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Optical second-harmonic (SH) generation in Au/Co/Au sandwich-like nanodisks is studied, using several
experimental techniques, at SH frequency being close to that of the plasmon resonance in the system. The
dependences of the relative amplitude and phase of the magnetization-induced SH component on the angle of
incidence are found to significantly differ from those measured for a continuous Au/Co/Au trilayer film. A
phenomenological description of the observed effects is proposed, with special emphasis on resonant excitation
of the local plasmon modes by the nonlinear sources induced in the nanodisks.

PACS: 42.65.—k, 75.50.—y

Light can be strongly affected by resonant coupling
to local plasmon modes in metallic nanosructures [1].
The idea to manipulate light on the nanoscale by means
of local-plasmon excitation has given rise to numer-
ous experimental and theoretical studies that found a
new field of research, plasmonics. The nonlinear-optical
aspect of these studies is of particular interest, be-
cause the efficiency of Raman scattering or second- and
third-harmonic generation from nanostructured plas-
monic systems like rough metal surfaces [2] or arrays
of metallic nanoparticles [3, 4] increases by several or-
ders of magnitude due to the local-plasmon resonances.
Another topical aspect is magneto-optics of nanostruc-
tures combining magnetic and plasmonic features. Typ-
ically, these are composite nanostructures comprised of
plasmonic and magnetic constituents, e.g., heterostruc-
tures with adjacent layers of a noble metal and a fer-
romagnetic [5, 6] (plasmons in magnetic metals proper
are overdamped because of large absorption). Large en-
hancement of the magneto-optical Faraday and Kerr ef-
fects in bilayer plasmonic/magnetic structures is pre-
dicted in [7]. Experimental observations of plasmon-
enhanced magneto-optical effects are reported in [5] for
Au/Co/Au sandwich-like nanodisks and in [8, 9] for con-
tinuous Au/Co/Au trilayer films.

To date, researchers’ attention has been focused on
linear-optical effects in plasmonic/magnetic systems. In
this letter the magnetization-induced second-harmonic
generation (SHG) from Au/Co/Au nanodisks in the
spectral vicinity to the local-plasmon resonance is stud-
ied with combining three experimental techniques based
on measuring (a) the SH scattering indicatrices and
wave-polarization patterns, (b) SHG magnetic contrast,
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and (c) magnetization-induced phase shift of the SH sig-
nal. To detect morphology-specific features in the mea-
sured data the latter are compared with those for a con-
tinuous Au/Co/Au film treated as a reference system.

Continuous Au/Co/Au films were deposited on a
glass substrate by magnetron sputtering, with the layers
being 6, 10 and 16 nm thick, respectively. Sandwich-like
nanodisks were fabricated from the continuous films by
colloidal lithography, using polystyrene spheres of 110
nm in diameter as described in [5]. According to the
AFM analysis, the nanodisks are randomly distributed
on the substrate with the filling factor of about 0.2. The
in-plane magnetization of the nanodisks saturates in the
DC magnetic field of about 1 kOe.

Figure 1a shows the absorption spectrum of the nan-
odisks. The spectrum exhibits a plasmon peak at 2 eV
with the half-width of about 0.5 eV. The contrast 4§,
of the magneto-optical Kerr effect (MOKE) defined as
6o = (IM - L)) /I, where I} (I,) is the value of
the linearly-reflected light intensity in the presence (ab-
sence) of the DC magnetic field, was measured in the
transversal geometry [10] at room temperature and an-
gle of incidence of 65°, with applying the DC magnetic
field of 3 kOe. According to Fig.1b, a double-minimum
feature occurs in the spectrum of d,, for nanodisks, con-
trary to that for the reference trilayer.

For the nonlinear-optical experiments the p-polarized
output of a YAG: Nd®* laser at 1064 nm wavelength was
used, with pulse duration of 15 ns and pulse intensity
of 1 MW /ecm?. Noteworthily, the SH wavelength value
of 532 nm (which corresponds to the photon energy of
2.34 eV) falls within the half width of the plasmon-peak
shown in Fig.la. The SH radiation from the studied
samples was spectrally selected with an appropriate set
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Fig.1. Panel (a), absorption spectrum measured for nan-
odisks. Panel (b), MOKE contrast spectra measured for
nanodisks (open circles) and trilayer film (solid circles).
Solid line in panel (b), approximation of the experimental
data with Eq. (9) for nanodisks at AiQQx = A2y = 1.90 eV,
I'y = 0.43Qy, Iy = 0.11Qy, B = 9.59 - 107* - (1 —4),
Cn = —0.99, Cpy = 2.57-107*

of filters and detected by a PMT and gated electronics.
The magnetization-induced effects were studied in the
geometry of the transversal nonlinear magneto-optical
Kerr effect, with applying the DC magnetic field of 2 kOe
in either direction. The dependence of the SH intensity
on the angle of incidence was measured in the specular
direction for the p-polarized SH component. The rela-
tive phase of the SH signal was measured using the SH
interferometry scheme described in [11] with a thin ITO
film in the role of the SH signal reference.

