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Abstract

We report on a new magneto-plasomonic materialisting of 1-nm thick ferromagnetic
nanosheets and Au nanoparticles. The magneto-bifhita) Kerr spectra of TigCaqy 0,
nanosheets near Au surfaces show a gigantic MConesp(~160 deg/cm) in the visible
wavelength region (380-600 nm), not present insJdd O, nanosheets on a bare glass
substrate. The observed peaks correspond to iiatrisksd* electronic transitions in
TipsCoy 0, nanosheets and is consistent with the near-fieldaecement of the MO
response resulting from the spectral overlap ofstindace-plasmon-resonace (SPR) in the
Au surface with the electronic transition ing o0, Similar SPR effects are also
achieved in ferromagnetic nanosheet/Au with différeompositions and with different
separation distances (< 5 nm). This demonstratfoBRiR-enhanced magneto-optics in the
ferromagnetic/plasmonic nanosystem may enable esif nanoarchitectures for
miniaturized high-performance MO devices and fono&e sensing and imaging of magnetic
fields.
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Surface plasmon is a coupled mode of electromagnetives and collective
oscillations of free electrons in metallic nanostaes, which is accompanied by an
evanescent near fieldManipulating the surface plasmon in nanostructurederials are
now central problems of the growing field of plasios??® in particular, enhancing the
surface plasmon, a phenomenon termed as surfacengma resonance (SPR), is of
importance for the basis of surface-enhanced Rastaitering (SERS)? biosensind,
electromagnetic waveguidé,and subwavelength lithographyhe overwhelming majority
of current SPR studies has focused on Au or Ag paricles because these metals have
suitable optical constants for applications witkibie-wavelength light® However, once
the size, morphology, and composition of a nanctitre have been fixed, it is difficult to
change or control the SPR properties by externalnsewhich would be desirable for the
development of active plasmonic nanodevices.

Magnetic materials combined with the plasmonic cttrte are appealing for new
applications in plasmonics because they open upadlsibility of using external magnetic
fields in plasmonic devices. In such nanostructures, their optical propertibsnge
markedly even with a weak magnetic field. A str@mhancement of the magneto-optical
(MO) properties is also possible due to the strelegtro-magnetic field associated with the
localized SPR. Several attempts to develop thes#skof nanostructures have been carried
out by forming continuous thin films of Au/Co/Au ttilayers?** More recently, the



enhancement of the MO response due to the locaB®i effects has also been found in
magnetic films integrated with Au nanopartictésAu/Co/Au nanosandwich structures,
and core-shell nanoparticl&sin these nanostructures, however, the enhancemeors of
the MO response lie in the range of 2 — 3, whicmigh smaller than other SPR phenomena
like SERS (of 10— 1(). Here, we show a new platform for magneto-plasmesfiects,
where a gigantic SPR effect (of >3L0bn the MO activity occurs when 1-nm thick
ferromagnetic nanosheets (€0, ;0,) are placed in the proximity to Au surfaces.

Ferromagnetic nanosheet is a new class of ferroatdgased on two-dimensional (2D)
nanosheet derived from layered titanate by exiolit'® 2D nanosheets, which possess a
molecular dimension (~ 1 nm) in the thickness aadeha micrometer length in the plane
(Figure 1a), are emerging as an important ferrom@gmanomaterial because of their
room-temperature ferromagnetism (~1.4/Co)'’ and robust MO response (<1feg/cm)
in the ultraviolet wavelengtlf. Due to their highly 2D anisotropy and colloidalturz,
nanosheets can be organized into various assensbiidsas multilayers, superlattices, and
heterostructures, through which we can controlfffeshhe cooperative interaction between
organized components. These features make ferratiagmnosheet an ideal system for
studying magneto-plasmonic effeatsg, by forming nanofilms of ferromagnetic nanosheets
onto Au nanoparticles. In this way, we can contha spatial localization of the electro-
magnetic field in 1-nm thick ferromagnetic nanosbgepromoting the near-field
enhancement of the MO process. Here, we demonslratein such a magneto-plasmonic
nanostructure, the strong confinement of the aettagnetic field in 1-nm thick
ferromagnetic nanosheets causes a gigantic enhantemlG) of the MO properties.
Moreover, the MO properties are strongly linkedlte SPR spectrum, which can be tuned
by modifying of the composition of ferromagneticaheets.

