
PHYSICAL REVIEW B 105, 155408 (2022)
Editors’ Suggestion

Surface plasmon driven enhancement of linear and nonlinear magneto-optical Kerr
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Plasmonic crystals are an important backbone of modern photonics offering versatile control of light via
manipulation of surface plasmon polaritons (SPPs). In particular, they sustain resonant light localization near
the metal surface resulting in the enhancement of magneto-optical effects and nonlinear optical phenomena, the
bridge of which is appealing for sensing and light routing. In this work we investigate the resonant SPP-driven
enhancement of the transverse magneto-optical Kerr effect and the second harmonic generation under the conical
diffraction of light in a one-dimensional magnetoplasmonic crystal (MPC) based on the combination of gold and
ferromagnetic permalloy films. We demonstrate an extra way for the control over the magneto-optical effects in
the MPC via the magnetic anisotropy of corrugated ferromagnetic film in the structure of the MPC.
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I. INTRODUCTION

Resonant optical systems elicit huge research activity in
modern photonics in view of their abundant applications for
the manipulation of light. It stimulates high interest in plas-
monic structures supporting resonant localization of light at
subwavelength scales that found success in sensing [1–3],
enhancement of light matter-interaction [4], and even lasing
[5]. Special attention is attracted to surface plasmon polari-
tons (SPPs), which are the propagating surface light waves
strongly localized at the metal/dielectric interface [6,7]. For
the two juxtaposed dielectric and metal semispaces with the
permittivities of εd and εm, respectively, the wave vector of
the SPP is given by the following relation:

kSPP = k0

√
εdεm

εd + εm
, (1)

where k0 is the vacuum wave number [7]. Accordingly, the
SPP dispersion is placed out of the light cone of a dielec-
tric and requires the endfire [8,9], prism-based [10,11], or
grating-based methods for the SPP excitation [12]. Relevant
resonant enhancement of the electromagnetic field stimulates
interest for plasmonic crystals (PCs), which are the anchor
key technology for bringing plasmonics to a feasible experi-
mental platform for light manipulation. One of the frequently
studied types of one-dimensional (1D) PCs consists of metal-
dielectric gratings supporting the diffraction-induced SPPs
excitation according to the quasiphase-matching conditions

kSPP = k‖ + mG, (2)
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where k‖ is the tangential component of the wave vector of
the incident wave, G is the reciprocal lattice vector of the
grating, and m is the diffraction order. Renaissance of optics of
metallic gratings is spurred by many breakthroughs in the field
of control of the SPP waves in PCs [13]. The PCs conquered
the realm of photonics for their potential in molecular and
refractive index sensors [12,14], enhancement of Raman scat-
tering [15], biosensors [16], optical modulators, and switches
[17,18].

Recently we have witnessed fascinating enhancement of
the magneto-optical effects in the PCs embodied magnetic
materials [19]. It fuels the interest to these structures, dubbed
magnetoplasmonic crystals (MPCs), in which the plasmonic
and magneto-optical effects are intertwined. This MPC prop-
erty was leveraged for the design of precise magnetic field
sensors [20–22], nonreciprocal plasmonic devices [23], and
refractive index change sensors [24–26]. These promising ap-
plications became possible owing to the resonant increase of
the Faraday effect [23,27], transverse [28,29] and longitudi-
nal magneto-optical Kerr effect (MOKE) [30], and diffracted
magneto-optical effect [31], to name but a few, demonstrated
in the MPCs under the SPP excitation.

Of particular interest are the MPCs based on the magnetic
dielectrics like iron garnets marveled for their magneto-
optical response and relatively high transparency [29,32,33].
Being combined with a grating made of noble metal pos-
sessing small optical losses in the visible spectral range,
these MPCs exhibit high-quality SPP resonances suitable
for precise optical applications [20]. Magnetization of a
medium comprising the MPC gives an exquisite way to con-
trol the SPP dispersion, thus giving a valuable transverse
magneto-optical Kerr effect (TMOKE), which is manifold
enhanced as compared to the out-of-the-SPP resonance
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conditions [34]. Besides, extra functionalities are introduced
by the presence of the waveguide modes in the magnetic
dielectric layer adjacent to the grating leading to the en-
hancement of the light-matter interaction [35] and giving
rise to a novel longitudinal magnetophotonic intensity effect
suitable for the magnetic field-induced modulation of light
[36,37].

A huge plasmonic-assisted enhancement of optical fields
inspires the efforts towards the intensification of the nonlin-
ear phenomena in plasmonics structures [34,38]. Since the
pioneering works demonstrating a distinct increase of the op-
tical second harmonic generation (SHG) in metal films owing
to the SPPs excitation [39,40], various plasmonic structures
were applied to increase a wide range of the nonlinear op-
tical effects. In particular, the enhancement of the second
[41,42] and third harmonic generation [43,44], as well as the
four-wave mixing [45], were achieved in plasmonic gratings.
An additional boost of the optical effects is achieved in hy-
brid plasmon-photonic structures [46]. Moreover, magnetic
structures can support magnetization-induced modulation of
the SHG intensity that exceeds linear magneto-optical ef-
fects by several orders of magnitude [47–49]. This makes
nonlinear magneto-optics highly attractive for sensing and
magnetic field-driven control of light [38,50] and attracts at-
tention to nonlinear magneto-optics of plasmonic structures
[35,38,48,51,52].