To estimate the strength of hyper-Rayleigh scatter-
ing (HRS), i.e. the generation of incoherent (diffuse and
depolarized) SH radiaion due to the in-plane disorder of
the nanodisks array, the SH scattering indicatrices and
wave-polarization patterns were measured at the angle
of incidence fixed at 45° (Fig.2). HRS reveals itself
in nonzero values of the SH intensity detected in off-
specular directions in the scattering indicatrix and in the
minima of the wave-polarization pattern. At the same
time, as it can be seen from Fig.2, the SH radiation con-
tains a significant coherent (specular and p-polarized)
component.

In order to represent the

magneto-optical data with emphasis
an appropriate set
The measured

obtained nonlin-
ear on the
magnetization-induced changes,
of quantities should be introduced.
ones are the intensities I, , I,, and phases @3, ¢5
corresponding to opposite directions of the DC magnetic
field. The intensities I, and I,, can be expressed

through the superposition of two fields:
I, o |B3, + B[, 1)

where EJ is the complex amplitude of the p-polarized
component of the SH electric field originating from the
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Fig.2. Panels (a) and (b), SHG indicatrix and wave-
polarization patterns, respectively. Open circles, experi-
mental data for nanodisks; solid line in panel (b), approx-
imation of the data by the dependence 7 + ¢ cos(2¢ + ¢o),
where ¢ is the analyzer rotation angle, 7, { and ¢, are ad-
justable parameters. The scattering angle is counted from
the normal to the sample, the analyzer rotation angles 90°
and 270° correspond to p-polarization

non-magnetic (crystallographic) SH sources and EM is
the complex amplitudes pertaining to the p-polarized
component of the field generated by the magnetization-
induced SH sources. The dominating contribution to
EM is given by the term linear in the magnetiza-
tion, whence the change of sign in Eq. (1) stems.
Therefore, the magnetization-induced SH component
can be characterized by introducing the amplitude fac-
tor yaw = |E%| / |Eﬁ,| and the relative phase shift
®,, = arg (E}L/EJ)). These quantities are related to
I, and p7, as the follows:

F_ wF
Y2w = F_+a 5, = arccos (%Tj) ) (2)
where
1/2
Fo=[1s(1-ph) P eospn]
I;:u B IZ_w + —
P2w = Izt, n I;w, P20 = Pay, "2

Similarly, the MOKE contrast d,, can be represented
in the form: &, = 4Re (EM/E]}), where EYY and E}
are the linear-optical analogs of the complex amplitudes
EY and EM respectively.

The experimental dependences of the amplitude fac-
tor 72, and relative phase shift ®», on the angle of inci-
dence of the fundamental beam are shown in Fig.3. One
can see that for nanodisks they significantly differ from
those for the reference trilayer.

The obtained results can be interpreted as follows.

(i) The linear-absorption peak shown in Fig.la is
observed at normal incidence, which indicates that lo-
cal surface plasmons in nanodisks are resonantly ex-
cited by the electric-field component lying in the plane
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Fig.3. Panels (a) and (b), amplitude factor 72, and phase
®,., respectively, measured as functions of the angle of in-
cidence for nanodisks (open sircles) and trilayer film (solid
circles). The angle of incidence is counted from the normal
to the sample. Solid and dashed lines, approximations of
the experimental data with expressions given by Eqgs. (15),
(16) at the following values of the nonzero components of
tensors Xo7: XMd = (0 08+0.03:) X2, xMd 4 xMd —

= (0.21+1. 50@)X§sz, XMd 4 xMd — (0.48 —1.52i) X2,
XNd + xNd = (1.05 — 1.99)) X2 for nanodisks and
XM = (0.07 + 0.06) XS, XM + XM = (0.12 +
0.150)XNf, xNF 4 xNF = (0.33 — 0.25¢) XS for tri-
layer. The components are written out for the Cartesian
frame in which the z-axis is normal to the plane of the
sample and the z-axis is parallel to the plane of incidence

of the structure. This agrees with the estimations made
for the Mie resonance in a homogeneous oblate spheroid
[12] placed (in vacuum) in a uniform electric field per-
pendicular to the spheroid’s axis of symmetry. In fact,
for a spheroid with the same ratio of semiaxis lengths
as the average diameter-to-height ratio for the studied
nanodisks, the corresponding Mie resonance is attained
at the real part of the dielectric constant of the spheroid
material being about —5.5, which is close to the value
for gold at 532 nm. It is worth to note that the geom-
etry of both linear-optical and SHG measurements car-
ried out excludes the possibility of resonant excitation
of traveling plasmon-polaritons in the reference trilayer
structure.

