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ABSTRACT 

This dissertation reports on new material developments as detailed in three chapters 

discussing the development of high Verdet constant materials containing magnetic nanoparticles 

(NPs) and one chapter discussing sulfur-containing polymers for infrared (IR) optics applications. 

The first three chapters will cover the synthesis and characterization of different types of magnetic 

nanoparticles followed by their incorporation into polymer systems to generate composite 

materials. Further, the processing techniques utilized to generate magneto-optic (MO) devices 

from these composites will be discuss as well as their performance related to both the processing 

methodology used and the properties of the nanoparticles. For chapters 2 and 3, additional 

experimental information and supporting data can be found in the corresponding appendix 

chapters. The fourth chapter will cover recent work analyzing the transparency of polymer 

materials in the IR. 

 The first chapter is the first comprehensive review summarizing the field of high Verdet 

constant MO materials. The Faraday effect is a type of MO phenomenon where the polarization 

direction of linearly polarized light is rotated when passing through transparent media under the 

application of a magnetic field along the direction of the light propagation. At a certain wavelength 

and temperature, the angle of rotation is directly proportional to the strength of the magnetic field, 

the path length of the medium, and the Verdet constant of the material. For MO devices, 

maximizing the rotation angle of the light is desired for device miniaturization and fabrication cost 

and can be accomplished by increasing any of the aforementioned parameters, but for devices with 

size constraints and with the limitations of sustainable magnetic fields, high Verdet constant 

materials are desired. The development of high Verdet constant materials has been ongoing since 

the discovery of the Faraday effect in the mid-1800s and has come to encompass a variety of 
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material classes from hard matter glasses, crystals, and ceramics, to soft matter small molecules 

and synthetic polymers, and some composite materials containing both hard and soft matter. The 

most widely used materials for MO applications have traditionally been glasses and crystals with 

Verdet constants on the order of 103-104 °/T·m at room temperature when measured in the visible 

to near-IR range. However, more recent work has shown promising soft matter systems composed 

of small molecules, polymers, and nanoparticle-polymer nanocomposites with enhanced Verdet 

constants ranging from 104-106 °/T·m. Chapter 1 is designed to give a broad overview of the 

different types of high Verdet constant materials with an emphasis on the recent development ultra-

high Verdet constant materials such as conjugated polymers and nanoparticle-polymer composites. 

 The second chapter will discuss the preparation of polymer-nanoparticle composite 

Faraday rotators. As mentioned previously, most applications of Faraday rotators use a variety of 

hard matter materials to accomplish MO rotation. These materials are however limited by low 

Verdet constants (when compared to many soft matter systems) which has led to an increased 

interest in soft matter both for increased Verdet constants and for enhanced processing capabilities. 

The new type of MO material discussed is based on MO active cobalt ferrite (CoFe2O4) 

nanoparticles combined with poly(styrene) (PS) to form solution-processable composites. This 

study examines the importance of exchanging the surface ligands on the CoFe2O4 nanocrystals to 

polymer ligands that are more compatible with the PS phase of the composite. With surface 

compatible ligands, the NPs could be dispersed in a polymer matrix at variable loadings from 2.5-

15 wt%. The solution processing techniques employed for this system allowed the MO response 

to be tuned by simply varying the NP loading and the number of layers in the composite. The 

Faraday rotators were prepared by a multilayer polymer film construct wherein alternating layers 

of the NP-polymer composite and cellulose acetate were spin coated allowing for an increased 
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path length of the MO active NP-polymer layers with protective layers of cellulose acetate. These 

multilayered Faraday rotators demonstrated a nearly 10X increase in Verdet constant compared to 

a terbium gallium garnet reference material at 1310 nm and demonstrated the importance of 

exploring soft MO materials for enhanced MO responsive materials.  

 The third chapter will discuss an expansion on the previous work with CoFe2O4-polymer 

composites. The previous work established a construct for how Faraday rotators could be produced 

by solution-processing using alternating layers of MO active materials to achieve a strong MO 

response. In this work polymer coated cobalt (Co) nanoparticles were used and offered several 

advantages over the previously used CoFe2O4 NPs. The synthetic strategy employed to produced 

Co NPs uses a native polystyrene ligand which eliminated the ligand exchange processing step 

and provided enhanced dispersion in the polystyrene matrix. This enhanced dispersion allowed for 

NP loadings up to an astonishing 50 wt% with the same tunability as the previous system. In 

addition to solution processing, the enhanced dispersion allowed for the formation of composites 

that could be melt-processed into free standing films with significantly increased thicknesses. The 

synthetic strategies employed additionally allowed for the synthesis of a range of particle sizes 

from 9 to 17 nm. This allowed, for the first time, a systematic study Verdet constant with the size 

dependent magnetic properties of the NPs.  Due to both the increased NP loading and a stronger 

magnetic moment from Co NPs compared to CoFe2O4 NPs the measured Verdet constants were 

2-3 orders of magnitude higher than our reference terbium gallium garnet material or our previous 

NP-polymer composites.  

The fourth chapter will cover recent work on IR imaging and the importance of uniform 

reporting techniques for IR transparency. There have been recent reports of new IR transparent 

polymers that only report the IR transparency measurement as thin films. This chapter 
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demonstrated that thin films of poly(methyl methacrylate) PMMA (a demonstrably poorly IR 

transmissive polymer) could mistakenly be described as an IR transparent, transmissive optical 

polymer. To definitively illustrate the non-uniformity of polymer films and windows reported for 

IR optics, PMMA windows of progressively increasing thickness were prepared for FTIR 

measurements to quantity optical transmittance in the IR spectrum, along with MWIR imaging 

experiments. These results were then compared to poly(sulfur-random-diisopropenylbenzene) 

(poly(S-r-DIB)), our previously established MWIR transparent polymer. The report provided both 

qualitative and quantitative analysis of PMMA and p(S-r-DIB) and how only reporting on thin 

film properties of polymers can lead to misrepresentation of the polymer’s IR transparency. These 

results set a standard for how IR transparency in polymers should be reported. 
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CHAPTER 1: High Verdet Constant Materials for Magneto-Optical Faraday 

Rotation: A Review 

With contributions from Robert Norwood (co-author and PI), Jeffrey Pyun (co-author and PI) 

 

Reproduced with permission from Carothers, K. J.; Norwood, R. A.; Pyun, J. Chem. Mater. 

2022, 34, 2531-2544. Copyright 2022, American Chemical Society. 

 

1.1 Introduction 

The Faraday effect as discovered by Michael Faraday in 1845 reported on the rotation of 

polarization direction of polarized light when passing through a transparent sample in the presence 

of an external magnetic field and serves as one of the pillars for the field of magneto-optics (MO).1 

MO rotation occurs when linearly polarized light passes through a transparent medium with an 

applied magnetic field (anti)parallel to the direction of light propagation (Figure 1.1). These 

conditions generate a circular birefringence along the applied field axis leading to a net rotation of 

polarization direction.2–4 The MO effect is described by Equation 1 where the rotation (θ) of light 

is the product of the length of the material (L), the applied magnetic field (B), and the Verdet 

constant (V). The magnitude and responsiveness of the MO effect for a material is quantified by 

the Verdet constant at a given temperature and wavelength of light. Obtaining a large angle of 

optical polarization rotation is often required for MO materials, along with high optical 

transparency at the wavelength of interest for use in photonic devices. This has been accomplished 

by either increasing the strength of the magnetic field, increasing the path length in the material 

(as achieved in fiber optics), or through new materials development aimed at achieving higher 

Verdet constants. Due to the dimensional constraints in many optical devices, MO materials 

possessing low Verdet constants, high transparency and long path lengths are not practical, 

particularly for device miniaturization and reduction of overall cost. Hence, the development of 



 

14 

 

new MO materials possessing high Verdet constants is now an emerging frontier in materials 

science to enable the development of improved MO devices with reduced form factors.  

𝜃 = 𝑉𝐵𝐿                                                                                                                                (1) 

The Verdet constant of MO materials can be measured in several standard ways depending on 

the type of material being measured; in addition, many custom measurement apparatuses have 

been developed.4 For bulk materials with substantial optical pathlengths, the MO active materials 

are often placed in a large magnetic field (~ 10-1 to 101 Tesla) so that large rotation angles can be 

obtained as long as the field is below saturation. A polarized laser source is passed through the 

sample and an analyzing polarizer, crossed against the initial laser polarization, is placed in front 

of an optical power meter. A magnetic field is applied in the direction of light propagation, 

typically with a solenoid, and the Faraday rotation angle for a given magnetic field is determined 

by the angle that the analyzing polarizer must be rotated to achieve maximum extinction. The 

rotation angle is plotted as a function of the magnetic field strength and the Verdet constant is 

obtained from the slope of the resulting line as long as the optical path length is known. For thin 

film measurements the samples are often measured using a laser beam that is linearly polarized to 

45° before passing through a sample that has a magnetic field applied along the direction of light 

propagation. The beam is typically reflected from a mirror and passed back through the sample, 

which helps to eliminate reciprocal effects such as birefringence, and then split into its vertical and 

horizontal components with a Wollaston prism, with the separated beams traveling to a 

photodetector whose output is proportional to the difference between the two signals; the output 

is subsequently fed to a lock-in amplifier. The Verdet constant can again be calculated by plotting 

the measured rotation angle vs. the magnetic field strength and the determining path length of the 

material as is done in the bulk material measurement described above. 
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While all transparent materials placed in a magnetic field exhibit some degree of Faraday 

rotation, only a small subset of these substances can achieve large Faraday rotation angles and 

possess a high Verdet constant. Numerous commercialized optical systems require the use of 

strongly MO active materials for devices such magnetic field sensors, MO modulators, optical 

circulators, optical isolators, and optical switches.5 The vast majority of commercially available 

MO materials require the inclusion of rare earth (RE) elements into glasses and ceramics as matrix 

composites, or grown, with other elements, into crystalline materials to impart MO activity to the 

final device construct. The United States Geologic Survey lists RE elements as critical mineral 

resource, with the glass industry as the top consumer of RE elements.6 Hence, the discovery of 

alternative high Verdet constant materials for MO applications with Earth abundant, inexpensive 

substances is a compelling technological opportunity for novel soft or hard materials innovation. 

To address this challenge, researchers have started to explore new MO materials, in 

particular, by the development of soft MO materials by the preparation of novel molecular, 

polymeric and nanocomposite materials for Faraday rotation.  The use of organic molecules and 

polymers offers unique advantages with respect to both molecular and compositional modularity, 

while also being amenable to solution, or melt processing into films or free form optics. Recent 

reports point to the potential of soft matter MO materials to exhibit Verdet constants orders of 

magnitude higher than those of state-of-the-art hard MO materials. Organic/inorganic hybrid MO 

systems that contain an inorganic hard inclusion in a polymer matrix are also an intriguing new 

class of an alternative MO material that combine the favorable magnetic properties of hard matter 

with the processability of synthetic polymers to create new MO materials.  

