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Abstract: Subwavelength metallic particles support plasmon resonances 
that allow extreme confinement of light down to the nanoscale. Irradiation 
with left- and right hand circularly polarized light results in the excitation of 
circular plasmon modes with opposite helicity. The Lorenz force lifts the 
degeneracy of the two modes in magnetic nanoparticles. Consequently, the 
confinement and frequency of localized surface plasmon resonances can be 
tuned by an external magnetic field. In this paper, we experimentally 
demonstrate this effect for nickel nanoparticles using magnetic circular 
dichroism (MCD). Besides, we show that non-local surface lattice 
resonances in periodic arrays of the same nanoparticles significantly 
enhance the MCD signal. A numerical model based on the modified long 
wavelength approximation is used to reproduce the main features in the 
experimental spectra and provide design rules for large MCD effects in 
sensing applications. 

©2016 Optical Society of America 

OCIS codes: (210.3810) Magneto-optic systems; (160.5298) Photonic crystals; (250.5403) 
Plasmonics. 

References and links 
1. K. Lewotsky, “The promise of plasmonics,” SPIE Prof. (2007). 
2. N. Meinzer, W. L. Barnes, and I. R. Hooper, “Plasmonic meta-atoms and metasurfaces,” Nat. Photonics 8(12), 

889–898 (2014). 
3. N. Yu and F. Capasso, “Flat optics with designer metasurfaces,” Nat. Mater. 13(2), 139–150 (2014). 
4. G. Armelles, A. Cebollada, A. García-Martín, J. M. García-Martín, M. U. González, J. B. González-Díaz, E. 

Ferreiro-Vila, and J. F. Torrado, “Magnetoplasmonic nanostructures: systems supporting both plasmonic and 
magnetic properties,” J. Opt. Pure Appl. Opt. 11(11), 114023 (2009). 

5. V. I. Belotelov and A. K. Zvezdin, “Magneto-optical properties of photonic crystals,” J. Opt. Soc. Am. B 22(1), 
286 (2005). 

6. V. I. Belotelov, L. L. Doskolovich, and A. K. Zvezdin, “Extraordinary magneto-optical effects and transmission 
through metal-dielectric plasmonic systems,” Phys. Rev. Lett. 98(7), 077401 (2007). 

7. V. I. 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, “Enhanced magneto-optical effects in magnetoplasmonic crystals,” 
Nat. Nanotechnol. 6(6), 370–376 (2011). 

8. V. I. Belotelov, L. E. Kreilkamp, I. A. Akimov, A. N. Kalish, D. A. Bykov, S. Kasture, V. J. Yallapragada, A. 
Venu Gopal, A. M. Grishin, S. I. Khartsev, M. Nur-E-Alam, M. Vasiliev, L. L. Doskolovich, D. R. Yakovlev, K. 
Alameh, A. K. Zvezdin, and M. Bayer, “Plasmon-mediated magneto-optical transparency,” Nat. Commun. 4, 
2128 (2013). 

9. R. Fujikawa, A. V. Baryshev, J. Kim, H. Uchida, and M. Inoue, “Contribution of the surface plasmon resonance 
to optical and magneto-optical properties of a Bi:YIG-Au nanostructure,” J. Appl. Phys. 103(7), 07D301 (2008). 

10. J. C. Banthí, D. Meneses-Rodríguez, F. García, M. U. González, A. García-Martín, A. Cebollada, and G. 
Armelles, “High magneto-optical activity and low optical losses in metal-dielectric Au/Co/Au-SiO2 
magnetoplasmonic nanodisks,” Adv. Mater. 24(10), OP36–OP41 (2012). 

11. J. B. González-Díaz, A. García-Martín, J. M. García-Martín, A. Cebollada, G. Armelles, B. Sepúlveda, Y. 
Alaverdyan, and M. Käll, “Plasmonic Au/Co/Au nanosandwiches with enhanced magneto-optical activity,” 
Small 4(2), 202–205 (2008). 

