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ABSTRACT: Magnetization-induced second-harmonic gen-
eration (SHG) enhanced by surface plasma resonances (SPRs)
is studied in a Au/(Bi,Tm) iron garnet (IG) perforated
magnetoplasmonic crystal capable of sustaining SPRs at both
air/Au and Au/(Bi,Tm)IG interfaces. Asymmetry of a crossing
point of the SPR branches is shown, demonstrating a
significant difference in the SHG spectra at both sides of the
complex resonance. Despite the thick (120 nm) Au layer, the
sensitivity of the SHG to the SPR at the buried Au/garnet
interface is demonstrated through observing an SHG magnetic
contrast, when the SHG is amplified by an excitation of the SPR at the bottom interface.
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The recent development of magnetoplasmonics has opened
up new paths for future research in modern photonics and

nanooptics. Significant progress has been made with a
straightforward approach, utilizing ferromagnetic transition
metals instead of traditional plasmonic materials, such as Au
or Ag.1 In general, two main achievements can be outlined here.
First, a sizable enhancement of magneto-optical effects
facilitated by the excitation of surface plasmon resonances
(SPR) has been widely demonstrated.2−16 On the other hand,
the possibility to control resonant conditions by means of an
external magnetic field, originally proposed for magneto-
plasmonic materials,17,18 has shown promising results for
possible applications.19−21 Along with linear optical effects,
excitation of the SPRs was found to enhance the magneto-
optical effects in second-harmonic generation (SHG)22−24 and
activate new sources of SHG in magnetoplasmonic structures.25

Although ferromagnetic transition metals such as Fe, Co, or
Ni are the simplest way to merge magneto-optics with
plasmonics, electron−electron scattering responsible for the
ferromagnetic aligning of spins in such metals leads to a faster
decay rate and lower quality factor of any collective electronic
excitation such as an SPR. Instead, a sensible approach using a
heterostructure of a noble metal with a high-quality SPR and a
ferromagnetic dielectric has been proven to yield more
promising results for linear26−35 and nonlinear36−39 magneto-
optics. The periodic perforation in a metal allows for the
excitation of a double SPR on the metallic film, when the
electric field at both metal−dielectric interfaces is simulta-
neously enhanced.40−42 In the case of such a complex
excitation, a highly intuitive model has been proposed,34

suggesting that for a thin metallic film SPRs at both interfaces

can be considered as two coupled oscillators. However, little is
known about this SPR excitation in a thick metal layer, where
the coupling of the overlap of the electromagnetic fields
induced by the SPRs at opposite interfaces vanishes.
In this paper, we examine the SHG from a Au/(Bi,Tm) iron

garnet (BTIG) magnetoplasmonic crystal, which can sustain
SPRs at both sides of the 120 nm thick Au film. We analyze the
SHG near the point where the SPR branches at both interfaces
cross each other and demonstrate the asymmetry of the
crossing point. Despite the large thickness of the Au film, we
show how the SHG is sensitive to the SPR excited at the buried
Au/garnet interface. The inequality of the interfaces is also
shown by studying the nonlinear magneto-optical response.
The results of numerical simultations are shown to be in good
agreement with the experiment, validating the SPRs excitation
picture used in the analysis of the data.

■ SAMPLES AND EXPERIMENTAL TECHNIQUE

A 100 × 100 μm array of thick (120 nm) Au stripes was
deposited on 4 μm BTIG, which was grown on a gallium
gadolinium garnet (GGG) [100] substrate. This combination
of a noble metal (Au) and a ferromagnetic dielectric (BTIG)
was chosen to distinguish between the SPRs excited at both
interfaces of the Au film. In the nonlinear optical experiments,
the fundamental radiation of a Mai-Tai laser system, tunable in
the spectral range of 710−990 nm, excited the sample at
oblique incidence from the Au side. The structural parameters
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of the sample were chosen so that the crossing point of the two
resonance branches was within the tunability range of the laser.
The width of the Au stripes was 400 nm, the spatial period was
equal to 500 nm, and the Au stripes were perpendicular to the
plane of incidence of the incoming radiation (see Figure 1a).
The incident radiation was p-polarized, unless stated otherwise,
and the registered reflected SHG was always p-polarized. The
laser beam at an average power of around 40 mW (repetition
rate 82 MHz, pulse duration 100 fs) was tightly focused into a
spot of about 10 μm in diameter. The SHG signals were
normalized over the square of the incident laser power. The
surface morphology and optical image of the Au stripes on the
BTIG film were measured by both scanning electron
microscopy and optical wide-field polarizing microscopy (see
Figure 1b)