Special attention is attributed to the MPCs based on a
combination of ferromagnetic and noble metals providing the
high quality SPP resonances and a strong magneto-optical
activity, which greatly exceeds that of magnetic dielectrics.
The SPP-driven increase of the TMOKE was implemented
for MPCs of various designs, based on single uniform ul-
trathin films of ferromagnetic metals like nickel, iron, and
cobalt covering dielectric gratings [21,30,53,54]. An im-
proved magneto-optical response of MPCs is achieved in
structures with a ferromagnetic layer juxtaposed with gold
or silver periodic gratings [22,24,25,28,55–58] or squeezed
between a couple of noble metal films [28,59]. Significant
endeavors were applied to enhance magneto-optical effects
in perforated hybrid gold/cobalt gratings [26,27] harnessing
the extraordinary optical transmission [60–62]. Alternative
realized MPC designs were based on arrays of ferromag-
netic disks and stripes [30,53,63,64], or plasmonic structures
located on a ferromagnetic substrate [65]. Additional func-
tionality could be achieved as well due to harnessing bright
and dark plasmonic modes [5,66] or the presence of additional
modes except SPP ones, e.g., Mie plasmons supported by the
metallized inverse opals [67].

Besides ferromagnetic metals as iron, cobalt, and nickel
applied prominently for the fabrication of MPCs, special
attention is paid to permalloy (Py), which is a soft ferro-
magnetic nickel-iron alloy (Ni80Fe20) [68]. This material is
promising for a wide range of applications owing to the
superior magnetic properties including high Curie tempera-
ture, small magnetic anisotropy, coercitivity, Gilbert damping,
and magnetostriction, which inspires the application of Py
in spintronic devices [69] as well as for the realization of
room temperature skyrmion states [70]. The bind of Py and
PCs demonstrates a strong potential for the magneto-optical
applications and sensing [21,53,56,65,71–74], as well as

magnetic control over the photoinduced electric voltage as
was demonstrated quite recently [75].

Recently curved geometries of magnetic materials have
attracted a lot of attention inspired by myriads of nontrivial
magnetic states in these systems [76,77] promising for the
spintronics applications. Engineering of magnetic nanostruc-
tures results in the curvature-induced magnetochirality [78],
skyrmions, magnetic vortices, helical states in spherical sur-
faces, and nanotubes [79–81] to name a few. Even in thin
films the curvature can be the source of magnetic anisotropy
[82]. In spite of the impressive progress in the studies of the
shape effects in magnetic properties of various structures, the
investigations of SPP-mediated optical effects in the MPCs
with nonuniform magnetization have not been performed to
the best of our knowledge.

In this work we investigate the SPP-driven enhancement of
the TMOKE and of the second harmonic generation in a MPC
composed of gold and Py ultrathin films deposited on a 1D
dielectric grating. We demonstrate both experimentally and
theoretically that in the conical light diffraction geometry, the
magnetic anisotropy of the corrugated ferromagnetic layer is
of crucial importance for the appearance of magneto-optical
effects and can be considered as an additional way for the
control over the magneto-optical effects in MPCs. The paper
is organized as follows. In Sec. II we provide the parameters
of the considered MPC structures along with their magneto-
optical properties, description of the experimental procedures,
and the obtained results. In Sec. III we discuss the details of
simulations and results of calculations of linear and nonlinear
diffraction of light in the MPCs. The Conclusions section fi-
nalizes the paper.

II. EXPERIMENTAL DETAILS

A. Experimental structure

In this work the experimental studies of resonant effects
in magneto-optical and second-harmonic response of MPC
are carried out for a 1D metal-dielectric surface-relief grat-
ing. The spatial profile of the structure unit cell is shown in
Fig. 1(a). The grating was obtained in the following way.
First, a 500 × 500 μm 1D array of dielectric ridges made
of the hydrogen silsesquioxane (HSQ) resist was formed by
electron-beam lithography on a quartz substrate. The grating
period was d = 600 nm, ridge height was 63 nm, and its
width was 70 nm. Then the resist pattern was covered by a
6-nm-thick adhesive Ti layer with the subsequent deposition
of gold and permalloy films with the thicknesses of dAu =
80 nm, dPy = 10 nm; permalloy being a ferromagnetic alloy
introduces magneto-optical activity to the MPC. The value
dAu is chosen to bury the dielectric grating forming the pe-
riodic surface relief. The thickness of the ferromagnetic layer
(dPy) is justified to provide alignment of the magnetization
along corrugated Py thin film [82] and minimize the effect
of the formation of islands under the sputtering process. The
SEM image of the upper surface of the grating is demonstrated
in Fig. 1(b). For convenience we denote the upper gold inter-
face as “1” and the bottom one as “2,” as indicated in Fig. 1(a).
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FIG. 1. (a) Scheme of the unit cell of the grating. Circled num-
bers indicate the interfaces of the gold film. (b) SEM image of the
grating.

