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The magneto-plasmonic properties of Ag-Co composite nanohole arrays are investigated. It is
observed that both plasmonic and magnetic properties of the Ag-Co composite nanohole arrays
strongly depend on the composition ratio of Ag and Co. The enhanced optical transmission due to
plasmonic resonance decreases with the increase of Co component while the Faraday rotation effect
increases monotonically. The magnetization dynamics of a composite thin film is also modified
by the composition as well as the introduction of hole arrays. The Ag-Co composite nanohole
arrays with the Co content of 30% show high plasmonic - magneto-optics performances in compare
with that of Ti-Co composite nanohole array, and annealing of the Ag-Co composites in vacuum
can further improve this property. All experimental results are confirmed by the finite-difference
time domain calculations. Such a magneto-plasmonic composite material can act as a new class of
materials for magneto-plasmonic devices or metamaterial applications.

I. INTRODUCTION

Recently, extensive studies have been accomplished
on investigating multifunctional materials and structures
with both plasmonic and magnetic properties so that
their optical properties can be enhanced and controlled
by an external magnetic field.1–3 Such a system has been
widely known as a magneto-plasmonic (MOP) system,
where magnetic materials (Co, Ni, Fe, garnet, etc.) and
noble metals (Ag, Au, etc.) have been often combined.2

This magneto-plasmonic system has been usually realized
via multilayer structures,4–9 which can exhibit enhanced
magneto-optics (MO) effects, for instance magneto-optics
Kerr effect (MOKE) or Faraday rotation (FR), in com-
parison to identical structures fabricated by pure mag-
netic material.2,10 Clearly, an alternative material system
that could have both magnetic and plasmonic responses
is a composite of noble metals and magnetic materials,
such as Ag or Au composites with Co, Ni or Fe. Transi-
tion metals such as Co, Ni, or Fe possess strong magnetic
properties at room temperature at a relatively low mag-
netic field, however, their optical permittivity has a large
imaginary part which exhibits a large absorption coef-
ficient, and damps the plasmonic wave.11 On the other
hand, noble metals such as Au or Ag have strong plas-
monic effects, but the corresponding MO properties are
a few orders of magnitudes smaller than that of ferro-
magnetic materials.2 Based on the effective medium the-
ory (EMT),12 the composite of ferromagnetic/plasmonic
metal materials (we call composite magneto-plasmonic
(CMP) material) could have both plasmonic and mag-
netic properties, which could open another dimension in
design of MP systems and related devices. Up to now,
there was only a limited experimental works on the CMP
thin films.11,13–17 For example, Yang et al. studied the
composite film of Co and Au with different Co:Au com-
position ratios and fabrication temperatures, where they
noticed that the MO activities increased with increas-
ing Co composition.11 A recent study by David et al.
showed an improvement in magneto-optical surface plas-
mon resonance (MOSPR) responses and signal-to-noise

ratio in a MOSPR sensor using a layer of Au-Co alloy
instead of a single layer of Au or a tri-layer sandwiched
Au/Co/Au structure.14 These studies have attempted to
use the CMP materials to improve the MO performances
in different applications. However, they have been focus-
ing solely on thin film structures, and the properties of
nanostructured CMP materials are generally not consid-
ered. Therefore, it would be of great interest to explore
the MP properties and potential applications of CMP
nanostructures.

In this paper, we investigated the MO performance of
Ag-Co CMP nanohole array (CNA) structures. The com-
position dependent optical transmission, polar MOKE
(PMOKE), FR, and Faraday ellipticity (FE) of CNAs in
the visible to near infrared wavelength region were stud-
ied. Finite-difference time domain (FDTD) calculations
were performed to confirm the experimental results and
to give an insight to the relationship between MO prop-
erties of CNA structures and their compositions.