#256107 Received 18 Dec 2015; revised 25 Jan 2016; accepted 4 Feb 2016; published 11 Feb 2016 
(C) 2016 OSA 22 Feb 2016 | Vol. 24, No. 4 | DOI:10.1364/OE.24.003562 | OPTICS EXPRESS 3562 



12. N. de Sousa, L. S. Froufe-Pérez, G. Armelles, A. Cebollada, M. U. González, F. García, D. Meneses-Rodríguez, 
and A. García-Martín, “Interaction effects on the magneto-optical response of magnetoplasmonic dimers,” Phys. 
Rev. B 89(20), 205419 (2014). 

13. J. Chen, P. Albella, Z. Pirzadeh, P. Alonso-González, F. Huth, S. Bonetti, V. Bonanni, J. Åkerman, J. Nogués, P. 
Vavassori, A. Dmitriev, J. Aizpurua, and R. Hillenbrand, “Plasmonic nickel nanoantennas,” Small 7(16), 2341–
2347 (2011). 

14. V. Bonanni, S. Bonetti, T. Pakizeh, Z. Pirzadeh, J. Chen, J. Nogués, P. Vavassori, R. Hillenbrand, J. Åkerman, 
and A. Dmitriev, “Designer magnetoplasmonics with nickel nanoferromagnets,” Nano Lett. 11(12), 5333–5338 
(2011). 

15. N. Maccaferri, A. Berger, S. Bonetti, V. Bonanni, M. Kataja, Q. H. Qin, S. van Dijken, Z. Pirzadeh, A. Dmitriev, 
J. Nogués, J. Åkerman, and P. Vavassori, “Tuning the magneto-optical response of nanosize ferromagnetic Ni 
disks using the phase of localized plasmons,” Phys. Rev. Lett. 111(16), 167401 (2013). 

16. A. V. Chetvertukhin, A. A. Grunin, A. V. Baryshev, T. V. Dolgova, H. Uchida, M. Inoue, and A. A. Fedyanin, 
“Magneto-optical Kerr effect enhancement at the Wood’s anomaly in magnetoplasmonic crystals,” J. Magn. 
Magn. Mater. 324(21), 3516–3518 (2012). 

17. M. Kataja, T. K. Hakala, A. Julku, M. J. Huttunen, S. van Dijken, and P. Törmä, “Surface lattice resonances and 
magneto-optical response in magnetic nanoparticle arrays,” Nat. Commun. 6, 7072 (2015). 

18. L. Hung, G. Lang, P. McAvoy, C. Krafft, and I. Mayergoyz, “Circularly polarized plasmon modes in spheroidal 
nanoshells for applications to all-optical magnetic recording,” J. Appl. Phys. 111(7), 07A915 (2012). 

19. F. Pineider, G. Campo, V. Bonanni, C. J. Fernández, G. Mattei, A. Caneschi, D. Gatteschi, and C. Sangregorio, 
“Circular magnetoplasmonic modes in gold nanoparticles,” Nano Lett. 13(10), 4785–4789 (2013). 

20. G. Weick and D. Weinmann, “Lifetime of the surface magnetoplasmons in metallic nanoparticles,” Phys. Rev. B 
83(12), 125405 (2011). 

21. G. S. Krinchik, “Magneto-optic properties of nickel, iron, and cobalt,” J. Appl. Phys. 39(2), 1276 (1968). 
22. A. D. Humphrey and W. L. Barnes, “Plasmonic surface lattice resonances on arrays of different lattice 

symmetry,” Phys. Rev. B 90(7), 075404 (2014). 
23. G. Vecchi, V. Giannini, and J. Gómez Rivas, “Surface modes in plasmonic crystals induced by diffractive 

coupling of nanoantennas,” Phys. Rev. B 80(20), 201401 (2009). 
24. K. L. Kelly, E. Coronado, L. L. Zhao, and G. C. Schatz, “The optical properties of metal nanoparticles: The 