Herein, we review for the first time a broad survey of hard and soft MO materials with an 

emphasis on high Verdet constant materials for use in the visible and infrared spectrum. Other 
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previous reviews on this subject have focused on a single class of material or application and can 

be found elsewhere.5,7–28 We first discuss inorganic glasses, crystals, and ceramics, followed by 

glass nanoparticle (NP) composites.  Recent work on the synthesis of organic small molecules and 

conjugated polymers for Faraday rotation are also discussed as a route to high Verdet constant 

materials.  Finally, we review recent work on the use of ferrofluids and polymeric magnetic 

nanoparticle nanocomposites that exhibit high Verdet constants. This review is intended to provide 

a broad overview of materials that report high Verdet constants and are currently used in MO 

devices or are potential candidates for future use. The intended applications of MO materials are 

broad in scope and require prioritization of different materials properties, cost, and processing 

characteristics to be deemed optimal. One of the major challenges in reviewing this important class 

of materials is the lack of uniform measurement conditions with respect to temperature, film 

thickness, magnetic field strength (which can vary by orders of magnitude), and wavelengths 

employed for reporting Verdet constant values, which confounds direct comparisons from 

different reports.  These disparities are further compounded by the lack of standardized units for 

reporting the Verdet constant. The type of MO material class tends to report similiar units for 

reporting the Verdet constant. Reports on glasses tend to favor min/G (or Oe)·cm, crystals and 

ceramics materials use rad/T·m, while for organic materials based on small molecules and/or 

polymer-based MO materials, degrees per Tesla · meter (°/T·m) are reported. Regardless of the 

units used, the conversions between them are straightforward. For this review, the Verdet constants 

were all converted to absolute values (removing the directionality component to compare only the 

magnitude of the Verdet constant) and with units of degrees per Tesla meter (°/T·m) to allow for 

this first comprehensive survey of this emerging class of materials. 
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Figure 1.1 A schematic describing Faraday rotation where B is the strength of the magnetic field, 

L is the path length in the material, V is the Verdet constant of the material, and θ is the total 

rotation angle.  

1.2 Hard materials for magneto-optics 

1.2.1 Magneto-optic glasses 

Amorphous glassy materials classically have been the most widely utilized for MO system 

to achieve large Faraday rotations at modest magnetic fields.19 The inclusion of paramagnetic ions 

(some reports include diamagnetic ions) uniformly incorporated into solid glass matrices is the key 

to achieving large Faraday rotation through a transparent glassy material. Hence the primary 

approach to maximize the Verdet constant in these materials has been the development of 

processing to maximizing the MO active ion concentration and dispersion into glass matrices while 

maintaining sufficient optical transparency (%T > 60%) at the wavelengths of interest.29 

RE ion-doped glasses are ubiquitous in the MO glass literature and utilize paramagnetic 

ions to achieve Faraday rotation. Some of the earliest published work on RE doped glasses was 

reported by Borrelli at Corning Glass Works in 1964.30 This report demonstrated that the Verdet 
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constant of the material was directly dependent on the RE ion concentration formulated in the final 

glass. Doping glass with RE ions reached an upper limit that could also be extended by variation 

of the base glass composition, as shown in Figure 1.2a. For example, borate glasses were amenable 

to the highest RE ion loadings followed by phosphate and silicate glasses, all of which affected 

the final Verdet constant of the RE-doped glass. Simply choosing a base glass that could 

incorporate a larger concentration of RE ions allowed for significant increase in the Verdet 

constant (Vmax ~3.4 × 103 °/T·m) for praseodymium (Pr3+) doped borate glass at 700 nm, at room 

temperature (see Figure 1.3 glasses).30 A summary with a variety of other base glasses including 

phosphate, silicate, borogermanate, and germanate-borate-aluminate-galliate (GeO2-B2O3-Al2O3-

Ga2O) were later reported by Gao and coworkers with Verdet constants ranging from 2.0-6.8 × 

103 °/T·m, see Figure 1.2a).31 To achieve higher Verdet constants with RE glasses, Daybell et al. 

reported that cryogenic conditions (2.08 °K) increased the Verdet constant of terbium doped 

alumina silicate glass from 5.2 × 103 to 3.7 × 105 °/T·m at 633 nm due to the strong temperature 

dependence of paramagnetic ions (Figure 1.3).32 Alternatively, taking advantage of the material’s 

strong wavelength-dependent Verdet constant, Potseluyko et al. reported Verdet constants near 1.0 

× 105 °/T·m for Pr2O3 containing glass at 240 nm (Figure 1.3).33 Unfortunately, these materials 

tend to suffer from poor optical transmission at these wavelengths due to RE clusters formed 

during the glass production process. While progress has been made to improve the Verdet constant 

of RE doped glass, generating materials with significantly improved Verdet constants in the visible 

wavelength range and at room temperature has yet to be achieved. The overall range of values for 

Verdet constant for RE glasses tends to be from a few thousand to just over 104 °/T·m in the visible 

range at room temperature and a few examples are plotted in Figure 1.3.34–45  
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For certain applications where thermal fluctuations may cause instability of the MO 

properties of a material (as is the case with strongly temperature dependent paramagnetic 

materials) diamagnetic MO glasses may be advantageous due to the small temperature dependence 

of the Verdet constant.47 Metal oxide glasses constituted from a variety of glass compositions 

generally have Verdet constants on the order of 103 o/T·m (Figure 1.3).46–55 The work of Yu et al. 

was an exceptional example achieving a Verdet constant of 5.5 × 103 °/T·m at 633 nm for NiO-

doped phosphate glass (Figure 1.3).56 This work accomplished a respectable Verdet constant 

without the use of heavy metals or RE elements, using a less toxic, significantly more earth 

abundant element. Chalcogenide glasses have similarly been explored as diamagnetic MO 

materials but offer several advantages to metal oxide glasses including incorporation of large 

quantities of heavy metals, large ranges of transparency in the visible and in the infrared, and a 

broad range of glass-forming systems.57 This type of MO glass is mainly optimized for 

transparency, high refractive index, and use in the IR where Verdet constants are significantly 

lower than those in the visible range. As such, the Verdet constants are generally on the order of 

103 o/T·m but trend lower than other glasses (Figure 1.3).57–67 Incorporation of other atoms into 

binary chalcogenide systems has often proven useful for increasing the mechanical properties such 

as rigidity, Tg, strength, and hardness but has not led to greatly increased Verdet constants.68 Given 

that these materials typically rely on diamagnetic atoms for their MO properties and are optimized 

for the IR, this class of materials fills the niche for IR MO materials where low temperature 

dependence is required.  

More recent publications reported different methods to achieve high Verdet constant 

glasses by incorporation of a wide variety of materials into glass to make glass composite 

materials. For many of these systems the Verdet constants were typically on the order of 103-104 
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°/T·m with one notable exception (Figure 1.3)69–71 Garcia et al. achieved one of the highest Verdet 

constants of a nanocomposite-glass material by incorporating maghemite magnetic nanoparticles 

into a sol-gel silica matrix (Figure 1.3).72 The measured Verdet constant for the final material was 

1.1 x 105 °/T·m at 780 nm but unfortunately suffered from poor transmission at this wavelength. 

Masood and coworkers explored a unique metallic glassy alloy system with Verdet constants of 

~2.94 and ~4.9 × 107 °/T·m for Fe-B-Nb and Fe-B-Nb-Y metallic glassy alloys respectively.73 

While the reported Verdet constants are very impressive, these materials were produced as very 

thin films (~18 nm thickness) and exhibited reduced optical transmission (~ 50-%T). The potential 

for this new class of MO materials cannot be understated, but it is unclear if the transmittance can 

be improved due to the metallic nature of the material. 
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Figure 1.2 (a) Verdet constant of Nd3+ and Pr3+ doped glasses with different base glasses at 700 

nm. Data replotted from Ref 30. (b) dependence of the Verdet constant on Tb3+ concentration 

compared to other reported glasses at 633 nm. Figure adapted under a creative commons license 

from Ref 31. 

1.2.2 Magneto-optic single crystals 

Single crystal materials based on inorganic Garnets such as terbium gallium garnet (TGG), 

yttrium aluminum garnet (YAG), terbium aluminum garnet (TAG), and other combinations of RE 

doped garnets are by far the most frequently used materials for Faraday rotation. These garnet 

materials are commercially available and deployed in magneto-optical isolators and sensing 

applications due to their high optical transparency, chemical stability, and high Verdet constants. 

The general formula for naturally occurring garnets is X3Y2(SiO4)3; however numerous synthetic 

garnets (such as those mentioned previously) with different metal oxide matrices have been 

developed which replace the Si atoms with Al, Ga, or Fe. These crystals are often prepared using 

traditional growth methods such as the Czochralski process or the Float Zone method to produce 

high quality materials.74,75 The typical range of Verdet constants for these materials at room 
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temperature in the visible and IR spectrum (400-1600 nm) are on the order of 104 °/T·m,74,76–88 

although Verdet constants as high as 105 °/T·m were achieved under cryogenic conditions (see 

Figure 1.3 crystals).77,89 RE fluoride crystals are a class of single crystal MO materials that possess 

Verdet constants similar to garnet crystals but are often optimized for high power laser systems. 

RE-fluoride crystals such as potassium terbium fluoride (KTF) are a promising material for multi-

kilowatt average-power Faraday isolators, reporting peak Verdet constants of ~6.50 × 103 °/T·m 

at 633 nm (Figure 1.3).15,90 Other RE-fluoride crystals such as EuF2 have achieved Verdet 

constants on the order of 104 °/T·m (Figure 1.3).21,91–93  

A variety of other single crystal materials with high Verdet constants (i.e., non-garnet or 

fluoride crystals) have also been developed for MO applications. Most of these materials also 

utilize RE ions to impart MO properties to the material and hence exhibit a strong temperature 

dependence of MO and magnetic properties as classically associated with the paramagnetic ionic 

species. One of highest reported Verdet constant among these materials was europium (II) 

orthosilicate (Eu2SiO4) crystals prepared using high-temperature chemical transport with a 

reported Verdet constant of 5.83x 104 °/T·m at 520 nm (Figure 1.3).94 Calcium terbium aluminate 

(CaTbAlO4), terbium oxide (Tb2O3), and terbium containing cubic zirconia reported similar peak 

Verdet constants of 2.23 x 104 °/T·m at 532 nm, 2.73 x 104 °/T·m at 633, and 2.46 x 104 °/T·m at 

450 nm respectively (Figure 1.3).95–97 In recent work, methylammonium lead bromide perovskite 

crystals were prepared and offered several advantages over the other single crystal materials. These 

crystals could be produced at modest temperatures (65 °C vs >1000 °C for the Czochralski method) 

with appreciable thicknesses of up to 4 mm and did not require RE elements  to achieve a high 

