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Magnetically responsive photonic crystal of graphene-oxide 
nanosheets
Daisuke Ogawa,a Tomoki Nishimura,a Yuta Nishinab and Koki Sano*a

Magnetically responsive photonic crystals of colloidal nanosheets hold great promise for various applications. Here, we 
systematically investigated the magnetically responsive behavior of a photonic crystal consisting of graphene-oxide (GO) 
nanosheets and water. After applying a 12 T magnetic field perpendicular and parallel to the observation direction, the 
photonic crystal exhibited a more vivid structural color and no structural color, respectively, based on the magnetic 
orientation of GO nanosheets. The reflection wavelength can be modulated by varying GO concentration, and the peak 
intensity can be basically enhanced by increasing both the time and strength of the magnetic application. To improve color 
quality, we developed a novel approach of alternately applying a magnetic field to two orthogonal directions, instead of 
using a rotating magnetic field. Finally, we achieved color switching by changing the direction of applied magnetic fields.

Introduction
A photonic crystal, a nanostructure with a periodicity of several 
hundred nanometers, can selectively reflect light based on 
Bragg’s law, resulting in a structural color.1–4 This type of color, 
observed in various organisms and plants, differs from 
absorption-based colors like dyes and pigments.5,6 For instance, 
as represented by tropical fish7,8 and chameleons,9 a structural 
color can be modulated by controlling the nanostructure in the 
photonic crystal.1–4 Additionally, it is known that certain beetle 
fossils maintain their structural color without fading even after 
tens of millions of years.10,11 Due to the color tunability and 
fading resistance, functional photonic crystals will find diverse 
applications in color displays,12,13 sensors,14,15 and printing 
inks.16,17 Recently, photonic crystals composed of colloidal 
nanosheets have attracted much attention as a new class of 
dynamic photonic crystals.18–41 To manipulate their photonic 
properties, it is important to control the orientation of 
nanosheets by applying external stimuli, such as shear 
forces,25,26,38 electric fields,27,28,38–40 and magnetic fields.29–34 
Among these stimuli, a strong magnetic field serves as a 
promising tool because it can be applied (1) in any direction, (2) 
with no limitations on size and shape as long as a sample can be 
placed within a magnetic bore, and (3) in a non-contact manner, 
avoiding damage to a sample.29–34 Additionally, it can 
sometimes orient even diamagnetic nanosheets owing to their 
anisotropy. Indeed, fascinating functions of photonic crystals 
comprising titanate nanosheets have been achieved by the 

control of the nanosheet orientation via a strong magnetic 
field.31–34 Thus, the investigation of magnetic effects on other 
nanosheets in photonic crystals will offer possibilities of 
designing new types of magnetically responsive systems.

Graphene-oxide (GO) nanosheets, an oxidized version of 
graphene, are considered as valuable building blocks for 
creating functional soft materials due to their large-scale 
production, low cost, high functionality, and solution 
processability.42–47 GO nanosheets are negatively charged 
owing to their oxygen-containing acidic groups, including acidic 
hydroxy and carboxy groups, and therefore, they are well 
dispersed in water (Fig. 1a, left). When the electrostatic 
repulsion between the GO nanosheets is enhanced by 
deionization, the periodicity of GO nanosheets expands up to 
several hundred nanometers, resulting in a photonic crystal that 
exhibits a structural color.35–41 Recently, we found that a simple 
addition of an ion-exchange resin to an aqueous dispersion of 
GO nanosheets efficiently generates a photonic crystal (Fig. 
1a).41 Although the magnetic control of the orientation of bare 
graphene and GO nanosheets has successfully led to various 
functional soft materials,48–53 the effect of a strong magnetic 
field on a photonic crystal of bare GO nanosheets has not been 
systematically studied.

