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T
he development of nanophotonics,
nanoelectronics, and nanomagnet-
ics could result in new generations

of devices, capable of storing and process-
ing information at increasing speed and de-
creasing energy cost. However, the relation-
ship between these three nanotechnologies
is only beginning to be clarified. The influ-
ence of magnetic fields on surface plas-
mons combines aspects of photonics, elec-
tronics, and magnetics at the nanoscale.
Surface plasmons are collective excitations
of electrons under the influence of light’s
electromagnetic field, and in magnetic ma-
terials, these electrons can experience the
effects of externally applied magnetic fields,
as well. Recently, this area of research has
attracted a lot of interest as it was shown
that plasmons can be directed with exter-
nally applied magnetic fields.1 In order to
further improve our understanding of the
behavior of surface plasmons in magnetic
media, we made use of a surface-specific
magneto-optical technique, namely,
magnetization-induced second harmonic
generation (MSHG).2�4

Within the dipole approximation, opti-
cal second harmonic can originate only
from regions of broken symmetry, for ex-
ample, the surfaces and the interfaces of a
centrosymmetric material. Due to symme-
try considerations, MSHG has the same re-
quirements for structural symmetry break-
ing. Consequently, MSHG can probe the
magnetization at surfaces and interfaces
down to the atomic monolayer,5 where
plasmons are also present.

More specifically, a contrast in the MSHG
intensity is recorded, depending on the sign
of the magnetization in the material, and it
has been reported that this contrast can be

reversed due to the presence of surface/
interface plasmons.6,7 The latter could also
cause a general enhancement of the MSHG
signal. Additionally, such enhancements
were reported in ferromagnetic gratings8

and granular films.9,10 Yet, these are not the
only ways in which magnetization and sur-
face plasmons interact.

We show that surface plasmons can cre-
ate asymmetries in the rotational depen-
dence of the MSHG signal, which reveal the
direction of the magnetization in G-shaped
nanostructures made of nickel (see Figure
1). Our samples have a four-fold in-plane
symmetry. Because the MSHG technique is
symmetry-sensitive, rotating the sample
yields a four-fold pattern. Surprisingly
though, besides the main MSHG response
peak, a “secondary peak” can be observed
that renders the total MSHG pattern asym-
metric. The position of the secondary peak,
and hence the asymmetry, reverses with the
direction of magnetization. This asymmetry
originates in the interference of so-called
“magnetic” nonlinear susceptibility tensor
elements with surface plasmon contribu-
tion to the nonlinear susceptibility. The
presence of magnetism and surface plas-
mon resonances, in our nanostructured
samples, is demonstrated individually as
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ABSTRACT We have applied the surface-sensitive nonlinear optical technique of magnetization-induced

second harmonic generation (MSHG) to plasmonic, magnetic nanostructures made of Ni. We show that surface

plasmon contributions to the MSHG signal can reveal the direction of the magnetization. Both the plasmonic and

the magnetic nonlinear optical responses can be tuned; our results indicate novel ways to combine nanophotonics,

nanoelectronics, and nanomagnetics and suggest the possibility for large magneto-chiral effects in metamaterials.
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part of the sample preparation and characterization
procedure.

Both Surface Plasmons and Magnetization Are Present in the

Samples. The samples under investigation consist of a pe-
riodic array of G-shaped nanostructures, made of 25
nm thick Ni and covering a total area of 2.5 � 2.5 mm2.
The unit cell of the nanopattern is shown in the center
of Figure 1a. These structures are 1 �m long and 200
nm apart. Each line is 200 nm wide. Upon completing
their preparation, the quality of these nanostructures is
evaluated with respect to their magnetic and plas-
monic responses.

