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A Co nanolayer is used as a local probe of the vertical inhomogeneous distribution of the 

electromagnetic (EM) field within a metallic resonant nanodisk. Taking advantage of the 

direct relation between the magnetooptical activity and the electromagnetic field intensity at 

the Co layer, we show the EM non-uniform distribution within the nanodisks in plasmon 

resonance conditions, with maximum values close to the upper and lower flat faces, and a 

minimum value in the middle. 

1. Introduction 

Plasmonic resonances in metallic nanostructures have attracted a great deal of interest due 

to their wide range of applications
[ 1 ] 

, including waveguides
[ 2 , 3 ]

 , microscopies
[ 4 ,5 ,6 ,7 ]

 , 

lasers
[8,9]

, surface-enhanced Raman scattering (SERS)
[10,11] 

and biological sensors
[12,13,14,15]

. 

These photon-electron excitations allow confining the electromagnetic waves to nanoscale 

dimensions resulting in strong field enhancement
[16]

, and are very sensitive to the optical 

properties of their environment. Most of these applications, such as SERS, sensing or the 

design of nanoplasmonic devices, rely on the EM field localization and are therefore strongly 

determined by its distribution. 
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Near field optical techniques allow determining experimentally the EM field distribution in 

the close vicinity of the structures
[17,18]

. Techniques based on electron microscopy, such as 

electron energy-loss spectroscopy (EELS)
[ 19 ]

 or photoelectron emission microscopy 

(PEEM)
[20]

, provide a planar view, real-space imaging of the plasmonic resonance with a 

resolution of a few tens of nanometers, integrating the information in the vertical section. 

Unfortunately, it is not straightforward to extract similar information from the region inside a 

metallic structure and along the vertical axis. Moreover, this EM field distribution becomes 

greatly modified and asymmetric in the presence of a substrate. For instance, in figure 1(a) we 

show the calculated EM field distribution within a Au nanodisk of 130 nm diameter and 54 

nm height placed over a glass substrate upon plane wave illumination at normal incidence 

when the localized surface plasmon resonance (LSPR) is excited. We can see that the EM 

field is maximum at both interfaces with a minimum at the center of the disk. This is in strong 

contrast with the continuous decay presented by a thin continuous metallic film deposited on a 

dielectric substrate, where the EM field is maximum at the air-metal interface, decaying 

exponentially within the metal and, less abruptly, within the substrate. 

However, and despite its obvious interest, the EM field distribution inside metallic resonant 

nanodisks has not been experimentally available so far. Fortunately, it is possible to obtain 

this information indirectly, by measuring a far field quantity that depends on the field inside 

the nanostructure. Our approach lies in the influence that the EM field inside the metallic disk 

has on the magnetooptical (MO) activity of a very thin Co layer, that can be placed at will in 

different positions along the vertical direction within this disk. 

Recently, the incorporation of magnetic materials into plasmonic structures to constitute the 

so-called magnetoplasmonic systems has allowed obtaining active plasmonic entities. For 

example, it is possible to modulate the surface plasmon wavevector in Au/Co/Au continuous 

films by the application of an external magnetic field
[ 21 , 22 ]

. Actually, measuring this 

modulation as a function of the Co layer position in the structure or in the presence of a 
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dielectric overlayer, it is possible to probe the EM field distribution within a continuous 

opaque metallic film
[21,22]

. In this work, we have studied the MO activity of Au/Co/Au 

nanodisks as a function of the position of the Co layer along the vertical direction as a way to 

experimentally probe the EM field distribution within the nanodisk in the case of LSPR 

excitation. This layer can be located at different spatial locations within the disk to act as an 

EM field probe, since the MO activity is proportional to the EM field at the MO active 

layer[
21,22,23,24,25,26,27,28]

.  

Figure 1: EM field distribution within a metallic nanodisk. EM field distribution calculated 

using a finite-difference time-domain (FDTD) technique, at LSPR excitation, within: (a) a 

130 nm diameter and 54 nm height Au nanodisk when a localized surface plasmon resonance 

(LSPR) is excited; same Au nanodisk with a thin (6 nm) Co layer placed (b) close to the upper 

interface, (c) in the middle and (c) close to the lower interface of the nanodisk respectively. 
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2. Results and Discussion 

A crucial issue is to what extent this Co probe induces itself a perturbation in the EM field 

distribution within the nanodisk. We have first calculated the effect produced by a 6 nm thick 