II. RESULTS AND DISCUSSIONS

A. Fabrications and characterizations

CNAs were prepared by a combination of the shadow-
ing nanosphere lithography (SNL) method and the co-
deposition as presented in Fig. 1(a).18,19 The polystyrene
(PS) nanosphere (diameter D = 500 nm) monolayers were
firstly assembled onto the pre-cleaned glass substrates by
an air/water interface method.19–21 The quality of the PS
monolayers was very high, with< 0.8% defect as shown in
large zoom-out SEM images of Fig. S1 of Supplementary
Information (SI). An oxygen reactive-ion etching (RIE)
was carried out to reduced the size of PS nanospheres to
about d = 350 nm. The etched PS nanosphere monolayer
substrates were loaded into a custom-built dual-source
electron deposition system (Pascal Technology) and the
vacuum chamber was pumped down under a base pres-
sure of < 10−6 Torr. In order to enhance the adhesion
between the glass substrate and composite thin films, a
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thin layer of Ti (thickness tTi = 3 nm, deposition rate
0.05 nm/s) was firstly evaporated. Then Ag and Co were
deposited simultaneously to form a layer of composite
materials. Two crucibles with Ag and Co were placed
on two sides of the chamber, and the vapor incident an-
gles to substrate normal were 10◦ and −10◦, respectively.
Two separated quartz crystal microbalances were used to
monitor the deposition rates and thicknesses of Ag and
Co independently. By controlling the deposition rates of
Ag and Co, Ag-Co composite thin films with varied vo-
lumic composition of Co (CCo = 0, 10, 30, 50, 60, 70,
80, 90, and 100 (%V)) were realized. During the co-
deposition, the substrates were rotated azimuthally with
a constant rotation rate of 30 rpm. This constant ro-
tation has been used in previous works in order to bet-
ter mix Ag and Co, and allows two components to dis-
tribute uniformly through the film thickness.22 The total
thickness of composite film (tC = tAg + tCo) was kept
at 50 nm and the total deposition rate from Ag and Co
vapor sources was fixed to be 0.6 nm/s. After the code-
position, PS nanospheres were removed by scotch tapes
and the samples were washed subsequently by toluene,
isopropyl alcohol, and deionized water, which results in
CNA structures as showed in Fig. 1(b). The control sam-
ples, the Ag-Co composite thin films with the same thick-
nesses and compositions, were also fabricated simultane-
ously on cleaned glass substrates under identical condi-
tions. Before any characterizations, the CNAs and thin
film samples were kept inside a M. Braun glovebox sys-
tem filled with N2 (the concentrations of O2 and H2O are
less than 0.1 ppm) to minimize the potential oxidation
effects.

Figure 1(b) shows several representative atomic force
microscopy (AFM) images of the hexagonal lattice of
nanohole arrays perforated on Ag-Co composite thin
films with different CCo. The measured thickness tC =
53 ± 3 nm and hole diameter d = 350 ± 10 nm (mea-
sured at the top surface) (see Fig. S2 in SI) are consis-
tent with the values designed in experiment. Note that
the diameter of the hole measured on the top surface is
larger than that measured on bottom surface (as seen in
Figs. S2(c) and (e) in SI), which can be explained by the

FIG. 1. (a) The fabrication process of the CNAs and (b)
representative AFM images of the CNAs with CCo = 0, 10,
30, 70, 90, and 100 %V, respectively.

shadowing effect of the spheres, and the different angles
of deposition from the Ag and Co (at ±10◦, respectively).
Figure 2(a) compares the CCo experimentally determined
by energy-dispersive X-ray spectroscopy (EDS) (CEDS

Co )
with the CCo calculated based on the deposition rates of
Ag and Co (Ccal

Co ). The solid line in Fig. 2(a) presents
CEDS

Co = Ccal
Co . Clearly, in all CMP thin films, CEDS

Co
and Ccal

Co are consistently matched with each other, which
shows the ability of fully controlled CCo by tuning the
relative ratio of Ag and Co deposition rates. Given that
CEDS

Co is approximately equal to Ccal
Co , from now all Ccal

Co
will be referred to CCo to avoid the confusions. Also,
CNA samples with a specific Co composition will now be
referred as CNAx, where x = 0, 10, , 100, respectively,
represents the percentage of Co. In addition, due to the
co-deposition configuration, both Ag and Co should be
mixed uniformly across the entire substrate. For exam-
ple, a composition mapping of CNA50 can be found in
Fig. S2 in the SI. From both the top view and cross-
section view mapping, both Ag and Co are distributed
uniformly.

