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Abstract 

Spurred by research in magnetoplasmonics, plasmon-enhanced magneto-optical effects 

and active plasmonics, the demand for hybrid magnetic-plasmonic nanoparticle-based 

materials of optical quality is high. Currently used synthesis methods involve possibly 

interfering polymer media or polyelectrolyte interlayers, grooved supports or non-transparent 

substrates. To obtain homogeneous, partially transparent and polymer/polyelectrolyte-free 

magnetic-plasmonic nanocomposites with angle-independent optical properties, we produced 

hybrid gold-magnetite and silver-magnetite nanocomposites by a novel Layer-by-Layer 

synthesis using short bifunctional molecular linkers on glass substrates. Resulting    

nanocomposites had high nanoparticle filling fractions and showed tunability of the plasmon 

wavelength over a very broad spectral range by changing composite thickness through the 

number of added nanoparticle layers. The angle-independence of optical properties and the 

abilities to switch the plasmonic material and to tune the plasmon resonances of the 

magnetic-plasmonic composites make these materials a unique platform for 

magnetoplasmonic research. 

Keywords: nanocomposite, layer-by-layer, magnetic-plasmonic, nanoparticle, tunable optical 
property 
 
1. Introduction 

Research into nanoparticle-based magnetoplasmonics, active plasmonics and plasmon-

enhanced magneto-optics has strongly intensified. [1–5] Such research holds promise for 

both unraveling fundamental questions about magnetic-plasmonic interactions as well as 

applications in sensing, optical switching and optical components fabrications. The ability to 
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reliably synthesize high optical quality magnetic-plasmonic nanocomposites with high 

nanoparticle filling fractions and without introducing unnecessary background signal facilitates 

experiments and is a prerequisite to interpret results correctly. Furthermore, for many 

experiments or applications, such as optical Faraday isolators, (partial) transparency is a 

must.[3,6] Previously, nanocomposites were synthesized on non-transparent or grooved 

substrates, [5] using polymers as dispersion medium for spin-coated or drop-casted samples 

or polyelectrolyte interlayers in Layer-by-Layer synthesis. [7–9] Polymers and polyelectrolytes 

have the disadvantages that nanoparticle filling fractions are inherently limited and that they 

possibly introduce undesired background signal, chemical incompatibility and interfere with 

signal acquisition. Furthermore, such molecules introduce an undefined and often large 

distance between adjacent nanoparticles, impeding correct interpretation of results. Here we 

present a versatile Layer-by-Layer synthesis method on glass substrates using short 

bifunctional, i.e. with two functional groups, molecular linkers that results in homogeneous 

samples with very high nanoparticle filling fractions and controlled distances between 

adjacent particles. Tunable plasmon properties, of both silver- and gold-magnetite 

nanocomposites, over a broad spectral range combined with angle-independent optical 

properties and a variable composite thickness make these high quality composites an ideal 

platform for magneto-plasmonic research.  

2. Materials and methods 

2.1. Materials 

All obtained chemicals were used without further purification. Anhydrous iron(III)trichloride 

(98%), n-octylamine (99+%) and ethanediol (for analysis) were purchased from Acros 

Organics. (3-Aminopropyl)trimethoxysilane (APTMS) (97%) was obtained from ABCR. 

Gold(III)chloride trihydrate (99.9+%), Sulfuric acid (95-97%) and Nochromix cleaning agent 

were purchased from Sigma-Aldrich. Acetic acid (100%) was bought from VWR, silver nitrate 

from UCB, tri-sodium citrate (99.5+%) from Chem-Lab and sodium borohydride (98+%) from 

Janssen Chemica. 

2.2. Methods 
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Iron oxide nanoparticle synthesis - Iron oxide nanoparticles were synthesized using an in-

house modified force hydrolysis method.[10] XRD experiments showed that the dominant iron 

oxide phase was magnetite (Supp. info). 

Functionalization of iron oxide nanoparticles – 300mg of n-octylamine coated nanoparticles 

were dispersed in 300ml methanol using an ultrasonic bath. Then 3ml APTMS was added, 

together with 3 drops of acetic acid and the mixture was further sonicated for 2h. After 

washing with acetone through magnetically assisted precipitation and drying in vacuo, a 

powder of amine-functionalized iron oxide nanoparticles was obtained. These functionalized 

nanoparticles could then be redispersed in MeOH in a desired concentration using 

ultrasonication. Functionalized particles had a size of 7.98±2.4nm and show 

superparamagnetic behavior with a saturation magnetization of 18.88emu/g (Supp. info). 