Here, we investigated the magnetically responsive behavior 
of a photonic crystal consisting of bare GO nanosheets and 
water. After applying a 12 T magnetic field perpendicular to the 
observation direction, the photonic crystal exhibited a more 
vivid structural color due to the magnetic orientation of GO 
nanosheets (Fig. 1b). The reflection wavelength can be 
modulated by varying GO concentration, and the peak intensity 
can be basically enhanced by increasing both the time and 
strength of the magnetic application. Furthermore, to improve 
color quality, we developed a novel approach of alternately 
applying a magnetic field to two orthogonal directions, instead 
of using a rotating magnetic field.52,53 Finally, we succeeded in 

a.Department of Chemistry and Materials, Faculty of Textile Science and 
Technology, Shinshu University, 3-15-1 Tokida, Ueda, Nagano 386-8567, Japan
E-mail: koki_sano@shinshu-u.ac.jp

b.Research Core for Interdisciplinary Sciences, Okayama University, 3-1-1 
Tsushimanaka, Kita-ku, Okayama 700-8530, Japan

†Electronic Supplementary Information (ESI) available: See DOI: 10.1039/XXXXXXX

Page 1 of 8 Nanoscale



ARTICLE Journal Name

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

achieving color switching of the photonic crystal by changing 
the direction of applied magnetic fields (Fig. 1c). Notably, GO 
nanosheets align parallel to an applied magnetic field, while 
titanate nanosheets, a constituent of a reported photonic 
crystal, align perpendicular to it.31–34 Therefore, our findings will 
provide critical insights into the magnetic controllability of 
photonic crystals of various nanosheets.

Results and discussion
Preparation of a photonic crystal of GO nanosheets

Recently, we developed a facile and reliable method to 
synthesize GO nanosheets with desired countercations through 
a two-step reaction.41 During this work, we discovered that an 
aqueous dispersion of as-prepared GO nanosheets came to 
exhibit a vivid structural color after the addition of an ion-
exchange resin consisting of a strong acid and base to the GO 
dispersion. This method is a simpler and less time-consuming 
compared to the conventional approach of using repetitive 
centrifugation processes.36–38 According to our method,41 an 
aqueous dispersion of as-prepared GO nanosheets, with a 
thickness of ~1 nm and a lateral size of ~1 µm, was purified and 
thoroughly deionized by the ion-exchange resin. During this 
process, the free ions originating from the oxidation/exfoliation 
processes of GO nanosheets were removed, and all 
countercations of the acidic hydroxy and carboxy groups on GO 

nanosheets were converted to protons (Fig. 1a). As a result, the 
electrostatic repulsion between the GO nanosheets was 
enhanced, expanding the periodicity of GO nanosheets enough 
to selectively reflect visible light (Fig. 1b, i). Thus, the 
protonated GO nanosheets ([GO] = 0.3 wt%) formed a photonic 
crystal exhibiting a green structural color (Fig. S1†). Attenuated 
total reflectance (ATR) FT-IR spectra of dried thin films of as-
prepared and protonated GO nanosheets and a field emission 
scanning electron microscopy (FE-SEM) image of protonated 
GO nanosheets are shown in Fig. S2† and Fig. S3†, respectively.

Magnetic orientation of a photonic crystal of GO nanosheets

In order to investigate the magnetic orientability of the 
protonated GO nanosheets, we conducted small-angle X-ray 
scattering (SAXS) measurements at the SPring-8 synchrotron 
radiation facility. The orientation of GO nanosheets ([GO] = 0.1 
wt%) in water was fixed by gelation without the application of a 
magnetic field via photo-polymerization of an acrylic monomer 
and crosslinker. Then, the SAXS measurement of the sample 
was performed to afford an isotropic pattern in the 2D profile, 
indicating a random orientation of GO nanosheets (Fig. 2a, 
upper). On the other hand, when the GO orientation was 
similarly fixed by gelation under a 12 T magnetic field and the 
SAXS measurements were conducted with the incident X-ray 
beam directed perpendicular and parallel to the magnetic 
direction, anisotropic and isotropic patterns were respectively 