The homogeneity of the magnetization in the Ni
nanostructures is verified with magnetic force micros-
copy (MFM). In Figure 2a, the blue/yellow contrast indi-
cates a typical MFM response for magnetization along
the in-plane direction of an externally applied magnetic
field (B � 25 mT). Similarly, in Figure 2b, the yellow/
blue contrast corresponds to a reversed magnetiza-

tion. Both figures demonstrate high Ni deposition

quality.

Regarding plasmons, it should be pointed out that

such resonances have already been reported in

nickel.11,12 In our samples, the presence of plasmons is

directly evidenced by means of SHG microscopy im-

ages. Figure 2c shows four hotspots within the unit cell

of four Gs. While this unit cell is indicated with a red

rectangle in Figure 1b,c, it is indicated with a white rect-

angle in Figure 1d. For clarity, in Figure 2d, the geom-

etry of the unit cell is reproduced over the SHG micro-

graph. In this manner, the origin of the hotspots is

revealed. The hotspots themselves are due to localized

field enhancements that result in localized SHG sources.

The field enhancements are a consequence of local-

ized plasmons in the Ni nanostructures, in agreement

with numerical simulations of both the optical fre-

quency magnetic (Figure 2e) and electric (Figure 2f)

fields. Additionally, the reflectance spectra in Figure 2g

display broad plasmon resonances near 700 nm. In or-

der to rule out dispersion from the nickel or the sub-

Figure 1. Magnetization-induced second harmonic genera-
tion is measured in four-fold symmetric magnetic, plasmonic
nanostructures. (a) Schematic diagram of the experiment,
whereby the sample is rotated in an externally applied mag-
netic field. (b) Upon rotating the sample in the presence of
this magnetic field, the second harmonic generation inten-
sity yields a four-fold pattern that is asymmetric; that is, it re-
sembles a ratchet wheel. (c) Upon reversing the direction of
the externally applied magnetic field, the direction of the
ratchet wheel reverses, as well.

Figure 2. Magnetization-induced second harmonic genera-
tion is measured in four-fold symmetric magnetic, plasmonic
nanostructures. (a,b) Magnetic force microscope images of
the sample structures. The yellow/blue contrast reveals typi-
cal in-plane magnetization for B � �25 and �25 mT, respec-
tively. (c) Second harmonic microscopy shows plasmonic lo-
cal field enhancements at 800 nm. The direction of
polarization is indicated with an arrow. (d) Geometrical
structures of the unit cell are superimposed on the SHG mi-
crograph in order to illustrate the origin of the SHG hotspots.
(e,f) Spatial distribution of the intensity of the magnetic
and electric fields, respectively, upon excitation of the
sample with 800 nm light. (g) Plasmon resonance peaks re-
vealed by spectroscopy. The sample thickness and substrate
composition can be found in the inset.
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strate, the spectra are normalized both by a homoge-
neous Ni film and by the substrate.

MSHG Is a Surface-Specific Magneto-optical Technique. Hav-
ing established the presence of both magnetization
and plasmon resonances in the sample, it is now ready
to be measured with MSHG. In Figure 1a, the experi-
mental geometry with respect to the magnetic field is
presented.

In linear optics, there is a relation of direct propor-
tionality between the incident electric field E(�) at a fre-
quency � and the induced polarization in the material
P(�). However, for intense electric fields, such as those
produced by pulsed lasers, this linear relation does not
hold anymore. The nonlinearity is attributed to the pres-
ence of higher harmonics of the induced polarization:
P(2�), P(3�), etc. Each of these terms gives rise to light
waves, which are emitted at the corresponding fre-
quency. For second harmonic generation, in the elec-
tric dipole approximation, the induced polarization
takes the following form:2,3,13

where �nm is a third rank polar tensor that indicates
the nonlinear susceptibility of a nonmagnetic (super-
script “nm”) material. In the presence of magnetization
M, a new term appears:

where �m is a fourth rank axial tensor associated with
the magnetization (superscript “m”). This new term
gives rise to magnetization-induced SHG. Because the
direction of M can be fixed by an external magnetic
field, as in Figure 1a, �m reduces to a third rank polar
tensor and eq 2 can be written in a similar form to eq
1:

where �eff is an effective nonlinear susceptibility that
contains two types of tensor elements: “even” and
“odd” in the magnetization. An even tensor element is
one that does not change its sign upon reversing the di-
rection of magnetization in the sample. At variance, an
odd tensor element does change its sign upon reversing
the direction of magnetization. The MSHG intensity
then becomes

where it can be seen that, depending on the direction
of magnetization, the MSHG signal can exhibit different
intensity.