influence of size, shape, and dielectric environment,” J. Phys. Chem. B 107(3), 668–677 (2003). 
25. K. B. Crozier, E. Togan, E. Simsek, and T. Yang, “Experimental measurement of the dispersion relations of the 

surface plasmon modes of metal nanoparticle chains,” Opt. Express 15(26), 17482–17493 (2007). 
26. P. Hanarp, M. Käll, and D. S. Sutherland, “Optical properties of short range ordered arrays of nanometer gold 

disks prepared by colloidal lithography,” J. Phys. Chem. B 107(24), 5768–5772 (2003). 
27. C. Langhammer, Z. Yuan, I. Zorić, and B. Kasemo, “Plasmonic properties of supported Pt and Pd 

nanostructures,” Nano Lett. 6(4), 833–838 (2006). 
28. N. Maccaferri, J. B. González-Díaz, S. Bonetti, A. Berger, M. Kataja, S. van Dijken, J. Nogués, V. Bonanni, Z. 

Pirzadeh, A. Dmitriev, J. Åkerman, and P. Vavassori, “Polarizability and magnetoplasmonic properties of 
magnetic general nanoellipsoids,” Opt. Express 21(8), 9875–9889 (2013). 

29. N. Maccaferri, M. Kataja, V. Bonanni, S. Bonetti, Z. Pirzadeh, A. Dmitriev, S. van Dijken, J. Åkerman, and P. 
Vavassori, “Effects of a non-absorbing substrate on the magneto-optical Kerr response of plasmonic 
ferromagnetic nanodisks,” Phys. Status Solidi., A Appl. Mater. Sci. 211(5), 1067–1075 (2014). 

30. M. Meier and A. Wokaun, “Enhanced fields on large metal particles: dynamic depolarization,” Opt. Lett. 8(11), 
581–583 (1983). 

31. A. Wokaun, “Surface enhancement of optical fields,” Mol. Phys. 56(1), 1–33 (1985). 
32. A. Moroz, “Depolarization field of spheroidal particles,” J. Opt. Soc. Am. B 26(3), 517 (2009). 
33. C. F. Bohren and D. R. Huffman, Absorption and Scattering of Light by Small Particles (Wiley-VCH Verlag 

GmbH, 1998). 
34. Y. Gu and K. G. Kornev, “Plasmon enhanced direct and inverse Faraday effects in non-magnetic 

nanocomposites,” J. Opt. Soc. Am. B 27(11), 2165 (2010). 
35. V. A. Markel, “Divergence of dipole sums and the nature of non-Lorentzian exponentially narrow resonances in 

one-dimensional periodic arrays of nanospheres,” J. Phys. At. Mol. Opt. Phys. 38(7), L115–L121 (2005). 
36. V. A. Markel, “Coupled-dipole approach to scattering of light from a one-dimensional periodic dipole structure,” 

J. Mod. Opt. 40(11), 2281–2291 (1993). 
37. N. Maccaferri, K. E. Gregorczyk, T. V. A. G. de Oliveira, M. Kataja, S. van Dijken, Z. Pirzadeh, A. Dmitriev, J. 

Åkerman, M. Knez, and P. Vavassori, “Ultrasensitive and label-free molecular-level detection enabled by light 
phase control in magnetoplasmonic nanoantennas,” Nat. Commun. 6, 6150 (2015). 

1. Introduction 

Surface plasmon resonances in metallic nanoparticles give rise to optical properties that are 
not available in naturally occurring materials. The ability of surface plasmons to confine light 
to subwavelength dimensions is useful for several applications including label-free biosensors 
and optical communication technologies [1]. Simple spherical and linear noble metal antennas 
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can be reshaped to support ring currents and create negative-refractive-index materials [2] 
while spatial variations of the antenna shape can be used to control the phase of scattered 
radiation [3]. Phase-gradient metasurfaces display a range of novel phenomena such as 
selective scattering of left- and right hand circularly polarized light. This effect, however, is 
inherent to the pre-defined geometry of the antennas and, hence, cannot be tuned actively 
during device operation. 