■ EXPERIMENTAL RESULTS
Typical spectral dependences of the linear reflectivity (red) and
SHG intensity (blue) are shown in Figure 1c for an angle of
incidence of 31°. The two features in the reflectivity correspond
to the excitations of the SPRs. At the same time, the SHG
spectrum measured in the same experimental conditions shows
two distinct peaks around the resonant wavelengths. It is worth
noticing that the peak at the higher wavelength, which is the
strongest, corresponds to the SPR excitation at the buried Au/
BTIG interface. The dashed lines indicate the resonant
wavelengths obtained from the well-known relation43

θ π= +k k N
d

sin
2

SP 0 (1)

where kSP is the k-vector of a surface plasmon, k0 is the k-vector
of light, θ is the angle of incidence, N is an integer, and d is the
period of the metallic structure. The k-vector of a plasmon can
be calculated if the dielectric functions of both metallic Au (ε1)
and dielectric BTIG (ε2) layers are known:44,45
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It is seen in Figure 1 that the agreement between the
calculated and observed resonant wavelengths is quite good,
given the known mismatch between resonances in the linear
and nonlinear optical responses. This mismatch is associated
with the symmetric/antisymmetric bound and leaky modes of
an SPR, which are in general nondegenerate if the metallic film
interfaces feel each other or due to the losses. Only leaky
modes can contribute to the SHG output.46 In order to learn
more about the spectral behavior of the SHG signal, we
performed systematic measurements at a set of angles of
incidence θ from 31° to 55°, which are shown in Figure 2a.
Two features can be seen in this figure: first, the typical avoided
crossing behavior of the SPR branches, and second, the
asymmetry in the SHG enhancement below and above the
crossing point. The avoided crossing is even better seen in
Figure 2b, where the resonant angles obtained from the SHG

Figure 1. (a) Layout of the sample and experimental schematic. Fundamental p-polarized radiation (red arrows) generates light at double frequency
(blue arrow). This process is enhanced by means of the SPR excitation. Magnetic field is applied normal to the plane of the figure. (b) Scanning
electron microscope image of the sample. (c) Linear reflectivity (red) and SHG intensity (blue) spectra for 31° of incidence. Vertical dashed lines
indicate the spectral positions of the SPRs at the two interfaces of the Au film obtained from eq 1

Figure 2. (a) Spectra of SHG intensity registered for a set of angles of incidence. An offset has been added to the curves for clarity. Points 1−3
correspond to the SPR excitation at the bottom (1, Au/BTIG) and top (2, Au/air) interfaces, and the point where both SPRs are excited (3), and are
used in further analysis. (b) Resonant angles obtained from the SHG experiments. Dashed green and dark red lines show resonant wavelengths
obtained from (1) for the Au/air and Au/BTIG interface, respectively. (c) False color reflectivity (R) plot calculated by means of a finite-difference
time domain method. Dashed lines are the same as in (b).
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spectra are plotted with empty squares. Dashed lines
correspond to the calculations according to eq 1, indicating
the crossing at about 40°. For θ well below that value, two
distinct peaks are seen in the SHG spectra. For larger angles,
after the avoided crossing only the SPR resonance correspond-
ing to the Au/air interface survives, while the other one
vanishes completely. The SHG efficiency plot is found to
correlate very well with the results of finite-difference time
domain simulations of the linear reflectivity (performed using
the Lumerical software) shown in Figure 2c. Two dips at low
angles turn into one single dip at incidence angles above the
crossing point of the two branches of SPRs.

■ DISCUSSION
In this section we shall discuss the main question that can be
raised regarding the experimental data presented above, which
is why and to what extent is the nonlinear optical response of
the magnetoplasmonic crystal sensitive to the buried Au/BTIG
interface. In order to do this, we shall first address the problem
of the interaction of the SPRs excited at the opposite interfaces.
Note that in principle a crossing of two such resonance
branches can be described within the model of coupled
oscillators proposed by Pohl et al.34 However, the coupling
coefficients ηi are strongly dependent on the distance between
the interfaces. For an SPR, the penetration depth of the electric
field at wavelength λ is given by43