Fig. 1 (a) Schematic illustrations of the preparation method for a photonic crystal of graphene-oxide (GO) nanosheets. (b) Schematic illustrations of (i) the 
emergence of a structural color in an aqueous dispersion of GO nanosheets through deionization/protonation by the addition of an ion-exchange resin and 
(ii) the improvement of the structural color through the application of a strong magnetic field along the y-axis. (c) Schematic illustrations of color switching 
of the GO dispersion by changing the directions of applied magnetic fields.
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observed in the 2D profiles (Fig. 2b and 2c, upper). These results 
suggest that the planes of protonated GO nanosheets in water 
align parallel to the applied magnetic field. This orientation 
behavior is consistent with previous studies on the magnetic 
orientability of GO nanosheets.51–53 Typically, aromatic 
molecules, including GO nanosheets, exhibit a significantly 
larger diamagnetic susceptibility perpendicular to their planes 
than in the parallel direction due to their aromatic rings, leading 
their planes to align parallel to a magnetic field.54

Next, we investigated the effect of the magnetic orientation 
of GO nanosheets on the structural color. Before the magnetic 
application, an aqueous dispersion of protonated GO 
nanosheets ([GO] = 0.3 wt%), filled in a 1 mm thick quartz 
cuvette (40 × 10 × 1 mm), exhibited a green structural color and 
its reflection spectrum showed a broad peak (Fig. 2a, lower). 
Subsequently, a 12 T magnetic field was applied to the GO 
dispersion at a room temperature such that the magnetic 
direction was parallel to the front surface of the cuvette (along 
the y-axis). However, it took more than 9 h to complete the 
orientation of GO nanosheets (Fig. S4†). To accelerate the 
orientation time, we conducted the magnetic treatment at 50 
°C as follows. A 12 T magnetic field was applied to the GO 
dispersion at 50 °C for 3 h such that the magnetic direction was 
parallel (along the y-axis) and perpendicular (along the z-axis) to 
the front surface of the cuvette. After cooling to around a room 
temperature for 30 min and removing the magnetic field, we 
observed the structural color and measured its reflection 
spectrum. The GO dispersion after the magnetic treatment 
along the y-axis displayed a more vivid green structural color, 
and its reflection spectrum showed a more intense peak (Fig. 

2b, lower). These results are attributed to the increased number 
of planes of GO nanosheets oriented perpendicular to the 
observation direction (z-axis) by the magnetic treatment (Fig. 
1b, ii). Such a magnetic orientation behavior of GO nanosheets 
was confirmed by the above-mentioned SAXS measurements 
(Fig. 2a and 2b, upper) and polarized optical observations under 
crossed Nicols (Fig. S5a and S5b†). When the samples were 
rotated around the z-axis, bright birefringence was always 
observed in the sample before the magnetic application (Fig. 
S5a†), while the bright/dark contrast of the image changed at 
every 45° in the sample with the magnetic treatment along the 
y-axis (Fig. S5b†). It should be noted that not all GO nanosheets 
align perpendicular to the observation direction (z-axis) 
because the planes of GO nanosheets align parallel to the 
direction of the applied magnetic field (y-axis) but can rotate 
around the magnetic direction (y-axis). After the removal of the 
magnetic field, the reflection peak intensity remained stable for 
around 25 h, and then gradually decreased due to the 
orientational relaxation of the GO nanosheets (Fig. S6†). When 
the GO dispersion was magnetically treated along the z-axis, 
almost all planes of GO nanosheets aligned parallel to the 
observation direction (z-axis) and visible light could not be 
reflected to the z-axis direction. As a result, the structural color 
of the GO dispersion disappeared, and its original brown color 
was observed, with no peak in its reflection spectrum (Fig. 2c, 
lower). Such a magnetic orientation behavior of GO nanosheets 
was confirmed by the above-mentioned SAXS measurements 
(Fig. 2c, upper) and polarized optical observations under 
crossed Nicols, where upon the rotation of the samples around 
z-axis, bright birefringence was always observed (Fig. S5c†).