The nanostructured films composed of 1-nm thickdimagnetic monolayer on Au
nanoparticles were fabricated by a self-assemblycgss (Figure 1b). Au colloidal
nanoparticles, prepared by chemical reduction ofulj using sodium borohydride and
sodium citrate, were immobilized to a glass subsifaAu nanoparticles formed are nearly
monodispersed with the average diameter of ~50 Amcolloidal suspension of
ferromagnetic nanosheet {FC0,-0,) was used to deposit ferromagnetic monolayer by
Langmuir-Blodgett techniqd® on the Au-coated substrates. X-ray photoelectron
spectroscopy was used to identify the compositiothe assembled films (Figure 1c¢). The
film of TiygCayO./Au exhibited many peaks, which can be assignéd,t€o, O, C, and N
from film components as well as Au and Si from shéstrate.

The plasmonic and MO properties were analyzed byidNle spectroscopy and MO
Kerr spectroscopy, respectively. The MO Kerr effamtsisted of a change in the reflectivity
of the magnetic material when a magnetic field wpplied. In particular, we employed a
polar Kerr configuration (Figure 2a) in which thexgmetic field was perpendicular to the
films. In this configuration, the light reflected/ the magnetized sample was subject to a
rotation of the polarization plane and a changellipicity state with respect to the incident
linearly polarized light! The main data were obtained from the nanostrustcoenposed of
ferromagnetic TjsCay O, nanosheet on Au nanoparticlesyElo, O./Au). Complimentary
data were obtained by another ferromagnetic nam:ﬂﬁ'a_75Coo_lgFa)_102).22

Figure 2b shows extinction spectra for monolaydmdi of TiysCaqy O, nanosheet
deposited on Au-coated and bare glass substratesmbnolayer higCay O, film without
Au does not show any strong absorption in the ldsikbgion. In T§sCayO./Au, on the
contrary, a visible absorption band develops at0~6(), which can be attributed to the
localized SPR of the Au nanopatrticles. A charastiericolor of the SPR is also seen in the
photograph (the inset of Figure 2b).

In Figure 2c, we display magnetic circular dichneidMCD) spectra for the same films
as Figure 2b. The spectrum of a 10-layeredQa, O, film on a bare glass substrate is also
included for a reference. MCD is proportionalAae, which is the difference between the
left-hand and right-hand circular polarization aipsion coefficients. The 10-layered
Tio.eCy 0, film without Au shows MCD peaks near the bandgagion (~300 nm) due to
the Zeeman splitting of the €03d band!"*® whereas no well-resolved feature can be
discerned in the monolayer ¢BC0y50, film. In TipgCaqy,Ox/Au, on the contrary, the



amplification of the MO effect by ~£0is observed in the presence of Au; the MCD
spectrum shows pronounced features at about 390,adid 600 nm, which are not present
in TigeCay 0, nanosheets. We also note that the observed M@nesps reached to 1x7
10° deg/cm, a value being the highest seen so farGmhaterials.

The overall signal in the Kerr configuration comsisf two contributions. The first is
the direct reflection by the nanosheet film andgheond contribution comes from the light
passing through the film and reflected from thenfAu interface. Because the optical
density of the ferromagnetic monolayer is low (81).in the visible region (Figure 2b), it is
reasonable to assume that the second contribuothé major one in the case of
Tio.sCoy 20-/Au.

The remarkable feature in (BCoy:0./AU is the appearance of sharp MCD peaks,
which are indiscernible in §iCaq, .0, nanosheets on the bare glass. It is interestingte
that these MCD peaks fall close to the d-d* traos# observed in some compounds
containing C&' in octahedral geomet??° The origin of the MCD peaks can thus be traced
to the electronic structure of KCy O,, specifically the crystal-field transitions of the?
electrons; the MCD signal at 390 nm may be attetub the charge transition of O 2p to
Co 3d, and the peaks at 470 and 600 nm fall clo#ieet d—d* transitions of Co—Cd?°

These d-d* transitions of the €oelectrons are in principle both spin and parity-
forbidden. Hence, these transitions usually makemall contribution to the electronic
absorption and MO response in comparison with ttrenger electronic absorption
transitions observed in the UV region. However, siiength of dipole-forbidden crystal
field transitions can be enhanced when electrioldifiransitions that can be ad-mixed to
relieve the parity constraint lie close by in energhe excitation of localized surface
plasmon in our nanostructure provides strong dpaleectrally and spatially close to the
d-d* transitions. These plasmon resonances cowd te an increase in the oscillator
strength of the d—d* transitions, allowing thisrtsition to contribute to the MO response.