Verdet constant of 2.69 x 104 °/T·m at 570 nm (Figure 1.3)98 These exemplary results support the 

need to research non-traditional MO materials for MO applications. 
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1.2.3 Magneto-optic ceramics 

 High performance ceramic MO materials have gained an increased interest in recent 

literature and may provide a route to easier-to-produce and higher performance MO materials.23,99–

101  Ceramics can provide better thermomechanical stability than amorphous MO glasses and are 

easier to produce than single crystal materials, but typically require a significant amount of high-

temperature processing (sintering) to produce a transparent material. Ceramics can be thought 

intermediary class of materials between glasses and single crystals; as these materials may be 

amorphous, or semi-crystalline. As observed for MO glasses and single crystals, MO ceramics 

may attain strong MO response from the inclusion of RE elements and possess Verdet constants 

on similar orders of magnitude (103-104 °/T·m) at room temperature. Lanthanide garnets are one 

type of ceramics and generally report peak Verdet constants similar to single crystal garnets (see 

Figure 1.3 ceramics).99–108 Sesquioxide-based ceramics (formula: RE2O3) can attain higher Verdet 

constants due the higher concentration of RE elements in these materials. One of the first reports 

of ceramic-like sesquioxides was by Morales and coworkers when they densified Dy2O3 to 

generate a nanocrystalline material with a Verdet constant of 2.3 × 104 °/T·m at 514 nm (Figure 

1.3).109 Since this early work, the Verdet constants and transparency of these materials have been 

improved and reported values from 2.72 × 103 to ~9.17 × 104 °/T·m in the range of 400 to 1561 

nm (Figure 1.3).110–116 Non-lanthanide-based metal oxide ceramics in the form of MgO has been 

reported; however, it exhibited a low Verdet constant (~185 °/T·m at 400 nm).117 Reports 

discussing additional MO ceramics can be found elsewhere.15,23 
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Figure 1.3 *Cryogenic conditions. #UV measurement wavelengths. Verdet constants of lanthanide 

glasses (red square, Ref 30-45), diamagnetic ion glasses (red circle, Ref  46, 48-54, 56. 

chalcogenide glasses (red triangle, Ref 57-67), nanoparticle-glass composites (red pentagon, Ref 

69-71), garnet crystals (green square, Ref 74, 76-81, 83, 85-89), RE fluoride crystals (green circle, 

Ref 90-92), other MO crystals (green triangle, Ref  94-98), garnet-based ceramics (blue square, 

Ref 99-101, 103-108), and sesquioxide-based ceramics (blue circle Ref 109-116) plotted to show 

general trends of peak Verdet constants of inorganic materials. 

1.3 Soft materials for magneto-optics 

Soft matter MO materials are a more recent development for the production of high Verdet 

constant materials. Organic soft materials offer distinctive advantages from classical inorganic MO 

materials, in particular, the ability to employ molecular design and modify bulk properties in a 

modular fashion using earth abundant feedstocks.  These benefits circumvent the need for heavy 

metals or RE elements to achieve ultra-high Verdet constants. These materials can possess higher 

Verdet constants than hard MO materials, such as inorganic garnets at room temperature at visible 

or IR wavelengths as will be discussed. Additionally, these materials can often be synthesized 

using standard “wet chemistry” which also circumvents the use of high temperatures and 

capabilities for the growth of single crystalline materials. Despite these advantages, organic MO 
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materials have not been widely developed, which can be attributed to numerous factors, but 

especially from a lack of established fundamental materials physics to provide structure-property 

insights to guide new materials design. Hence, this new area is still in need of modular model 

systems to establish these basic principles and design rules to allow for the synthesis of enhanced 

MO and high Verdet constant materials. 

1.3.1 Organic small molecules 

Organic small molecules historically have been observed to exhibit modest MO 

responsiveness, with Verdet constants normally on the order of 101-2 °/T·m in the visible and in 

the NIR.118–120 However, recently, liquid crystalline molecules have shown promise as high Verdet 

constant MO materials. Vandendriessche et al. synthesized 1,3,5-tris[4-nitrophenyl)ethynyl]-

2,4,6-tris(n-decyloxy)-benzene (TTB) with aromatic mesogens which could be solution processed 

into thin films, and measured to exhibit a Verdet constant of 2.5 × 105 °/T·m at 520 nm.121 Similarly 

significant was the report that these materials possessed this Verdet constant at 520 nm without 

other absorption spectral features that can compromise optical transparency and effective path 

lengths for Faraday rotation. While the physical origins of these high Verdet constants were not 

fully explained the authors proposed a combination of intense low-energy singlet excitations close 

to 520 nm and further resonant enhancement by a triplet excitation as contributing to the magneto-

optical response..121 In a more recent report by the same authors, Vleugels et al. prepared nitro-

functional discotic liquid crystals (DLC) that showed a strong, angle-dependent Verdet 

constant..122 When the homeotropically aligned sample was aligned parallel to the light 

propagation direction the Verdet constant was on the order of 0 to 1 × 104 °/T·m at ~400 nm. Once 

the sample was rotated by 25°, however, the Verdet constant increased dramatically to over 1.5 × 

105 °/T·m. The authors proposed that the long-range electron movement through the columnar LC 
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phases in the solid state were the mechanism leading to the increased MO response as depicted in 

Figure 1.4. Nelson et al. explored the synthesis and MO properties of several phthalocyanine and 

porphyrin thin films, the best of which was a Zn-metal phthalocyanine derivative which afforded 

Verdet constants of 3.3 × 105 °/T·m at 800 nm, which is very near the strong Q-band absorption 

peak in this material. The strong MO response was attributed to the “Faraday A-term resonance 

enhancement associated with the degenerate electronic transitions that are responsible for the Q-

band in porphyrins, subphthalocyanines, and phthalocyanines”.123 While the Verdet constant of 

this molecular material was among the highest reported for organic MO materials, these maximal 

Verdet constants were spectrally coincident with the most strongly absorbing optical spectral 

window for these compounds, which would greatly complicate increasing film thickness as a 

means to increase overall optical rotation. As alluded to earlier, the lack of established physics to 

explain these MO trends further complicate clear structure-property conclusions from these early 

studies. Nevertheless, these early reports demonstrate the potential for organic small molecules to 

afford high Verdet constants on the order of 105 °/T·m, showing promise for certain MO 

applications.  
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Figure 1.4 Visual depiction of the hypothesis of long-range electron movement. In the left case, 

where the sample is not rotated (0°), the space for movement of the electrons by the electric field 

is small. In the right case, where the sample is rotated (ideally 90°), the space for movement of the 

electrons is larger. Measured Verdet constants for a 9 μm thick sample at a 400 nm measurement 

wavelength are reported below the representative structures. Adapted from Ref. 122. Copyright 

2019 American Chemical Society. 
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1.3.2 Conjugated polymers  

Conjugated polymer-based materials are an emerging area of MO research, specifically as 

a route to high Verdet constant materials. Initial reports on the thin film MO characterization of 

regioregular poly(3-octyloxythiophene) showed that the Verdet constant (5 × 104 to 3 × 106 °/T·m 

at 830 nm) was highly dependent on the degree of regioregularity of the polymer as interrogated 

by using three different polymerization methods to produce polymers with differing degrees of 

regioregularity.124,125 The regioregular poly(thiophene) construct was expanded on by measuring 

commercially available poly(thiophene)s with different length alkyl side chains and, degrees of 

regioregularity, while subjecting the polymers to different processing techniques. The researchers 

found a significant decrease in the Verdet constant (~6.0 x103 vs ~4.0 x104 °/T·m at 670 nm) of 

poly(alkoxythiophene)s that were subjected to melt processing compared to solution processing 

and proposed that the Faraday rotation of these polymers was strongly dependent on the 

supramolecular organization of the polymer films.126 Araoka et al. similarly measured spin-coated 

thin films of commercially available poly(alkylthiophenes) and poly(arylene ethynylene)127 and 

reported different results for both poly(3-dodecylthiophene) and poly(3-hexylthiophene) with 

Verdet constants of 1.14 × 105 °/T·m and 2.03 × 105 respectively, and 2.5 × 105 °/T·m for a 

poly(arylene ethynylene) sample at 633 nm. and reported different results for both poly(3-

dodecylthiophene) and poly(3-hexylthiophene) with Verdet constants of 1.14 × 105 °/T·m and 2.03 

× 105 respectively, and 2.5 × 105 °/T·m for a poly(arylene ethynylene) sample at 633 nm. The total 

optical rotation obtained from thin film samples for these poly(alkylthiophenes) was on the order 

of millidegrees ( = 201.9 (hexyl); 130.6 (decyl) millidegrees). While the poly(arylene ethylene) 

reported a higher Verdet constant, the limited path length of the sample (146 nm) led to only 17.4 

millidegrees of rotation. The authors concluded their study by proposing that π-conjugation and/or 
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π-stacking present in the annealed polymer films lead to the high magneto-optic activity observed 

in the samples. The morphological ordering of conjugated polymers was exploited by Prasad et al. 

using helical poly(fluorene) with alkyl pendants as a template for stable organic biradical bis-

TEMPO-bisketal with the aim of introducing paramagnetic radical species..128 The authors 

proposed that the magnetic interactions were enhanced through asymmetry imparted by the 

helicity and/or introduction of new spin states in the system and was further modulated by 

introducing new magnetic interactions by doping with organic biradical molecules. For the pure 

polymeric material, the Verdet constants were estimated using the Kramer-Kronig transformation 

(3.8 × 105 °/T·m at 410 nm), along with bis-TEMPO-bisketal templated conjugate (1.5 × 105 °/T·m 

at 408 nm), although direct comparisons of these values were complicated by a change in the sign 

of the optical rotation after introduction of the organic biradicals.128 Swager et al. explored the use 

of helical sulfone containing poly(thiophene) and reported a maximum Verdet constant of 7.63 × 

104 °/T·m at 532 nm (Fig. 1.6).129 The authors’ diligent study of this polymer class suggest that 

helical polymer offers superior MO performance over lamellar analogues due to a higher degree 

of electronic delocalization in twisted helical polymers. This superior performance was evident 

when examining difference in magnitude of Verdet the constants between S-P1 (1.77 × 104 °/T·m) 

and SO2-P1 (3.09 × 104 °/T·m), where computational studies showed random assembly and (S)-

S-P2 (7.53 × 104 °/T·m) and (S)-SO2-P2 (7.63 × 104 °/T·m), where computations showed a more 

helical structure (Figure 1.6a). Additionally, the authors observed a significant decrease in Verdet 

(7.63 × 104 °/T·m vs 3.27 × 104 °/T·m) when comparing polymers of a single chirality to a blend 

of R and S chiral polymers (Figure 1.6b).129 The Swager group further developed high Verdet 

constant (2.8 × 104 °/T·m at 532 nm) polymers by the preparation of 1,3-bisdiphenylene-2-

phenylallyl conjugated polymers where radical species were incorporated directly into the 
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polymer.130 While these reports demonstrated the ability to prepare high Verdet constant materials 

using conjugated polymers, one drawback of this approach was the  multi-step synthetic methods 

required for these materials which complicates production of these materials on multi-gram 

quantities. One alternative approach to alleviate this issue was also developed by the Swager group 

to achieve high Verdet constant materials (V ~3.45 × 104 °/Tm at 532 nm) by blending 

paramagnetic decamethyferrocenium derivatives with optically transparent polymers, in this case, 

poly(methyl methacrylate).131 While the physics of these organic MO materials are still being 

explored, it is clear that further development of conjugated polymers is a promising approach 

toward high Verdet constants (104-105 °/T·m). One potential drawback with these materials is that 

their high Verdet constants are often reported at wavelengths that are on-resonance with strong 

absorption bands, limiting their transmission. As a result, these materials are often only prepared 

as nm to single-digit micrometer thick films, limiting their total rotation capabilities. Further 

research into processing of existing MO polymers or the preparation of new polymers will be 

required to increase the path length, thereby increasing the total rotation required for many MO 

applications. 
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Figure 1.5 Structures and Verdet constants of highly MO active polymers.  
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Figure 1.6 Verdet constants of polymers S-P1, SO2-P1,(S)-S−P2,(S)-SO2-P2,(R)-SO2-P2, and 

(R+S)-SO2-P2 were measured over applied magnetic fields of −0.5 T to +0.5 T at 532 nm. 

