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Magnetic field-controlled femtosecond pulse shaping by magnetoplasmonic

crystals
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and A. A. Fedyanin®

Faculty of Physics, Lomonosov Moscow State University, Moscow 119991, Russia

(Presented 17 January 2013; received 5 November 2012; accepted 4 March 2013; published online

15 April 2013)

Femtosecond-scale magnetic field-controlled shaping of 200fs laser pulses reflected from a one-
dimensional magnetoplasmonic crystal is experimentally demonstrated. Magnetic field-induced
modification of the pulse shape is revealed by measuring the second-order intensity correlation
function (CF) of femtosecond pulses reflected from the sample. The sign of the magnetic contribution
to the CF is reversed within the pulse. Such temporal shaping of the pulses is attributed to modification
of the Fano-type surface plasmon spectral response function under magnetization of the sample in the
Voigt configuration. © 2013 AIP Publishing LLC [http://dx.doi.org/10.1063/1.4801640]

. INTRODUCTION

Surface plasmon-polaritons (SPPs) are quasi-planar
electromagnetic waves coupled to free-electron plasma,
which can be excited at the boundary between metal and
dielectric. These waves are believed to be the candidate for
everyday-use information units as opposed to diffraction-
limited photons and bandwidth-limited electrons. ' However,
for plasmon-based technologies to be realized, efficient tech-
niques for active manipulation of SPP signals are required.
Considerable effort was afforded to actively control plas-
monic devices by external DC electric ﬁeld,z’3 AC electro-
magnetic field,"® and DC magnetic field.”'* The latter
works describe how CW light beams interacting with a mag-
netic plasmonic medium are affected by magnetization.

On the other hand, one of the most prominent opportuni-
ties of using SPP nanostructures is to shape femtosecond laser
pulses. The mean lifetime of SPPs in nanostructures varies
from several femtoseconds to several hundreds of femtosec-
onds. A femtosecond laser pulse interacting with such a
short-living excitation gets coherently modified as indicated
in many preceding works. Temporal shaping of femtosecond
laser pulses by plasmonic nanostructures was observed both
for the intensity'>'* and polarization state.'” However, the
active control of the laser pulse shaping effect with plasmonic
nanostructures has not been demonstrated yet.

In this work, we experimentally demonstrate the mag-
netic field-controlled shaping of femtosecond laser pulses
reflected from a one-dimensional (1D) magnetoplasmonic
crystal, which is a nickel diffraction grating supporting the
SPP excitation via the * 1st diffraction orders. External mag-
netization of the magnetoplasmonic crystal induces temporal
modulation of 200 fs laser pulses when the SPP resonance is
tuned across the spectral range of the femtosecond pulse
being used. The switching of the pulse shape is attributed to
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modification of the surface magnetoplasmon dispersion law
under magnetization applied in the Voigt configuration with
respect to the SPP wavevector.

Il. THEORY

The wavevector of surface plasmon-polariton propagat-
ing along the boundary between dielectric and metallic media
with permittivities of &y and ¢;, respectively, is written as

w €180
k = ) — 1
SPP c & +80’ ( )

where o is the light frequency and ¢ is the light speed.
Consider the Voigt configuration when external magnetic
field is oriented along the boundary perpendicular to the SPP
wavevector. Magnetization of the metallic film brings about
non-diagonal components of ¢; tensor, which influences the
value of wavevectors of surface magnetoplasmons propagat-
ing in opposite directions in the plane of incidence
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where g is the magnitude of the gyration vector. This fact is
revealed as a pronounced feature in the transverse magneto-
optical Kerr effect (TKE) spectrum obtained in specular
reflection from magnetoplasmonic crystals from which the
magnetic field-induced shift of the central SPP resonance
wavelength is estimated to be AL ~ 0.4 nm.