The X-ray diffraction (XRD) profiles of composite thin
films are analyzed and presented in Fig. 2(b). Four
prominent peaks can be found at the diffraction angles
2α = 38, 44, 64, and 78◦ for the pure Ag thin film (CCo =
0 %V), which correspond to cubic Ag (111), (200), (220),
and (311) planes (JCPDS Ref. No. 01-071-3762), respec-
tively. With the introduction of more and more Co, all
these peaks become smaller. Only the Ag (111) and (220)
peaks are visible at CCo < 50 %V, and when CCo ≥ 50
%V, they vanish. On the other hand, a very weak peak
at 2α = 44◦, which corresponds to the diffraction of fcc
Co (111) plane (JCPDS Ref. No. 01-1259), is visible at
CCo = 100 %V. For CMP thin films with CCo = 50 to
90 %V, no prominent Co peak is observed, implies that
the crystallinity states of Co in these composite films are
amorphous (or beyond detection limit).

B. Optical properties of CNAs

Figure 3(a) shows the optical transmission spectra
(T (%)) of CNAs with different CCo. Several transmission

FIG. 2. (a) The plot of CEDS
Co (measured by EDS) versus

Ccal
Co (calculated from deposition rates). The ideal case when

CEDS
Co = Ccal

Co is presented as a black solid line. (b) XRD
profiles of composite thin films for different CCo.
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peaks/dips can be identified. The prominent features are
two transmission dips AR1 at λT1 ≈ 440 nm and AR2
at λT2 ≈ 660 nm, and one transmission peak R3 at λT3 ≈
850 nm, which are marked by the dash curves in Fig. 3(a)
(and 3(b)). For CNA0, the transmission at R3 (≈ 80
%) is significantly larger than the hole coverage (≈ 56
%). This enhanced transmission at R3 is well-known as
the extraordinary optical transmission (EOT), which has
been reported in plasmonic hole lattices made of Ag or
Au.23 At a glance, the magnitude of this EOT peak (R3)
decreases as CCo increases to 30 %V. When CCo > 30
%V, (T (%)) at R3 remains almost a constant with CCo.
The change in transmission dips AR1 and AR2 are less
significant. However, a close investigation shows that
even the magnitude and position of these three features
are changing with CCo, the overall transmission spectra
shapes are similar regardless of the composition.

These features are resulted from the coupling effects
of light at different material interfaces and surface plas-
monic (SP) wave.2,24 Thanks to the present of arrays
of air hole on the film, it compensates the momentum
mismatches of a free-space photon and an SP wave at
the metal-dielectric interfaces,25 produces the transmis-
sion resonance or anti-resonance at wavelengths λR and
λAR. For hexagonal crystalline structure, at the trans-
mission peak λR, the surface plasmon polariton Bloch
wave condition is satisfied and λAR can be estimated by
the following equation,25,26

FIG. 3. (a) The experimental and (b) FDTD calculated trans-
mission spectra T (%) of CNAs. The prominent features of
optical transmission (AR1, AR2, and R3) were denoted.
The vertical blocks indicate the positions of resonances (solid
symbol) and anti-resonance (open symbol) at the film-glass
interface (green) and film-air interface (blue), calculated from
Eq. (1) and (2). (c) The plots of experimental (solid symbol,
solid line) and FDTD calculated (open symbol, dash line) λT

1 ,
λT
2 , and λT

3 versus CCo. (d) The plots of experimental (solid
symbol, solid line) and FDTD calculated (open symbol, dash
line) transmission magnitude at AR1, AR2, and R3 versus
CCo.

λR = a0[
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3
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−
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2

√
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ε1 + εd

, (1)

At the transmission dip λAR, the Wood Rayleigh
anomaly condition is satisfied and λAR can be approx-
imated as,27

λAR = a0[
4

3
(i2 + ij + j2)]

−
1

2
√
εd, (2)

where the integers i and j denote the order of the SP
resonances, ε1 and εd are the real parts of the dielectric
constants of the metal and the dielectric, respectively,
and a0 = D = 500 nm is the period of the CNAs. From
these equations, the positions of λR and λAR were calcu-
lated for the case of εd = 1 (air) and εd of glass, and the
results are marked by blocks in Fig. 3(a). The vertical
blocks indicate the positions of resonances (solid symbol)
and anti-resonance (AR) (open symbol) at the film-glass
interface (green) and film-air interface (blue). Clearly,
the two transmission dips at λT1 ≈ 440 nm (AR1) and
λT2 ≈ 660 nm (AR2) correspond to the AR (or Woods
anomalies) (1,0) modes of film-air and film-glass inter-
faces, respectively, while the transmission peak at λT3 ≈
850 nm (R3) is the (1,0) resonance mode at film-glass in-
terface. In addition, the local transmission peak between
AR1 and AR2 could also be assigned as the higher mode
resonance (1,1) at film-glass interface.