Polymers were dissolved in chloroform and spin-coated on 0.17 mm glass slides. Thermal 

annealed (TA) at 150 °C for 12 h under inert atmosphere. Error bars represent the propagation of 

errors of background measurements, sample measurements, and film thickness measurements by 

AFM. Adapted with permission from Ref. 129. Copyright 2018 American Chemical Society. 
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1.3.3 Ferrofluids  

 Ferrofluids are a sparsely researched area for high Verdet MO applications; however, they 

have potential in MO applications with large Verdet constants being reported. Martinez et al. 

synthesized magnetite (Fe3O4) nanoparticles stabilized with tetramethylammonium hydroxide 

dispersed in water with a Verdet constant of 7.01 x 106 °/T·m at 633 nm.132 The measured Verdet 

constant was one of the highest values reported in literature for any MO material. However, the 

Verdet constant reported may not ultimately reflect the utility of the material in MO devices for 

several reasons. The authors suggest that due to changes in the refractive index with change in 

temperature, the MO properties of the material may be strongly temperature-dependent which 

would require compensation in any device where the temperature can fluctuate. Additionally, one 

of the major drawbacks for any colloidal system is long term stability of the colloids in suspension 

which the authors had not yet investigated. Perhaps the most significant obstacle for their use in 

devices is the poor transmission at the measurement wavelength (<0.5% at 633 nm). Ferrofluids 

offer the potential for high Verdet constants materials but will require more development to 

produce a materials with both high colloidal stability and high optical transparency for use MO 

applications. 

1.3.4 Polymer-magnetic nanoparticle nanocomposites  

Nanocomposite materials composed of inorganic magnetic NPs and organic polymers 

exploit the potentially high Verdet constants found in inorganic materials with the polymer 

processing and cost advantages of synthetic polymers. Furthermore, hybridization of polymers 

with discrete colloidal materials allows for facile variation of composition via solution or melt 

blending, which is in stark contrast to glass and single crystal systems that often require new 

processes to modify composition. Some of the highest Verdet constants to date have been reported 
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from these systems at room temperature, at visible and infrared wavelengths.133–137 Unlike most 

purely polymer systems, these materials exhibit high Verdet constants at wavelengths off-

resonance from primary absorption bands allowing for better transmission.  

Historically, the study of polymer-magnetic NP materials has explored the use of polymeric 

ligands for the in-situ formation of inorganic magnetic colloids. Early work in the 1990s and early 

2000s focused on the synthesis and assembly of these materials138–140 with a focus on the magnetic 

properties of these ensembles for information storage.141,142 Functionalization methods further 

allowed for investigation of biomedical applications of these nanocomposites for MRI imaging 

and hyperthermia agents.143,144 Chemical and energy focused applications of magnetic NPs from 

Pt alloys were explored for use as catalysts for various electrochemical process.145 However, new 

applications for polymer-magnetic NPs had largely remained limited to these traditional areas, 

which has positioned these materials for use in magneto-optics. 

 Prior attempts to employ magnetic nanoparticles in composites suffered from low optical 

transmittance in the visible and IR spectrum due to poor nanoparticle dispersion and scattering 

induced optical loss.146 One of the first systems to report a high Verdet for a nanoparticle/polymer 

nanocomposite was the work of Lopez-Santiago et al.,134 where commercially available magnetite 

(Fe3O4) particulates were modified with a poly(methyl methacrylate) PMMA shell to enable 

dispersion and crosslinking into a polyacrylate network. These nanocomposites were prepared 

with two different size nanoparticles (15 and 40 nm) and different weight percent NP loadings. 

The highest Verdet constant reported was ~1.1 × 105 °/T·m at 980 nm, using 15 nm particles with 

5 wt% nanoparticles. The authors noted that for higher NP loadings, the overall Faraday rotation 

and accompanying Verdet constant of the nanocomposite decreased, which underscored the 

importance of efficient NP dispersion.134,147 In subsequent work, Watkins et al. utilized pre-
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formed, well-defined iron platinum (FePt) nanoparticles (D ~ 4.8 nm) for solution blending (10-

wt% NPs) with polystyrene-block-poly(2-vinyl pyridine) (PS-b-PVP) for confinement into PVP 

domains and afforded films with a maximum Verdet constant of ~6.3 × 104 °/T·m at 845 nm.133 

Several sizes of nanoparticles were investigated in this study, ranging from 1.9 to 9.3 nm, with 

size-dependent magnetic properties. This initial report demonstrated the ability to prepare high 

Verdet constant nanocomposites with both well-defined magnetic NPs and block copolymers, but 

these materials were only studied as nanometer thick, thin films prepared via spin coating. 

Furthermore, the use of Pt reagents complicated large scale synthesis of the magnetic NP materials. 

The initial findings of the MO characterization of polymer-magnetic NP materials 

demonstrated the viability of these nanocomposites for Faraday rotation as they possess fairly high 

Verdet constants. However, the fundamental physics of how inorganic NPs and magnetic materials 

give rise to Faraday rotation have not been established. In particular, correlation of NP composition 

(metallic, metal oxide) magnetic properties (magnetic moment, coercivity) and particle size with 

Verdet constant and optical transparency remain unexplored. Hence, there remains a need to create 

well-defined model systems where all of these structure-property correlations can be mapped to 

enable creation of improved MO materials. Furthermore, the development of facile processing 

methods to control film thickness to enhance MO rotation also remains an important opportunity 

to integrate these materials into device constructs. 

As a step forward to establishing clear design principles for MO materials from polymer-

magnetic NPs, Pyun and coworkers reported a new synthesis and process for superparamagnetic 

cobalt ferrite (CoFe2O4) NPs with polystyrene matrices to study the effects of nanoparticle 

dispersion and film thickness on Faraday rotation.137 The synthesis of oleic acid capped CoFe2O4 

NPs (D = 5nm) used previously established methods148 to prepare well-defined colloids of small 
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size to minimize scattering effects. Functionalization of CoFe2O4 NPs with polymeric ligands was 

then conducted with carboxylic acid terminated PS (PS- COOH, previously prepared via ATRP) 

to prepare polystyrene coated cobalt ferrite NPs (PS-CoFe2O4 NPs).149 The PS-CoFe2O4 NPs were 

then solution blended with free linear PS in dichlorobenzene to form inks with controllable 

loadings of magnetic NPs. A series of thin film samples of PS-CoFe2O4 NP with varying NP 

loadings were prepared via spin coating to interrogate this effect on optical transparency at 1310 

nm and 1550 nm. To further demonstrate the ability to controllably fabricate thicker films as a 

route to enhance the overall Faraday rotation, multi-layer films of PS-CoFe2O4 NPs with non-MO 

active cellulose acetate interlayers were made using orthogonal solvents (Fig. 1.7a-d). The 

processing methods used to prepare these alternating layers was analogous to those used in 

preparing one-dimensional photonic crystals.150 This spin coating methodology when applied to 

preparation of MO active NP-polymer films allowed for multi-layer constructs to reach an 

appreciable thickness (5-bilayers ~ 4 μm) while simultaneously allowing excellent dispersion of 

the NPs due to the rapid drying afforded by spin-coating. Optical rotations on the order of 0.1-0.8 

millidegrees were achieved with these 5-bilayer films with Verdet constants of ~2.1 × 104 °/T·m 

at 1310 nm, which were significantly larger than for films using oleic acid capped magnetic NPs 

(Figure 1.7e). To demonstrate that optical rotations could be controlled with increasing thickness, 

a 30-bilayer stacked film were prepared that exhibited a 5x increase in optical rotation (~1.5 vs 

~0.3 millidegrees for 7.5 wt% samples) relative to the initial 5-bilayer samples (Figure 1.7f). While 

this model system demonstrated that optical rotation and Verdet constant could be modulated by 

NP loading and thickness, new materials with ultra-high Verdet constant values remained elusive. 

MO materials with Verdet constants around 106-7 °/T·m are particularly attractive for 
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miniaturization of MO devices by reduction of the form factor for Faraday rotating optical 

elements. 

A route to prepare ultra-high Verdet constant magnetic NP nanocomposites was also 

developed by Pyun and Norwood et al. via the synthesis of polystyrene coated cobalt nanoparticle 

(PS-CoNPs) and polymer blends with free linear PS.135 This approach allowed for the first 

systematic structure-property correlation of NP size and magnetic properties with MO Faraday 

rotation, as well as the preparation of ultra-high Verdet constant materials (~105-6 °/Tm).  The 

methodology used for the synthesis of PS-CoNPs was adapted from the authors’ previously 

reported methods via thermolysis of dicobaltoctacarbonyl (Co2(CO)8) in the present of PS-COOH 

as the polymeric ligand.151–153 The original reports by Pyun et al. focused on the synthesis of 

ferromagnetic PS-Co NPs of larger size (D = 20-45 nm) which spontaneously formed dipolar NPs 

chains spanning microns in length.151 However, these ferromagnetic NPs and dipolar chains were 

not suitable for MO applications due to the excessive light scattering from these mesoscopic 

assemblies. Hence, a modified synthesis using variations in [Co2(CO)8] and temperature were 

developed to prepare smaller superparamagnetic PS-Co NPs (D = 9, 14, 17 nm) which remained 

as isolated CoNPs dispersed in a linear PS matrix (Figure 1.8a).135 This streamlined synthetic 

approach led to the direct preparation of discrete CoNPs of controllable size with PS-ligand shells 

that ensured maximal dispersion of magnetic colloids and enabled much higher NP loadings (up 

to 50-wt% CoNP) than previous reports with polymer-magnetic NP materials for Faraday rotation 

studies.  The magnetic moment of PS-CoNPs were found to progressively increase with the larger 

sizes of magnetic colloids (MCoNP 9 nm = 3.8 emu/g; MCoNP 14 nm = 12.2 emu/g,; MCoNP 17 nm = 17.5 

emu/g all at 100 Gauss) with negligible coercivities confirming that these materials were 

superparamagnetic/very weakly ferromagnetic under ambient conditions.  For accurate 
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measurement of Faraday rotation and Verdet constant, multi-layer films with PS-CoNPs and 

poly(vinyl alcohol) were prepared via spin coating as previously discussed (5-bilayers, Figure 

1.8b-d). For all PS-CoNP sizes tested, a progressive increase in the Verdet constant was observed 

for up to ~40 wt% CoNP feed ratios at which point the Verdet constant sharply dropped, due to 

the onset of NP aggregation and Mei scattering (Figure 1.9a). The largest Verdet constant reported 

from these samples was 2.5 × 106 °/Tm at 1310 nm from a ~30 wt% PS-Co NPs with an average 

diameter of 14 nm.135 All PS-Co NP sizes measured in this study achieved Verdet constants above 

1.5 × 106 °/Tm which was nearly two orders of magnitude higher than the previous 5 nm PS-

CoFe2O4 NP system (Figure 1.9b). 