On the other hand, the interaction of light with magnetic materials gives rise to a variety 
of magneto-optical phenomena such as the Faraday and Kerr effects. The magnitude of these 
effects can be altered reversibly by control of the magnetization direction using external 
magnetic fields. Recently, magneto-plasmonic systems combining magneto-optical effects 
and enhancements of electric fields in subwavelength nanostructures have attracted 
considerable interest [4]. For example, magneto-plasmonics has been studied for noble metal 
plasmonic crystals on top of magneto-optically active dielectric garnets [5–9], near-field 
coupled noble-metal/ferromagnetic sandwiches [10,11] and dimers [12], and pure magnetic 
nanostructures that support localized surface plasmon resonances (LSPRs) [13–16]. In 
addition, efficient coupling of LSPRs in magnetic nanoparticles to the diffracted orders of a 
periodic lattice, leading to non-local surface lattice resonances (SLRs) with narrow and 
asymmetrical spectral lineshapes, has recently been demonstrated [17]. Approaches involving 
pure magnetic nanoparticles are relatively straightforward and allow for direct assessments of 
interactions between magnetization, magneto-optical activity, and local and non-local 
plasmon modes. 

Faraday and Kerr effects are commonly used to probe the magneto-optical activity of 
ferromagnets. Both measurement concepts utilize linearly polarized light with zero spin 
angular momentum (SAM). Here, we report on the interaction between light with non-zero 
SAM and ferromagnetic nanoparticles using magnetic circular dichroism (MCD) 
spectroscopy. Two types of samples are studied; random nickel nanoparticles with 
perpendicular magnetization (to probe the interaction between LSPRs and light with opposite 
helicity) and periodic nickel nanoparticle arrays (to analyze far-field diffractive coupling 
between circular plasmon modes). The main features of the experimental MCD spectra are 
reproduced by an analytical model based on the coupled dipole approximation. 

2. Experimental 

Cylindrical nickel nanoparticles with a diameter of 120 nm and a thickness of 30 nm were 
fabricated on glass substrates using electron beam lithography (EBL). Four different samples 
were measured: one with a random distribution of nanoparticles and three with periodic 
arrangements of nanoparticles in square arrays. The size of the arrays was 500 × 500 μm and 
the periodicity of the particles was varied (p = 400, 450, and 500 nm) to study the effect of 
SLRs on the MCD spectra. The samples were immersed in index matching oil (Cargille Laser 
Liquid, n = 1.523) to provide a symmetric refractive index environment. 

The optical properties of the samples were characterized in transmission geometry with 
normal incident light. The wavelength of the light (λ) was varied from 500 nm to 1100 nm 
using a broadband laser and an acousto-optical filter (NKT Photonics SuperK EXW-12). The 
intensity of transmitted light was measured with a photodetector and transmittance spectra 
were obtained by normalizing the measured intensity to the laser intensity. To enable a 
straightforward comparison of the experimental data with model calculations presented later, 
we used extinction spectra (E = 1 – T) to characterize the optical properties of the samples. 

MCD was measured with a lock-in technique based on photoelastic modulation (Hinds 
Instruments PEM I/FS50) of the incoming light between left- and right hand circularly 
polarized states. The difference between optical transmittance (T) for opposite helicities was 
directly measured by phase-sensitive detection at the modulation frequency. An out-of-plane 
magnetic field of 150 mT was applied during the measurements to ensure fully saturated 
perpendicular magnetization in the nickel nanoparticles. MCD spectra were recorded for 
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saturating positive and negative field directions and both measurements were subsequently 
subtracted to isolate dichroism arising from pure magnetic effects. The MCD signal in our 
experiments corresponds to MCD = (E+ − E−)/E, with E− and E+ the optical extinction of left- 
and right hand circularly polarized light. Scanning electron microscopy (SEM) images of two 
samples and a schematic illustration of the MCD measurement setup are shown in Fig. 1. 

