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Abstract: Magnetic photonic crystal slab with nanovoids buried in Ni films were fabri-
cated using nanosphere lithography combined with electrochemical deposition. One fea-
tured structure was dominated the spectra of polar surface magneto-optical Kerr effect
(MOKE) of samples with different voids depth. For the shallow ones, surface lattice res-
onance (SLR) was revealed through angle resolved spectra analysis, where the location
of degeneracy points corresponded to that of the featured structure in MOKE signal. For
the deeper ones, localized plasmons and degeneracy points were all demonstrated in an-
gle resolved reflection spectra, where localized plasmons dominated the resonant MOKE
signal, and the degeneracy points blue-shifted compared with that of shallow ones. Chang-
ing the lattice of samples, similar phenomena were presented. The physical mechanism
of SLR could be attributed to the diffraction of surface plasmons by the reciprocity vector,
and the localized plasmons were attributed to the Mie scattering. The featured structure in
polar MOKE spectra demonstrated high sensitivity, which might pave the way to on-chip MO
devices.

Index Terms: Nanosphere lighography, MOKE, ARPS, SLR, localized plasmons.

1. Introduction

Analogue with the development of photonic crystals, magnetic photonic crystals (MPC) slab
[11-[3], possessing both the optical and magnetic properties, has attracted much attention be-
cause of their intriguing physical properties and important applications in wireless telegraphy [4],
[5], integrated photonics [6], nonlinear optics [7], medicine [8], and biosensors [9], [10], etc. Surface
Magneto-optical Kerr effect (MOKE), based on polarization conversion detection, is very sensitive
and important parameter used in MO device as related above. In traditional ferromagnetic ma-
terials, MOKE signal was very weak, which limited its applications, and enhancement of MOKE
has been always the issue what researchers have been pursuing. In case of MOKE signal optical
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modulation, previous studies revealed that it could be attributed to three issues [11]: (i) substrate
effect, (ii) interference effect, and (iii) plasma-edge effect. The physical mechanism about these
three effect has been attributed to diagonal components of the dielectric permittivity tensor £, [11],
[12], [35], which denote that the magneto-optical activity is related to the electromagnetic field (EF)
distribution.

Magnetic photonic crystals slab, possessing small volume (compared with MPC), low loss (in-
cluding low ferromagnetic material), and easy fabrication, is suitable for MO devices. Both optical
and magnetic properties of MPC slab have been characterized through MOKE studies [13], [14].
Surface plasma plasmons (SPP) can be excited in MPC slab [15], which may propagate or localize
at the metal-dielectric interface, or combine with other optical modes, such as cavity mode, wave-
guide mode, and Bragg resonance in photonic crystals. Due to the introduction of both guide mode
and cavity mode, enhanced MOKE and high-Q factor had been demonstrated in magnetoplasmonic
structures [16]. SPP possess amazing ability to manipulate the EF, such as confining it in small vol-
ume, introducing, conducting, and channeling it arbitrarily [17]-[19], as a result, the density of state
be controlled and the effective permittivity £y, of the system be altered. In MPC slab, surface lattice
resonance occurred due to SPP combined with Bragg scattering introduced by the periodic geome-
try. Thus, MOKE could be modulated by SPP in multi-freedom, exotic properties had demonstrated
in MOKE signal in MPC slab [20]-[22]. By changing the 2D lattice, modulated MOKE signal were
revealed in magnetic nanoparticle arrays due to the coupling between the plasmonic SLR in x and
y-perpendicular direction [23]. In duplex lattice with ferromagnetic and noble metal nanoparticles,
diffractive far field coupling between the hybrid lattices resulted in strong magneto-optical activity
[24]. Owing to the coupling between the localized plasmons and SLR, resonant enhanced Kerr
effect was acquired [25]. In elaborately designed pure ferromagnetic magneto-plasmonic system,
strongly tuned MOKE signal was demonstrated due to Fano resonance by coulpling between the
localized plasmons and SLR [26].