The FDTD calculated optical transmission spectra of
CNAs are shown in Fig. 3(b) and they agree qualitatively
well with the experimental results. Similar three distinct
features, a transmission peak R3 and two transmission
dips AR1, AR2, are also found. The EOT peak R3 is
seen the largest for CNA0 and it reduces gradually when
more Co is added to CNAs. The transmission peak R3 is
observed at λT3 ≈ 800 nm, which is slightly blue-shifted in
compared to the experimental one. In addition, the two
transmission dips AR1 and AR2 are observed at similar
wavelengths λT1 ≈ 440 nm and λT2 ≈ 660 nm in compare
to the features from experimental spectra. For better
comparison between experiment and FDTD calculations,
the wavelength positions λT1 , λT2 , and λT3 and transmis-
sion magnitude (T (%)) of AR1, AR2, and R3 are sum-
marized and plotted in Figs. 3(c) and 3(d). Clearly, λT1
and λT2 from Figs. 3(a) and 3(b) are overlapped and show
the consistency between experiment and FDTD calcu-
lation. In addition, λT1 and λT2 from both experiment
and calculation show insignificant changes when CCo in-
creases, which follows well with the Wood Rayleigh
anomaly theory since the Woods anomalies are purely ge-
ometric and the corresponding wavelength position does
not depend on the optical permittivity of metal film as
stated in Eq. (2).28 The EOT wavelength λT3 , though it
follows similar trend against CCo, shows larger discrep-
ancy between experiment and FDTD calculation. This
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can be explained by the fact that λT3 has been demon-
strated to be dependent on several parameters other than
ε1 as stated in Eq. (1), such as film thickness,29,30 hole
diameter,30 hole shape,31 etc., which makes the R3 peak
to be more sensitive to the imperfection of nanostructure
than that of AR1 and AR2.

The experimental and FDTD calculated transmission
at AR1, AR2, and R3 versus CCo shown in Fig. 3(d)
also show similar trends. In particular, at the EOT peak
R3, the transmission rises slowly when CCo decreases
from 100 %V (pure Co) to 50 %V and increases rapidly
when CCo decreases from 50 %V to 0 %V (pure Ag).
This shows that when CCo is between 100 %V to 50
%V, there is negligible EOT effect, and the plasmonic
effect occurs only when CCo ≤ 50 %V. This result agrees
with the negligible crystal formation of Ag, observed in
Fig. 2(b) when CCo ≥ 50 %V. On the other hand, at
the dips AR1 and AR2, transmissions were observed
to be reduced when less Co was added to the composite
film. In CNA100, only a weak transmission peak R3 is
induced. This is due to the large absorption of Co film,
which can be seen in large imaginary part ε2 of optical
permittivity of Co (from experiment ellipsometry data,
Fig. S3 in SI). By adding less Co (i.e., CCo decreases),
ε2 decreases, while the real part ε1 of optical permittiv-
ity becomes more negative and approaches to that of the
pure Ag, which allows surface plasmon polariton (SPP)
propagates a greater length at metal-dielectric interface
in compare to pure Co case (CCo = 100 %V)32 and even-
tually boosts up the transmission at R3. Therefore, the
plasmonic properties of CNAs are improved significantly
at low CCo. In addition, stronger plasmonic properties
in composite materials also enhances the local electric
field at the Woods anomalies AR1 and AR2, resulting
in stronger absorption/deeper dips in transmission spec-
tra. Similar trends can be observed in the FDTD results
(dash lines), and the composition dependent behaviors
of transmission at AR1, AR2, and R3 agree very well
with the experimental results, which shows the stronger
plasmonic properties when the composite film contains
more Ag. Furthermore, the time-averaged local intensity
maps of different CNAs at CCo = 0, 10, 30, 50, and 100
%V at λT1 , λT2 , and λT3 calculated by FDTD have been
extracted and are presented in Fig. S4 in SI. In all sam-
ples, strong local electrical field at AR1 and AR2 can be
observed around the rim of the nanoholes at the film-air
and film-glass interfaces, respectively, as show in Fig. S4
(AR1 and AR2 columns). Figure S4 (R3 column) il-
lustrates the enhanced asymmetric electric field around
the walls and rims of the nanoholes in all the samples
at R3, which shows that the SP waves at both film-air
and film-glass interfaces of the CNAs are coupled and
the light from the incident side is re-radiated from other
side, which is the origin of EOT.23 Those observations
confirm the prediction of the origins of dips AR1, AR2,
and peaks R3 as shown in Eq. (1) and (2). In addition,
the ratio of the local electric fields E to the incident field
E0 (|E/E0|) of CNAs for different CCo at the walls of