(a) (b)

(c)
p

(b)

 

Fig. 1. SEM images of a sample with (a) a random distribution of nickel nanoparticles and (b) 
a square array of nickel nanoparticles with a periodicity of p = 400 nm. The imaged area is 3 x 
3 μm. (c) Schematic illustration of the MCD measurement setup. In the experiments, a laser 
spot with a diameter of 300 μm and an out-of-plane magnetic field of 150 mT were used. 

3. Optical extinction and MCD measurements 

In the experimental configuration, left- and right hand circularly polarized light excite circular 
plasmon modes in the nickel nanoparticles. These modes are characterized by collective 
oscillations of conduction electrons in circular orbits. The direction of electron motion is 
perpendicular to the momentary electric field of the incoming light. For nickel nanoparticles 
with perpendicular magnetization, an additional Lorenz force acts on the electrons. The 
resulting forces are sketched in Fig. 2(a). Depending on the helicity of the incident light, the 
Lorenz force either adds to or subtracts from the centripetal force that is exerted by the 
electric field, which alters the confinement of electrons [18–20]. Therefore, the degeneracy of 
circular plasmon modes is lifted by the perpendicular magnetization of the nickel 
nanoparticles. The helicity-induced plasmon resonances are spectrally separated with the 
more confined mode occurring at higher frequency (shorter wavelength) in optical extinction 
spectra in Fig. 2(b). The difference between the extinction profiles corresponds to the MCD 
signal. 
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(a) (b)

Frequency  

Fig. 2. (a) Sketch of forces acting on electrons in circular motion, i.e. when a LSPR is excited 
in a magnetic nanoparticle by circular polarized light. The electric field of the incident light 
gives rise to a force (F)E and the perpendicular component of the magnetization acts on the 
circularly oscillating electrons via the Lorentz force FB = ev ×  (B). Depending on the helicity 
of the incident light the Lorenz force either adds to or opposes (F)E. (b) Extinction profiles of 
the non-degenerate circular plasmon modes. The difference between the extinction spectra 
determines the MCD signal. The MCD signal is zero at the LSPR resonance condition for non-
magnetic nanoparticles (ω0). 

Experimental extinction (1 – T) and MCD spectra of the sample with a random 
distribution of nickel nanoparticles are depicted in Fig. 3(a). A LSPR peak is visible at 700 
nm in the extinction spectrum. Because of relatively high ohmic losses in nickel, the plasmon 
resonance is broad compared to that of noble metal nanoparticles. The lineshape of the MCD 
spectrum corresponds to the subtraction of two shifted extinction curves for left- and right 
hand circularly polarized light. As expected, the MCD signal reverses sign at the plasmon 
resonance condition, i.e. when the extinction of light by the nickel nanoparticles is maximum. 
From the asymmetrical shape of the MCD spectrum one can conclude that MCD becomes 
stronger towards infrared wavelengths. This effect is caused by an increase of the magneto-
optical coupling strength (Voigt parameter Q) in the nickel nanoparticles at large wavelength 
[21]. The influence of Q(λ) on MCD spectra will be discussed in more detail in the next 
section. 

Periodic arrangements of nanoparticles can give rise to collective plasmon excitations 
known as SLRs. These non-local resonances arise when LSPRs in metal particles of a 
periodic array couple to the diffracted orders of the lattice. For normal incident light, the 
diffracted orders of the lattice are given by (a2 + b2)0.5λ = np, where n is the refractive index 
of the medium surrounding the particles, p is the periodicity of the lattice, and a and b are 
integers indicating the order of diffraction along the x- and y-axis of the array. In periodic 
arrays of noble metal nanoparticles, SLRs are manifested by narrow and intense optical 
resonances [22,23]. Similar effects and SLRs in magneto-optical spectra have been obtained 
for square and rectangular nickel nanoparticle arrays using linearly polarized light [17]. 