As refer to SPP and other optical modes characterizing, angle resolved spectroscopy (ARPS)
is powerful method [27]. From ARPS, the reciprocal space information can be acquired, because
it was related to the momentum matching condition needed in SPP generation [15]. And MOKE
modulated in MPC slab by optical modes can be elucidated through ARPS analyzing. The MOKE
activity of Ni anti-dot arrays had been studied by ARPS, the influence of the geometry symmetry
combined with surface plasmons on the MOKE signal was demonstrated [28]. In general, for the
ARPS detection method, samples with large areas were required.

Recently, by aids of the hexagonal close-packed PSS template, we fabricated large area planar
MPC, hybrid optical modes had been revealed in system with Co nanovoids arrayed on Ag substrate,
and resonant MOKE signals acquired, high sensitivity had been proposed in these nanostructured
ferromagnetic system [29]. In this paper, the preceding study was performed about the planar
MPC. The motivation was as follows: the first was to study the impact of ferromagnetic materials
by substituting Ni for Co. The other was to explore the MOKE enhanced by the localized SPP in
deepen nano-cavities and the surface lattice resonance scattered by the deepen nanovoids arrays,
when the thickness of Ni surpass half of spheres. Based on these motivation, Ni nanovoids with
different depth and lattice were fabricated on Ag substrate using the same steps as that of Co
nanovoids [29], the polar MOKE were measured and analyzed, and the physical mechanism of the
MOKE signal were studied through analysis of angle-resolved reflection spectra.

2. Materials and Methods

Ni nano-voids on glass/Ag (150 nm) films were fabricated using nanosphere lithography (NSL)
combined with electrochemical deposition. The fabrication steps were displayed in Fig. 1(a) as that
in ref [29]. Firstly, Ag films were prepared on glass by dc magnetron sputtering Ag targets, which had
two-fold usage as hampering light transmission and as electrode in step 3. Then, the hexagonal
lattice templates were synthesized with polystyrene spheres (PSS) self-assembled onto the Ag
films as denoted in the step 2, and for the details could be referred to [29]. In step 3, Ni films were
deposited into the interstices of PS spheres templates formed in step 2 from Ni aqueous electrolyte
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Fig. 1. The schematic plot of fabrication course.
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Fig. 2. Top-view of AFM images of samples with lattice (a-d) A = 530 nm and (e-h) A = 620 nm. The
deposition times (a, e) t = 60s, (b, f) 100 s, (c, g) 200 s, and (d, h) 300 s, respectively.

(e)

by electrochemical deposition, where three-electrode method was performed, the templates were
used as the working electrode, Pt wire as counter electrode, and Ag/AgCl as reference electrode.
At last, the PSSs were dissolved in the tetrahydrofuran and acetone by sonication for 30 minutes
at temperature below 30° alternately. And thus Ni nanovoids were formed on Ag substrate. To
avoid the ferromagnetic material oxidation, SiO, films with 3 nanometers were deposited on the
nanovoids by electron beam evaporation. In the course of fabrication, we changed deposition time
from 60 s to 300 s referred to our former work [29], both shallow voids and deep ones were all
obtained. To demonstrate the SLR impact, we fabricated samples with two lattices as A = 530 nm
and A = 620 nm, respectively.

The morphologies of all samples were characterized by a commercial Atomic force microscopy
(AFM) (Slover P47, NT-MDT). Fig. 2(a)—(d) and (e)—(h) showed morphologies of samples with lattice
A = 530 nm and 620 nm, respectively, where the deposition time weret = 60, 100, 200, and 300 s
for samples (a—d) and (e—h) in turn. The depth were denoted by the inset plots as could be seen
in all figures, and were listed out in Table 1 for A = 530 and Table 2 for A = 620 nm. Clearly, the
depth deepened with enlarging the deposition time.