λ
π
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where ε1,2 are the real parts of the dielectric permittivity of a
metal and dielectric medium, respectively. For Au and 850 nm
radiation, it gives 25 and 23 nm for the Au/air and Au/BTIG
interfaces, respectively. As such, it is hard to expect that the 120

nm thick Au stripe can sustain mutually correlated oscillations
at both interfaces with a reasonable coupling strength. This
consideration leads us again to the question of the origin of the
SHG signals, which shall be discussed below.
Obviously, the nonlinear optical response of a magneto-

plasmonic crystal is determined by its geometrical parameters.
Similar SHG spectra have been observed for the sample with a
Au film pitch of 600 nm instead of 500 nm. The only essential
difference is, of course, the spectral position of the resonances.
Much richer options can be obtained by varying the thickness
of the Au film, thus playing with the interaction of the SPRs
excited at opposite interfaces. It is known though that at low
thicknesses waveguide modes start to manifest themselves in
the spectra.35 On the other hand, it is clear that, once the Au
film is thick enough, the sensitivity to the bottom interface will
have been lost. Apparently, the SPR field penetration depths
given by eq 3 are not a good reference to the critical thickness,
and there is no experimental data on samples with a thicker
metallic layer.
It is known that buried interfaces can contribute to linear

optical spectra.47,48 The effect of extraordinary transmission
and related Wood anomalies49 has been studied quite
extensively from both experimental50−54 and theoretical55−63

points of view. The incident radiation couples to an SPR at the
interface on the other side of the metallic film, depleting the
incident beam, which leads to the observed features in the
reflectivity spectrum, facilitated by the interference of light.
However, this idea, though working very well in the case of
linear optics, fails to describe the enhancement of SHG when
these resonances are excited. Indeed, once the fundamental
radiation is resonantly coupled to the bottom interface, local
field enhancement L(ω) leads to an efficient nonlinear optical
frequency conversion.64 However, when the polarization at the
double frequency is excited in such a way, the SH radiation

Figure 3. (a) SHG intensity as a function of incident polarization for the points 1 and 2 (see Figure 2) corresponding to the SPR excitation at the
two interfaces at 33° of incidence (empty dark squares, 795 nm, and circles, 850 nm) and for the bare BTIG film (solid blue circles). Dark solid line
is the fit to the experimental data. (b−d) SHG magnetic contrast ρ as a function of incident polarization for points 1−3 (see Figure 2),
corresponding to the excitation of the SPRs at the Au/BTIG buried interface (green squares, 850 nm, 33° of incidence), the Au/air interface (dark
red circles, 795 nm, 33° of incidence), and the crossing point of the resonances (open circles, c, 848 nm, 39° of incidence). The solid line in (b) is
the fit to the experimental data; see eq 4. (e−g) Optical intensity distributions |E(x, z)|2 in the plane of incidence for points 1−3 (see Figure 2),
corresponding to the SPR excitation at the top (e, Au/BTIG) and bottom (f, Au/air), and the point where both SPRs are excited (g). The
wavelengths and angles are the same as in (b)−(d). The dielectric permittivities used for the simulations are the following: for Au, ε = −28.27 +
i1.75, −23.66 + i1.48, −28.10 + i1.74 for points 1−3, respectively, while for BTIG a single ε = 4.33 was used.
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generated at the bottom interface cannot exit back through the
Au film because the resonant conditions at 2ω are very
different. Numerical simulations show that the off-resonant
transmission of the SH radiation through the Au film in the
discussed spectral range stays at the level of 5−7%, which
cannot explain the strong SHG enhancement at the resonance
for the fundamental radiation.
Therefore, the question of the enhancement of the reflected

SHG when an SPR at the Au/BTIG interface is excited requires
further investigation. Probing with s-polarized fundamental
light excites no SPR, which is seen as an absence of any
resonant features in the spectra and much lower intensity of the
SHG signals (not shown). However, a garnet film also has a
sizable nonlinear optical susceptibility, which can give rise to
the total SHG signal. In order to verify this, we performed a
series of measurements of the SHG output as a function of
incident polarization α, which was rotated by means of a half-
wavelength plate. The result for both resonances excited at θ =
33° is shown in Figure 3a with empty squares (λ = 795 nm)
and circles (λ = 850 nm). The dark solid line represents the
cos4 α fit, assuming that the p-polarized fundamental beam
yields the dominant contribution to the p-polarized SHG
signal.65 At the same time, solid blue circles show the
polarization dependence of the p-polarized SHG from the
bare garnet. The totally different shape of the dependences
indicates that even when the SPR at the bottom interface is
excited, the nonlinear optical signal comes from Au only. This
is in line with previous findings, where an SPR excitation
induces large electric field gradients, thus facilitating the
nonlocal SHG from the metallic layer.22,23,25

Despite the fact that the main contribution of the SHG
comes from the metallic layer, a key to distinguish the SPRs
excited at opposite interfaces is the magnetization-induced
SHG. In a medium with nonzero magnetization M, the total
light intensity at frequency 2ω is given by I2ω = |Eeven

