relative to the light direction, indicating the potential application for 

information encryption (Video 3).   

The elasticity of the polymer film also offers the possibility of tuning the photonic properties 

dynamically by mechanical stretching. Figure 4e shows the color changes of the film from purple 

to green to yellow upon stretching along the nanochain direction from 0 to 100%. The stretching 

induces the redshift of extinction and reflection peaks (Figures 4f and g), attributed to the increased 

lattice constant under stress. A more complex photonic film was fabricated by combining angular 

dependence and mechanical tunability into a single twisted film, showing different colors from 

different regions due to the angular-dependent property (Figure 4h). The color was also redshifted 

upon stretching.  
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Figure 5. (a) Scheme and photos showing the angular-dependent reflective colors of a “heart” 

pattern due to the backward optical diffraction (front) and the angular-independent transmissive 

color due to the forward plasmonic scattering (back). (b) Thin films containing nanochains of 

designed orientations showing different patterns in reflectance and transmission modes: (i) a 

pattern with black and white regions containing nanochains with normal and parallel alignments 

to the film surface, respectively (scheme, left panel). Viewing from the front (photo, middle panel) 

sees diffractive color from black regions and plasmonic scattering color from the white regions. 

Observing from the backside (photo, right panel) sees light blue in the black regions and purple in 

the white regions. (ii) a tree pattern with regions containing nanochains with decreasing 

periodicities from bottom to top, showing blue shifts of diffractive colors when observed from the 

front side and purple plasmonic scattering color in all regions when viewed from the backside. (c) 

Scheme and photos of a double-layer film with a top “panda head” pattern and a bottom “deer” 
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pattern. Light irradiation from top to bottom reveals the “panda head” pattern for front observation 

due to optical diffraction and the “deer” pattern for back observation due to plasmonic scattering.  

The situation is reversed when light is irradiated from the bottom to the top. All the scale bars are 

0.5 cm.  

The photonic film can display dual colors when viewed from different sides: diffractive color from 

the front and plasmonic scattering color from the back. As shown in Figure 5a, the nanochains 

aligned along the Z-axis in a “heart” pattern, and light propagated along the Y-axis. When viewed 

from the front of the film, diffractive color dominated and showed angular-dependent colors from 

purple to red as the viewing direction varied from Y-axis to Z-axis. Only blue appeared under 

different viewing angles within the YZ plane when observed from the back of the film (Video 4). 

The color observed from the backside of the film was mainly from the plasmonic scattering and 

transmitted light, showing no angular dependence. By utilizing this unique optical property, many 

complicated patterns with intriguing appearances can be fabricated. Figure 5b(i) shows a pattern 

with black regions containing nanochains aligned perpendicularly to the plane while white regions 

containing nanochains parallel to the plane. Under light illumination, red was reflected from the 

black regions due to the optical diffraction, while purple appeared in white regions due to the 

plasmonic scattering when the film was viewed from the front. When observed from the backside, 

the black regions showed light brown, and the white regions appeared blue due to the angular-

independent plasmonic scattering. Figure 5b(ii) shows a “tree” pattern with four different regions 

containing nanochains with the same orientation but decreasing periodicity from bottom to top, 

fabricated by applying increasing magnetic field strength while fixing the nanoparticles in the 

polymer matrix. When light illuminated along the nanochain direction, diffractive colors of red, 

yellow, green, and purple from the bottom to top regions were observed from the front. In contrast, 
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the photonic film was purple only due to plasmonic scattering with negligible difference between 

different regions because all the nanochains were aligned along the same orientation.  

More functional photonic films can be achieved by stacking two patterned films together. As 

shown in Figure 5c, a double-layer film was fabricated by combining two films with a “panda 

head” pattern on the top and a “deer” pattern at the bottom. Under top illumination, only the “panda 

head” appeared with a diffractive color when viewed from the front, while only the “deer” pattern 

could be observed with purple color due to plasmonic scattering when observed from the backside. 

The situation was reversed when the light was illuminated from the back, showing only the 

diffractive color of the “deer” pattern and the plasmonic scattering color of the “panda head” as 

observed from the back and front sides, respectively. Combining backward optical diffraction and 

forward plasmonic scattering in a single system allows the exploration of the potential for 

designing multi-functional color displays and optical devices.  

In summary, we have developed unique angular-dependent and dynamically tunable 1D plasmonic 

photonic crystals by assembling magneto-plasmonic nanoparticles under an external magnetic 

field. The combination of plasmonic resonance, photonic bandgap, and magnetic assembly enables 

precise modulation of the optical properties in real time by controlling the interplay between the 

plasmonic and diffraction modes. The magnetic assembly process allows convenient and instant 

organization of Ag@Fe3O4 nanoparticles into chains, the precise manipulation of their interparticle 

separation, and fixation in the elastic polymer matrix with controlled orientation. Photonic films 

of complex patterns could be fabricated with angular-dependent and mechanically tunable optical 

properties, promising for broad applications in color displays, optical devices, and information 

encryption. It is envisioned that more interesting optical properties can be achieved by varying the 

composition and morphology of the plasmonic cores in the hybrid nanostructures.36-37  
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