In the extinction spectra of Fig. 3(b), the minima at λ = 609, 685, and 762 nm correspond 
to the < + 1,0> and <-1,0> diffracted orders of the lattice with p = 400 nm, 450 nm, and 500 
nm, respectively. In addition, a minimum associated with the diagonal <1,1> diffracted order 
of the array with 500 nm periodicity is measured at 538 nm. Coupling between the diffracted 
orders of the lattice and single-particle LSPRs results in well-known Fano lineshape 
asymmetry in the extinction spectra. The maximum extinction of the nickel nanoparticle 
arrays is larger than that of randomly distributed particles because of collective SLRs. The 
differences in shape and magnitude of the extinction signal are also reflected by the MCD 
spectra shown in Figs. 3(c). Since the MCD signal corresponds to the subtraction of two 
shifted extinction curves, its spectral features are more narrow and intense for the nickel 
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nanoparticle arrays. Again, the MCD null conditions are obtained at wavelengths that 
correspond to maxima in the optical extinction curves in Fig. 3(b), i.e. just above the 
diffracted order of the lattice. The MCD data of Fig. 3(c) clearly reveal that the perpendicular 
magnetization of nickel nanoparticles lifts the degeneracy of collective SLR modes that are 
excited by left- and right hand circularly polarized light. 

(a)

(b)

(c)
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Fig. 3. (a) Extinction spectrum (black curve, left scale) and MCD signal (red curve, right scale) 
of randomly distributed nickel nanoparticles. (b) Extinction spectra of nickel nanoparticle 
arrays with p = 400 nm (black curve), p = 450 nm (red curve), and p = 500 nm (green curve). 
(c) MCD signal of the nickel nanoparticle arrays (same color coding as in (b)). 

4. Modeling 

To reproduce the optical extinction and MCD spectra of single nickel nanoparticles and 
periodic nanoparticle arrays, we first calculate the polarizability of the nickel nanoparticles 
using a model based on the modified long wavelength approximation (MLWA). This method 
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has been used in the past to successfully model optical [24–27] and magneto-optical 
[15,28,29] properties of similar nano-sized cylinders. Because the particles are rotationally 
symmetric and circularly polarized light can be decomposed into two linear orthogonal 
components with a 90-degree phase difference, it is possible to describe the response of 
nickel nanoparticles using a beam of linearly polarized light. The polarizability (α) of a 
cylindrical metallic nanoparticle with dielectric constant εp embedded in a dielectric medium 
with dielectric constant εd can be approximated by extending the results of Meier and Wokaun 
[30] to a spheroidal particle [31,32] 

 
eff

,
4 ( )

p d

d p d

V
L
ε ε

α
π ε ε ε

−
=

+ −
 (1) 

where V is the volume of the particle and Leff is given by 

 
22 33

eff

3
,

3 4 6

k V k VL L i
π π

 = − − 
 

 (2) 

with k being the wave vector of light (k = 2πn/λ). The first term in Eq. (2) is the geometrical 
factor that accounts for the shape of the particle. For a spheroid, L can be calculated 
analytically [32]. For an oblate spheroid along its rotational axis (z-axis) it is given by 

 
2

2

1 1
(1 )arcsin ,z

eL e
ee
−= −  (3) 

where e is the eccentricity of the spheroid. It is defined as e2 = (a2 – c2)/a2, with a and c being 
the length of the major and minor semiaxes, respectively. For radiation along the x- or y-axis, 
we take advantage of the sum rule Lz + Ly + Lx = 1 [33] and the rotational symmetry of the 
system (i.e. Lx = Ly) to obtain 

 
1

.
2

z
x

LL −
=  (4) 

The second term in Eq. (2) describes the dynamic depolarization that arises from dephasing 
between radiation fields that are emitted from different parts of the particle. The last term 
corresponds to a radiative reaction correction caused by recoil forces on accelerating charges. 