Polar magneto-optical Kerr rotation 64 and ellipticity ¢x were measured at room temperature by
home-made Kerr spectrometer from 300 nm to 800 nm, with the incident angle of 5° under the
eternal magnetic field of 1.0 T [29]. To analysis the optical modes in these system, angle-resolved
reflectivity measurement was performed on home-made spectrometer from 200 nm to 1000 nm,
with the incident angle varied from —60° to 60°. In the reflectivity measurements, the data was
normalized with respect to that of Al films.
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TABLE 1
Hole Depth of Samples With A = 530 nm

No. (a) (b) (c) (d)

530 100nm 157nm 230 nm 340 nm

TABLE 2
Hole Depth of Samples With A = 620 nm

No. (e) (f) (9 (h)

620 101nm 140nm 318 nm 350 nm
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Fig. 3. Comparison of MOKE signal as function of 1 (6x: black line, ¢x: red line) of (a, b) Co and (c, d) Ni
nanovoids with the same deposition time t = 100 s.

3. Results and Discussions

To demonstrate the impact of ferromagnetic material on MOKE signal, Fig. 3 gave out the MOKE
spectra for both Co (a, b) and Ni (c, d) nanovoids. The deposition time was fixed ast = 100 s, and
the lattice of the nanovoids array were A = 530 nm (a, ¢) and 620 nm (b, d), respectively. There
was one prominent structure dominated the spectrum of every sample, furthermore, the location
of the prominent structure was fixed near . = 465 (a) and 480 nm (c) for samples with lattice
A = 530 nm, and located near » = 534 (b) and 558 nm (d) for samples with lattice A = 620 nm,
respectively. Obviously, resonant location of Ni nanovoids (c, d) were slight redshift compared with
that of corresponded Co nanovoids. The location of featured structure in MOKE spectra of samples
with different lattice (a, c) and (b, d) told that the featured structure were related to their lattice. In
Fig. 3 of ref [29], the resonant structure of Co nanovoids with deposition timet = 150 s were located
near A = 480 nmand » = 557 nm for lattice A = 530 nm (a) and 620 nm (b), respectively, which
were close to that of samples with deposition time t = 100 s with corresponded lattice. Evidently,
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Fig. 4. 6k (black line) and ¢, (red line) as function of A of samples with lattice (a-d) A = 530 nm and
(e-h) A = 620 nm, respectively. The deposition time t = 60, 100, 200, and 300 s from up to down.

MOKE signals modulated with nanovoids were most related to the configurations of voids. The
slightly redshift in Ni nanovoids (c, d) were originated from the different refractive index of Co and
Ni. The bandwidth of the featured structure was narrower than that of Co nanovoids (a, b), this
might be attributed to the self-passivation properties of Ni [28].

In Ni antidot thin films, the energy shift of the surface plasmon resonance dependent on the hole-
size had been studied [30], where with fixed lattice a = 920 nm, a red shift of the peaks position
was exhibited with varying the hole size from 869 nm to 636 nm. The hardly shift of the featured
structure here denoted slight varying of the outermost lateral diameter of the nanovoids, which
could be attributed to the slowly changing of the outermost lateral radius of the voids when radial
depth was close to the radius of spheres. With enlarging the deposition time, both radial depth and
the lateral outermost diameter of nanovoids changed coordinately, as could be seen in Fig. 2, which
would render novel properties presented in MOKE signal.

The measured spectra of polar Kerr rotation 6 (black line) and ellipticity ¢, (red line) versus
wavelength X of fabricated samples with different deposition time were layered out in Fig. 4. The
depth of voids were corresponded to Table 1(a)—(d) for lattice A = 530 nm and Table 2(e)—(h) for
A = 620 nm with t = 60s (a e), 100s (b f), 200 s (c g), and 300 s (d h), respectively. As could be
seen, one prominent featured structure dominated ¢ and ¢ spectra of every samples, and were
blue-shifted with deepening of voids, which located near wavelength . = 484,480, 361, and 439 nm
for samples with A = 530 nm, and A = 558, 558, 403, and 450 nm for samples with A = 620 nm,
respectively. For samples with depth not surpass the half diameter, the featured structures were
almost fixed at the location A ~ 480 nm for samples with A = 530 nm (a, b), and A ~ 558 nm for
samples with A = 620 nm (e, f), as denoted by the dashed purple line. The physical mechanism
of these featured structures was ascribed to hybrid optical modes of surface lattice resonance and
nanocavity modes [29]. When the depths were close to or surpassed radius of spheres, intensive
blue shift of the featured structure in MOKE spectra were demonstrated, as can be seen in Fig. 4(c),
(d) and (g), (h), due to the rim dipole modes occurred, strong enhanced fields localized in individual
nanovoid [31], [32]. The blue shifts were larger for samples with deposition time t = 200s (c, g)
than 300 s (d, h), which could be ascribed to the enlarged lateral outermost radius of sample with
deposition time t = 200s (c, g) than that of samples with deposition time t = 300s (d, h) [30]. The
half-bandwidth of 6y peaks in Fig. 4(c), (d) and (g), (h) became broadened due to high absorption
of more ferromagnetic materials Ni included with enlarging the deposition time.
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(b)