Fig. 2 (a–c) Schematic illustrations of the orientation of GO nanosheets and 2D SAXS profiles of gel samples of GO nanosheets ([GO] = 0.1 wt%) fixed by 
photo-polymerization of acrylic monomers and crosslinkers (upper) and reflection spectra (lower) with optical images (inset) of photonic crystals of GO 
nanosheets ([GO] = 0.3 wt%) prepared without a magnetic application (a) and with a 12 T magnetic application along the y-axis (b) and z-axis (c).
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Tunability of a photonic crystal of GO nanosheets

First, we studied the effect of concentration of GO nanosheets 
([GO]) on the structural color. By varying the GO concentration 
from 0.42 to 0.21 wt%, the structural color of GO dispersion 
after the magnetic treatment along the y-axis changed from 
blue to green to red (Fig. 3a). The reflection wavelength was 
modulated from 425 to 660 nm, maintaining a sharp peak in 
their reflection spectra (Fig. 3b). According to Bragg’s law, the 
red shift of a structural color is derived from the expansion of 
the nanosheet periodicity upon the decrease of the GO 
concentration due to the strong electrostatic repulsion 
between GO nanosheets.

Next, we systematically investigated the effects of the time 
(0.5–3.5 h) and strength (0–12 T) of the applied magnetic field 
on the structural color. The magnetic application time was 
varied as follows. (1) The 12 T magnetic field was applied to the 
GO dispersion ([GO] = 0.3 wt%) at 50 °C for 30 min such that the 
magnetic direction was parallel to the front surface of the 
cuvette (along the y-axis) and was allowed to cool down to 
around a room temperature for 30 min. (2) After the removal of 
the magnetic field, the reflection spectrum of the sample was 
measured. (3) This process was repeated to change the total 
magnetic application time at 50 °C (0.5–3.5 h). The result 
suggests that the peak intensity of the structural color increased 
with the longer magnetic application time (Fig. 4a) and reached 
to almost a plateau after 2 h (Fig. 4c). However, we observed 
that the further magnetic application more than 6 h decreased 
the peak intensity (Fig. S7a†), possibly because of the heat-
induced generation of ionic species, as confirmed by 
conductivity measurements (Fig. S7b†), and/or gravity-induced 
orientational changes. By the deionization using an ion-
exchange resin for 1 h, we successfully removed the ionic 
species (Fig. S7b†), leading to the recovery of the structural 

Fig. 4 (a–d) Reflection spectra (a,b) and plots of peak intensity in the 
spectra (c,d) as a function of the application time of a 12 T magnetic field 
at 50 °C (a,c) and the magnetic strength with an application time of 3 h 
(b,d) using a photonic crystal of GO nanosheets ([GO] = 0.3 wt%) with the 
magnetic treatment along the y-axis.

Fig. 3 (a) Optical images and (b) corresponding reflection spectra of 
photonic crystals of GO nanosheets with different concentrations 
([GO] = 0.21–0.42 wt%) after the magnetic treatment along the y-axis.
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color (Fig. S7a†). When the magnetic field along the y-axis with 
different strength (0–12 T) was similarly applied to the GO 
dispersion ([GO] = 0.3 wt%) at 50 °C for 3 h and was cooled down 
to around a room temperature for 30 min, the peak intensity of 
the structural color increased with the larger strength of 
magnetic application (Fig. 4b and 4d).

Color switching of a photonic crystal of GO nanosheets

As explained above, the magnetic application in one direction 
cannot cause all GO nanosheets to align perpendicular to the 
observation direction because of the free rotation of the planes 
around the magnetic direction. If all GO nanosheets align 
perpendicular to the observation direction, they will collectively 
reflect light, resulting in a more intense and homogeneous 
structural color. It is known that such an ideal uniaxial 
orientation of GO nanosheets can be achieved by using a 
rotating magnetic field, although a special setup is generally 
required.52,53 Therefore, we developed an alternative approach 
of alternately apply a magnetic field to two orthogonal 
directions.

