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Magneto-optically active magnetoplasmonic graphene

Magnetoplasmonic graphene (PMGRP) decorated with Au NPs
and MNPs showed excellent magneto optical activity. And this
two-dimensional nanocomposite with magnetic and optical
property can contribute to various fields such as memory or
optoelectronic devices, sensing platforms, energy harvesting,
and biomedical MO devices.
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Two-dimensional nanocomposites with magnetic and optical properties
were investigated for novel magneto-optical (MO) applications. Such an
MO effect could be induced and enhanced by synergistic properties with
magnetic and plasmonic coupling. In this study, magnetoplasmonic
graphene (MPGRP) decorated with Au nanoparticles (NPs) and magnetic
NPs (MNPs) was simply prepared as a 2D MO active material. This MPGRP
exhibited superparamagnetic behaviour at room temperature and strong
MO activity, resulting from magnetic spin from the MNPs and electron
spin from the Au NPs on one graphene sheet, which is beneficial for
memory or optoelectronic devices, sensing platforms, energy harvesting,
and biomedical MO devices.

Synergistic characteristics of assembled nanostructures such as
plasmonic coupling, surface-enhanced Raman scattering (SERS),
and magneto-optical (MO) properties have attracted attention.'”
Nanocomposites with two-dimensional (2D) magnetic and optical
properties are particularly unique because their electron- and spin-
oriented structure can induce light polarization via the MO effect
under a magnetic field. The phenomenon of light polarization
could be induced by structural orientation of plasmonic or fluor-
escent materials such as chiral-oriented Au nanorods,™” assembly
of plasmonic nanoparticles (NPs)/chiral materials,’ chiral graphene
QDs’ and so on. On the other hand, in order to improve such an
interesting and useful optical phenomenon, the magnetoplasmonic
effect has been introduced,® and several MO materials have been
investigated including graphene (GRP) based 2D structure, mag-
netic/plasmonic hybrid materials and so on.>! In particular, GRP
could contribute a small portion of the magnetoplasmonic effect due
to its plasmonic excitation." Thus, GRP could tune the MO effect
eventually via Faraday rotation, even if it does not have magnetic
properties.” Indeed, such MO-active materials can be applied for
various applications, not only for light polarizers but also for memory
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storage devices, magnetic field sensors, and non-linear optical
devices."*™® Thus, many researchers have desired to develop new
hybrid 2D structures that possess MO activity,">"” and NP-decorated
GRP has been regarded as a potential candidate. However, the
decoration process is complex and requires harsh chemical and
physical processes such that generally, a single type of NP-decorated
GRP has been developed using a metal or metal oxide."**" In our
study, a magnetoplasmonic graphene (MPGRP) sheet was success-
fully produced with both Au NPs and magnetic NPs (MNPs) at
room temperature via a simultaneous exfoliation and reduction
mechanism, ie., both Au NPs and MNPs were bound onto the
graphene surface, where oxidizable gallic-acid-modified MNPs
(GA-MNPs) were used as a reducing agent.”” The two-step reaction
of the MPGRP synthesis process is illustrated in Fig. 1: (I) 7 electrons
induce binding of Au®* ions onto the graphene surface during
sonication, and (II) the Au ions are subsequently converted into Au
NPs on the graphene surface via oxidizable GA-MNPs, which serve
as a mild reducing agent. At the same time, the benzene rings on
GA-MNP lead to a n-7 interaction between the graphene surface and
MNPs. Finally, binary NP-decorated graphene with Au NPs and
MNPs can be produced. The detailed synthesis process of MPGRP
is described in the ESI.{ The GA-MNPs exhibit an average diameter
of 12 nm (Fig. S1, ESI{); the carboxylic part of GA is attached to
the MNP surface, and the three unbound hydroxyl groups of GA
prevent the agglomeration of the GA-MNPs and reduce the Au®*
ions into Au-NPs.

Fig. 2a and b present the electron microscopy images of the
MNPs and Au NP-decorated graphene. All the particles are
widely dispersed on the graphene surface. Because the electron
density on the surface of the Au NPs is higher than that of the
MNPs, the Au-NPs appear to be darker than the MNPs in the
transmission electron microscopy (TEM) images, and the gra-
phene layer appears to be transparent. In the scanning electron
microscopy (SEM) images of the graphene flakes and MPGRP, a
clean surface of graphene is observed before the reaction,
whereas a large number of NPs are found on both surfaces of
the exfoliated graphene layers (Fig. 2¢c). In the SEM image, two
different NPs (red and brown arrows) are also observed, which
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Fig. 1 Schematic illustration of MPGRP preparation via a two-step approach.