Co layer placed within the Au nanodisk of 130 nm diameter and 54 nm height shown in 

Figure 1(a). Figures 1(b)-(d) show the EM field distributions for three cases:  with the Co 

layer placed close to the upper interface (Figure 1(b)), in the middle of the nanodisk (Figure 

1(c)) and close to the lower interface (Figure 1(d)) respectively. When compared with the 

pure Au disk (figure 1(a)), it can be clearly seen that the insertion of such a thin Co layer has 

very little influence in the shape of the EM field distribution except for a mere overall 

decrease of the intensity due to the larger absorption of Co. The effect is analogous 

irrespective of the Co layer position within the disk, and confirms the almost non-perturbative 

nature of this Co layer as an EM field probe. 

The Au/Co/Au nanodisks samples were fabricated by means of colloidal 

lithography
[29,30,31,32], 

 and sputter deposition (see experimental section). All samples have the 

same nanodisks diameter (130nm), height (54nm), and density (9.4 m
-2

). Each individual 

disk has a four layer structure: a 2nm thick Cr layer to improve the adhesion to the substrate; a 

first Au layer, whose thickness d1 varies from sample to sample between 5 and 35 nm; a 6 nm 

thick Co layer; and a second Au layer whose thickness d2 also varies from sample to sample 

to maintain the total Au thickness (d1+d2) equal to 46 nm. This way, by varying d1, the 

position of the Co probe layer within the structure is also varied. In order to compare with 

identical Cr/Au/Co/Au multilayered continuous films, an area of each substrate was left 

uncovered of resist for simultaneous deposition of a continuous reference film. 

The structures fabricated in this way are sketched in Figure 2(a), both in nanodisk (left) and 

continuous film form (right), where the parameter “z” represents the distance to the substrate 

surface of the central part of the Co layer. In Figure 2(b) a representative SEM image of one 

of the samples is presented, showing an in-plane random distribution. The average coverage, 
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obtained from both AFM and SEM characterization, is 12.5%, which corresponds to an 

average interdisk distance of 350 nm and makes the interdisk interaction effects negligible.  

Figure 2: Structure and morphology of the fabricated samples. (a) Sketch of the fabricated 

samples; (b) SEM image of a representative structure; (c) extinction spectrum of the sample 

shown in (b). The extinction peak is slightly broader than the corresponding to a pure Au disc 

due to the absorption of the Co layer.  
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The extinction spectrum of the same sample is presented in the figure 2(c). As it can be 

seen, a clear resonance peak is observed around 670 nm, corresponding to the LSPR of the 

nanodisks.  

The MO characterization of the fabricated structures has been carried out by means of Kerr 

spectroscopy in the polar configuration
[33]

. In figure 3(a) we present the Kerr rotation () and 

ellipticity () spectra for three representative Au/Co/Au structures, with the Co layer close to 

the top interface, in the middle of the disc and close to the bottom interface. As it can be 

observed, in the spectral region of the nanodisk LSPR both the Kerr rotation and ellipticity 

spectra present specific features with different shapes: the Kerr rotation feature has an S-like 

shape, whereas the ellipticity spectra present a peak. This wavelength dependence is the same 

for all the different Au/Co/Au nanodisks samples. In figure 3(b) we present the corresponding 

modulus ( 2 2    ) of the complex Kerr rotation,  ( = +i) for the same three 

samples. As it can be seen, this modulus exhibits a clear resonance peak in the 670 nm region 

for the three cases, which is the same spectral region where the extinction peak is observed.  

Identical behavior is obtained in all the fabricated nanodisks samples, and is well known to 

be related to the magnetooptical activity enhancement associated with the LSPR excitation, as 

previously shown in a number of magneto-plasmonic nanoentities
[34,35,36,37,38,39,40,41]

. Notably, 

here we find that the  peak intensity strongly depends on the position of the Co layer, being 

higher for the sample where the Co is located in the lower part of the nanodisk, closer to the 

glass substrate, with less intensity for the sample where the Co is located in the upper part of 

the nanodisc, and with a minimum magnetooptical activity for the sample with the Co in the 

middle of the nanodisc. This behavior is not the one expected for Au/Co/Au multilayered 

continuous films. Figure 3(c) shows the modulus of the complex Kerr rotation for the 

continuous films with multilayer sequences equivalent to those of the nanodisks shown in 

figure 3(b). In these cases, and for all the continuous films regardless of the Co layer position, 
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the modulus of the complex Kerr rotation shows a peak at 500 nm arising from the Au plasma 

edge
[24]

. The intensity of this peak also depends on the position of the Co layer but, in strong 

contrast with the Au/Co/Au nanodisk samples, it gradually decreases as the Co layer moves 

from the upper to the lower interface.  