(ii) The two-minima feature in the MOKE contrast
spectrum for nanodisks can be interpreted as also due to
resonant plasmon excitation. To proceed with this ex-
planation we treat each nanodisk in the array as a point
dipole induced by incident monochromatic plane wave
with frequency w and wavevector K. The total dipole
moment of a single particle is D, = DY + DM where
DY and DM are the nonmagnetic and magnetization-
dependent components, respectively. Being insignificant
in the spectral range of interest, linear reflection from
the glass substrate is neglected for simplicity in further
considerations. Then the effective electric field EST act
ing on a given nanodisk is the superposition of the field

in the incident wave E, and the fields from remaining
nanodisks in the array. Since the typical nanodisk di-
mensions are much smaller than the wavelength of the
incident radiation and particles are not conglomerated
into close-packed clusters, the field EST can be treated
as uniform. The field EST can be related with E, by
means of the local-factor L., (throughout the paper caps
over quantities denote tensors): ESf = L, .E,. Of
key importance is the fact that the dipole moments wa"
and D are induced in two different ways: DY stems
directly from nanodisk polarizing by the field EF and
is magnetization-independent, whereas DM appears as
a response to the electric field from the magnetization-
dependent part of the linear polarization induced by EZH
within the Co layer and vanishes in the absence of the
static magnetization. This can be taken into account by

introducing the polarizabilities &Y *M:
D’ =4&’-E,, o=N,M, (3)
with
1
AN _ _
o = o [ - UL®@R, @
\4
aM = %// FYR,R') -eM(2') - A, (R')dR'dR,
79
vV Vv
(5)
Ao(R) = Jim [CLR.R+ &) Q)| Lo, (6)
FA(R,R)=E, [mR—m 128 g g, R')] ,
79
(

where integration is carried out over the volume occu-
pied by the nanodisk, Q( ) = —xx I, x is an arbitrary
unit vector, I is the unit tensor, R = {z,y,2} is the
three-dimensional radius-vector, the z-axis is directed
along the nanodisk symmetry axis (i.e. perpendicular to
the array plane), e, (2) and £ () are piecewise-constant
functions describing the spatial distribution of the dielec-
tric permittivity inside the nanodisk, i.e. &,(z) = A"
within two regions occupied by Au: z; < z < 22 and
2o+ Aco < 2 < 21 + A, e,(2) = S" within the Co
layer: zo < z < 22 + Aco, EM(r) = s w1th1n the Co
layer, otherwise £M(r) = 0, scalars eA" and £C° are the
(nonmagnetic) complex dielectric constants of Au and
Co, respectively, whereas ¢} is the magnetic part of
the dielectric permittivity tensor of Co, A (Ag,) is the
thickness of the nanodisk (Co layer), and G% (r, r') is the
electromagnetic Green’s function tensor for a single nan-
odisk in the electrostatic limit. The poles of G (r,r')
corresponding to plasmon modes of the nanodisks pro-
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vide resonant behavior of the local-feid factor A,,, tensor

F? and, hence, polarizabilities aN-M.
Obviously,
ES xep,-(D%), o=N,M, (8)

where e, is the p-polarization ort in the plane wave
propagating in the specular direction. Angular brack-
ets denote statistical averaging over fluctuations of all
parameters affecting the response of a nanodisk in the
array, e.g., the particle shape and size, relative positions
of neighboring particles, etc. Fluctuations lead to inho-
mogeneous resonance broadening. The latter evidently
differs for (DY) and (DM), since the resonant quantity,
G (r,r'), enters into the effective polarizabilities &Y and
&M in different ways. In the vicinity of a single plasmon
resonance this can be taken into account phenomeno-
logically, by approximating the frequency dependence of
(DY) and (DM) with two different Lorentzian contours
(the Lorentzian spectral shape for both averaged quan-
tities is chosen for simplicity). Thus from Eq. (8) we
obtain the following expression for the MOKE contrast
spectrum:

B+ Cy(w — Qpr + i)t
1+ Cn(w—Qn +iTN) L

d, = 4Re , (9)
where B and Cp,pr are complex constants, Qn pr and
'~ m are real positive ones, all treated as phenomeno-
logical parameters. It can be seen from Fig.1b that
the dependence given by Eq. (9) reproduces the double-
minimum feature in the MOKE contrast spectrum at the
values of Qn pr and 'y as that are in reasonable agree-
ment with the parameters of the measured absorption
peak shown in Fig.la.