B. Magneto-optical properties of permalloy

Magneto-optical effects originate from the appearance of
nondiagonal components of the permittivity tensor of a mag-
netized material

ε̂ =
⎛
⎝ ε igz −igy

−igz ε igx

igy −igx ε

⎞
⎠, (3)

where ε is the diagonal permittivity component of an isotropic
material, g = (gx, gy, gz ) is the gyration vector proportional
to the magnetization M, i.e., g = αM = g(M)m, m = M/M
is a unit vector [83]. Here we adopted ε = ε′ + iε′′ and g =
g′ + ig′′ and assume the exp(−iωt ) convention for the optical
fields [84].

We found a strong easy-plane magnetic anisotropy of a
flat 10-nm-thick permalloy film, which appears as a strong
difference in the parameters of the hysteresis loops measured
in the transverse and polar magneto-optical Kerr effects that
is typical for ultrathin magnetic films [85,86]. For these stud-
ies, a reference Py film was made in the same deposition
cycle on a flat substrate (without a dielectric grating). In that
case the in-plane coercivity is rather small, H‖

c = 20 Oe, in
agreement with previous measurements [72,85,87]. In turn,
for the out-of-plane direction the magnetic saturation was
not achieved up to H = 4.5 kOe that corresponds to previous
studies of the magnetization of 10 nm Py film, which saturates
at H ≈ 10 kOe [85], that is 500 times larger than H‖

c .
To estimate the spectral dependence of the complex g value

in the case of permalloy, we proposed a dual-measurement
method based on the analysis of the spectra of the TMOKE
and polar magneto-optical effect (PMOKE). In these experi-
ments, the p-polarized light of a halogen lamp was incident at
the angle of θ = 22.5◦ on the reference flat Au/Py film. The
in-plane transverse and out-of-plane DC magnetic field with
the strength of about 3.5 and 4 kOe, respectively, formed by
permanent neodymium magnets were applied. Reversal of the
magnetic field direction was realized by rotating the magnets
by 180◦; this allowed us to measure the TMOKE magnetic
contrast given by

ρt = I (M) − I (−M)

I (M) + I (−M)
, (4)

which describes the relative change of the reflected light in-
tensity (I ) under the magnetization reversal when p-polarized
light is incident and an analyzer is absent. The obtained
TMOKE spectrum ρt for the Au/Py film is shown by the black
curve in Fig. 2(a). When studying the PMOKE consisting of
odd in magnetization rotation of the polarization plane and
ellipticity change of the reflected light, we set the incident

FIG. 2. (a) Measured spectra of the magnetic contrast of the
transverse (ρt ) and polar (ρp) MOKE for Au/Py film deposited on
a flat quartz substrate. Inset: Geometry of light incidence and basis
vectors of the optical polarization. (b) Extracted spectra of the Py
complex gyration value.

light polarization at the angle ψ = −45◦ with respect to the
p polarization, so that its electric field is described by Einc =
ep cos(ψ ) + es sin(ψ ) [inset in Fig. 2(a)], while the analyzer
selected the s-polarized reflected light. The spectrum of the
magnetic contrast ρp of the PMOKE determined similarly
to Eq. (4) is shown by a red curve in Fig. 2(a). The most
pronounced PMOKE occurring near λ = 540 nm corresponds
to the rotation of the major axis of the polarization ellipse up
to 0.4◦ at the structure magnetization. We have to stress that
for an applied combination of polarizations the values of ρt

and ρp of the transverse and polar MOKE never become zero
simultaneously until g = 0, which allowed us to estimate the
complex value of g.

Using the transfer-matrix method adapted for anisotropic
multilayers, we reconstructed the spectra of Re(g) and Im(g)
of permalloy from ρt and ρp spectra; the corresponding depen-
dencies are shown in Fig. 2(b). One can see that the real part
of the gyration value of permalloy changes its sign near the
wavelength λ = 630 nm and reveals a valuable growth of its
real and imaginary parts with increasing λ. As well, real and
imaginary parts of g reveal local extrema near λ = 540 nm.