2ω ±
Eodd
2ω (±M)|2. In the transverse Kerr geometry (magnetic field is

applied in the plane of the sample and perpendicular to the
plane of incidence), an interference of the even and odd (in
magnetization) terms results in the magneto-optical SHG
contrast ρ. The latter, often used as a figure of merit for the
magnetization-induced SHG, is given by

ρ = −
+

↑ ↓

↑ ↓
I I
I I (4)

where I↑ and I↓ are the SHG intensities for the two opposite
directions of the magnetization. It is known that in the case of
SPR excitation the transverse magnetization can affect the SHG
twofold: (1) odd and even in magnetization χ(2) components
are enhanced with an inequal efficiency, which modifies the
SHG magnetic contrast,66 and (2) the phase between even and
odd in magnetization components can be strongly modi-
fied.25,67 Both of these mechanisms can alter the magneto-
optical SHG response at the SPR wavelength significantly. At
the same time, it is also known that the transversal
magnetization additively contributes to the k-vector of a
plasmon, which results in a magnetization-induced shift of
the SPR resonant conditions.55,68 However, in our experiments
SHG spectra obtained for the two opposite directions of
magnetizations demonstrated no noticeable offset, indicating
that the effect in Au/BTIG is apparently too small to be
detected. Of course, the considerations regarding the

interaction of SPRs at both interfaces are valid in a
nonmagnetic case as well.
In nonresonant conditions, no magneto-optical effects in

SHG were registered in our experiments. This indicates that if
no SPR is excited, the total nonlinear optical signal comes from
the top Au/air interface. The data shown in Figure 3b−d
demonstrate how the contrast ρ depends on the incident
polarization or, which is the same, the efficiency of the SPR
excitation. It is seen that when the SPR at the bottom (Au/
BTIG) interface is excited, there is a magneto-optical contrast ρ
of about 1% if the SHG radiation is p-polarized (Figure 3b).
However, an excitation of the SPR at the nonmagnetic Au/air
interface yields no magnetic SHG contrast for any polarization
of the fundamental light (Figure 3c). The same is observed at
the point where the SPR branches cross each other (Figure 3d).
The data shown in Figure 3b demonstrate a relatively low

experimental noise, as compared to Figure 3c,d, because the
former has been measured with longer time averaging. This has
been done in order to fit the magnetic contrast polarization
dependence (shown with the solid line) and get better fit
parameters. For an abritrary polarization angle α, we can write
the total SHG field Et

2ω as a sum of the electric fields generated
by p- and s-polarized fundamental beams Ep,s, assuming the
absence of cross-terms: Et

2ω↑,↓ = Et
↑,↓ cos2 α + Et

↑,↓ sin2 α. Thus,
the total SHG intensity is given by It = |Et

2ω|2 = Ip cos
4 α + Is

sin4 α + 2(IpIs)
1/2 cos2 α sin2 α cos φ, where Ip,s are the SHG

intensities for pure p- and s-polarized fundamental beams,
respectively, and φ is the phase shift between Ep and Es. From
this, a bulky expression for the magnetic contrast can be
obtained with the help of eq 4. For the special case of ρp ≪ 1,
ρs ≪ 1, we can use Ii

↑ + Ii
↓ ≈ 2Ii, i = p,s and ((1 − ρ)/(1 +

ρ))1/2 ≈ 1 − ρ and thus get

ρ α
ρ ρξ α ξ ρ ρ α φ

ξ α ξ α φ
≈

+ + +

+ +
( )

tan ( )tan cos

1 tan 2 tan cos
p s

4
p s

2

4 2
(5)

Here the only parameters left are the magnetic contrasts of the
SHG generated by p- and s-polarized fundamental beams ρp
and ρs, the phase shift φ, and the ratio ξ = Is/Ip, which can be
measured independently. The fitting procedure yields ξ = 2 ×
10−3, in agreement with the experimental value of 1.7 × 10−3.
The good quality of the fit was obtained for a p-contrast of ρp ≈
0.01, while the nonzero value of ρs ≈ −0.002 probably lies
within the experimental error bar. It is seen that when the SPR
at the buried Au/BTIG interface is excited (otherwise
magnetization-insensitive), SHG acquires a noticeable contri-
bution that is dependent on the magnetization of BTIG. No
magnetic contrast was observed for the case of a continuous Au
film of the same thickness on BTIG. Because no SPR can be
excited on such a film in similar experimental conditions, this
means that no SHG contribution from the bottom interface,
which would be magnetic, can be detected in the experiments.
As such, the magnetization-dependent nature of the SHG from
the buried Au/BTIG interface is visualized only by means of
the SPR excitation.
The relatively low value of the magnetic contrast, ρ = 0.01