(iii) According to the data on HRS (Fig.2), a small
incoherent SH component can be neglected upon analyz-
ing the dependences shown in Fig.3. For both nanodisk
array and reference trilayer it is convenient to charac-
terize the sources of the SH signal with the effective
surface polarization (the dipole moment per unit area)
057 (r) = II57e**T where r = {z,y} is the radius-
vector in the array (trilayer) plane, k is the component of
K parallel to this plane, 0 = N, M and 7 = d, f, with NV
and M standing for the nonmagnetic and magnetization-
dependent contributions, respectively, d and f denoting
quantities that pertain to the nanodisks and trilayer film,
respectively. The SH sources II5)) comprise the nonlin-
ear (quadratic) polarization proper, and the linear one
induced at SH frequency by the field from the quadratic
polarization. This is taken into account in the following
expressions:

37 = X°7: E,E,, (10)
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where

X7 =y < | [ e -x“d(R')dR'dR> . (1)
Vv

14
z21+A z1+A

X0t = Ff,(z,2) 53] (z)d2'"dz,  (12)
Z1 Z1

A A w -1

Ff (z,2") =16(z - ") + %Ggw (k; 2, 2'),

4
(13)

v is the surface concentration of nanodisks in the ar-
ray, x”" is the tensor of the quadratic susceptibility, the
function F¢ (R, R’) is given by Eq. (7) (with replacing
w by 2w), G'gw(k;z,z’) = f@gw(r;z,z’)e*ik'rdr, tensor
G],(r —1';2,2') is the electromagnetic Green’s function
of the trilayer film in vacuum (as in the case of nan-
odisks, linear reflection from the substrate is neglected
for simplicity). The quadratic response of a compos-
ite system made of centrocymmetric materials has two
distinct constituents, namely, of dipole and quadrupole
origin: the former gives rise to the nonlinear polariza-
tion localized at the interfaces, whereas the latter reveals
itself in the bulk. The susceptibility x°°" includes both
dipole and quadrupole contributions, ¥°*? containing ad-
ditional, as compared to ¥°f, dipole terms that corre-
spond to the quadratic response of the lateral (parallel to
the z-axis) surface bounding the nanodisk. Obviously,
xM:™ = 0 outside the Co layer. Explicit expressions for
the nonzero components of four tensors x?'” (o = N, M,
7 = d, f) are omitted for brevity. It should be empha-
sized that tensors x“°" describe the system’s nonlinear
response to the external field E,, not to the local one,
i.e. the local-field factors at the fundamental frequency
have been already incorporated in x”7. At given ex-
ternal field E,,, the local fields inside a metal nanodisk
substantially differ, by relative amplitudes and phases
of their components, from those inside a metal trilayer
film. This results in an even more pronounced differ-
ence between the components of ¥%°? and ¥, because
of their quadratic dependence on the local-field factors at
frequency w. Another physical distinction between the
nanosisk array and trilayer film (with respect to SHG)
stems from the difference in their linear response at 2w,
more specifically, in the explicit expressions for tensors
l:"zdu and l:"sz In particular, l:"zdu possesses a resonant
term accounting for the excitation of the local plasmon
modes of nanodisks by the nonlinear polarization.
By analogy with Eq. (8), we relate the complex field
amplitudes Ef, with the SH sources I3
Egu X €p - Hgg,

c=N,M, 7=d,f. (14)
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The dependence of the amplitude factor v, and the rel-
ative phase shift ®,,, on the angle of incidence 6 can be
obtained from Egs. (10)—(14) in the following form:

V20 (0) = [A-(0)],  ®20,(0) = arg A-(9), (15)
> A%’T sin? @ cos'
j’l

Ar(0) =

= — ,
> Aj;"sin’ fcos! §
- 3
gl

=d, f.  (16)

where each nonzero coefficient A‘j”l" is a sum of the cor-
)

responding nonzero components of tensor X7 explicit
expressions for A7} are omitted for brevity.

According to Fig.3, the qualitative difference be-
tween the dependences measured for the nanodisk array
and trilayer film can be reproduced by Egs. (15), (16).
Although the adjusted values of the components of Xor
can be verified neither experimentally nor by ab initio
calculations, the very numerical difference between these
quantities for the nanodisk array and trilayer film has
clear physical nature discussed above.

To conclude, applying the optical field E,, in the pres-
ence of the static magnetization M induces in a system
different nonlinear polarizations (in this particular work
we deal with those propotional to ME,, E,E,, and
ME,E,). Each of them provides its own specific way
to excite plasmon modes “from the inside”, as opposed
to the direct plasmon excitation “from the outside”, i.e.
by the external field E,,. As a result, the choice of the rel-
ative magnitudes EM /EY and E}M /EN  as basic quan-
tities under study has proved to be an indicative way to
characterize the interplay between magneto-optical and
plasmonic effects on the nanoscale level.
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