Fig. 5. Schematic plot of (a) the first Brillouin zone of hexagonal structure and (b) the flux of SPP under
x-polatization.

To further study the physical mechanism of MOKE signal, angle-resolved spectroscopy (ARPS)
detection were performed to analyze the optical modes in these nanostructures. ARPS was pow-
erful analysis technique in the realm of optical nanostructures. As indicated in Fig. 5(a) and (b),
supposing the light impinged on the sample in the xz-plane under TM-polarization (with magnetic
field perpendicular to xz-plane), the magnetic field in the semi-space can be written as

Hy (?’ Z) — Sm,oe_ikz’"zeikxx + Z rmeikzmzej(kx+2nm/A)X (1)

m

Where the first part in right side denotes the incident plane wave with &, ¢ being the Kronecker
function and m being the Bloch order, glkt27/A)x denotes the wave component of the mth Bloch
eigenmode. The optical modes (OM) are related mostly to the wavevector in both x- and y-direction.
Here, the wavevector of SPP or other optical mode can be written as [15]:

K sppjom = 2m/3sin6+ Gy + G, (2)

Where the first part in the right is in-plane momentum of the incident light with an incidence
angle 9, Gy and G, represent the reciprocal lattice along x- and y-direction. In case of 2D hexagonal
lattice as denoted in Fig. 5(a), where |G| = |G| = %, we get:

- 472 472 (4
— 2 ain2 i 2 2
K sppjom = \/ko sin20 + Fko (n + m) sing + Az (5 (n2 +m2 + mn)) (3)
Here, A is the lattice constant of the periodic array, and the integer n and m denote the order of
resonance. In the normal incidence, the resonance wavelength can be described as:

5 —Re A [ €méd 4)
\/%(n2+m2+mn) Em + &d

em and g4 represent the dielectric permittivity of metal and dielectric, respectively. The solutions
of eq. (4) denote the resonance wavelength of surface lattice resonance due to SPP diffracted by
the lattice of the voids. As indicated in Fig. 5(a), under TM-polarization, when changing the incident
angle 6 in experiment, the evolution of the reflection dips along the Gammar-M direction (Fig. 5(a))
of the hexagonal reciprocity lattice can be acquired. Changing the polarization of the incident light
from TM to TE, the evolution of the reflection dips along K-Gammar can be gained with varied
incident angle 6 [33].
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Fig. 6. Angle-resolved reflective spectra a function of A of samples with lattice (a-d) A = 530 nm and
(e-h) 620 nm. The deposition time t = 60, 100, 200, and 300 s from left to right.