C. SPP resonances in light reflection from MPC

The investigations of the resonant optical effects in MPCs
were carried out in conical diffraction geometry, as illustrated
in Fig. 3(a). The angle of incidence of the probe beam was
θ = 22.5◦, and the plane of incidence was oriented at the az-
imuth angle ϕ with respect to the grating periodicity direction
as shown in Fig. 3(a). For convenience we introduce two coor-
dinate frames [Fig. 3(a)]. The first one, XYZ, is related to the
MPC with the x axis parallel to the periodicity direction of the
grating. The second one, X′Y′Z, is rotated by ϕ with respect
to the XYZ coordinate system, with the x′ axis lying in the
plane of incidence. The utilized conical diffraction geometry
is known to give additional degree of freedom for the light
interaction with diffraction gratings, which was applied in the
polarization converters [88], biosensors [89], and is scarcely
mentioned in magneto-optics [54,64]. In our linear-optical
experiments, the p- or s-polarized light beam of a halogen
lamp was focused into a 100 × 50 μm spot by a lens with
f = 5 cm to the MPC and the reflected radiation was detected
by an Avesta ASP-75 spectrometer in the wavelengths range
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FIG. 3. (a) Scheme of the light incidence upon the MPC.
(b) Wave-vector diagram of the diffraction assisted excitation of
SPP given by Eq. (2) for various light wavelengths, ϕ = 0◦–90◦

and diffraction orders m = ±1. Green arrows are k‖, red ones are
kspp, and black ones are ±G.

of 400–1000 nm. The convergence angle of the incident light
was about δθ = 1◦ which had the negligible effect of about
3% in the smearing of the SPP features of the MPC. The MPC
reflection spectra were normalized to those of the flat Au/Py
reference film.

Figure 4 shows the experimental reflection spectra of the
MPC for various azimuth angles ϕ, for p and s polarizations
of the incident light. One can see that the reflection coefficient
of the MPC reveals spectral minima, which are missing for
flat Au/Py film and are shifting towards shorter wavelengths
when ϕ tends to ±90◦. For the p-polarized light, the most
pronounced features are observed in the spectral range of 600–
900 nm. In the case of the s polarization, there are several sets
of minima. We address the first one lying in the same range
of λ as for the p polarization and additional ones in the near-
infrared (IR) range of λ > 920 nm. The typical spectral width
of the resonances observed in the range λ = 600–900 nm is
about �λ = 40 nm, their strength being strongly dependent
on the incident angle: for the p polarization it decreases at
detuning ϕ from zero, while for the s polarization the min-
imum is the most pronounced at ϕ = ±50◦ and ±90◦, and

FIG. 4. Experimental λ-ϕ spectra of the reflectance of MPC for
(a) p-polarized and (b) s-polarized light. The reflection coefficient is
normalized to that of the reference Au/Py film. Quasisynchronism
conditions for the SPP excitation at the MPC interfaces 1 and 2
[determined by Eqs. (2) and (5)] are shown by dashed and dotted
curves, respectively; the interface number is shown in the circle. The
diffraction orders m = −1 (m = 1) are indicated by orange (white).
Solid blue curves indicate the Rayleigh anomalies corresponding to
the diffraction orders m = ±1 for the air interface of the grating.

disappears for ϕ = 0◦. We note that the local decrease of the
light reflection of both the MPC and the flat multilayer film
near the wavelength of 490 nm caused by the interband transi-
tions in gold disappears under normalization to the reflectance
of the reference Au/Py film (Supplemental Material Sec. I
[90]).

We address the observed resonant optical features of MPC
to the diffraction-assisted SPP excitation in the grating. To
illustrate this we overlay (i) λ-ϕ curves of the Rayleigh
anomaly attributed to the diffracted order oriented along the
grating surface and (ii) the SPP dispersion curves in Fig. 4.
The former ones obtained for interface 1 according to k0 =
|k‖ + mG| with the diffraction orders m = ±1 are shown
by blue curves in Fig. 4. The SPP dispersion curves for
m = ±1 were obtained using Eq. (2) where kSPP(λ) for the flat
SiO2/Ti/Au/Py/Air multilayer film was calculated by solving
the following equation:

det M̂(λ, kx ) = 0, (5)

with respect to kx, where the matrix M̂ expresses the boundary
conditions of the continuity of the tangential components of
electric and magnetic fields of the light waves at the film
interfaces [91]. A similar approach is commonly used for
dispersion analysis of guided modes and surface waves in
metamaterials [92,93]. We note that the obtained SPP curves
are very close to ones driven by a combination of Eqs. (1)
and (2) that is justified by a small thicknesses of Py and
Ti layers juxtaposed to thick Au film. As seen, the obtained
SPP dispersion reproduces quite well the spectral shift of the
resonances with the azimuth rotation of the grating. The λ-ϕ
dependence of the Rayleigh anomaly shown in Fig. 4 ap-
pears for shorter wavelengths than the SPP dispersion curves
(dashed curves) and observed reflection minima, sustaining
the SPP origin of the latter. The calculations show that the
main reflection minima are attributed to the SPP whose field is
localized predominantly near interface 1 of the Au film, while
the near-IR ones observed for the s polarization of light at
λ > 920 nm [Fig. 4(b)] are related to the SPP excitation at
interface 2 [Fig. 1(a)].