This model system of varying sizes of PS-CoNP demonstrated for the first time that the 

Verdet constant for these magnetic nanocomposites directly correlated with the bulk magnetic 

properties of the PS-CoNP materials until scattering effects dominated the optical response at 

higher NP loadings (Figure 1.9c-d). An attractive feature of these PS-CoNPs was the ability to 

redisperse these colloids into nonpolar organic solvents (e.g., toluene, chlorobenzene), which 

allowed for facile solution blending with high molar mass linear PS to facilitate melt processing 

of these nanocomposite materials.  Using this approach, PS-CoNP blends with linear PS were first 

prepared in solution, isolated by precipitation into hexanes and then subjected to hot-pressing at 

150 °C for 10 min under 1.0 Tons of pressure to form ~0.1 mm nanocomposites of varying CoNP 

loading (Figure 1.10a-c, Table 1.1).  While NP dispersion and optical transparency were less than 

observed for spin coated thin films, sufficient optical transparency for blended films with very low 

CoNP loading was observed enabling measurement of the optical rotation and Verdet constant 

between crossed polarizers at modest DC static fields (0.1 T) which afforded a few degrees of 

optical rotation. This level of Faraday rotation with thicker melt pressed samples pointed to the 
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advantages of working with polymer-magnetic NP materials, since many high Verdet constant 

material are limited to thin film measurements exhibit only millidegrees of optical rotation.  The 

poor optical transparency of these materials in the visible spectrum is a current limitation of these 

and many other polymer-magnetic NP materials, particularly in contrast to inorganic garnets.  

Nevertheless, these promising findings suggest that the extensive body of fundamental research 

on the synthesis and functionalization of metallic and metal oxide magnetic NPs may offer new 

routes to improved, high Verdet constant materials. 
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Figure 1.7 (a-d) Synthesis scheme for multilayer Faraday rotators. (e) Verdet constant values for 

PS-CoFe2O4 based composite (black) and oleic acid CoFe2O4 based composite (red). (f) Cross 

sectional SEM of a 30-bilayer stack. The scale bar is 5 microns. (g) Measurement of multi-layered 

nanocomposites containing 7.5 wt% PS-CoFe2O4 NPs demonstrating an increased angle of 

rotation as the number of layers increases from 5 bilayers (orange) to 30 bilayers (black). All 

figures adapted from Ref 137 with permission from the Royal Society of Chemistry. 

e)

f) g)

a)b)

c) d)
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Figure 1.8 (a) Scheme for the synthesis of PS-CoNPs of varying sizes (D = 8.9 + 2.4 nm; 14 + 2.8 

nm, 17 + 2.6 nm) via thermolysis with PS-COOH ligands at T = 160−170 °C at varying 

[Co2(CO)8], along with TEM analysis and size distributions of these materials. The scale bar is 10 

nm. Cross-sectional SEM imaging of multilayer films prepared by freeze fracture with (b) 10 wt 

% feed ratio of PS-CoNP 14 nm (PS: 366 ± 36 nm, PVA: 248 ± 43 nm thick), (c) 30 wt % feed 

ratio of PS-CoNP 14 nm (PS: 302 ± 37 nm, PVA: 226 ± 23 nm thick), and (d) 50 wt % feed ratio 

of PS-CoNP 14 nm (PS: 295 ± 29 nm, PVA: 223 ± 40 nm thick). Adapted with permission from 

Ref 135. Copyright 2021 American Chemical Society. 
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Figure 1.9 Verdet constant values of magneto-optically active polymeric films of (A) PS-CoNPs 

of varying sizes and loadings at 1310 nm with 9 nm PS-Co NPs (blue triangle), 14 nm PS-Co NPs 

(yellow circle), and 17 nm PS-Co NPs (green square) and (B) PS-CoNPs MO active films highest 

achieved Verdet constant @1310 nm compared to commercial TGG and CoFe2O4 NPs MO active 

films (∼5 nm) previously reported.137 Vibrating sample magnetometry (VSM) determined 

magnetic moment vs external field (M vs H) at 300 K of PS-CoNP samples for different sizes: 17 

nm (green), 14 nm (yellow), and 9 nm (blue). (c) VSM full field sweep showing saturation 

magnetization (Ms) and (d) magnified VSM for reverse scan from 0−100 Gauss. Adapted with 

permission from Ref. 135. Copyright 2021 American Chemical Society. 
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Figure 1.10 (a) Images taken through hot-pressed, free-standing PS−Co composite films with 14 

nm PS-Co NPs; (b) percent transmission spectra of hot-pressed PS−Co composites where the 3 wt 

% sample is the black line, 5 wt % is the red line, and 12 wt % is the blue line; (c) measurement 

setup for determining the total Faraday rotation of light passing through the sample. Adapted with 

permission from Ref. 135. Copyright 2021 American Chemical Society. 
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Table 1.1: Melt-pressed PS-CoNP & linear PS composite samples. Reproduced with permission 

from Ref. 135. Copyright 2021 American Chemical Society. 

Wt% 
Co 

%T @1310 
nm 

sample 
thickness (μm) 

total 
rotation 

V (o/Tm) 

3% 10.7% 97 -0.67 -6.9 x 104 

5% 6.9% 84 -1.08 -1.3 x 105 

12% 0.4% 98 n/a n/a 

 

1.3 Conclusions and outlook 

The materials discussed in this review highlight the diversity, challenges, and opportunities 

encountered for this emerging field. Inorganic RE based crystals and glasses remain the most 

important and widely used for Faraday rotation optics due to their chemical robustness, mechanical 

properties, high transmission, and appreciable Verdet constants. While this area of material science 

remains highly active, the use of RE elements, in MO research may be stifled in the future due to 

the limited supply of RE elements. Hence, new research on the development of high Verdet 

constant molecular and polymeric materials has emerged as an important new potential alternative 

to inorganic MO materials. New studies toward elucidating the fundamental MO physics of 

organic high Verdet constant materials are anticipated to enable further enhancements for soft 

matter magneto-optics. Hybrid materials that combine synthetic polymers with highly magnetic, 

or magneto-optically active inorganic NPs have shown great promise for MO Faraday rotation. 

The extensive fundamental research on inorganic NP synthesis points to the potential for a wide 

range of materials to harness these synthetic methods to prepare enhanced MO materials. 
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CHAPTER 2: The Role of Nanoparticle Dispersion in Magnetic Nanoparticle-

Polymer Nanocomposites for High Verdet Constant Materials 

 

With contributions from Nicholas Pavlopoulos (co-author), Kyung-Seok Kang (co-author), 

Lindsey Holmen (co-author), Nicholas Lyons (co-author), Farhad Akhoundi (co-author), Shelbi 

Jenkins (co-author), Taeheon  Lee (co-author), Tobias Kochenderfer (co-author), Anthony Phan 

(co-author), David Phan (co-author), Michael Mackay (co-author), In-Bo Shim (co-author), 

Kookheon Char (co-author), Nasser Peyghambarian (co-author), Lloyd LaComb (co-author), 

Robert Norwood (co-author and PI), Jeffrey Pyun (co-author and PI) 

 

Reproduced with permission from reference 137, Copyright 2020, Royal Society of Chemistry 

 

 

2.1 Introduction 

Magneto-optically active materials are ubiquitous in photonic devices, as optical isolators, 

optical circulators, optical switches, magneto-optic (MO) modulators, and high performance 

magnetic field sensors.154–159 In particular, optical isolators find extensive use in commercial high 

powered laser and communications systems, preventing unwanted feedback of reflected light into 

the source resonant cavity.160 The Faraday effect, discovered by Michael Faraday in 1845, is one 

of the fundamental MO effects, describing the influence of an applied magnetic field on polarized 

light passing through an MO active material. By application of a magnetic field parallel to the 

direction of light propagation, a rotation of the polarization plane of linearly polarized light is 

observed, due to a field induced circular birefringence along the axis of the applied field.2–4,154 The 

extent of this effect for a material is quantified by the material’s Verdet constant (V), which is a 

wavelength and temperature dependent constant; the resulting polarization rotation (y)is the 

product of V, the applied magnetic field (B) and the path length of light through the material (L), 

as shown in eqn (1.1). 