Synthesis of metal nanoparticles - For the gold colloid synthesis, a method based on an 

aqueous citrate reduction was employed.[11] After synthesis, a deep red colored dispersion 

was obtained. This dispersion was diluted 5x with MilliQ water before use to obtain a final Au 

concentration of 0.2mM. Au nanoparticles had a size of 9.25±1.31nm and exhibited a clear 

plasmon resonance centered on 530nm (Supp. info). Silver nanoparticles were produced 

using a method based on an aqueous sodium borohydride reduction in presence of citrate 

capping molecules. [12] The pale yellow colored dispersion was used without further dilution. 

Ag nanoparticles showed a plasmon resonance at 400nm and had a size of 9.59±0.27nm as 

measured by TEM (Supp. info). Final Ag concentration was 0.15mM. 

Synthesis of nanocomposites (Figure 1A-D) -  Synthesis started by cleaning glass 

microscope slides (16x16mm) with NoChromix cleaning solution (7g/100ml NoChromix in 

MilliQ water, add 100ml sulfuric acid 97%) for 1h. These cleaned substrates were then 

functionalized with APTMS (1vol% in MeOH, 1h) and rinsed with MeOH and water. [11] A first 

metal nanoparticle layer was added by putting the functionalized substrate in 10ml of a metal 

NP dispersion while shaking (350rpm) for 1.5h and rinsing with water and MeOH afterwards. 

By putting the sample in 10ml of a 0.3mg/ml dispersion of functionalized iron oxide 

nanoparticles in MeOH for 1h, a layer of these nanoparticles could be added on top of the 

gold nanoparticle layer. After rinsing the sample with methanol and water, adding extra 

nanoparticle layers was possible by repeating the previous steps. The nature of the Layer-by-
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Layer synthesis allows for homogeneous coating of large-area substrates. 

Characterization – Nanoparticles and composites were characterized using transmission 

electron microscopy (80kV Zeiss EM-900, 300 mesh Formvar on copper grids as substrate), 

scanning electron microscopy (XL30 ESEM FEG microscope), room temperature X-ray 

diffraction experiments (horizontal Geigerflex diffractometer in Bragg-Brentano geometry 

reflection mode, mounted on a Rigaku RU-200B rotating Cu-anode with an output power of 

4kW), vibrating sample magnetometry (300K, Oxford instruments VSM Maglab), scanning 

force microscopy (multimode 8 from Bruker using an AC240TS tip) and UV-visible 

absorbance measurements (Perkin Elmer 900). 

 

Figure 1: Layer-by-Layer synthesis procedure for used in this work (A-D), a photograph of a 5 NDL Au-Mag 
sample above a text (inset E) and large area (E) and zoomed-in (F) scanning electron microscopy images of a 
Au-Mag 5 NDL sample. 

 

3. Results and discussion 

Au-magnetite nanocomposites with different numbers of nanoparticle double layers (NDLs), 

which are one gold and one iron oxide nanolayer combined (Figure 1D), were synthesized. A 

5 NDL Au-magnetite composite on a glass support is blue colored when viewed perpendicular 

and shows gold reflectivity if tilted. The sample is homogeneous, showing no large 

aggregates or defects (Figure 1E, inset). Scanning electron microscopy (SEM) images 

confirm homogeneity over at least 100 micrometer and show a relatively smooth surface 

(Figure 1E). When zoomed in on the same sample next to a scratch, a clear height difference 

between substrate and sample can be observed (Figure 1F).  

Due to the strong bonding between the silane group and the iron oxide nanoparticles on 
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the one and the amine group of the linker molecule and the gold nanoparticles on the other 

hand, the samples are robust and do not release material in the storage solvent.[10,11] 

Stored in methanol, the composites were stable for at least 1 year as evidenced by UV-visible 

absorbance spectroscopy. Ultrasonic treatment of 5 NDL Au-magnetite composite does not 

result in any change in the UV-visible absorbance spectrum, indicating the stability and 

robustness of the samples. Reproducibility of the method is high (Sup. info). 

UV-Visible absorbance spectra of a 1 NDL Au-magnetite nanocomposite shows a plasmon 

resonance peak at approximately 520nm, corresponding to that of dispersed gold 

nanoparticles (Figure 2). By adding NDLs, a second redshifted plasmon peak due to 

plasmonic near-field coupling arises. When gold nanoparticles interact optically, the plasmon 

modes couple, resulting in redshifts of the plasmon wavelength.[13] The observed significant 

redshift of the plasmon wavelength in the synthesized samples from 530 nm to 650 nm 

indicates that gold nanoparticles are interacting strongly and thus are close to each other. 