D. Linear transverse magneto-optical Kerr effect

Let us consider the magneto-optical response of the MPC.
The measurements of the TMOKE were performed by the
procedure similar to that used in Sec. II B. In the experiment
the magnetic field with the strength of H = 2 kOe oriented
along y′ axis was applied, i.e., it was lying in the structure
plane perpendicularly to the plane of incidence [Fig. 3(a)].
In this static magnetic field the MPC was rotated around the
z axis. The obtained spectra of the TMOKE contrast for
the p- and s-polarized incident light are shown in Fig. 5.
One can see that a broadband nonzero magnetic contrast is
revealed under the reflection of the p-polarized light from
the MPC, the typical value of the magnetic contrast is ρt ∼
10−3 in the near-IR. It is accompanied by the sign change of
ρt in the vicinity of λ = 600 nm [Fig. 5(a)], which stems from
the magneto-optical spectrum of permalloy gyration value
shown in Fig. 2(b).

At the same time we revealed that the considered MPC
sustains SPP-assisted resonant enhancement of the TMOKE.
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FIG. 5. Experimental λ-ϕ TMOKE spectra of the MPC for (a)
p- and (b) s-polarized incident light. Quasisynchronism conditions
[Eqs. (2) and (5)] for the excitation of SPP at interfaces 1 (dashed
curve) and 2 (dotted curve) of the MPC for the diffraction orders
m = −1 (m = 1) indicated by yellow (gray).

For the p polarization of the probe light, a pronounced narrow-
band resonant growth of ρt is observed, its position at the
λ-ϕ map matches well the minimum of the MPC reflection
[Fig. 5(a)]. The peak value of the magnetic contrast ρt = 3 ×
10−3 is approximately three times larger than for the reference
flat Au/Py film. Interestingly that the sign of the magnetic
contrast in the vicinity of SPP resonance is not changed and
the enhancement of ρt as well as resonant reflection mini-
mum is rather symmetric with respect to ϕ and λ, contrary to
asymmetric Fano-like resonant contours with the sign reversal
of ρt observed in other types of MPCs [24,29]. As seen, the
variation of the azimuth angle ϕ from the zero value causes
a decrease of ρt along the SPP dispersion curve, which is
caused by the lowering of the SPP amplitude and the strength
of the reflection minimum [Fig. 4(a)]. It is worth noting that
the TMOKE enhancement takes place solely for SPP localized
at interface 1 of the grating that is caused by the proximity of
the ferromagnetic film to this interface.

In the case of the s-polarized light, the TMOKE of the MPC
is about one order of magnitude smaller than that attained for
the p polarization [Fig. 5(b)] and reaches maximum values
of the magnetic contrast of ρt = 3 × 10−4 close to the SPP
resonant curve, while for flat Au/Py film ρt is zero within
the experimental accuracy in accordance with the expectations
[83]. Curiously, contrary to that, the MPC demonstrates spec-
tral broadband nonzero TMOKE in the near-IR near ϕ = 90◦
for s-polarized light that stems from the surface relief of the
grating. In contrast to the results for the p-polarized light,
there is no enhancement of ρt at ϕ = 0◦ [Fig. 5(b)], which
results from the prohibition for the SPP excitation by the
s-polarized light when the SPP wave vector kSPP is in the plane
of incidence. We address special attention to the threefold
sign change of the TMOKE contrast close to ϕ = 90◦ for
s-polarized light [Fig. 5(b)]. As is discussed below, this pe-
culiarity is a fingerprint of the specific in-plane magnetization
of the corrugated ferromagnetic layer covering the grating.

E. Second harmonic generation in MPC

Second harmonic generation in MPC was studied in the
same geometry as the linear MOKE [Fig. 3(a)]. In the exper-
iments, a Ti-Sa laser generating the pulses with the duration
of 60 fs and repetition rate of 80 MHz tunable in the spectral

ϕ ϕ

FIG. 6. Experimental λ-ϕ map of the power of (a) p-polarized
and (b) s-polarized components of the reflected SHG. Labels of the
wavelength axis correspond to the fundamental radiation. Dashed
curves correspond to the SPP dispersion.

range of 730–915 nm was used as the light source. As seen
in Fig. 4, in this spectral range the SPP is excited efficiently
by the p-polarized incident light that was used in SHG exper-
iments. The fundamental beam with the mean power of P =
15 mW was focused by a f = 5 cm lens upon the MPC into a
spot with the diameter of about d = 17 μm, the angle of inci-
dence was θ = 22.5◦. The convergence angle of incident light
was about δθ = 3◦ corresponding to the broadening factor of
the SPP resonant dip of about 1.25. The second harmonic
(SH) radiation generated in reflection from the grating was
extracted by an appropriate set of color filters and detected
by a photomultiplier operating in the photon counting mode.
The Glan prizm analyzer was used for the selection of p- and
s-polarized SH components.

Figure 6 shows the wavelength-azimuth angle maps of the
power of p- and s-polarized SH components generated in
reflection from the MPC. First, we stress a strong effect of
the SPP excitation at interface 1 at the fundamental frequency
on the nonlinear response. Second, we address the broadband
p-polarized SHG, which takes place almost in the whole range
of the azimuth angle ϕ [Fig. 6(a)] and corresponds to the SHG
allowed at the interfaces, the main SHG contribution being
due to the χ (2)

zzz term of the surface nonlinear susceptibility
[94,95]. In contrast, the generation of the s-polarized SH wave
is prohibited at flat interfaces of isotropic media, while we
observed weaker but nonzero s-polarized SHG [Fig. 6(b)],
originating from the surface relief of the grating and the SPP
excitation.