To confirm the effectiveness of this approach, we applied a 
12 T magnetic field to the GO dispersions ([GO] = 0.3 wt%) at 50 
°C, where the magnetic directions were as follows: (i) along the 
y-axis for 30 min, (ii) initially along the y-axis for 10 min, 

switched to the x-axis for 10 min, and finally returned to the y-
axis for 10 min, and (iii) initially along the y-axis for 6 min, 
switched to the x-axis for 6 min, to the y-axis for 6 min, to the x-
axis for 6 min, and finally returned to the y-axis for 6 min (Fig. 
5a). After these processes, the samples were allowed to cool 
down to around a room temperature for 30 min, and the 
subsequent measurements were performed after the removal 
of the magnetic field. By increasing the number of changes in 
the magnetic directions, the peak intensity of the structural 
color increased in its reflection spectrum (Fig. 5c), and the 
appearance of the structural color became more homogeneous 
(Fig. 5d). As expected, these changes can be attributed to the 
increased number of planes of GO nanosheets oriented 
perpendicular to the observation direction (z-axis) as shown in 
Fig. 5b. Such a magnetic orientation behavior of GO nanosheets 
was confirmed by polarized optical observations under crossed 
Nicols (Fig. 5e), where upon the rotation of the samples around 
z-axis, the bright/dark contrast of the image changed at every 
45° for the process (i), while the relatively dark and 
homogeneous image is always observed for the process (iii).

Finally, we aimed to achieve color switching of a photonic 
crystal of GO nanosheets (Fig. 1c). Initially, a 12 T magnetic field 
along the z-axis was applied to the GO dispersion ([GO] = 0.3 
wt%) at 50 °C for 30 min and was cooled down to around a room 

Fig. 5 (a) Magnetic application processes (i–iii) for improving the quality of 
a structural color. A 12 T magnetic field is alternately applied along the y- 
and x-axis directions with a total magnetic application time of 30 min at 
50 °C. (b) Schematic illustrations of the orientation of GO nanosheets after 
processes (i) and (iii). (c) Reflection spectra, (d) optical images, and (e) 
polarized optical images of a photonic crystal of GO nanosheets ([GO] = 
0.3 wt%) after processes (i–iii).

Fig. 6 (a) Magnetic application processes (iii–iv) and their schematic 
illustrations for color switching. (b) Optical images (upper) and 
corresponding reflection spectra (lower) of a photonic crystal of GO 
nanosheets ([GO] = 0.3 wt%) after repeating processes (iii) and (iv).
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temperature for 30 min (process (iv) in Fig. 6a). Since almost all 
planes of GO nanosheets aligned parallel to the observation 
direction (z-axis), the structural color was not detected, and the 
original brown color was observed (Fig. 6b). After the magnetic 
treatment of the sample with the above-mentioned process (iii) 
in Fig. 5a and Fig. 6a, the vivid green structural color appeared 
(Fig. 6b) because almost all planes of GO nanosheets aligned 
perpendicular to the observation direction (z-axis). This color 
switching can be repeated for three cycles (Fig. 6b), during 
which we observed a decrease in the peak intensity as the cycle 
numbers increased. This change might also be attributed to the 
heat-induced generation of ionic species and/or gravity-
induced orientational changes (Fig. S7†). To address this issue, 
we performed deionization of the photonic crystal of GO 
nanosheets using an ion-exchange resin and successfully 
achieved the fully reversible color switching, indicating the 
potential for further color switching (Fig. S8†).