To check the generality of this idea, we also itigesed another ferromagnetic
nanosheet (Th:Caoy 14 6.10,) on Au nanoparticles (Figure 3). This nanoshestitable for
this purpose, since large MO responses inducetidg-td* transitions are observed even in
the multilayered films on the bare gl&é§Ve found that such a magneto-plasmonic effect is
not limited to Ty gCoy 0, nanosheet. As is clearly seen in Figure 3, a am3PR effect is
also observed in §#Caoy 146 10,, in which the spectral features are more commitatue
to the mixed-valence states with the coexistend€ot’/Co®*") and (F&'/Fe*") ions, distinct
from Tip gCy .0, case. In Tj7eCay 1576105, the MCD peaks induced by the d-d* transitions
are strongly resonated; strong features at abdutabtl 590 nm fairly agree with the d—d*
transitions involving C8 and F&". These MCD peaks thus correspond to an intrinsic
electronic transition in ferromagnetic nanosheetsl @& consistent with a near-field
enhancement of MO response resulting from the sgeoterlap of the SPR in the Au
nanoparticles with the electronic transition in,M,0O, (M =Co, Fe). These results suggest
that the MCD peaks in our 1IjM,O./Au system are a consequence of the close proxiphity
ferromagnetic nanosheets and the Au surface.

In order to further study the proximity effects, fabricated hetero-assemblies of
Tio.eC0y.0:/(Tig.0102)/AU (Figure 4a) by electrostatic Iayer-by-layeremahly.27 Here, the
interleaving layer of non-magnetic (dielectric) naheet (T§.4/0,)%*° were stacked on the
Au-coated substrates before depositing the ferroetég nanosheetn this way, we can
control the separation distances between the femgoetic monolayer and the Au surface.
UV-visible absorption monitored on the bare glafenence indicates the successful buildup
of Tig.gCy20./(Tig.010,), in the designed sequence.

Figure 4b displays the change in MCD spectrum fggdaoy 20,/ (Tig.9102)/Au with n =
0, 1, 3, 5. Figure 4c plots the intensity of MCakeas a function of the separation distance.
Here, the separation values are calibrated usi@gntiersheet spacing (1.4 nm) determined
by X-ray diffraction. Clearly, the increase of thseparation between ferromagnetic
nanosheet and Au causes the decrease in the enfertcef the MCD response. There
appears to be a sharp decrease in the enhanceritanther increase in the separation
distance, and the resonant feature is almost ssggaeat the separation distance of about 5
nm. This situation is similar to what observed istahce-dependent SERS experiments



where SERS on molecules bound to Au substrateseshavsimilar decrease of signal with
increasing separation between molecules an& Atus, our results appear to pertain to the
same class of other surface-enhanced phenomena wWieespectrum of the scattered light
is affected by the SPR in the evanescent near fielsl nm). Gigantic MO effects observed
here suggest that, by optimizing the noble metalmatic nanocrystals configuration, it
would be possible to significantly increase the nag-plasmonic effects in MO devices as
well as various SPR phenomena such as SERS, eftegjnetic waveguide.

In summary, we have explored a new magneto-plasmamaterial consisting of
molecularly thin ferromagnetic nanosheet and Auopanticles. In TjsCaO./Au, a
gigantic SPR effect (of > fp on the MO activity was obseved when 1-nm thick
ferromagnetic nanosheets was placed in the proxitoitAu surfaces. Moreover, the MO
properties were strongly linked to the SPR spectnwhich can be tuned by modifying of
the composition of ferromagnetic nanosheets. We &msind a sharp decrease in the
enhancement with increasing separation betweggC®j,O and Au, a situation being
similar to what observed in distance-dependent SERriments. This demonstration of
SPR-enhanced magneto-optics in the ferromagnetifpinic nanosystem may enable
design of nanoarchitectures for miniaturized highfgrmance MO devices and for remote
sensing and imaging of magnetic fields.
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Figure 1. (a) Typical AFM image of TigCa O, nanosheets on a Si substrate. (b)
Fabrication process for nanostructured film comgos# monolayer ferromagnetic
nanosheet and Au nanoparticles. (c) Survey XPStpecfor the nanostructured film
composed of BigCoy O./Au.
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Figure 2. (a) Schematic illustration of our magneto-plasoim@ystem composed of 1-nm
thick ferromagnetic nanosheets and Au nanopartic{by Extinction spectra for the
monolayer films of Tj¢Cay 0, nanosheet deposited on Au-coated and bare glast@ies.
The inset shows the photograph of 0o, ;O./Au. (c) MCD spectra for the same films as
Fig. 2b. The spectrum of a 10 layered d0q, O, film on a bare glass substrate is also
included for a reference.
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Figure 3. MCD spectra for monolayer g{#:Coy 156 10 film on the Au-coated substrate and
10-layered T§75C 0y 1410, film on the bare glass substrate.
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Figure 4. (a) Schematic illustration of hetero-assemblieSiggCay JO./(Tig.0102)/AU. (b)
MCD spectra for TjgCoy 204/(Tig.0102)/AU with n = 0, 1, 3, 5. (c) The change in the MCD
peak intensity (at 470 nm) as a function of theasafon distance.
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