The SPP excitation in MPC appears in different ways in
the generation of p- and s-polarized SHG components. In
the first case, SPP excitation leads to the coexistence of a
deep minimum adjacent to a maximum of the SHG power,
their spectral position in a λ-ϕ map matches well to the SPP-
induced minimum of the linear reflection [Fig. 4(a)]. Thus
close to the SPP resonances, the Fano-like spectral line of the
SH signal is formed. In contrast to the case of the p-polarized
SHG, the generation of the s-polarized SH wave is strongly
enhanced in the spectral-angular region matching the resonant
SPP excitation [Fig. 6(b)].

High SPP-driven sensitivity of the SHG to the magnetic
state of the MPC is demonstrated in Fig. 7, which shows
the experimental azimuth dependencies of the power of the
p-polarized component of the reflected SH radiation and
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FIG. 7. Azimuth dependencies of the reflected p-polarized SHG
power and of its magnetic contrast measured under the excitation of
the MPC by the p-polarized fundamental radiation at λ = 820 nm.

its magnetic contrast when the MPC is illuminated by the
p-polarized fundamental radiation at λ = 820 nm. As can
be seen, resonant enhancement of the magnetic contrast up
to the value of 30% takes place within the SPP resonance
contour, accompanied by the sign reversal of the nonlinear
TMOKE. The maximal contrast value is 10–15 times larger
than its nonresonant value and is two orders of magnitude
larger than the linear TMOKE. It can be noted that strong
values of nonlinear MOKE up to 5 × 10−2 were demonstrated
in the magnetic granular films [96]. Under the attenuated total
reflection the uniform iron films resulted in nonlinear ρ of
about 20% [49]. Our results agree with revealed earlier the
SPP-mediated enhancement of the nonlinear MOKE in other
types of MPC [48,51,97] and uniform three-layer Au/Co/Au
plasmonic films [98] demonstrating up to several dozens per-
cent nonlinear MOKE accompanied by the sign change of ρ

near the SPP excitation conditions.

III. NUMERICAL SIMULATIONS AND DISCUSSION

A. Linear optics of MPC

In order to corroborate the revealed SPP-induced phenom-
ena in the optical response of MPC we carried out numerical
simulations of linear and nonlinear diffraction of light in this
structure harnessing the finite element method (FEM) through
the application of COMSOL software. We applied the spatial
profile of the unit cell of the surface-relief grating shown
in Fig. 1(a). To emulate the infinite-size structure, Floquet
periodic boundaries were imposed in the x and y directions,
while perfectly matched layers (PMLs) were used in vertical
(z) direction. The calculations were carried out in the fre-
quency domain for a convenient incorporation of the spectral
dependencies of the dielectric permittivities of constituent
materials taken from Refs. [99,100]. In all simulations the
angle of incidence was taken as in the experiment, θ = 22.5◦,
while the azimuth angle ϕ and light wavelength λ were varied.
The stability of the numerical results to the parameters of the
computational domain and PML, especially near the wave-
lengths of the Rayleigh anomaly, was confirmed by auxiliary
simulations.

The obtained λ-ϕ dependencies of the reflection coeffi-
cients for p- and s-polarized light normalized to the reflection
spectra of a flat film are shown in Fig. 8. They stay in a good
agreement with the results of the experiments shown in Fig. 4.

μ

ϕ ϕ

FIG. 8. Calculated λ-ϕ spectra of the relative reflectance of MPC
for (a) p-polarized and (b) s-polarized light. The reflection coefficient
is normalized to one of the flat Au/Py films. Dispersion curves
[Eqs. (2) and (5)] for excitation of SPP on interfaces 1 (dashed curve)
and 2 (dotted curve) of the MPC. Diffraction order m = −1 (m = 1)
is indicated by orange (white).

The calculated MPC reflection spectra exhibit the minima
with their spectral position corresponding to the SPP disper-
sion curves given by Eqs. (2) and (5) for m = ±1 and shown
by dashed lines in Fig. 8. For s polarization of light the most
pronounced features associated with the SPP excitation take
place at ϕ = ±55◦–60◦ and ±90◦, while for the p-polarized
light it occurs at ϕ = 0◦ similarly to the experimental results
(Figs. 8 and 4).