the holes (as indicated by white dotted lines in Fig. S4)
are summarized in Fig. S5 in SI. As the CCo in the CNA
decreases, the local field ratio at AR1, AR2, and R3 in-
crease greatly. This observation confirms our statement
about the improved plasmonic properties by the present
of more Ag in the CMP nanostructures.

C. Magneto-optical properties of CNAs

Figures S6(a) and S6(b) in SI show the polar MOKE
(PMOKE) hysteresis curves (measured at λ = 632 nm)
for the composite thin films and CNAs, respectively (see
Section XIII in SI for more information, which includes
Ref.33). For all samples, the hysteresis curves exhibit
a typical hard-axis behavior with almost no remanence
and saturation fields are at very strong magnetic fields
(for instance, at 1.7 T for thin film with CCo = 100
%V), which confirms the out-of-plane hard axis of these
samples. However, the saturation field (Bs) and satura-
tion PMOKE (θs) versus CCo are significantly different
for thin film and CNA samples as shown in Figs. 4(a)
and 4(b). As presented in Fig. 4(a), for thin film sam-
ple, the sample with CCo = 100 %V produces largest
θs, and θs drops almost linearly with CCo to null when
CCo = 0 %V. Similar trend is observed for CNA sam-
ples, but θs in CNAs is smaller than that in correspond-
ing thin film samples due to the removal of magnetic
materials. In principle, θs is proportional to (∝) Ms,
the saturation magnetization of the samples. In general,
Ms ∝ ΘuA, where Θ is the coverage of magnetic layer
on surface, A is total illuminated surface area of laser
beam in MOKE measurement and u is the surface den-
sity of magnetic moment, i.e., θs ∝ Θ. If we assume
that u is the same for thin film and CNA samples, then
θCNA
s /θfilms = ΘCNA should be a constant. Figure 4(a)

also plots the experimental ratio θCNA
s /θfilms (blue). In-

terestingly, even though the materials coverage is only
about ∼44 % for CNAs, the ratio θCNA

s /θfilms are about
70 % for samples with CCo > 70 %V. This ratio de-
creases gradually to 25 % for samples with CCo = 10 %V.
Clearly the θCNA

s /θfilms ratio versus CCo is not a con-
stant, which might come from several possible reasons. If
we consider a simple Ising model for this composite fer-

FIG. 4. (a) The plots of the saturated PMOKE (θs) and (b)
saturation field (Bs) of composite thin film (black) and CNAs
(red) for different CCo.
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romagnetic/noble metal, the introduction of hole arrays
could vary the magnetic interaction at high CCo, which
can change the saturation magnetization of CNAs non-
linearly and eventually change θCNA

s .34 Another possibil-
ity is that the composition changes can modify the sur-
face penetration of probing laser, which can affect both
the θCNA

s and θfilms . Further theoretical efforts need to
be carried out.