θ = VBL (1.1) 
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In particular, for optical isolation and magnetic sensing, large path lengths and high Verdet 

constants are needed, to enable orthogonal polarization/extinguishing of reflected beams and 

sensitive magnetic field detection, respectively.160 The most common enabling material for these 

applications in the visible to near infrared (NIR) window is terbium gallium garnet (TGG, 

Tb3Ga5O12; VTGG = 2.2 × 103  °/T·m  at 1310 nm).89,161–164 While these ferromagnetic, rare-earth 

based crystals are highly stable and transparent, these materials are limited by modest Verdet 

constants and substantial temperature dependence. Furthermore, these materials are often prepared 

as single crystals to enable millimeter to centimeter path lengths, for which device fabrication and 

integrated photonic applications are challenging owing to the crystallinity of the rotators.161,165 An 

important challenge that remains for the fabrication of low-cost alternatives to traditional garnet 

crystals is the creation of processable materials with both high Verdet constants and high 

transparency, especially in the NIR. To this end, substantial efforts have been made in the past 

decade to develop polymer-based analogues to the ferromagnetic garnets, with semi- conducting 

polymers and nanoparticle–polymer composite systems being most widely explored. Multiple 

groups have reported on the strong Faraday effect exhibited by polythiophene based systems, with 

recent work by Swager et al. demonstrating high Verdet constants of up to 7.6 × 104 °/T·m  for 

sulfone-containing chiral helical polythiophenes at 532 nm.166 Additionally, Prasad and co-

workers recently reported on tuning MO activity by doping organic biradicals into polyfluorene 

chiral helical polymers, obtaining Verdet values of up to 3.8 × 105 °/T·m  at 410 nm.128 These 

studies point to strong effects of nanoscopic ordering and architecture on MO activity, and provide 

principles for the design of polymer systems with high Verdet constants. However, the wave- 

length dependence of the MO activity for these systems often requires measurements at values 

proximal to absorption bands. Additionally, difficulty in scaling and processing of these all-
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organic systems to support thick films (>1 μm) with large rotations limits their application and 

often requires high fields for measurement (0.5–1.5 T). An alternative, low-cost approach towards 

materials with improved Faraday rotation involves the incorporation of high Verdet nanoparticles 

(NPs) into polymer matrices to generate MO active nanocomposites. These materials have the 

advantage of potentially high Verdet constant values off-resonance from primary absorption bands 

due to the tunable properties of the MO active nanoparticles. However, while the classical 

magnetic properties of single domain isolated nanoparticles are well understood, correlating single 

particle effects to MO properties is a new area of research in need of precise model systems to 

unravel the materials physics of these systems. For this application, various systems have been 

explored, most often incorporating magnetic nanoparticles (Co, γ-Fe2O3, Fe3O4, CoFe2O4, 

FePt)133,167–170 into sol–gel or polymer matrices. While wholly inorganic composites are superior 

in terms of matrix stability, porosity induced scattering has been shown to limit the performance 

of sol–gel and inverse opal-based systems.72,171–173 Additionally, aggregation of nanoparticles in 

polymer–nanoparticle composites at appreciable loadings (>1wt% loading) severely limit the 

Faraday effect in these materials at reasonable length scales for most applications. Despite these 

challenges, recent efforts to improve nanoparticle dispersion in polymer matrices by surface 

functionalization of magnetic nanoparticles enabled fabrication of relatively thick films with high 

Verdet constant values in the NIR. Peyghambarian and coworkers demonstrated Verdet constants 

of up to 8.0 × 104 °/T·m  at 1310 nm for polymethylmethacrylate (PMMA) grafted Fe3O4 

nanoparticles (D = 15 nm) crosslinked in a PMMA matrix.167–169,174 While thick films could be 

prepared for these materials by melt-processing (450 mm), loss of MO activity has been observed 

over time for Fe3O4 based materials, limiting their practical utility.163 A similar approach was 

recently employed to prepare polybenzylmethacrylate (PBMA) grafted CoFe2O4 nano- particle (D 
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= 20 nm) composites, however these samples exhibited relatively lower Verdet constant values of 

2.2 × 103 °/T·m at 1310 nm.167,169 Recently, Watkins and coworkers reported the preparation of 

MO active nanocomposites with enhanced Faraday rotation and dispersion qualities by the 

incorporation of gallic acid functionalized FePt nanoparticles into polystyrene-block-poly-2- 

vinylpyridine templates, allowing for high nanoparticle loadings of up to 10 wt% into the final 

multilayer films. Through variation of nanoparticle size (D = 1.9–9.3 nm) and loading (0.1–10.0 

wt%), Faraday rotations could be tuned from 0.98–2.79 × 104 °/T·m at 1310 nm for these self-

assembled thin films.133 While these seminal reports point to the potential for high Verdet 

composites prepared from magnetic nanoparticles, there is a clear need for robust and versatile 

methods to functionalize magnetic NPs with ligands to promote dispersion into polymeric media. 

A number of methods for the preparation polymer-magnetic nanocomposites, or post-

functionalization with functional copolymers onto magnetic NPs have been explored and recently 

reviewed.138–140,175–177 Furthermore, for the construction of thicker films to enable appreciable 

optical rotation, the development of process methods to fabricate free standing films of tunable 

thickness and Faraday rotation remains an important challenge. This type of high Verdet constant 

nanocomposite would be an attractive alternative to the state-of-the-art garnet materials for MO 

devices and requires model systems to map the numerous variables of the nanocomposite system 

(e.g., NP composition, size, surface functionalization, polymeric ligands, processing methods) 

required to optimize Faraday rotation. We previously demonstrated that end-functional polymeric 

ligands prepared by atom transfer radical polymerization (ATRP) are capable of promoting the 

growth of well-defined ferromagnetic cobalt NPs149,151,152 and functionalization reactions via 

ligand exchange onto CoNPs.178 However, the use of the end-functional polymeric ligands has not 

been applied to functionalization and dispersion of magnetic NPs for use in MO applications. Such 
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an approach would allow for modular variation of both NP and polymeric components, and would 

enable the study of new model systems and device fabrication methods. Herein, we report on the 

fabrication of MO active polymer– nanoparticle composite films via solution processing methods 

that achieve a maximum Verdet constant up to ten-fold greater than commercially available TGG 

crystals in the NIR region. Furthermore, through variation of nanoparticle loading between 2.5–

15.0 wt%, the ability to tune Verdet constants from ~4.2 × 103 °/T·m to ~2.2 × 104 °/T·m at 1310 

nm has been demonstrated. The key to preparing these devices was synthetic access to 

superparamagnetic, 5 nm CoFe2O4 NPs functionalized with carboxylic acid terminated 

polystyrene ligands (PS-COOH) which enabled their dispersion in high molecular weight poly- 

styrene matrices with filler loadings well above that of small molecule oleic acid coated NPs. 

While traditional solution processing has been used to prepare polymer and polymer/ nanoparticle 

composite thin-films for study of their MO properties,125,130,164,166,179 characterization of these films 

often requires strong fields (>1 T) due to the low interaction pathlength (usually on the order of 

hundreds of nanometers), preventing use of these materials as optical rotators or in high sensitivity 

magnetic field sensing. To circumvent this issue, we demonstrate the fabrication of a one-

dimensional photonic crystal inspired construct, which enabled devices of tunable thickness to be 

designed and studied in low fields (1–7 mT). These alternating layered polymer films were 

prepared by sequential spin coating of high Verdet constant NPs nanoparticle loaded polystyrene 

films, followed by deposition of low Verdet constant cellulose acetate layers from orthogonal 

solvents. To our knowledge, this represents the first report of using this synthetic and processing 

strategy to fabricate MO active films of precisely tunable Faraday rotation. The general strategy 

for the preparation of CoFe2O4-NP based devices with tunable Verdet constants comprised of a 

four-step process enabled by (1) exchange of CoFe2O4 surface ligands for a polymer–matrix 
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compatible ligand and (2) a sequential spin coating approach for film processing to prepare layered 

alternating nanocomposite films (Scheme 2.1). Through replacement of native nanoparticle 

ligands for PS-COOH ligands, polymer–nanoparticle composites with nanoparticle loadings of up 

to 15 wt% could be achieved with minimal scattering induced losses to MO properties. 

Additionally, through sequential spin coating of high Verdet constant PS–CoFe2O4 composite 

layers and low Verdet constant cellulose acetate layers, devices with high Verdet constant and 

appreciable thicknesses (5–30 microns) could be prepared. 

2.2 Experimental 

2.2.1 Synthesis of CoFe2O4 nanoparticles 

In the first step of this process, superparamagnetic CoFe2O4 NPs were prepared as the high 

Verdet constant component of the Faraday rotating materials. Whereas magnetite NPs have been 

studied for their high optical transparency in the NIR, they have been observed to lose their MO 

properties over time, presumably due to the gradual phase change of Fe3+ to Fe2+, and resulting 

spin differences.163 In contrast, CoFe2O4 NPs have been observed to exhibit long term MO 

stability, due to replacement of the tetrahedral Fe2+ species for Co2+ in the spinel structure.169 In 

order to limit scattering and maximize dispersion in nanocomposite films, small, uniform super- 

paramagnetic NPs (~5 nm in size) were targeted as a model system. The CoFe2O4 NPs used herein 

were prepared via a modified method of Lu et al.148 in which cobalt and iron oleate precursors are 

mixed with oleic acid as the NP ligand stabilizer in benzyl ether at elevated temperature (295 °C) 

for 1 hour. This process afforded up to 500 mg batches per reaction, which was sufficient quantities 

for further ligand exchange reactions with polymeric ligands and subsequent solution processing 

into layered films. More information on the synthetic protocol is provided in Appendix A. 
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Scheme 2.1 General scheme for the fabrication of multilayer Faraday rotators. (A) Oleic acid 

stabilized CoFe2O4 nanoparticles are first ligand exchanged with carboxylic acid terminated 

polystyrene ligands (MW = 8400 g mol-1) to result in (B) PS–CoFe2O4 NPs. These particles are 

subsequently blended with high molecular weight polystyrene in 1,2-dichlorobenzene (DCB) to 

result in a homogeneous ink. (C) Through a sequential spin coating process, layers of cellulose 

acetate (thickness = ~200 nm) and PSCOOH–CoFe2O4-NP composite (thickness = ~1000 nm) are 

consecutively deposited onto an Au-coated substrate to result in (D) a novel multilayer Faraday 

rotator with tunable total rotation (thickness variation) and Verdet constant (NP loading variation). 

2.2.2 Nanoparticle characterization 

Transmission electron microscopy (TEM) analysis was carried out on the as-synthesized 

oleic acid coated CoFe2O4 NPs to investigate nanoparticle size and morphology. Detailed manual 
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sizing was performed on these nanocrystals (Fig. 2.1), with Gaussian statistics revealing an 

average size of 5.2 nm with a narrow distribution (standard deviation of 0.54 nm, n = 334). To 

further confirm the phase of the synthesized NPs, selected area electron diffraction (SAED) 

analysis was performed, revealing diffraction rings with d-spacings corresponding to those of 

spinel phase cobalt ferrite (Fig. 2.1B). Additionally, single particle analysis was carried out 

through high resolution TEM (HR- TEM) and fast Fourier transform (FFT) of the imaged NPs, for 

which lattice spacings corresponding to the (220) and (400) planes were observed.148 To confirm 

the expected superparamagnetic properties of the synthesized CoFe2O4 NPs, vibrating sample 

magnetometry was performed at 300 K (Fig. 2.1D), revealing a saturation magnetization of 48.0 

emu g-1 and coercivity of 23.6 Gauss, which was consistent with previous reports on the size 

dependent magnetic properties of CoFe2O4 NPs.180 
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Fig. 2.1 Characterization of 5 nm CoFe2O4 nanoparticles. (A) HAADF-STEM imaging 

demonstrating uniform particle morphology and narrow size distribution (scale bar is 50 nm), (B) 

SAED pattern for close-packed nanoparticles, demonstrating characteristic patterns for spinel 

phase CoFe2O4, (C) HRTEM image of a single CoFe2O4 nanoparticle along the [001] zone axis 

(scale bar is 1 nm), with inset FFT demonstrating expected d-spacing for (220) and (400) lattice 

planes, and (D) VSM measurement demonstrating expected superparamagnetic behavior for the 

synthesized CoFe2O4 nanoparticles. 