We treat the MCD effect in a perturbative manner following the approach by Gu and 
Kornev [34] and we introduce a magnetization-dependent dielectric constant εp = εm ± mQεm, 
where Q is the magneto-optical Voigt constant of nickel [21] and m is the magnetization of 
the nanoparticle. The surrounding media (glass substrate and index matching oil) do exhibit 
magneto-optical activity in an applied magnetic field because of diamagnetism. However, 
since the effect is negligible compared to the magneto-optical response of the nickel 
nanoparticles, it can be discarded. The polarizability of a single nickel nanoparticle can 
therefore be written as 

 
eff

( ) .
4 ( )

m m d

d m m d

mQVm
L mQ
ε ε εα

π ε ε ε ε
± −

=
+ ± −

 (5) 

Because of symmetry, reversal of the perpendicular magnetization in a nickel nanoparticle 
has the same effect as a change of helicity in the incident light. MCD spectra can therefore be 
obtained by calculating the difference in optical extinction for nanoparticles with 
magnetization pointing up ( + m) and down (–m). Using this notion, we calculate the 
extinction cross section (σext) of a nickel nanoparticle using 
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4

2
Im( ) .

6ext abs sca d d
kkσ σ σ ε α ε α
π

= + = +  (6) 

Here, the first and second term describe the contributions of optical absorption and scattering 
to σext, respectively. The relative difference in the extinction cross section for left- and right 
hand circularly polarized light is given by 

 
( ) ( )

,
(0)

ext ext

ext

m mσ σσ
σ

+ − −
Δ =  (7) 

where σext(0) indicates the extinction cross section for a non-magnetized nanoparticle (i.e. Q = 
0). The parameter Δσ is proportional to the MCD effect. To compare the calculated extinction 
cross section (Eq. (6)) and Δσ (Eq. (7)) with the experimental results of Fig. 3, we scale both 
parameters to the maximum value of optical extinction in the experiments. The results for 
randomly distributed nickel nanoparticles are shown in Fig. 4(a). We find that the analytical 
MLWA model reproduces the experimental data well. The model also explains the 
asymmetrical shape of the MCD spectrum: The intrinsic magneto-optical Voigt constant of 
nickel [21] (Q in Eq. (5)) is larger at near-IR wavelengths, causing stronger MCD responses 
above the LSPR at 700 nm. 

The MCD signal of the nickel nanoparticles originates mainly from the difference in 
optical absorption of left- and right hand circularly polarized light near the plasmon resonance 
condition. This is illustrated by Fig. 4(b), which depicts the calculated contributions from 
optical absorption and scattering to the extinction cross section and MCD spectra. The MCD 
signal that we obtain in our experiments is thus approximated by MCD = (E+ − E−)/E ≈ (A+ − 
A−)/A. 
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Fig. 4. (a) Calculated extinction (black dashed curve, left scale) and MCD signal (red dashed 
curve, right scale) of randomly distributed nickel nanoparticles. For comparison, the 
experimental MCD signal is also shown (red solid curve). (b) Calculated contributions from 
optical absorption (red curves) and scattering (blue curves) to the extinction (black dashed 
curve, left scale) and MCD signal (black dashed-dotted curve, right scale). (c) Calculated 
extinction of a linear chain of nickel nanoparticles with p = 400 nm (black dashed curve), 450 
nm (red dashed curve), and 500 nm (green dashed curve). (d) Calculated MCD signal of a 
linear chain of the nickel nanoparticles (dashed curves, same color coding as in (b)), together 
with experimental data (solid curves). 
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To calculate MCD spectra of periodic nickel nanoparticle arrays, we extend the model 
using the coupled dipole approximation (CDA). Because of symmetry, we justifiably limit 
ourselves to the simplest possible case; a linear chain of nanoparticles. The polarization P of 
each particle with polarizability αi at location ri is given by 

 , ( ),i i loc i ir=P α E  (8) 

where Eloc,i is the local electric field. This field includes contributions from the incident 
electric field and radiation that is emitted by other particles in the array. Normally, solving of 
Eq. (8) requires a self-consistent numerical approach. In the case of an infinite 1D particle 
chain, however, an analytical expression for the effective polarizability αeff can be obtained if 
uniform polarization of the array elements is assumed [35] 

 .
1

sp
eff

sp

α
α

Sα
=

−
 (9) 

Here, αsp is the polarizability of a single particle given by Eq. (5) and S is the retarded dipole 
sum that accounts for electric field radiation by other particles in the array. For a 1D particle 
chain, S can be calculated using the method presented in [35,36]. In our case, the dipole sum 
is calculated for a particle chain of 1000 particles. For a lattice periodicity of 400 – 500 nm, 
this number of particles corresponds to a chain length of 400 – 500 µm, which is 
representative of the size of the periodic arrays in the experiments. 