In addition to the saturated PMOKE, the satura-
tion field (Bs) of CNAs and thin films are studied in
Fig. 4(b). Basically, Bs is magnitude of applied magnetic
field where the sample is fully magnetized and magneti-
zation is aligned with external magnetic field. We first
consider the composition dependences of these samples.
As mentioned before, for pure Co thin film (CCo = 100
%V), only a slightly remanence can be seen at very strong
magnetic field of 1.7 T, due to its out-of-plane hard axis
characteristic. When more Ag is added into the compos-
ite materials, the Bs decreases significantly to only about
0.5 T for thin film with CCo = 30 %V. This observation
implies that the introduction of Ag induces the rise to
the out-of-plane components. On the other hand, the
introduction of hole arrays also reduces the Bs, as seen
in Fig. 4(b) and Fig. S7 in SI, where the Bs of CNAs
is consistently about 80 % of the Bs of composite thin
films with the same CCo. This observation is consistent
to other work of perforated hole arrays on pure Co thin
film,25 and is explained due to the rise of out-of-plane
component induced by local dipolar fields which intro-
duced by the hole edge.25

As shown above, introducing nanohole arrays and ad-
justing the composition significantly modify the mag-

FIG. 5. (a) The experimental and FDTD calculated FR spec-
tra of CNAs. The prominent features of FR (FR1, FR2, and
FR3) were indicated. (b) The plots of experimental (solid
symbol, solid line) and FDTD calculated (open symbol, dash
line) λFR

1 , λFR
2 , and λFR

3 of FR1, FR2, FR3 versus CCo.
(c) The plots of experimental (solid symbol, solid line) and
FDTD calculated (open symbol, dash line) FR at FR1, FR2,
FR3 versus CCo.

netic property as well as MO response of composite thin
films. In order to have better understanding about this
influence, the composition dependence FR of CNAs has
been studied. Figure 5(a) presents the experimental and
FDTD calculated FR spectra of CNAs (see Section XIII
in SI for more information of MO characterizations and
FDTD calculations, which includes Ref.35–39). In both
results, three prominent features can be observed as indi-
cated in Fig. 5(a): a peak FR1 at λFR

1 ≈ 440 nm, a kink
FR2 at λFR

2 ≈ 660 nm, and a peak FR3 at λFR
3 ≈ 850

nm. All three features show strong composition depen-
dence. As CCo decreasing, the overall magneto-optical
effects of CNAs reduce as seen in the drop of FR mag-
nitude, and the shape of spectra changes significantly.
Close to the EOT wavelength λT3 , FR3 is a broad and
most distinct FR peak. To better understanding the CCo

dependent FR behavior, experimental and FDTD calcu-
lated positions and magnitudes of FR1, FR2, and FR3
are summarized in Figs. 5(b) and 5(c). The positions
of FR1 and FR2 are relatively unchanged regardless to
the composition of CNAs. In term of FR magnitude,
the composition dependence generally shows an increase
of FR when CCo increases in any FR peak (Fig. 5(c)).
When CCo decreases, the location of FR3 peak almost
remains unchanged but its magnitude decreases signifi-
cantly. Similar trends can be seen in the FR1s peak po-
sitions and magnitude. However, FR2 shows somewhat
different behaviors: at high CCo (≥ 50 %V), the peak
FR2 is buried in the background and can be consider as
a kink in the FR spectra. When CCo < 50 %V, FR2
starts to become a noticeable peak in FR spectra, espe-
cially at CNA10. The experimental and FDTD calculated
positions of FR features are also in general consistent to
each other. However, there still exists some deviations,
for example, the positions of FR3 and the magnitudes of
the experimental and FDTD calculated FR. These devia-
tions might come from the fact that the imperfections of
experiment structures (such as hole diameter, thickness,
roughness of surface, etc.) have not been considered in
the FDTD calculation.

Those behaviors of FR features as shown are closely
related to the plasmonic behaviors of the CNA samples.
Positions of the two features, FR1 and FR2, occur at
exact locations of two transmission dips AR1 (λT1 ≈ 440
nm) and AR2 (λT2 ≈ 660 nm), which corresponds to
the AR (1,0) mode at the film-air and film-glass inter-
faces, respectively. Thus it is expected that the origin of
these weakly enhanced FR features is from the enhanced
electric fields induced by Woods anomalies at the rims
of the nanoholes as well as the long interaction time be-
tween light and magnetic layer, which has been demon-
strated in an identical structure of Ni and Co nanohole
arrays.40,41 In addition, FR1 and FR2 positions are ob-
served to be independent to the CCo (Fig. 5(b)), since
AR1 and AR2 positions does not depend on the com-
position of CNAs (as presented in the last section). On
the other hand, the magnitude of FR3 in CNA100 is the
largest, and its position is coincidentally in the vicinity
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of R3, the EOT peak of CNA0. Indeed, peak FR3 is
a local FR peak brought by large transmission at the
enhanced transmission peak R3. Since FR and optical
transmittance are indirectly proportionally related,6 the
strong transmission peak R3 at λT3 , which is due to SPP
resonance (1,0) at Co-glass interface, suppresses the FR
magnitude at λT3 and creates a local maximum FR3 at
slightly blue-shifted wavelength λFR