We assert that revealed sensitivity of the SPP excitation
with respect to the azimuth angle in the vicinity of ϕ = 0◦
results from the mismatch of the directions of the electric
field vectors of the incident wave Einc and SPP ESPP. In-
deed, the applied conical geometry of light diffraction from
the grating leads to the SPP propagation in the direction out
of the plane of incidence. This is illustrated by Fig. 3(b),
where the diagram of the Bragg excitation of the SPP at the
MPC interface 1 is shown for various λ and diffraction orders
m = ±1 (this vector scheme in XYZ frame attributed to the
grating is shown in the Supplemental Material Fig. 2 [90]).
This scheme corresponds to the dashed dispersion curves in
the range ϕ = 0◦–90◦ in Fig. 8. It shows that the SPP wave
vector kSPP could be even orthogonal to the incidence plane as
it takes place for λ = 650 nm [Fig. 3(b)]. The most efficient
SPP excitation takes place when 〈EincESPP〉 is maximal as it
occurs at ϕ = 0◦ for the p polarization of the incident light.

Numerical studies of the TMOKE spectra were performed
when taking the dielectric permittivity of the Py film in the
tensor form [Eq. (3)], with the complex gyration value g(λ)
estimated in the experiment [see Fig. 2(b)]. Special attention
was paid to the orientation of the gyration vector g = g(λ)m
of the Py layer under the application of the static magnetic
field H along the OY′ direction, i.e., oriented at the angle ϕ

with respect to the MPC stripes. To untangle the origin of the
experimentally revealed threefold sign change of the TMOKE
spectrum at the azimuth angle ϕ = 90◦ [Fig. 5(b)], we pro-
posed that the direction of the Py magnetization m is affected
by the profile of the grating. Instead of the uniform magnetiza-
tion when m = H/H , as a matter of fact, we assumed m to be
along the Py layer following the film bending, i.e., unit vector
is m = [n × [H × n]]/‖m‖, where n is the outward normal
vector to the Py film. We refer this type of the magnetization
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ϕ

×

ϕ

μ

×

FIG. 9. Calculated λ-ϕ spectra of TMOKE for (a) p- and (b) s-
polarized light. Dashed (dotted) curves are the dispersion curves of
SPP localized at interface 1 (2).

as in-plane. This is illustrated schematically for ϕ = 90◦ in
the right inset of Fig. 10. This model is justified by a strong
magnetic shape anisotropy of a few-nm-thick ferromagnetic
films for which the saturation of the out-of-plane magneti-
zation could be achieved at the magnetic field with strength
of several kOe [85,86]. For 10-nm-thick Py film it occurs for
H ≈ 10 kOe [85] manifold exceeding the saturation field for
the in-plane directions in accordance with our observations
(Sec. II B). The alignment of the magnetic moments along the
corrugated thin film was demonstrated in Refs. [82,101] and
originates from the minimization of the magnetostatic energy.

The calculated TMOKE spectra shown in Fig. 9 for
both polarization states of the incident light demonstrate
pronounced SPP-driven resonant features of TMOKE in
agreement with the experimental results (Fig. 5). Similar
to the experiment, an increase of the TMOKE occurs in the
spectral vicinity of the dispersion curves of the order m = ±1
for SPP confined by interface 1, while far from these reso-
nances nonzero TMOKE exists driven by the magneto-optical
response of the Py film. In turn, the nonzero TMOKE for
s-polarized light beyond the SPP excitation is caused by the
interplay of (i) the corrugation of the ferromagnetic layer
resulting in the mixed polarization of the incident light in
local regions of the ridge’s walls and (ii) in-plane permal-
loy magnetization. As for p polarization, the enhancement

FIG. 10. Comparison of the calculated spectra of the TMOKE
in the MPC for s-polarized light incident at ϕ = 90◦ for the Py
layer magnetized along H (green curve) and along the film (black
curve). The gyration value of permalloy is taken dispersionless and
equal to g = 1. Inset demonstrates by yellow arrows both cases of
magnetization profile of Py film.

of TMOKE for s-polarized incident light appears near the
diffraction-assisted excitation of the SPP.

We stress the decisive role of the in-plane magnetization in
conspicuous manifold sign change in the TMOKE spectrum
for s-polarized light near ϕ = 90◦ and λ = 600 nm revealed
experimentally [see Fig. 5(b)]. We affirm that it is in-plane
magnetization of the grating cover layer that gives a sign
change of TMOKE spectra even for dispersionless gyration
value g, which is not the case of the uniform magnetization.
It is demonstrated explicitly in Fig. 10, which illustrates the
calculated TMOKE for both types of magnetization of the
Py layer in the MPC when s-polarized light is incident at
ϕ = 90◦. To make the effect of the magnetization type on
the magnetic contrast more obvious, in these calculations the
dispersion of the Py gyration value was neglected and we
took g = 1. One can see that in-plane magnetization of the
MPC structure gives the change of the TMOKE sign (black
curve) contrary to the uniform M when the TMOKE does not
experience it (green curve). Revealed effect gives rise to a
pronounced TMOKE enhancement under the SPP excitation
by s-polarized light for λ < 600 nm [Figs. 9(b) and 5(b)]. To
the best of our knowledge, the intertwine of the SPPs and
the nonuniform magnetization in MPCs is found for the first
time. We emphasize that the nonuniform magnetization is de-
cisive not only for resonant, but also for off-resonant TMOKE
spectrum. This makes the TMOKE with the s-polarized light
a sensitive probe of magnetization of the corrugated ferro-
magnetic films. It is sustained as well by the robustness of
the revealed effect to the roughness of gold and permalloy
films. It was confirmed by the additional simulations involving
the random perturbation of the interfaces with the root-mean-
square roughness of Rq = 3 nm, which is even larger than
Rq = 1.5 nm for the experimental structure. We emphasize
that the propagation of the SPPs in MPC out of the plane
of light incidence that is mediated by the conical diffraction
enriches the magneto-optical effects, which can be further
intensified by tuning the direction of H with respect to the
SPP wave vector.