For single nickel nanoparticles, we determined the MCD effect by calculating the 
polarizability of the particles for opposite magnetization directions. We use the same 
approach for periodic nanoparticle arrays and insert the effective polarizability αeff as defined 
by Eq. (9) into Eqs. (6) and (7) to obtain the extinction cross section and Δσ. Figures 4(c) and 
4(d) show the resulting spectra after scaling to the maximum optical extinction in the 
experiments. Apart from the omission of the SLR that is associated with the diagonal <1,1> 
diffracted order (for p = 500 nm), which is a direct consequence of using a 1D particle chain 
to estimate the response of a 2D lattice, the calculated spectra reproduce the experimental 
data well. The close correspondence is explained by the dominance of far-field diffractive 
coupling between nickel nanoparticles along the x- and y-axis of the periodic array and the 
symmetry of the system. The simple model used here is applicable to cylindrical magnetic 
particles in a square array. 
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Fig. 5. (a) Calculated extinction cross section of nickel nanoparticle arrays with p = 500 nm 
and different particle sizes. (b) Calculated relative difference in the extinction cross section for 
left- and right hand circularly polarized light. The arrays and color coding are the same as in 
(a). 
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5. Discussion 

The MCD signal of nickel nanoparticle arrays originates from a small spectral shift between 
the extinction spectra (dominated by optical absorption) of left- and right hand circularly 
polarized light. Consequently, sizeable MCD effects are obtained at wavelengths where the 
slope of the extinction curve is large. From this notion, design rules for optimized MCD 
responses can be gathered. In the experimental spectra of Fig. 3(c), the first MCD peak of 
about –0.3% appears just after the diffracted order of the lattice. Here, the extinction sharply 
increases because of the excitation of a SLR. The second MCD peak of about + 0.4% is 
measured when the extinction drops after reaching its maximum value. Tuning of the width of 
spectral features in the extinction curves by, for example, variation of the nickel nanoparticle 
size would alter the MCD signal. To verify this effect, we calculated the extinction cross 
section and Δσ for a fixed lattice periodicity of p = 500 nm and particle diameters varying 
from 60 nm to 180 nm. The results are summarized in Fig. 5. Obviously, the Δσ signal (and 
thus MCD) of nickel nanoparticle arrays is highly tunable. Very sharp and intense spectral 
features are obtained for 60 – 100 nm particles near the diffracted order of the lattice (see 
inset). These narrow linewidth responses could be used for phase-sensitive detection in label-
free biosensors, as recently illustrated by Kerr effect measurements on randomly distributed 
nickel nanoparticles [37]. Other routes that could be used to enhance the sensitivity of MCD-
based sensors involve the use of magnetic materials with larger magneto-optical coupling 
strength Q (enhancement of the MCD signal) or the integration of noble metal elements in 
magneto-plasmonic nanostructures (reduction of the plasmon resonance linewidth). 

6. Conclusions 

We have shown that the degeneracy of circular plasmon modes is lifted in cylindrical nickel 
nanoparticles. As a result, the extinction curves for left- and right hand circularly polarized 
light are shifted and a large MCD signal is measured near the single-particle LSPR condition. 
Coupling of the helicity-dependent LSPR modes to the diffracted orders of a nanoparticle 
lattice produces two narrow-linewidth SLR modes and an enhanced MCD signal. The MCD 
spectrum can be tuned via variation of the nickel nanoparticle size or the periodicity of the 
lattice. A simple numerical model based on the polarizability of spheroidal magnetic 
nanoparticles and coupling between dipoles in a 1D chain reproduces the main features of the 
experimental MCD spectra. 
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