3 . The origin of peak
FR3 has been described in more details in our previous
work.40

In order to isolate the plasmonic effect of Ag on MO
properties, FR spectra and T (λ) spectra of control sam-
ples of Ti-Co CNA samples with CCo = 80 %V and 30
%V were furtherly investigated. Ti is well-known as a
poor plasmonic material, and Ti-Co composite control
sample can be useful to identify the plasmonic effects
from Ag component in Ag-Co samples. The detail of
fabrications, measurements and discussions can be found
in the Section XII in SI. By comparing T (λ) and FR
spectra of Ti-Co and Ag-Co CNAs, one found that for
Ag-Co CNA with low ratio of Ag (i.e. CCo = 80 %V),
Ag component can raise the plasmonic properties of sam-
ple as can be seen in T (λ) spectra. However, in this case
the amount of Ag in the composite film is not sufficient
to create a significantly strong plasmonic effect to en-
hance magneto-optical properties. On the other hand,
for Ag-Co CNA with high ratio of Ag component (i.e.
CCo = 30 %V), both T (λ) at EOT and FR magnitude
of Ag-Co CNA are significantly stronger than the ones
of Ti-Co CNA samples. This observation implies that
by adding more Ag into the CNA sample, stronger plas-
monic effect will occur, which might result in enhanced
MO effect at high ratio of Ag in composite film.

The influences of CCo and introduction of nanohole ar-

FIG. 6. (a-c) Normalized FR of CNAs and composite thin
film at λFR

1 , λFR
2 , and λFR

3 versus CCo. (d) The plot of the
slopes of normalized FR or PMOKE versus CCo. The dashed
curves show linear fitting at different wavelengths.

rays to MO responses are studied further by looking at
wavelength dependent FR of thin film and CNA samples,
and compare the responses at resonant and non-resonant
wavelengths. Figure S8 presents FR spectra of compos-
ite thin films as a function of CCo. In contrast to CNAs,
FRs in all thin film samples increase monotonically with
CCo in the wavelength range λ = 400 900 nm, and no
prominent feature can be found. The composition de-
pendent FR of thin film and CNAs (normalized for FR
of samples with CCo = 100 %V) at λFR

1 , λFR
2 , λFR

3 and
at a non-resonant wavelength λFR

4 = 750 nm (denotes
by FR4) are illustrated in Figs. 6(a-c) and Figs. S9(a-c),
respectively. At a glance, these composition dependent
curves of CNAs at non-resonant wavelength are similar
to thin films curves. Though, significant differences can
be observed at CNAs curves at resonant wavelengths, i.e.
at FR1 and FR2. In Figs. 6(a-c), for thin film samples
(black curve), a linear relation can be observed regardless
of wavelength. However, for CNAs (red curve), there are
significant differences between the rise rate of FR when
CCo increases from 0 %V to 30 %V and 50 %V to 100 %V
at FR1 and FR2 as seen in Figs. 6(a) and 6(b), respec-
tively. In particular, FR increases rapidly when Ag is still
a major composition in the film (CCo = 0 to 30 %V), then
increases much slower when CCo = 50 to 100 %V. On
the other hand, at FR3 of CNAs, we only observe a con-
ventional linearly increase of FR against CCo (Fig. 6(c)).
For a better comparison, the normalized FR of CNAs and
composite thin film versus CCo at λFR

1 , λFR
2 , λFR

3 and
λFR
4 are fitted with a linear function (see Fig. S9 and Ta-

ble S1 in SI). The slopes of these fittings are summarized
in Fig. 6(d). Except FR1 and FR2 of CNAs, all other
fittings give the slopes ∼1, as expected. However, FRs
at the Woods anomalies, FR1 and FR2, shows much
higher slopes (2.21 and 2.86) when CCo < 50 %V and
smaller slopes (0.77 and 0.62 < 1) when CCo ≥ 50 %V.