corresponds well to the TEM images. In addition, the plasmonic
properties of the MPGRP were monitored using UV-vis spectro-
scopy and Raman spectroscopy. Typically, the plasmonic peak of
Au NPs is clearly observed at approximately 525 nm; however, in
this case, a broad absorption band appears at approximately
510-650 nm (Fig. 2d). In addition, this spectrum appears to
exhibit tailing behaviour. It is assumed that the main resonance
spectrum may have merged with a second plasmonic band in the
MPGRP hybrid structure. Generally, the presence of a second
band is associated with plasmonic interactions among the noble
metallic NPs, e.g., in the longitudinal direction of one-dimensional
nanostructures.'®>*>* Because graphene possesses w electrons,
plasmonic coupling can occur between two Au NPs. This means
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that an interaction between m electrons on the GRP structure
and the plasmon based electron cloud of an individual Au NP
could occur by orbital overlap, and as a result, plasmonic
coupling between closely located Au NPs could be occurred
through m electrons on GRP.>*** In addition, the solution
turned purple when iron was combined with GA, thus implying
that this absorption band was merged with the Au plasmonic
band. Therefore, the absorption band of the MPGRP was wide
and broad. Fig. 2e presents the Raman spectra of graphene and
MPGRP at an excitation wavelength of 514 nm. In both spectra, a
D peak at 1340 cm ™' and a G peak at approximately 1580 cm ™"
were observed. The intensity of the spectrum of the MPGRP (red
line) was four times greater than that of the graphene flakes
(black line). It is probable that this SERS effect was induced by
the Au NPs on the graphene surface.”**® The magnetization of
the MPGRP was measured using a superconducting quantum
interference device (SQUID) at room temperature (300 K) and
under liquid He (4.2 K) between —30 kOe and 30 kOe. Under
both conditions, the M-H relationship consisted of a non-linear
and reversible hysteresis loop. In Fig. 2f, when the applied
magnetic field is zero, the remanence effect is 1.06 emu g~ " at
300 K. In this case, the coercive force of the MPGRP was
measured to be approximately 17.8 Oe. At 4.2 K (in Fig. S2,
ESIt), there was an approximately ten-fold increase in the
remanence effect (10.5 emu g~ '); the coercive force also exhibited
the same tendency (198.3 Oe). Therefore, the dual-decorated
nanocomposite in this study clearly exhibited superpara-
magnetic behaviour. In addition, MPGPR movement was also
observed depending on the magnetic field. In Fig. 1f (inserted
image), the MPGRP is dispersed in deionized (D.I.) water with-
out a magnetic bar; however, when the magnetic bar is near the
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Fig. 2 TEM images of the MPGRP at (a) low magnification (x15k) and (b) high magnification (x300k), (c) SEM image of the MPGRP, where the red and
brown arrows represent the Au-NP and MNP, respectively, and the yellow arrow represents NPs located on the opposite face of graphene (inset: pristine
graphene flake). (d and e) UV-vis and Raman spectra of MPGRP. (f) SQUID hysteresis loops of MPGRP at 300 K (inset: photographs showing the

movement of MPGRP in the absence/presence of a magnet).
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nanocomposite, the MPGRP is attracted to the magnet because
of its superparamagnetism. The MO properties of the newly
synthesized MPGRPs were then carefully characterized. The
magneto-optical activity of the MPGPR was evaluated using
magnetic circular dichroism (MCD) measurements (Fig. 3a).
First, the GA-MNPs and MPGRP were dispersed in D.I. water, and
MCD was subsequently measured (Fig. 3b and c). The GA-MNPs
did not exhibit chirality without a magnetic field (Fig. 3b, blue
spectrum). However, under an applied magnetic field of 1.4 T,
polarity occurred where three major MO transitions took place:
[Fe*"ltny — (Fe’*)t,, at approximately 485 nm; (Fe*')t, [Fe®‘Je,, at
approximately 350 nm; and [Fe *Je,, — (Fe®")t,, at approximately
305 nm, which originated from the MNP.>*>®