In our experiment, a magnetic field is applied in the
plane of optical incidence (longitudinal configuration)
and both the polarizer and the analyzer are set along
the vertical direction (SIN�SOUT). Under these conditions,
for a sample with a four-fold symmetry (chiral or not),
a single odd tensor element from the �eff tensor contrib-

utes to the signal. More specifically, this tensor ele-
ment is �yyy

odd, where the subscript indicates that the ver-
tical (S) direction of polarization is along the y axis of a
Cartesian coordinate system on the sample. We can
therefore write �yyy

odd � 0. Consequently, according to
eq 4, no magnetic contrast should be observed because
�even � 0. However, as can be seen in Figure 3a, the
magnetic contrast is dramatic, which demonstrates
that, surprisingly, �even � 0.

In our sample, the �even component is most likely
due to a mixture of plasmon resonances and contribu-
tions from the “sides” of the nanostructures (surfaces
that contain the direction of sample thickness). Neigh-
boring sides of the nanostructures (those that face each
other) generate second harmonic light with opposite
phase (because of the opposite orientation of their lo-
cal surface normals). Consequently, in small and densely
packed nanoparticles, such contributions cancel. How-
ever, because in our nanostructures the sides are 200
nm apart, which is a sizable fraction of the 400 nm
MSHG, and taking into account the angle of optical in-
cidence, it can be seen that the sides can contribute to
the signal. As for contributions from plasmon reso-
nances, they are in fact the central topic of the follow-
ing paragraphs.

The MSHG Response Is Asymmetric Due to Plasmons. Figure
3a shows the MSHG response as a function of the azi-
muthal sample rotation angle, for positive and negative

P(2ω) ) �
nm:Ε(ω)Ε(ω) (1)

P(2ω) ) �
nm:Ε(ω)Ε(ω) + �

m
lΕ(ω)Ε(ω)M (2)

P(2ω) ) �
eff:Ε(ω)Ε(ω) (3)

I(2ω) ∝ |�even
( �

odd|2I2(ω) (4)

Figure 3. Upon rotating the four-fold sample, besides the
expected four-fold response in the magnetization-induced
second harmonic generation, secondary peaks appear which
render the whole four-fold pattern asymmetric and gives it
a direction of rotation, as in a ratchet wheel. The direction of
rotation of this ratchet wheel is related to the direction of
magnetization. This asymmetry is unaffected by chirality as
illustrated by the graphs in (a) from the G-shaped samples
and in (b) from the mirror-G-shaped samples.
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applied magnetic fields. The data cover the range from

0 to 90°, which is representative of the full sample rota-

tion range, because of the four-fold symmetry of the

samples. Upon applying a negative magnetic field, the

MSHG shows a large main peak plus a secondary peak.

Such a secondary peak is also present in the MSHG

upon applying a positive magnetic field. These second-

ary peaks have a different position relative to the main

peaks, and therefore, the resulting asymmetry indicates

the sign of the applied magnetic field. What could be

the origin of the secondary peaks?

Chirality, structural asymmetry, diffraction, magneti-

zation, phase matching from the “vertical” sides of the

nanostructures, and, indeed, plasmon excitations could

all affect the data.