FIG. 7. (a) XRD profile, (b) optical transmission spectra, (c)
FR spectra, and (d) FE spectra of CNA60 sample before and
after annealing.
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This observation can be explained by the enhancement
of local electric field due to the plasmonic effect, which
comes from high ratio of Ag component in CNAs. Fig-
ure S5 shows the magnitude of FDTD calculated local
electric field at AR1 and AR2. When CCo < 50 %V,
the plasmonic effect of CNAs is still significantly strong.
The FR enhancement due to local electric field, adds to
the increase of FR due to amount of magnetic material
when CCo increases, gives a faster rise for FR at Woods
anomalies than that at other non-resonant wavelengths.
The difference for FR1 and FR2 are due to localized
plasmonic effect, while propagation plasmon has less ef-
fect. This fast rise was not observed at FR3, because
the fact that this feature is not raised directly from en-
hanced electrical field as that of the transmission R3, as
discussed previously. Nevertheless, when CCo ≥ 50 %V,
the plasmonic effect does not change as much as seen in
Figure S5(d), therefore the increases of FR in this range
come mostly from the increase of magnetic material com-
ponent in the CMP.

Note that Ag and Co are insoluble in each other in
the solid and the liquid phase and they cannot rigorously
form a binary alloy.11 Therefore in this work, we focus on
a mixture rather than an alloy between Ag and Co. Nev-
ertheless, the optical and MO properties of CNA samples
can be modified and their magneto-plasmonic effect can
be furtherly enhanced by varying sample’s crystallinity,
e.g., annealing sample under high temperature. In order
to demonstrate this point, a representative CNA60 sam-
ple was annealed in N2 atmosphere at 500◦C in 2 hours.
The XRD profile, optical transmission, FR and FE spec-
tra of the sample before and after annealing process are
summarized in Fig. 7. From Fig. 7(a), while no peak
can be found in XRD profile of as-deposited film, several
peaks corresponding to crystalline planes of both Ag and
Co can be found in the annealed sample, which are caused
by the segregation of Ag and Co nanocrystals.11 The
mean crystal sizes of Ag and Co in annealed CNA60 sam-
ple extracted from Scherrer’s equation are approximately
28 nm and 26 nm, respectively. Due to the changes of
the crystallinity and re-distribution of Ag and Co in the
composite film, the optical and MO properties of CNA
are also modified. Figure 7(b) shows the transmission
spectra of the annealed sample. Both the (1,0) and (1,1)
EOT resonant peaks at the film-glass interface are blue-
shifted. This change might come from the relocation of
Ag to the film-glass interface. More significantly, the

change in plasmonic properties also directly influences
FR and FE spectra. As shown in Figs. 7(b) and (c), a
stronger FR spectrum at FR3 peak and a stronger and
sharper FE2 peak are observed in the annealed sample.
This observation suggests that the crystallinity as well
as the re-distribution of components also plays an im-
portant role in modifying the optical and MO properties
of the composite CNA structures. Further systematic ex-
perimental efforts need to be carried out for a complete
conclusion.

III. CONCLUSIONS

CNAs with different Ag and Co compositions were
realized by shadowing nanosphere lithography and elec-
tron beam co-deposition. Optical properties of CNAs
with different CCo has been studied throughout, which
shows strong plasmonic properties in samples with high
content of Ag. By altering the relative ratio of Ag and
Co in the samples, the magnetic and optical properties
could be varied, which could be used to improve the MO
performances of CNAs. Our experimental and FDTD
calculated results have demonstrated that when CCo =
30 %V, a CNA can yield better MO performance than a
Ti-Co composite nanohole arrays sample, thanks to the
compromise between the strong MO properties from Co
component and strong plasmonic properties and large
transmission provided by Ag component, or vice versa.
Therefore, in addition to the geometrical parameters
(size, shape, etc.) and arrangement of the structure,
the composition of magneto-plasmonic composite can
be adjusted to obtain optimized MO properties. This
tunability is promising on the designs and applications
of future magneto-plasmonic materials and structures.
This also provides new ideas on replacing the multilayers
of noble metal/ferromagnetic by composite materials in
many current MO devices, such as chiroptical devices,
MOSPR sensors, etc., to achieve a better device perfor-
mance.
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