B. Second harmonic generation

Numerical simulations were carried out for the SHG in
plasmonic grating under the SPP excitation in the undepleted
pump approximation by executing the two coupled simula-
tions attributed to the (i) fundamental and (ii) SH fields, within
the FEM in the frequency domain. First, the spatial distribu-
tion of the electric field of the fundamental radiation inside the
grating was determined under the incidence of the p-polarized
plane wave upon the MPC. Then it was recasted to the spatial
distribution of the vectorial nonlinear polarization considered
as the light source in the subsequent simulation of SHG.

The second-order response of the structure raises from the
surface and bulk second-order nonlinearities of a metal, i.e.,
its nonlinear polarization is given by [102,103]

PNL = PNL
surf + PNL

bulk. (6)

The last term is attributed to the gas of free (conductive)
electrons, and its nonlocal nonlinear polarization in the frame
of the hydrodynamic model [104–106] takes the form

PNL
bulk = α∇(E · E) + β(E · ∇)E. (7)
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FIG. 11. Calculated λ-ϕ dependencies of the power of (a) p- and
(b) s-polarized SHG components. Dashed curve is the dispersion
curve of SPP localized at interface 1.

Recently it was shown that the bulk nonlinearity of metal is
of paramount importance for the second-order response of
plasmonic nanostructures [106–108]. Our simulations confirm
that it is PNL

bulk that gives a qualitative agreement of the nu-
merical results with the experimental ones, while the PNL

surf
is insufficient and we skip it in the calculations. The second
term in Eq. (7) disappears in homogeneous media and gives
a very weak SH response of the considered grating as com-
pared to SHG driven by the first term. For this reason we
employed ultimately the nonlinear polarization in the form of
PNL = α∇(E · E).

The results of the calculations of the power of s- and
p-polarized SHG in reflection from the MPC as a function
of λ and ϕ for the p polarization of the fundamental beam
are shown in Fig. 11. Obtained maps demonstrate salient
features similar to the experimental ones (Fig. 6). We would
like to underline that it is the nonlocal bulk nonlinear response
of metal which gives rise to Fano-like resonant enhancement
of p-polarized SHG under the SPP excitation [Fig. 11(a)]. In
turn, the surface nonlinearity driven predominantly by χ

(2)
⊥⊥⊥

[94,95] leads to the increase of p-polarized SHG without a
minimum specific to the Fano line.

The results of the calculations also show that the SHG
under the SPP excitation in the conical diffraction geome-
try contains a quite intense s-polarized SH wave for ϕ 
= 0◦
[Fig. 11(b)] that is in agreement with the experimental data
[Fig. 6(b)]. We attribute this effect to the asymmetric interac-
tion of light with the gratings when both the plane of incidence
and the direction of propagation of the diffraction-induced
SPP are inclined with respect to the grating ridges.

IV. CONCLUSION

To summarize, in this work we carried out the experimental
investigation of the resonant enhancement of linear and non-
linear TMOKE as well as the SHG in the conical diffraction
geometry in the MPC based on gold and permalloy films cov-
ering the periodic dielectric grating. The structure is inspired
by bridging together a well pronounced SPP resonance sus-
tained by gold and significant magneto-optical activity of the
ferromagnetic layer. We revealed SPP-driven enhancement of
the TMOKE, which appears for both s and p polarizations
of the incident light in contrast to the usual diffraction ge-
ometry when diffracted beams are in the incidence plane and
the TMOKE is zero for s-polarized light. We elucidated the
crucial role of the effect of in-plane magnetization of Py layer
in the TMOKE for the symmetric geometry of light interac-
tion when the grating ridges are in the incidence plane. This
magnetization type results in the sign of SPP-driven TMOKE
opposite the one for the case of the uniform magnetization of
the ferromagnetic film. Our findings intertwine the SPP and
the nonuniform magnetization that is useful for its probing
and can be promising for the intensification of other magneto-
optical effects. The explicit Fano-like resonance in the SHG
attributed to the SPP excitation is manifested experimentally
and confirmed by numerical simulations. The revealed effect
is accompanied by pronounced s-polarized SHG induced by
the SPP excitation at the conical diffraction of fundamental
radiation. A decisive role of the bulk second-order nonlin-
earity of metal constituent of the grating in this nonlinear
process is found by numerical calculations. Demonstrated res-
onant effects in the SH response are accompanied by valuable
nonlinear TMOKE achieving 30% associated with the SPP
excitation at the fundamental frequency.
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