(for the bare BTIG ρ was found to reach 0.15), cannot be fully
explained by a large nonmagnetic background SHG contribu-
tion coming from the top Au interface. First, the spectra shown
in Figure 2a demonstrate that the SHG signal is more efficiently
enhanced due to the SPR at the bottom Au/BTIG interface
than to the one at the top air/Au interface. However, when an
SPR is excited at the bottom interface, the SHG sources at the
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top interface still contribute to the total SHG intensity. As such,
the total SHG output can be determined by an interference of
two or more terms, and comparison between the absolute
values of the SHG signal can be misleading. In order to avoid
this confusion, we note that the SPR-induced enhancement of
the SHG signals can be primarily attributed to the enhance-
ment of the local field L(ω), which can be obtained from
numerical simulations. Figure 3e−g show the calculated spatial
intensity distributions |E|2 for the points 1−3 discussed above,
corresponding to the SPR excitation at the bottom (e, Au/
BTIG, 850 nm, 33° of incidence) and top (f, Au/air,795 nm,
33° of incidence) interfaces, as well as the double SPR
excitation (g, 848 nm, 39° of incidence).
The area shown here is periodic in its horizontal dimension,

so that similar hot spots are seen around every Au bar. Note the
difference in the scale to the right of each panel, where the
intensity of the incident radiation is set to 1. It is seen that the
SPR-induced enhancement of the |E|2 and likewise the SHG
output at the top (nonmagnetic) interface is not as efficient as
that at the bottom interface. This clearly shows that the strong
nonmagnetic SHG contribution from the top (Au/air) interface
cannot account for low values of the magnetic contrast ρ.
Instead, one should consider other sources of nonmagnetic
SHG. Likely, in a fashion similar to ref 25, a highly efficient SPR
excitation at the bottom interface inevitably leads to large
electric field gradients, thus facilitating a strong nonlocal
quadrupole SHG. The latter, coming predominantly from Au, is
nonmagnetic, which is responsible for the low values of the
SHG magnetic contrast ρp detected in the experiments.
We would like to note that because the results presented

here are obtained with the help of femtosecond laser pulses, it
would be of great interest to probe the ultrafast dynamics of
these complex plasmon excitations, along the lines discussed in
refs 69 and 70. An optical control of the magnetoplasmonic
properties can thus be realized by means of nonlinear optics,
giving multiple possibilities of optiplasmonic applications.
Moreover, the characteristic time scale of plasmon interaction
is not known yet, and these studies could trigger significant
progress in ultrafast nonlinear plasmonics.
To summarize, we studied SHG in the vicinity of a crossing

point of two SPR branches at both sides of the Au film
deposited on BTIG. The asymmetry of the excitation
wavelength-angle dependence was demonstrated by means of
the SHG spectral measurements and numerical simulations.
The sensitivity of the SHG to the SPR at the buried Au/BTIG
interface was demonstrated by means of magnetization-induced
SHG. The SHG magnetic contrast of about 1% was registered
for p-polarized fundamental light, when the SHG is facilitated
by the excitation of the SPR at the buried interface. Numerical
simulations showed that the SHG enhancement due to the
excitation of an SPR at the buried interface is likely to be
related to the SPR-induced activation of a nonlocal SHG
source.
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(62) Delgado, V.; Marqueś, R.; Jelinek, L. Analytical theory of
extraordinary optical transmission through realistic metallic screens.
Opt. Express 2010, 18, 6506−6515.
(63) Strelniker, Y. M.; Bergman, D. J. Strong angular magneto-
induced anisotropy of Voigt effect in metal-dielectric metamaterials
with periodic nanostructures. Phys. Rev. B 2014, 89, 125312.
(64) Simon, H. J.; Mitchell, D. E.; Watson, J. G. Optical second-
harmonic generation with surface plasmons in silver films. Phys. Rev.
Lett. 1974, 33, 1531−1534.
(65) Bennemann, K.-H. Nonlinear Optics in Metals; Oxford University
Press, 1998.
(66) Krutyanskiy, V.; Kolmychek, I.; Ganshina, E.; Murzina, T.;
Evans, P.; Pollard, R.; Stashkevich, A.; Wurtz, G.; Zayats, A. Plasmonic
enhancement of nonlinear magneto-optical response in nickel nanorod
metamaterials. Phys. Rev. B 2013, 87, 035116.
(67) Zheng, W.; Hanbicki, A.; Jonker, B. T.; Lüpke, G. Control of
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