2.2.3 Ligand Exchange of CoFe2O4 nanoparticles  

As alluded to earlier, a key step in the preparation of MO active composites was the 

exchange of native oleic acid ligands for low molecular weight polymeric ligands. Due to the low 

cost and high degree of synthetic control afforded by oleic acid ligands, their use in colloidal NP 

preparations is ubiquitous. However, attempts to incorporate oleic acid coated CoFe2O4 NPs into 

optical polymers (i.e. poly(methyl methacrylate) or polystyrene) at appreciable loadings fractions 
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(>1 wt%) (via blending or forced precipitation) resulted in substantial aggregation and loss of MO 

properties. Watkins and coworkers have demonstrated improved nanoparticle dispersion in poly-

2-vinylpyridine polymer matrices through use of enthalpically favorable hydrogen bonding 

interactions of surface ligands with polymer sidechains.133 However, it would be desirable to have 

modular compositional variation of polymeric ligands to enable diverse functionalization of 

magnetic NPs with inexpensive polymeric materials. To this end, we envisioned the use of a low-

molecular weight, end-functional polymer ligand prepared from atom transfer radical 

polymerization (ATRP) would enable efficient functionalization of NPs and further promote 

dispersion in polymeric films. In our earlier work, we have demonstrated the use of a carboxylic 

acid terminated polystyrene (PS-COOH) ligand synthesized via ATRP as the sole ligand in the 

synthesis of metallic cobalt and cobalt oxide NPs.149,152,181,182 This ligand coating enabled excellent 

solution dispersion of the resulting cobalt and cobalt oxide nanoparticle assemblies. However, 

initial attempts to synthesize CoFe2O4 NPs directly using polymer ligands were not successful, 

resulting in poor control over nanoparticle morphology and size distribution. Previously, exchange 

of native oleic acid ligands on FeOx for a variety of carboxylic acid functionalized small molecule 

ligands at room temperature has been demonstrated via sonication.183 Thus, we posited that the 

native oleic acid ligands on the synthesized CoFe2O4 NPs could be exchanged for PS-COOH 

ligands via a similar approach. For this, low molecular weight (Mn = 12,000 g mol-1; Mw/Mn = 

1.18) PS-COOH was first synthesized via ATRP as reported previously.149 This polymeric ligand 

was used for functionalization of the oleic acid coated CoFe2O4 NPs (D = 5.2 ± 0.5 nm) in 1,2-

dichlorobenzene (DCB), at elevated temperature (T=180 °C) for 1 hour, resulting in a 

homogeneous brown dispersion. Successful ligand exchange of PS-COOH onto the magnetic NPs 

was most easily noted by differences in dispersibility after surface modification. Whereas the 
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initial oleic acid coated CoFe2O4 NPs are highly dispersible in hexanes, the resulting PS coated 

cobalt ferrite NPs (PS-CoFe2O4 NPs) show virtually no dispersion in hexanes (Appendix A Fig. 

A1). To further confirm the exchange of PS-COOH onto the CoFe2O4 NPs, the obtained pellets 

were analyzed via thermogravimetric analysis (TGA), for which the decomposition profile 

characteristic of PS was observed (Appendix A Fig. A2) and an apparent ligand grafting density 

of 0.42 ligands per nm2 was calculated. 

2.2.4 Nanoparticle-polymer composite preparation 

Synthetic accessibility to PS–CoFe2O4 NPs enabled the preparation of polymer–

nanoparticle composites with tunable inorganic loadings via solution processing. For this, PS-

CoFe2O4 NPs were dispersed in 1,2-DCB followed by blending with a freshly prepared solution 

of high molecular weight commercially available polystyrene (Mw = 350,000 g mol-1) and heating 

at 105 °C for 1.5 hours to promote efficient dispersion and dissolution of the solids, where tuning 

of NP to linear PS feed ratios enabled control of the inorganic NP content of the final composites 

between 2.5–15.0 wt% (more details on composite preparation are supplied in Appendix A). After 

homogenization, the polymer-nanoparticle inks were precipitated into methanol (a poor solvent 

for both PS-coated NPs and the linear PS binder) and dried, resulting in PS–CoFe2O4 composites 

with improved processing characteristics. 

2.2.5 Fabrication of multilayer Faraday rotation films 

Spin coating is routinely used as a simple and fast method to prepare uniform thin films of 

polymer, nanoparticle, and polymer– nanoparticle composites from dilute solutions for MO char- 

acterization.120,125,130,133,164,166 However, such approaches generally result in materials with 

maximum pathlengths on the order of a few microns. While this is acceptable for measurement 

purposes, practical applications often require optically homogeneous films with path lengths on 
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the order of tens of microns or even millimeters in thicknesses. Achieving such a construct would 

also enable screening at low magnetic fields (eqn (1)), as opposed to the requisite 0.5–1.5 T needed 

for micron path lengths. Recently, we reported on the use of a modified method of Commereto 

and Voit et al. to prepare all-polymer one-dimensional photonic crystals via spin coating.150,184  

For this, sequential deposition of a low refractive index polymer (cellulose acetate) and high 

refractive index CHIPs (chalcogenide hybrid inorganic–organic polymers) from orthogonal 

solvent systems was demonstrated, enabling the preparation of 22-layer films with a total thickness 

of near 5 microns and high optical quality.150 We envisioned a similar approach could be used 

herein to obtain reasonably thick CoFe2O4 nanoparticle films (5–30 microns) through sequential 

spin coating. To this end, spin curves were developed to obtain thin (~200 nm) cellulose acetate 

(CA) layers, and thick (~1000 nm) PS–CoFe2O4 layers (detailed fabrication conditions for the 

multilayer films are included in Appendix A). 

2.2.6 Evaluation of magneto-optic activities of composite films 

The MO activities of the PS–CoFe2O4 based multilayer films were evaluated via the 

experimental setup shown in Scheme 2.2 and reported in a previous publication.133 Briefly, the 

Verdet constants were measured in a two-pass sinusoidal magnetic field apparatus using an auto-

balanced differential detector with efficient common mode noise cancellation (Nirvana 2017) in 

conjunction with a lock-in amplifier (Stanford Research Systems SR830). Further- more, owing 

to the nonreciprocal nature of Faraday rotation, this two-pass setup generates twice the measurable 

rotation (θ) for a given magnetic field (B) value, and cancels any rotation that is reciprocal in 

nature that may result from birefringence or scattering phenomena. At the surface of the multilayer 

films, a 1–7 mT sinusoidal magnetic flux density was generated by feeding the sinusoidal output 
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of the lock-in amplifier’s internal oscillator into a low-noise amplifier/solenoid driver. Further 

details of the experimental setup and calculation of Faraday rotation are included in Appendix A. 
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Scheme 2.2 Schematic of the Faraday rotation measurement system used herein. A 1310 nm 

Fabry–Perot laser used to generate a beam which is passed through a half-waveplate (λ/2), Glan 

Thomson polarizer (GT), and through the MO active sample placed in a sinusoidal magnetic field. 

Black arrows along the optical path denote polarization states. The purple line represents the 

second pass through the sample after reflecting off a mirrored substrate. 

2.3 Results and Discussion   

2.3.1 Morphological study of polymer–nanoparticle composites 

To investigate the morphology of the PS–CoFe2O4 NP composites, dispersions were 

prepared of PS–CoFe2O4 NPs and oleic acid coated NPs with blends of linear high molecular 

weight polystyrene in chlorobenzene, which were drop cast onto carbon coated TEM grids and 

allowed to dry before imaging. TEM images of the as-prepared composite films cast from solution 

blends of oleic acid coated and PS–CoFe2O4 NPs in the PS matrix at a 10.0 wt% NP loading are 

shown in Fig. 2.2. In these images, the dark contrast regions represent the individual NPs. For the 

PS-COOH coated NPs, uniform dispersion of the particles on the grid is observed with minimal 

NP aggregation and a mean particle diameter of 5.7 ± 0.5 nm (n = 100) is observed when dispersed 

in a PS matrix (Fig. 2.2A and B). These particle sizes are in close agreement with the measured 

diameter of the initially synthesized oleic acid capped NPs, confirming the fidelity of the ligand 
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exchange process both in maintaining primary particle size and dispersion throughout the 

composite preparation. In contrast, an identically prepared 10.0 wt% film of oleic acid coated NPs 

in PS demonstrates substantial aggregation (Fig. 2.2C and D), with regions of phase separation 

and microscopic aggregation observed throughout the sample when dispersed in a PS matrix. This 

further affirms the benefit of the described ligand exchange process in preparing homogenous 

composites. We acknowledge that this approach may not afford optimal NP dispersion in these 

films, but demonstrates that viability of this approach to enhance nanofiller dispersion using facile 

processing methods. 
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Fig. 2.2 Effect of nanoparticle surface chemistry on dispersion quality in PS-binder matrix. (A) 

100 mg mL-1 dispersion of PS-COOH coated CoFe2O4 NPs with PS-binder (scale bar is 100 nm). 

(B) 100 mg mL-1 dispersion of PS-COOH coated CoFe2O4 NPs with free PS-binder (scale bar is 

100 nm). (C) 100 mg mL-1 dispersion of oleic acid coated CoFe2O4 NPs with free PS-binder (scale 

bar is 100 nm). (D) 100 mg mL-1 oleic acid coated CoFe2O4 NPs with free PS-binder (scale bar is 

100 nm). 

3.2 Evaluation of multilayer Faraday rotation film architecture 

To quantitatively study the effect of high Verdet nanoparticle loading on overall Faraday 

rotation, PS–CoFe2O4 composites were prepared with 2.5wt%,5.0 wt%, 7.5wt%,10.0wt%, and 

15.0 wt% feed ratios (of inorganic CoFe2O4 NPs). For convenience, the notation PS–CoFe2O4-x is 

used to designate a PS-nanoparticle composite film prepared from PS-COOH exchanged CoFe2O4 

NPs with a total inorganic feed ratio of x-wt%. Recent reports of polymer based Faraday rotation 
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films have demonstrated the convenience of a two-pass device architecture, with MO films being 

deposited directly onto reflective metal substrates, effectively doubling the total interaction 

pathlength (and total rotation/device sensitivity at a specific field strength).163,167 As a result, 10 

bilayer composite films (five CA and five PS–CoFe2O4 layers) were sequentially spin coated onto 

glass microscope slides coated with 100 nm of vapor-deposited Au (99.5% reflection at 1310 nm), 

with cellulose acetate being chosen as the first layer to ensure consistency of PS–CoFe2O4 layer 

thicknesses. In this way, each PS–CoFe2O4 layer was spin coated atop a previously deposited 

cellulose acetate layer, the first of which was deposited on the Au-substrate.  