First, since asymmetric SHG has recently been re-

ported from similarly shaped nanostructures made of

gold,14 chirality is a likely explanation for the presence

of asymmetries in Figure 3a. However, in Figure 3b, it

can be seen that upon imaging the sample with oppo-

site handedness the results are identical to those in Fig-

ure 3a. This observation unambiguously rules out chiral-

ity as an explanation.

Next, the very large magnetic contrast in Figure 3a

indicates that magnetic contributions to the SHG sig-

nal play an important role. Because of the complex ge-

ometry of the nanostructures, magnetic anisotropy can

be affected at their edges and angles. Consequently, ro-

tating the sample with respect to the direction of light’s

polarization could lead to local maxima of the magneto-

optical effects. Furthermore, due to practical reasons,

the two curves in Figure 3a were measured for slightly

different absolute values of the magnetic field. Is this

difference significant?

In Figure 4, the MSHG intensity is plotted as a func-

tion of sample azimuthal rotation angle for different val-

ues of the applied magnetic field. It is clear that, while

the value of magnetic field changes, the position of the

secondary peaks remains the same. This demonstrates

that the difference in absolute value between a mag-

netic field of �153 and �158 mT is of no consequence

to the secondary peaks. In fact, because the peak at
30° remains visible (even upon reversal of the magneti-
zation), it cannot be attributed to magnetization or
magnetic anisotropy. With magnetic behavior and
chirality ruled out, we have to consider structural ori-
gin for the secondary peaks.

Since SHG is very sensitive to surface symmetry
breaking effects and since the sample surface is clearly
not isotropic, perhaps the secondary peaks could be at-
tributed to the sample surface anisotropy. If that were
the case, varying the laser wavelength should not affect
the position of the secondary peaks.

In Figure 5, the MSHG response as a function of the
sample azimuthal rotation angle is plotted for several
wavelengths in the range of 750�850 nm. The data
were normalized by measuring the MSHG signals from
a homogeneous nickel thin film at the same wave-
lengths. Figure 5a,b shows the MSHG response for
negative and positive magnetic fields, respectively. In
both panels, it is obvious that the position of the sec-
ondary peaks changes with wavelength. Because the
structure remains the same, while the MSHG signal
changes with wavelength, we can conclude that the
secondary peaks do not originate in the surface
anisotropy.

The dimensions of the nanostructures are close to
the excitation wavelengths, and in our experiment, dif-
fraction is observed. However, the data presented here
were recorded in the zero-order of diffraction, which is
undistinguishable from reflection. Henceforth, a wave-
length dependence that is associated with diffraction
cannot explain the data in Figure 5.

Figure 4. Secondary peaks themselves are not due to the
value of the magnetic field as their position remains unaf-
fected by it.

Figure 5. Position of the secondary peaks changes with
wavelength. (a) MSHG intensity as a function of the azi-
muthal sample rotation upon applying a negative magnetic
field (�153 mT). (b) MSHG intensity as a function of the azi-
muthal sample rotation upon applying a positive magnetic
field (�158 mT). The MSHG signal was normalized by the
MSHG spectral response of a homogeneous Ni thin film.
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Phase matching from contributions by the sides of
the nanostructures (surfaces that contain the direction
of sample thickness) is certainly affected by varying the
wavelength. Nevertheless, taking into account the dis-
tance between these sides and the angle of optical in-
cidence, it can easily be established that this particular
type of signal contribution should diminish with in-
creasing wavelength. This argument rules out contribu-
tions from the sides as an explanation.

Finally, plasmon resonances are present in these
nanostructures (see Figure 2d�g). These are well-
known for being wavelength-sensitive, but according
to Figure 2g, a maximum in absorption occurs below
800 nm. It should be noted though that these spectra
were taken at normal incidence, while the MSHG was
observed at an angle of incidence of 20°. Plasmon reso-
nances are well-known for being dependent on the
angle of optical incidence. Therefore, a shift in plas-
mon resonance for this incidence angle is the likeliest
explanation for the origin of the secondary peaks.