Fig. 6 gave out the angle-resolved reflective spectra of samples with lattice A = 530 nm (a—d) and
620 nm (e—h), for samples with deposition timet = 60, 100, 200, 300 s from left to right. The incident
light were unpolarised, that is to say, the spectra in Fig. 6 were superimposed data with polarization
of TM and TE. For clarity, the diffraction order of Bragg plasma were marked out with reciprocal
vector (m, n), and the evolution were denoted by the dashed line in Fig. 6 for all samples. At 6 = 0°,
degeneracy points were revealed in the angle resolved spectra near photon energy E ~ 2.62
(a), 2.62 (b), 3.12 (c), 3.08 (d) in the unit of ev for samples with A =530 nm, and E ~ 2.25 (e),
2.25 (f), 2.25 (g), and 2.79 (h) in the unit of ev for samples with A = 620 nm. The location of
degeneracy point corresponded to that of peaks in 6 spectra in Fig. 4 well. Therefore, the mode
information offered by ARPS could be used to elucidate the origin of MOKE signal. For shallow voids
in Fig. 2(a), (b) and (e), (f), as indicated by the schematic plot in Fig. 5(b) (upper), SPP occurred
by the aids of the periodic geometry of nanovoids, and propagated along the xy-surface. SLR with
orders (0, 1) (the dashed blue line) and (1, 1) (the dashed dark yellow line) degenerated at I" point
were clearly demonstrated in ARPS in Fig. 6(a), (b) and (e), (f). Besides, weak localized plasmons
also contributed to the MOKE signal at normal incident, for that darker zone superimposed with
the degeneracy points I" in Fig. 6(a), (b) and (e), (f), and varied slightly within small incident angle.
As results, MOKE signal corresponded in Fig. 4(a), (b) and (e), (f) could be attributed to SLR and
weak localized plasmons resonance. With the voids deepened, as indicated in the schematic plot
in Fig. 5(b) (down), SPP occurred and localized in the nanovoids, standing waves (light red lobes in
(b) (down)) occurred in the deep nanovoids due to the lattice scattering [34], which intensified the
interaction of ferromagnetic materials and light. Here, the degeneracy points I'" in Fig. 6(c), (d) and
(h) became enlarged and darkened, implying more electromagnetic field were localized in the voids.
Besides, the degeneracy points in Fig. 6(c), (d) and (h) were blue-shifted, which were in accord with
the blue-shifted 6, peaks in MOKE spectra in Fig. 4 (c), (d) and (h), and in these instances, plasmons
localized in the voids dominated MOKE signal. Comparing the outermost diameter of shallow voids
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in Fig. 2(a), (b), (e), (f) with that of deep ones in Fig. 2(c), (d), (g), (h), we found that the featured
structures in MOKE signal were blue-shifted with the enlarged diameter of the voids, which was
different from refs [30]. Thus, we deduced that these blue shifts were mainly dominated by radial
depth of the voids, which was related to the localized plasmons occur. Furthermore, the localized
plasmons scattered by the geometry of the lattice, the degenerate point of the scattering blue-shifted
due to the high effective index of the nanovoids. From ARPS in Fig. 6(g), the degeneracy point in
Fig. 6(g) was located still near E ~ 2.25 ev due to the relatively shallow voids compared with that
of samples with ARPS in Fig. 6(c), (d) and (h). There was weak featured structure located at the
A ~ 530 nm in MOKE signal in Fig. 4(g) as denoted by blue arrow, corresponding to the location
of degeneracy point. The prominent featured structure in Fig. 4(g) was located near A ~ 558 nm,
and closed to the location of broad dark zone, we could deduce that MOKE signal in Fig. 4(g) was
also dominated by localized plasmons. The degeneracy points in Fig. 6(a), (b), (e), (f) and (c), (d),
(g), (h) came from different physical mechanism. For that of shallow voids in Fig. 6(a), (b), (e), (f),
diffraction of surface plasmons due to the interaction of the geometry and light dominated. And for
the deeper ones in Fig. 6(c), (d), (g), (h), the Mie scattering of localized plasmons were main factor,
and at large incident angle 6, the localized plasmons were scattered parallel to the Bragg lines, this
would be discussed in further study.

4. Conclusion

In conclusion, with the aid of nanosphere lithography and electrochemical deposition, ferromagnetic
Ni nanovoids with different depths arrayed on noble metal surface were fabricated. Through MOKE
properties comparing of Ni nanovoids with that of Co nanovoids, we found that the featured structure
in MOKE signal was mainly dominated by the voids configuration, especially the depth of the voids,
which might introduce more optical modes. Furthermore, the physical mechanism analysis about
these optical modes of these featured structure in MOKE signal were analyzed by the aid of ARPS
technique. For shallow nanovoids, MOKE modulation was attributed to SLR, and for deeper ones,
localized plasmons in the voids were dominated. For shallow Ni nanovoids samples, narrower
bandwidth were demonstrated than that of Co nanovoids, which might be used in high sensitivity
biosensors fabrication [29].
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