Reflection spectrum of the 1D magnetoplasmonic crys-
tal can be described by the Fano resonance model'®

Aké:PP = *kspp
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where wo(H) is the magnetic filed-dependent central fre-
quency of the SPP resonance, Cy is the non-resonant contri-
bution rising due to specularly reflected light, f and ¢ are the
strength and relative phase of the oscillator, and I is the
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damping constant. The decay time of the SPP is defined as
TSpp — 1/F

If a Gaussian pulse with amplitude Eg(7) is reflected
from a magnetoplasmonic crystal with a Fano-type reflection
spectrum R(w), its evolution upon reflection E(f,H) is
described as follows:'*

+00

Eq(1')

—00

E(t,H) :J
X (fFei¢’<iw°<H)+r)(””h(t — 1)+ Cod(t — t’))dt',
“4)

where A(r) is the Heaviside step function and 6(z) is the
Dirac delta function. The pulse envelope (4) is governed
by SPP resonance parameters. In numerical calculations,
SPP lifetime of tspp = 30fs and resonance wavelength of
Ao = 1.54 um are used. The Fano resonance parameters are
picked to be ¢ = —0.3%, Cp = 0.7, and f=0.3; under these
conditions, the reflection spectrum shown in Fig. 1(a) takes
the form of a dip indicating the energy flux redistribution
into SPP propagating along the magnetoplasmonic crystal
surface. Laser pulse shaping upon reflection from the magne-
toplasmonic crystal is modeled for pulse duration 7y = 200 fs
and carrier wavelength 4 = 1.56 um describing a realistic ex-
perimental situation. Normalized intensity 1(z,0) = |E(z,0)|*
of a pulse reflected from the non-magnetized magnetoplas-
monic crystal is shown in Fig. 1(b). As the magnetic field is
applied, the SPP resonance is shifted by AL~ 0.4nm and
the electric field E(¢, H) is modified. The intensity difference
AI(7) = |E(1,0))* — |E(t,H)|* shown in Fig. 1(b) represents
the plasmon-induced femtosecond pulse switching under
magnetization.
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FIG. 1. (a) Calculated reflection coefficient spectra of magnetoplasmonic
crystal with an asymmetric Fano resonance lineshape. Arrow indicates the
central wavelength 2 = 1.56 um of a Gaussian laser pulse used in numerical
calculations. (b) Red curve stands for calculated normalized intensity /(z, 0)
of the pulse reflected from an unmagnetized magnetoplasmonic crystal.
Black curve stands for calculated magnetic field-induced difference in the
shape of a femtosecond laser pulse A/(7) normalized to the maximal value
of I(1, 0).
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lll. EXPERIMENTAL RESULTS

Samples of magnetoplasmonic crystals were nickel 1D
gratings with a period of 1.5 um fabricated by nanoimprint
lithography and metal thermal evaporation. Reflection spec-
tra of the sample measured for the p-polarized light near nor-
mal incidence are shown in Fig. 2(a). Plasmonic band gap is
seen at 4 ~ 1.53 um, two parabolic-like stripes visualize two
plasmonic branches in magnetoplasmonic band structure.
For time-resolved measurements, the angle incidence 0 ~ 2°
was chosen. The cross-section of reflection spectra for this
angle of incidence shown in Fig. 2(b) has two dips indicating
the spectral region of SPP phase-matching involving —1st
and +1st diffraction orders.

Plasmon-induced pulse shape switching under magnet-
ization was observed by using a second-order intensity
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FIG. 2. (a) Reflection coefficient of the magnetoplasmonic crystal sample
measured as a function of wavelength A and angle of incidence 0 for the
p-polarized incident light. (b) Reflection spectra for 6 ~ 2°. Arrow indicates
the central wavelength 4 ~ 1.56 um of the laser pulse used in time-resolved
measurements. (¢) Red circles denote the measured normalized correlation
function /cp for the p-polarized incident laser pulse with duration 7y ~ 200 fs
reflected from magnetoplasmonic crystal. Black circles denote the correlation
function measured at the frequency of external magnetic field, Alcg(t), nor-
malized to the maximal value of /cf.
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correlation measurement setup based on a 130 mW Er’*t
fiber laser generating 200 fs pulses, for details see Ref. 14.
The laser intensity was small enough to neglect nonlinear
processes such as laser-induced demagnetization in nickel.
The laser beam was split into a signal channel, where the
pulse was modified by the sample and a reference channel
with an optical delay line. Both beams were co-focused at a
nonlinear BBO crystal, where the noncollinear second har-
monic was generated.