Figure 3: Magneto-optic characterization. (Upper inset) Sketch of the Polar Kerr 

measurement. (a) Polar Kerr rotation spectra (full lines) and ellipticity (dotted lines) of three 

different nanodisks samples (red lines, z = 12 nm; grey lines, z = 28 nm and black lines, z =39 

nm). (b) Modulus of the complex Kerr rotation spectra of the nanodisks samples shown in (a). 

(c) Modulus of the complex Kerr rotation spectra for the equivalent continuous films.  
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This different behavior of the dependence of the MO activity with the Co layer position for 

both structures is better seen in figure 4. Here it is shown the  peak intensity as a function of 

the distance of the Co layer to the bottom interface, z (see figure 2) for both films (a) and 

Au/Co/Au nanodisks (b). Two clearly distinctive behaviors are observed. In the case of the 

continuous films, the intensity gradually decreases as the Co layer is placed further from the 

upper interface. For the disks, on the other hand, the intensity shows a U-like shape, with 

maximum values when the Co layer is near the bottom (glass/Au) and upper (Au/air) 

interfaces, and lower ones at intermediate positions. A way to understand this different 

behavior is to analyze the system in a thin film approximation (i.e. assume that the Co layer is 

very thin so that it does not perturb the EM distribution). Let us remind that for a 

ferromagnetic material magnetically saturated along the z direction, the dielectric tensor can 

be expressed as: 

 

0

0

0 0

MO

MO

 

 



 
 
 
 
      (1) 

For Co, the off diagonal component, MO, is smaller than the diagonal component, , and 

the modulus of the complex Kerr rotation is proportional to the modulus of MO : 

   MOC* .            (2) 

The coefficient of proportionality, C, depends on the optical properties of the structure. 

Moreover, for a very thin Co layer embedded in a film made of continuous metallic layers, it 

can be shown
[23,24]

 that : 

 * * ( )* ( )p sd z zC A E E ,    (3) 

where d is the thickness of the Co layer, ( ) ( ( ))p sz zE E is the modulus of the p-(s-) 

component of the EM field of a p-(s-) polarized wave incident on the continuous film 

structure without the Co layer calculated at the Co position, z; and A is a constant which 
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depends on the optical properties of the continuous film structure without the Co layer. As an 

example of the validity of this thin film approximation we present in figure 4(a) (full grey 

line) the in-depth dependence of the EM field distribution 
p sE E  for a Cr/Au bilayer (2nm 

Cr and 52 nm Au) deposited on a glass substrate, calculated at normal incidence within the 

finite-difference time-domain (FDTD) formalism, using for the optical constants of Au and Cr 

those obtained from ellipsometry measurements on 20nm thick Au and Cr layers. The 

calculation was done at a wavelength of 500 nm. As it can be observed, it is in excellent 

agreement with the Co dependence position of the MO activity. Also in that figure we present 

the in-depth dependence of the mean value of 
p sE E  inside the Co layer calculated for a 

Cr/Au/Co/Au layer structure (the optical properties of Co were obtained from ellipsometry 

measurements as mentioned above). The difference between the two theoretical curves is very 

small, which confirms the small perturbation induced by the Co layer on the EM distribution 

of the Cr/Au structure.  

The upper expression, Eq. (3), can be adapted to nanodisk structures taking into account 

both the variation of the p- (s- component) of the EM field within the plane of the disk and the 

oxidation of a thin Co layer in the lateral surface of the disks
42

:

 
( 0)

( ) ( , ) ( , , ) ( , , )

MO

MO s p

S

z x y z x y z x y dxdy





   E E . (4) 

As above, in a first approximation the electromagnetic fields can be calculated considering 

a structure without Co, or the Co layer can be taken into account for more generality. Figure 

4(b) shows the p sE E results for both cases, obtained using the same FDTD technique. The 

full grey line corresponds to a 130nm diameter Cr/Au nanodisk (2nm Cr, 52 nm Au) 

calculated at the resonance frequency. The calculation has been performed taking into account 

the 1 nm thick oxide shell surrounding the Co disk
[42]

, which does not contribute to the MO 

signal. As it can be seen, despite the simplicity of the model the U-like shape dependence of 

the MO activity with the Co layer position is well reproduced, although the minimum is 
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located at higher values of z than for the experimental data. This discrepancy is due to the 

perturbation induced by Co in the electromagnetic field distribution. The red line represents 

the obtained field for similar disks, but with 6 nm of Co embedded in the corresponding 

position and 46 nm Au. The agreement with the experimental data improves, and the position 

of the field minima is shifted towards lower z values, as in the experiment. 