In our samples, light waves couple to plasmon
modes that depend on the geometry of the nanostruc-
tures. In Figure 3, rotating the sample changes the ori-
entation of the structures with respect to the direction
of optical polarization. Consequently, the total MSHG
intensity can exhibit local maxima depending on
whether or not plasmon modes are addressed along
that particular direction.

The role of plasmons in the nonlinear optical re-
sponse of similar G-shaped nanostructures made of

gold has been reported before with respect to chirali-
ty.15 Nickel though is different in two important aspects:
it is more absorbing than gold and it is magnetic. It
should be noted that the plasmon enhancements visu-
alized by the SHG microscopy image in Figure 2c are
very similar to those in Figure 1 of ref 16, except that
the figure in this article is less bright. This is not a trivial
observation. An increase in laser power does not yield
a brighter image. Figure 2c has been obtained with 0.98
mW incoming laser power, and at 1.23 mW, the sample
is irreversibly affected. This very low laser power thresh-
old is attributed to the higher absorption of nickel. Be-
cause of that absorption, the plasmons have a limited
propagation range which does not reflect the overall
geometry of the nanostructures and especially their
chirality (see Figure 2).

Magneto-Chiral Effect in Metamaterials? In conclusion,
this study shows that plasmons can reveal the direc-
tion of magnetization in G-shaped nanostructures
made of nickel. Previous studies showed that plas-
mons can reveal the handedness in G-shaped nano-
structures made of gold. It is therefore very likely that
G-shaped nanostructures made of gold and nickel lay-
ers exhibit magneto-chiral effects. It has been pre-
dicted17 and experimentally verified18,19 that chirality
can lead to negative refractive index without the need
for negative permittivity or permeability. We propose
that a large magneto-chiral effect might allow the pos-
sibility to switch the sign of the refractive index with an
externally applied magnetic field.

METHODS

Sample Preparation. The samples were prepared on a SiO2(100
nm)/Si(001) substrate by electron beam lithography with a
double resist layer PMMA/Co-MMA (polymethyl methacrylate)
in order to facilitate the subsequent lift-off. The Ni deposition
was carried out in a molecular beam epitaxial system at a pres-
sure of 	5 � 10�9 mbar and a rate of 	0.2 Å/s. Lift-off was then
performed with boiling acetone.

Experimental Characterization. For the MFM measurements, we
used a commercial scanning probe system (Park Scientific Instru-
ments, M5). The SHG microscopy images were obtained with a
confocal laser scanning microscope20 (Zeiss LSM 510) using a
femtosecond pulsed Ti:sapphire laser (DeepSee Mai-Tai). The la-
ser pulses at 800 nm were focused on the sample to a spot that
measures 330 nm in the direction of the polarization and 440 nm
in the perpendicular direction. Reflectance spectra were taken
with a Vertex 80v FT-IR spectrometer, coupled to a Hyperion mi-
croscope. MSHG experiments were performed at 800 nm, with
a Mai-Tai femtosecond laser system. The fundamental light, hav-
ing a power of 85 mW, was focused on the sample to a spot ap-
proximately 40 �m in diameter. The angle of optical incidence
on the sample was 20°. The generated 400 nm photons were
then filtered through a BG39 filter that blocks the fundamental
beam and were detected with a cooled photomultiplier tube. Fi-
nally, the intensity of the 400 nm signal was evaluated with a
photon counter. For the purpose of our experiments, the sample
was mounted on a motorized rotation stage, which enables the
measurement of MSHG (photons/s) at different rotation angles.

Numerical Simulations. Numerical simulations were performed
with commercial software, based on the rigorous coupled-wave
analysis method, numerical convergence being reached if 18 dif-

fraction orders are used for each transverse dimension. We as-
sumed that the dielectric constant of Ni is described by the
Lorentz�Drude model, with the interband effects being charac-
terized by a superposition of four Lorentzians.
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