Conclusions
In summary, we have systematically investigated the 
magnetically responsive behavior of a photonic crystal 
consisting of GO nanosheets and water. After applying a 12 T 
magnetic field along the y-axis, it exhibited a more vivid green 
structural color compared to its pre-treatment state because of 
the increased number of planes of GO nanosheets oriented 
perpendicular to the observation direction (z-axis). On the other 
hand, when the photonic crystal was magnetically treated along 
the z-axis, almost all planes of GO nanosheets aligned parallel 
to the observation direction (z-axis), resulting in the 
disappearance of the structural color and the observation of its 
original brown color. We also found that the reflection 
wavelength of structural color can be modulated from 425 to 
660 nm by varying the GO concentration from 0.42 to 0.21 wt%. 
Furthermore, the peak intensity of structural color can be 
basically enhanced by increasing both the time and strength of 
the magnetic application. To achieve a superior quality of the 
structural color by orienting all GO nanosheets perpendicular to 
the observation direction (z-axis), we developed a novel 
approach of alternately applying a magnetic field to two 
orthogonal directions (x- and y-axes), instead of using a rotating 
magnetic field.52,53 This approach successfully realized the ideal 
uniaxial orientation of GO nanosheets and improved the quality 
of the structural color. Finally, we accomplished color switching 
of the photonic crystal by changing the direction of applied 
magnetic fields.

Compared to typical responsive photonic crystals, the 
photonic crystal of GO nanosheets offers several advantages as 
follows. (1) Constituent: GO nanosheets can be synthesized in a 
large scale and are commercially available. (2) Preparation 
method: The photonic crystal can be easily prepared by simply 
adding an ion-exchange resin to an aqueous dispersion of GO 
nanosheets. (3) Functionality: The functionalization of GO 
nanosheets could impart additional functions to the photonic 
crystal. This work demonstrates the utility of a magnetic field as 
a useful tool for controlling the orientation of nanosheets and 
the resultant photonic properties. Although the direct use of a 

12 T magnetic field might be challenging in practical 
applications, there is a significant potential to reduce the 
necessary magnetic intensity for manipulating a photonic 
crystal of GO nanosheets without a superconducting magnet. In 
such a scenario, our work could provide fundamental insights 
into magnetic manipulation, leading to various applications, 
such as color displays,12,13 sensors,14,15 and printing inks.16,17 We 
believe that these findings will also contribute to expanding the 
design possibilities of magnetically responsive colloidal systems 
as well as dynamic photonic crystals composed of various 
nanosheets.

Experimental section
General and materials

A Cryogenic model CFM-12T-100-H3 superconducting magnet 
with a bore of 100 mm was used for the magnetic orientation 
of GO nanosheets. A TOMY model CAX-571 centrifuge with a 
TOMY model CA-16 rotor and a Qsonica model Q125 sonicator 
were used for the purification of GO nanosheets. Attenuated 
total reflectance (ATR) FT-IR spectra were recorded on a JASCO 
model FT/IR-6600 spectrometer. Reflection spectra were 
recorded with an incident light angle of 5° at a room 
temperature on a JASCO model V-770 spectrophotometer with 
a JASCO model ARSN-917 manual absolute reflectance 
measurement unit. Field emission scanning electron 
microscopy (FE-SEM) was performed by using a JEOL model 
JSM-IT800SHL. Conductivity was measured by a Horiba model 
DS-71E conductivity meter. Water was provided by a Millipore 
model Milli-Q IQ 7003 water purification system. All reagents 
were used as received from Tokyo Chemical Industry (TCI) [N,N-
dimethylacrylamide, N,N'-methylenebisacrylamide, 2-hydroxy-
4'-(2-hydroxyethoxy)-2-methylpropiophenone] and Sigma-
Aldrich (AmberLite MB mixed ion exchange resin). According to 
the literature procedure,45 an aqueous dispersion of GO 
nanosheets was prepared.

Preparation method of a photonic crystal of GO nanosheets

A photonic crystal of GO nanosheets was prepared as follows.41 
Typically, an aqueous dispersion of as-prepared GO nanosheets 
([GO] = ~0.5 wt%) in a 50 mL centrifuge tube was purified by 
centrifugation at 6,000g for three times and sonicated for 5 min. 
Then, we added a 5 wt% ion-exchange resin (AmberLite MB 
mixed ion exchange resin, Sigma-Aldrich) to the GO dispersion 
and the dispersion was slowly shaken for more than 24 h. 
During this process, the free ions originating from the 
oxidation/exfoliation processes of GO nanosheets were 
removed, and all countercations of the acidic hydroxy and 
carboxy groups on GO nanosheets were converted to protons 
(Fig. 1a). As a result, the electrostatic repulsion between the GO 
nanosheets was enhanced, resulting in a photonic crystal that 
exhibits a structural color.