To determine the surface plasmon impact on the femto-
second pulse shape, the second-order correlation function
(CF) Icr(t) was measured, 7 is the time delay between the
laser pulses: one coming from the sample with the envelope
I(¢, 0) and another one being the reference pulse with the
envelope /(?)

—+00
Icr(t) = J I(t —)I(7,0)d! . 5)
The correlation function I¢r(t) measured for the p-polarized
light is shown in Fig. 2(c). No visible difference from the
autocorrelation function of the laser was detected since the
SPP lifetime in nickel is significantly smaller than the laser
pulse duration.

To impose magnetic field-controlled femtosecond pulse
shaping, magnetic field of the strength up to 300 Oe was
applied to the sample perpendicularly to the plane of inci-
dence, corresponding to TKE configuration for specularly
reflected light and to the Voigt configuration for SPP propa-
gation. The photodetector signal locked-in to the frequency
of the external magnetic field of 115Hz represented the
changes in the correlation function brought by magnetization
of the sample

—+00
Ig(t —{)AI({)dr . (6)

—00

Alcp(r) = J

An experimental dependence Alcg(t) is shown in Fig. 2(c).
The sign of the difference (6) reverses within pulse duration.
Alcg(7) is positive with the maximum at —50fs within the
interval from —200fs to 20fs, and negative between 20 fs
and 300fs with the minimum at 100fs and the amplitude
smaller than in the positive part. This behavior of CF is simi-
lar to the numerical calculations shown in Fig. 1(b).
Temporal shaping of the femtosecond pulse measured at the
frequency of the external magnetic field is attributed to mod-
ification of the surface plasmon spectral response function
under magnetization. The resonance wavelength shift leads
to the fs-scale shaping of the pulses reflected from the sam-
ple, Al(¢), which results in the correlation function modifica-
tion Alcp(t). Plasmon-induced dynamics of the transversal
Kerr can be obtained by dividing Alcr(t) by the correlation
function Icg(t) measured without magnetic field.

In the experiment, pulse shape switching does not exceed
2 x 1073, and there are several ways to its increase. One
option is the SPP resonance shape control. At the slopes of
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the Fano resonance, only positive or negative difference
AI(t) can be detected with absolute values approximately
three times greater than ones measured. Second, other metals,
such as iron or cobalt, and sample design alternatives'’ '
may be useful to consider.

To conclude, ultrafast magnetic field-controlled shaping
of femtosecond laser pulses reflected from magnetoplas-
monic crystal is experimentally demonstrated. SPP-induced
temporal modulation of femtosecond laser pulses, which
depends on the external magnetization of nickel magneto-
plasmonic crystal is detected. The modification of the sur-
face plasmon spectral response function under magnetization
leads to switching of the femtosecond pulse shape reflected
from the magnetoplasmonic crystal.

ACKNOWLEDGMENTS

The work was supported by Russian Foundation for
Basic Research (12-02-12092, 12-02-31669, and 12-02-
31349) and Russian Ministry of Education and Science and
Ministry of Education (8623).

'E. Ozbay, Science 311, 189 (2006).

2], A. Dionne, K. Diest, L. A. Sweatlock, and H. A. Atwater, Nano Lett. 9,
897 (2009).

3A. Minovich, D. N. Neshev, D. A. Powell, I. V. Shadrivov, and Yu. S.
Kivshar, Appl. Phys. Lett. 96, 193103 (2010).

“D. Pacifici, H. J. Lezec, and H. A. Atwater, Nature Photon. 1, 402 (2007).

K. F. MacDonald, Z. L. Samson, M. I. Stockman, and N. 1. Zheludev,
Nature Photon. 3, 55 (2009).

SA. V. Krasavin, T. P. Vo, W. Dickson, P. M. Bolger, and A. V. Zayats,
Nano Lett. 11, 2231 (2011).