Figure 4: Intensity of the peak of the modulus of the complex Kerr rotation as a function of 

the Co layer position For (a) continuous films ( = 500nm) and (b) nanodisks samples (LSPR). 

Open symbols correspond to the samples whose spectra appear in figure 3. Full lines represent 

theoretical calculations of the EM field distribution within the continuous film or disk 

structure. The grey lines correspond to the field inside a pure Au system and the red lines to 

the field of a system with a thin Co layer (6 nm) inside. 
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3. Conclusion 

In summary, we have shown that it is possible to probe the EM field distribution within a 

metallic nanodisk by inserting a Co layer in it and monitoring the MO activity of the system. 

Since this magnitude is proportional to the value of the EM field, it yields a direct measure of 

its value in the interior of a solid metallic entity. It is shown that the EM field exhibits 

maximum values near the top and bottom disk surfaces, with a minimum in between. This 

information could be very relevant for the design of magnetoplasmonic systems offering 

optimum MO enhancement, but also for other applications such as sensing or SERS, where 

maximum sensitivity is expected in the areas with higher EM field. 

 

4. Experimental Section 

 

Sample preparation: The colloidal lithography procedure to obtain the nanodisks samples as 

can be seen in the figure 5 is the following. First, polystyrene colloidal particles (8% w/v, 100 

nm, sulfate latex, INVITROGEN) were deposited by electrostatic self-assembly onto glass 

substrate precoated with 360 nm of PMMA A4 (1). The surface of the PMMA A4 was 

treated with an oxygen plasma (50W, 450 mTorr) to make it hydrophilic (2), and then a single 

layer precursor film was absorbed to make the surface positively charged using 0.02% (by 

weight) poly(diallyldimethylammonium chloride) (PDDA, MW 400 000-/500 000, Sigma 

Aldrich) (3), rinsing in water during 60 s and finally drying with nitrogen gas. Negatively 

charged polystyrene particles are adsorbed onto the charged substrates from solution by 

electrostatic interactions. Particle concentrations of 0.02% (by weight) were used. Adsorption 

time was 1 min to allow the adsorption to reach saturation and a better uniform distribution in 

all experiments (4). Excess particles were rinsed off under running water and the samples 

were blown dry with nitrogen gas. Milli-Q water (Millipore) was used at all times. The 

density of spheres was selected to obtain a disk concentration of 12%. After this, Au thin 

films (15 nm) were deposited by sputtering (5). Oxygen plasma treatment (50W, 450 mTorr) 
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for 15 s was used again to clean the Au surface. Polystyrene particles were retired of the 

surface substrate using tape striping (6). Then, the sample was exposed in an oxygen plasma 

treatment (50 W, 7.5x10-9 Torr) to attack the PMMA and drill the holes (7). Subsequently, 

the substrates were introduced in a UHV deposition system (8) where, after deposition of 2nm 

Cr to improve the adhesion of the disks to the substrate, a Au/Co/Au trilayer was grown with 

a fixed Co thickness of about 6 nm and a total Au thickness fixed to 46 nm approximately. Cr 

and Co were deposited by magnetron sputtering (1.5x10-3 mbar; 0.23 Å/sec and 1.5x10-3 

mbar; 0.15 Å/sec, Ar pressure and deposition rates respectively) and Au by thermal 

evaporation (0.25 Å/sec deposition rate). After lift-off (9), an ensemble of nanodisks 

randomly oriented on the glass substrate were obtained. 

 

Figure 5. Process of fabrication of the metallic nanodisk by colloidal lithography. 

 

Kerr spectroscopy: The MO characterization of the samples has been carried out by means 

of Kerr spectroscopy in the polar configuration. The sample, placed inside an electromagnet 
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that applies a magnetic field perpendicular to its surface, is illuminated at normal incidence by 

a monochromatic beam coming from a Xe lamp followed by a monochromator. By 

modulating the beam polarization with a photoelastic modulator, the Kerr rotation and 

ellipticity for each wavelength are determined. The measurements have been performed with 

an applied magnetic field, which insures magnetic saturation of the structures. 
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