Presence of magnetite nanoparticles is evidenced by the absorbance peak due to 

intervalence charge transfer (IVCT) centered around 385nm.[14] A linear relationship 

between the absorbance maximum and the number of layers was found (Figure 3), 

evidencing the Layer-by-Layer synthesis of the composites. The same linear relationship was 

found for the absorbance at the iron oxide NP IVCT and the Au LSPR and coupled plasmon 

modes as a function of NDLs (Sup. Info). Changes in the UV-Visible absorbance spectra as a 

function of added NDLs can be visually observed as a change in color of the Au-magnetite 

composites from reddish pink over blue to dark blue with increasing number of NDLs. Use of 

glass substrates allows for partial transparency of the composites in the UV-Visible, enabling 

magnetoplasmonic and magneto-optical measurements and applications. 

The absorbance properties of the composites, including the plasmon properties, are 

largely independent of the sample angle relative to the incoming light beam (Sup. info), which 

is in stark contrast to the strong angle dependence of propagating plasmon resonance 

excitation of continuous bulk gold layers.[3,15] Lyon et al. observed that the strict angle 

requirements for exciting surface plasmon modes in continuous gold layers can be partially 

lifted by covering the surface with gold colloids.[16] In the synthesized composites, only 

spherical gold nanoparticles are responsible for the plasmon behavior, which fully alleviates 
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the incident angle requirements. Angle independent optical properties can be a great 

advantage for (magneto-)optical experiments and applications.  

 

 

Figure 2: UV-Visible absorbance spectra of Au-Mag composites show a redshift of the localized surface 
plasmon band as a function of added NDL. The presence of magnetite nanoparticles is indicated by the 
resonance at 385nm. 

The average thickness of the Au-magnetite nanocomposites, as measured by scanning 

force microscopy (Sup. info), increases linearly with the number of added NDLs. This 

confirms the Layer-by-Layer like construction (Figure 3). A thickness of 13.2±7.3nm was 

measured for a 1 NDL sample. When fitted with a linear equation (R2 = 0.99), the average 

increase of thickness for 1 NDL after the first NDL is 7.3±0. 4nm. These data are consistent 

with structures in which, resembling a closed-packed material, the nanoparticles of the next 

nanoparticle layers occupy the cavities in the previous and a high quality stacking of layers is 

obtained (graphics Figure 3). Structures with such a packed arrangement of nanoparticles 

allow a high nanoparticle filling fractions or occupied volume fractions up to, in the case of 

fully close-packed arrangements, a theoretical maximum of 74%.[17] The number of layers 

that can be added is in principle unlimited, although some quality loss is likely with very high 

layer numbers. Up until 10 NDLs no loss of optical quality was observed (Sup. Info). Such 

structures with high nanoparticle filling, and absence of polymer, polyelectrolyte or other 

possibly interfering interlayers and of high optical quality are well suited for studying plasmon-

enhanced effects or investigate fundamentals of active plasmonics.   
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Figure 3: Both the thickness, as measured by scanning force microscopy, and the absorbance at maximum 
intensity increase linearly with increasing number of nanoparticle double layers. These results demonstrate 
the Layer-by-Layer construction of the Au-Mag composites. 

Using silver instead of Au nanoparticles in the Layer-by-Layer synthesis also results in 

stable and homogeneous nanocomposites. The UV-visible absorbance spectra of such 

composites show only 2 absorbance bands (Figure 4). One broad band is centered on 400nm 

due to the overlap of the IVCT and plasmon resonances of magnetite and single Ag 

nanoparticles. When more than one NDL is added, a strongly redshifted plasmon band at 

around 550-575nm occurs due to near-field optical coupling of Ag nanoparticles. Same as for 

the Au-based composites, a linear relationship between the absorbance maximum and the 

number of layers was found (Sup. Info), evidencing the Layer-by-Layer synthesis of the 

composites. 

 

Figure 4: A strong redshift of the plasmon wavelength is observed in UV-Visible absorbance spectra of Ag-
Mag composites. The resonance of magnetite nanoparticles (385nm) overlaps with the LSPR of Ag NP.   

The abilities to switch the plasmonic material and to tune the plasmon resonances of the 

magnetic-plasmonic composites over a very broad UV-visible spectral range as a function of 

added NDLs provides a unique platform for magnetoplasmonic research. 
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4. Conclusion 

Magnetic-plasmonic nanocomposites of optical quality and variable thickness based on Au or 

Ag and magnetite nanoparticles were reproducibly synthesized on glass substrates by a 

polymer/polyelectrolyte-free Layer-by-Layer method using short bifunctional molecular linkers. 

High nanoparticle filling fractions in well-stacked multilayers were obtained. Plasmon 

resonance wavelengths could be tuned over a very broad spectral range by changing the 

plasmonic material or the number of added nanoparticle layers. Optical properties proved 

angle-independent. Such high quality composites without possibly interfering interlayers 

provide excellent materials for research into plasmon influenced (magneto-)optical effects, 

active plasmonics through magnetism or possibly magnetoresistance effects. 
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