’A. B. Khanikaev, A. V. Baryshev, A. A. Fedyanin, A. B. Granovsky, and
M. Inoue, Opt. Express 15, 6612 (2007).

SA.A. Grunin, A. G. Zhdanov, A. A. Ezhov, E. A. Ganshina, and A. A.
Fedyanin, Appl. Phys. Lett. 97, 261908 (2010).

V. V. Temnov, G. Armelles, U. Woggon, D. Guzatov, A. Cebollada, A.
Garcia-Martin, J. M. Garcia-Martin, T. Thomay, A. Leitenstorfer, and R.
Bratschitsch, Nature Photon. 4, 107 (2010).

V. 1. Belotelov, I. A. Akimov, M. Pohl, V. A. Kotov, S. Kasture, A. S.
Vengurlekar, A. V. Gopal, D. R. Yakovlev, A. K. Zvezdin, and M. Bayer,
Nat. Nanotechnol. 6, 370 (2011).

"A. V. Chetvertukhin, A. A. Grunin, A. V. Baryshev, T. V. Dolgova, H.
Uchida, M. Inoue, and A. A. Fedyanin, J. Magn. Magn. Mater. 324, 3516
(2012).

2A. V. Chetvertukhin, A. V. Baryshev, H. Uchida, M. Inoue, and A. A.
Fedyanin, J. Appl. Phys. 111, 07A946 (2012).

BA. S. Vengurlekar, A. V. Gopal, and T. Ishihara, Appl. Phys. Lett. 89,
181927 (2006).

l4p p. Vabishchevich, V. O. Bessonov, F. Yu. Sychev, M. R. Shcherbakov,
T. V. Dolgova, and A. A. Fedyanin, JETP Lett. 92, 575 (2010).

M. R. Shcherbakov, P. P. Vabishchevich, V. V. Komarova, T. V. Dolgova,
V. L. Panov, V. V. Moshchalkov, and A. A. Fedyanin, Phys. Rev. Lett.
108, 253903 (2012).

1oc, Ropers, D. J. Park, G. Stibenz, G. Steinmeyer, J. Kim, D. S. Kim, and
C. Lienau, Phys. Rev. Lett. 94, 113901 (2005).

'7V. 1. Belotelov, D. A. Bykov, L. L. Doskolovich, A. N. Kalish, and A. K.
Zvezdin, J. Opt. Soc. Am. B 26, 1594 (2009).

8¢, Clavero, K. Yang, J. R. Skuza, and R. A. Lukaszew, Opt. Lett. 35, 1557
(2010).

YA, B. Khanikaev, S. H. Mousavi, G. Shvets, and Yu. S. Kivshar, Phys.
Rev. Lett. 105, 126804 (2010).


http://dx.doi.org/10.1126/science.1114849
http://dx.doi.org/10.1021/nl803868k
http://dx.doi.org/10.1063/1.3427429
http://dx.doi.org/10.1038/nphoton.2007.95
http://dx.doi.org/10.1038/nphoton.2008.249
http://dx.doi.org/10.1021/nl200255t
http://dx.doi.org/10.1364/OE.15.006612
http://dx.doi.org/10.1063/1.3533260
http://dx.doi.org/10.1038/nphoton.2009.265
http://dx.doi.org/10.1038/nnano.2011.54
http://dx.doi.org/10.1016/j.jmmm.2012.02.079
http://dx.doi.org/10.1063/1.3679574
http://dx.doi.org/10.1063/1.2378709
http://dx.doi.org/10.1134/S0021364010210022
http://dx.doi.org/10.1103/PhysRevLett.108.253903
http://dx.doi.org/10.1103/PhysRevLett.94.113901
http://dx.doi.org/10.1364/JOSAB.26.001594
http://dx.doi.org/10.1364/OL.35.001557
http://dx.doi.org/10.1103/PhysRevLett.105.126804
http://dx.doi.org/10.1103/PhysRevLett.105.126804