The MCD signal changes depending on the direction of the
magnetic field (NS and SN); however, the spectra are clearly
symmetric.>® The intensities of the spectra are also similar. Free
spins in the ferrous sites of Fe;0, magnetic particles are known
to induce a magnetic moment.*® Thus, these spins are moved
up and down by an external magnetic force. In Fig. 3b, the two
green arrows at 241 and 456 nm indicate that the spin rotation is
zero because the polarity is 0 mdeg.” Specifically, magnetically
polarized spins (through the external magnetic field) do not
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Fig. 3 (a) lllustration of MO activity measurement, (b) MCD spectra of GA-MNP
and (c) MPGRP in D.I. water as a solution phase, (d) MCD spectra of GA-MNP and
(e) MPGRP in PAA films under an applied magnetic field of 1.4 T.
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interact with the incident light of these wavelengths. Regardless
of the magnetic field direction (NS <> SN), the zero points of the
rotation of the polarized spins are identical. The MPGRP MCD
spectra are similar to those of the GA-MNP case, and the
behaviour of its transitions was measured, as shown in Fig. 3c.
However, the zero points of the rotation of the polarized spins
vary depending on the direction of the applied magnetic fields.
In detail, the cross points (green arrows in Fig. 3c) of the two
spectra are not at 0 mdeg but at —2 and 0.5 mdeg, respectively,
and the wavelengths also shift from 241 nm (for GA-MNP) to
245 nm (for MPGRP) and from 457 nm (for GA-MNP) to 465 nm
(for MPGRP) due to the localized surface plasmons on the
MPGRP structure.®’ Furthermore, the absolute value of the
intensity varies depending on the magnetic field direction.
When the magnetic field is in the N/S direction, the highest
intensity is approximately 29 mdeg, whereas in the S/N direction,
the highest intensity is —35 mdeg. In general, the MO transition
of the Au-NPs is observed near the plasmonic absorption wave-
length range even though the MO contribution of the Au NPs is
not clearly observed for the solution used in this study
(Fig. 3¢).>*** On the other hand, graphene does not possess
magnetic properties. Thus, its MCD spectra signal is not as
strong as that of a magnetic nanoparticle (Fig. S3a, ESIT).
Nevertheless, depending on the magnetic field direction (N/S,
N/S), the MCD spectra of graphene showed different behaviour
around 300 nm (blue arrow). Eventually, according to the UV/vis
spectrum of graphene (Fig. S3b, ESIf), electron transition
(energy level transition) of graphene could be monitored around
300 nm (green arrow). This means that electrons in this region
might interact with the external magnetic field and as a result, a
weak MCD signal of graphene could be measured depending on
the magnetic field. On the other hand, the MPGRP could freely
move in D.I. water via an external magnetic force. Thus, the
observation of the solution-based MCD may not be accurate.
Thus, to prevent this type of behaviour, the MO activity of the
MPGRP was measured in its film form. To prepare the transpar-
ent film, the GA-MNP or MPGRP was mixed with polyacrylic acid
(PAA) and subsequently solidified. The GA-MNP film exhibited
MCD spectra similar to the solution spectra (Fig. 3d). However,
the MPGRP film produced a completely different spectrum from
that of the solution. For example, the MO activity did not behave
in an opposite manner when the direction of the magnetic field
was changed (Fig. 3e), and an abnormal spin movement was
exhibited. In the film, the MO contribution of the Au-NPs was
clearly observed, and the MCD spectra correlated with the UV-vis
spectrum of the MPGRP (Fig. 3e, blue arrow). Furthermore, the
MO effect of the MPGRP was obviously exhibited. Thus, it is clear
that the spins of the MNPs strongly interacted with the plasmon
resonance of graphene and Au NPs.

Fig. 4a and b present the sum value of the NS- and SN-
polarized spin rotation angles from the response of MCD. The
intensity of the MPGRP spectrum is greater than that of the
GA-MNP spectrum because of its electromagnetic field. This
phenomenon can be explained by the MO effect and Faraday
rotation (FR). The MO effect occurs through the interaction
between electromagnetic waves and the medium in a magnetic

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 (a) Solution cases (free motion is available) and (b) PAA film cases
(a rigid environment) under an applied magnetic field of 1.4 T.

field. In addition, this MO effect can be enhanced by a composite
containing both a plasmonic material and a magnetic material.
The FR of the material varies in left-polarized and right-polarized
light around the magnetic field. As previously mentioned, the
MPGRP possesses both magnetic and plasmonic properties; ie.,
the MNPs possess free electrons that produce the magnetic
properties at the d-orbital of the ferric site, whereas graphene
and Au NPs possess plasmonic properties. In particular, the
greatest difference (indicated by the arrow in Fig. 4b) between
the spectra obtained under differently polarized light was
located at a similar wavelength to that of the plasmonic absorp-
tion of the Au-NPs. Both the plasmonic and magnetic factors can
interact with the incident light in the magnetic field, which
produces the difference in the light polarizability observed in
this system. Therefore, it can be concluded that the MPGRP is an
MO-active material.

In conclusion, MO-active MPGRP was successfully synthesized
via a GA-MNP-assisted synthesis route without any thermal assis-
tance or the use of harsh reducing agents. The MO effect of the
MPGRP was observed by MCD measurements. In a magnetic field,
the MPGRP induces light polarization. Consequently, the MPGRP
possesses a unique MO effect and has excellent prospects for use
in applications such as memory devices, sensors, displays,
optoelectronic devices, energy-harvesting devices, MRI equipment,
and hyperthermia applications.
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