Small-angle X-ray scattering (SAXS) measurements

The SAXS measurements were carried out at the BL40B2 
beamline of SPring-8 synchrotron radiation facility (Hyogo, 
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Japan) using the incident X-ray of 1.0 Å wavelength and a 25.4 
× 28.9 cm2 photon-counting detector (PILATUS3 S 2M) with the 
sample-to-detector distance of 2.1 m. The orientation of GO 
nanosheets ([GO] = 0.1 wt%) in water was fixed by gelation 
without the application of a magnetic field (Fig. 2a, upper) and 
with the application of a 12 T magnetic field for 10 min along 
the y-axis (Fig. 2b, upper) and z-axis (Fig. 2c, upper), through in 
situ photo-polymerization for 30 min by using an acrylic 
monomer (N,N-dimethylacrylamide; 10 wt%), crosslinker (N,N'-
methylenebisacrylamide; 0.1 wt%), and photoinitiator (2-
hydroxy-4'-(2-hydroxyethoxy)-2-methylpropiophenone; 1 
wt%). The resultant 1 mm thick hydrogel samples were 
subjected to SAXS measurements with the incident X-ray beam 
directed perpendicular to the front surface of the gel samples.

Magnetic orientation of a photonic crystal of GO nanosheets

After the following magnetic orientations, subsequent observations 
and measurements were performed after cooling down to around 
a room temperature for 30 min and removing the magnetic 
field. For Fig. 2b and 2c, lower, a 12 T magnetic field was applied to 
a photonic crystal of GO nanosheets ([GO] = 0.3 wt%) in a 1 mm thick 
quartz cuvette (40 × 10 × 1 mm) at 50 °C for 3 h such that the 
magnetic direction was parallel (along the y-axis) and 
perpendicular (along the z-axis) to the front surface of the 
cuvette, respectively. For Fig. 3, a 12 T magnetic field was similarly 
applied to a photonic crystal of GO nanosheets ([GO] = 0.21–0.42 
wt%) after the magnetic direction parallel to the front surface of 
the cuvette (along the y-axis). For Fig. 4a and 4c, the magnetic 
orientation was performed as follows. (1) A 12 T magnetic field 
was applied to a photonic crystal of GO nanosheets ([GO] = 0.3 wt%) 
at 50 °C for 30 min along the y-axis and was allowed to cool down to 
around a room temperature for 30 min. (2) After the removal of the 
magnetic field, the reflection spectrum of the sample was measured. 
(3) This process was repeated to change the total magnetic 
application time at 50 °C (0.5–3.5 h). For Fig. 4b and 4d, a magnetic 
field along the y-axis with different strength (0–12 T) was 
similarly applied to a photonic crystal of GO nanosheets ([GO] 
= 0.3 wt%) at 50 °C for 3 h. For Fig. 5, a 12 T magnetic field was 
applied to a photonic crystal of GO nanosheets ([GO] = 0.3 wt%) at 
50 °C, where the magnetic directions were as follows: (i) along the 
y-axis for 30 min, (ii) initially along the y-axis for 10 min, 
switched to the x-axis for 10 min, and finally returned to the y-
axis for 10 min, and (iii) initially along the y-axis for 6 min, 
switched to the x-axis for 6 min, to the y-axis for 6 min, to the 
x-axis for 6 min, and finally returned to the y-axis for 6 min. 
For Fig. 6, a 12 T magnetic field along the z-axis was initially 
applied to a photonic crystal of GO nanosheets ([GO] = 0.3 
wt%) at 50 °C for 30 min and was cooled down to around a 
room temperature for 30 min (process (iv) in Fig. 6a). Next, a 
12 T magnetic field was applied to the sample according to the 
above-mentioned process (iii) in Fig. 5a and Fig. 6a. These two 
magnetic orientations were alternately repeated for three 
cycles.
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