The layered film architecture of the assembled CoFe2O4 Faraday rotation films was 

confirmed by cross-sectional SEM imaging (Fig. 2.3). For this, SEM imaging was conducted of 

freeze fractured multilayered films (further details on freeze fracturing and imaging conditions are 

included in Appendix A), revealing the presence of a well-defined layered morphology of PS–

CoFe2O4 and cellulose acetate films. The layer contrast in these images may also arise from 

interfacial charging induced by mild delamination at the layer interfaces upon fracturing (Fig. A3, 

Appendix A). Due to clear resolution of alternating domain boundaries, layer thicknesses could be 

quantitatively determined and were observed to be within the standard deviation of the expected 

thicknesses from spin coating methods for both cellulose acetate and PS-CoFe2O4 films (see Fig. 

A4 (Appendix A) for examples of layer thickness measurements). Furthermore, PS-CoFe2O4 

thicknesses remained relatively consistent despite varying inorganic content (1026 ± 62 nm), 

highlighting the reliability of this method for both sample characterization and device fabrication. 

Interestingly, while layer thicknesses remain consistent, we observed increased surface roughness 

in some freeze-fractured PS–CoFe2O4 layers (Fig. 2.3). We attribute this mechanical damage at 
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the fractured interface to the presence of high energy sites where strain-induced crack propagation 

could be deflected during freeze-fracturing. 
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Fig. 2.3 Cross-sectional SEM imaging of multilayer films prepared by freeze fracture with (A) 5.0 

wt% feed ratio of CoFe2O4 NPs, (B) 7.50 wt% feed ratio of CoFe2O4 NPs, (C) 10.0 wt% feed ratio 

of CoFe2O4 NPs, and (D) 15.0 wt% feed ratio of CoFe2O4 NPs. All scale bars are 2 microns. 

2.3.3 Performance of multilayer Faraday rotator devices 

The MO properties of the multilayer Faraday rotation films were evaluated using a 1310 nm 

Fabry–Perot laser diode source. As shown in Fig. 4, the total rotation of the fabricated devices as 

a function of magnetic field increases linearly, consistent with expected trends for MO active 

composites (as per eqn (1)). Previously, it was found that 5.7 nm FePt nanoparticle loading 

variation had a non-linear effect on the measured Verdet constant in an alternating self-assembled 

block copolymer system at 1310 nm.133 In this system, FePt loading was varied from 0.1 wt% to 

10.0 wt%, with measured Verdet values between 0.98 × 104 °/T·m and 2.21 × 104 °/T·m at 1310 

nm. Surprisingly, herein we find that with increasing NP feed ratio, a significant increase in Verdet 
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constant is observed in the case of PS–CoFe2O4 nanoparticle samples, from 4,180 °/T·m to 21,200 

°/T·m. This is surprising, considering the maximum Verdet constant previously reported at 1310 

nm for CoFe2O4 NPs was on the order of ~2.2 × 103 °/T·m.169 We attribute this order of magnitude 

increase in Verdet constant to the improved dispersion and device architecture employed herein, 

which served to reduce scattering events and associated losses to MO activity. To further elucidate 

the nature of this trend and the effect of NP dispersion on overall MO performance, control devices 

were prepared from native oleic acid coated CoFe2O4 NPs, with near identical NP loadings and 

layer thicknesses (detailed conditions for the preparation of control samples are included in 

Appendix A). As these ligands show poor dispersion quality in polystyrene matrices, substantial 

aggregation and hazing could be observed in these films. Regardless of nanoparticle loading, all 

films prepared from oleic acid coated NPs exhibited similar Verdet constants, with maximum 

rotations of 20 mdegrees and Verdet values of ~4.0 × 103 °/T·m (Fig. 2.5). While this represents 

an improvement over the Verdet constant of control films of polystyrene, the MO activities of 

these films are substantially diminished relative to those of surface modified CoFe2O4 nanoparticle 

samples. Based on TEM analysis, the diminished MO activity for the devices prepared from 

unmodified particles can be correlated to increased aggregation and scattering events in these 

composites (Fig. 2.2). Effectively, this results in a material that behaves similar to a lower-loading 

composite, with aggregated regions minimally contributing to the Faraday rotation while resulting 

in loss of optical transparency. Furthermore, to quantitatively study the effect of nanoparticle 

loading on measured device Verdet, TGA analysis was performed on each of the PS–CoFe2O4 

samples after measurement to assess the actual NP loading in the measured films. By plotting 

Verdet constant as a function of measured inorganic content, a near linear trend emerges for the 

dependence of Verdet constant on NP loading in the 2.5–10 wt% inorganic loading range (Fig. 
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A5, Appendix A). While similar trends have been observed for high refractive index polymer–

nanoparticle composites,185 to our knowledge this is the first example of composites with 

predictably tunable Verdet constants as a function of nanoparticle loading, which we attribute to 

the modularity of our process and the enhanced dispersion arising from the PS–ligand exchange 

process. Interestingly, an exponential increase in Verdet constant is observed in the 10–15 wt% 

inorganic loading range. For Fe3O4 NPs dispersed in a PMMA matrix, Smith and coworkers 

observed a red shift in the Faraday rotation spectrum as a function of decreased interparticle 

spacing due to enhanced near-field optical interactions between neighboring particles, as suggested 

by discreet-dipole approximation modeling.186 For our system, such a shift in peak Faraday 

rotation would be expected with increased loading, resulting in progressively larger Verdet 

constants at 1310 nm. The non-linear increase between 10–15 wt% thus suggests a critical 

interparticle spacing, wherein MO activity is maximized. Beyond 15 wt% loading, a marked 

decrease in MO activity is observed, likely due to aggregation and resultant scattering effects. 

These results highlight an additional benefit of nanoparticle-polymer composite Faraday rotation 

materials, wherein interparticle spacing can be tuned to maximized MO activity without inducing 

aggregation and scattering events, effectively maximizing the Faraday rotation attainable for the 

composite system. Future work is planned to quantitatively study this interparticle spacing effect 

on polymer-magnetic nanoparticle composite Verdet constants to further elucidate the non-

monotonic increase in Verdet observed in this loading range. 

These results suggest nanoparticle dispersion quality plays a significant role on the 

observed limits to MO activity that can be achieved by increasing nanoparticle loading. By 

modifying nanoparticle surface chemistry, this limit can be increased by up to an order of 

magnitude relative to previously reported CoFe2O4 systems.169 This both validates the PS-COOH 
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exchange approach for preparation of highly MO active composite films, and also points to the 

need to consider not only the “intrinsic” Verdet but also the dispersion of high Verdet fillers in the 

characterization and reporting of polymer–nanoparticle composite rotators. While similar 

conclusions have been drawn for obtaining high refractive index composites based on nanoparticle 

fillers, to our knowledge this is the first extension of this principle to MO active systems. 
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Fig. 2.4 Measurement of total Faraday rotation as a function of magnetic flux density in the 0–7 

mT range for PS–CoFe2O4 composite based multilayer rotators with varying loadings of CoFe2O4-

NPs. 

 

Fig. 2.5 Verdet constant values for each PS-CoFe2O4 based composite(black) and oleic acid 

CoFe2O4 based composites (red). 
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2.3.4 Fabrication and performance of 30-bilayer devices 

A fundamental advantage of traditional inorganic garnet Faraday rotation materials, such as TGG, 

is the ability to tune pathlength and thus total rotation at fixed fields with relative ease, enabling 

sensitive magnetic field sensing and optical isolation. While it is expected that total rotation will 

increase proportionally with MO active film thickness (eqn (1)), preparation of thick polymer– 

nanoparticle composites is generally complicated by issues of porosity and aggregation induced 

scattering events that arise from differential rates of solvent evaporation and monomer curing. To 

further demonstrate the utility of the sequential spin coating approach developed herein, it was 

envisioned that the spin coating process could be extended beyond 5-bilayers to facilitate 

formation of composites with comparable Verdet as their thinner counterparts, but substantially 

higher total rotation (Fig. 2.6A). For this, the PS–CoFe2O4-7.5% sample was chosen, and a 30-

bilayer sample was prepared identically as previously described for the 5-bilayer samples. From 

cross sectional SEM imaging, this sample had a total thickness of 31.08 ± 1.59 mm (Fig. 2.6B), 

resulting in a total thickness 5.0× greater than that of the 5-bilayer sample (6.17 ± 0.52 mm), which 

was slightly smaller than expected considering 6× the number of spin coating steps were employed 

in the preparation of this higher pathlength device. We attribute this difference in thickness to the 

natural curvature of the spin-coated film as a substantially thick (60 total layer) system is 

approached. Remarkably, the 30-bilayer sample showed a total rotation of 1,722 mdeg at 740 mT, 

which is five-fold greater than that observed for the 5-bilayer sample. To our knowledge, this is 

the first example of a predictable and linear increase in rotation through a multi-layered film 

approach with a MO active polymer–nanoparticle composite. 
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Fig. 2.6 Demonstration of multi-layered nanocomposite film for increased total rotation. (A) 

Measurement of total Faraday rotation as a function of magnetic flux density in the 0–8 mT range 

for PS–CoFe2O4-7.5 wt% samples prepared with 5 bilayers (orange triangles) and 30 bilayers 

(black circles). (B) Cross sectional SEM of portion of 30-bilayer stack. Scale bar is 5 microns. 

2.4 Conclusions 

In conclusion, we have demonstrated a new approach for the fabrication of processible MO active 

polymer–nanoparticle composites that enables predictable and tunable Verdet constants (~4.0 × 
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103 to 2.1 × 104 °/T·m at 1310 nm) that are up to ten-fold greater than commercial inorganic garnet 

rotators through simple tuning of nanoparticle loading and composite thickness. By exchanging 

native oleic acid surface ligands for polymer compatible PS-COOH ligands, enhanced dispersion 

of primary NPs in a polystyrene matrix was observed up to 15.0 wt% NP loading, enabling simple 

preparation of polymer–nanoparticle films of tunable composition. Employing a distributed Bragg 

reflector inspired device architecture, reasonably thick samples could be prepared (~5–6 mm), 

allowing sensitive measurement of Faraday rotation at weak fields (1–7 mT). We have observed 

an increase in Verdet constant with particle loading, with future work directed towards 

optimization of interparticle spacing to further elucidate particle–particle effects in tuning and 

enhancing composite Faraday rotation. Furthermore, a proportional increase in total rotation as a 

function of device thickness upon extending this work to thicker (~30 micron) systems was also 

shown, paving the way for scalable device fabrication with improved sensitivity. This seminal 

demonstration highlights the advantages of using polymer–nanoparticle composites as Faraday 

rotators in the NIR, and opens new possibilities for the fabrication of ‘‘plastic garnets’’ as low cost 

alternatives to commercial crystalline garnet materials for Faraday rotation. 
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CHAPTER 3: Correlation of Polymer-Coated Magnetic Nanoparticle Size 

with Magneto-Optical Properties in Ultrahigh Verdet Constant Materials 

 

With contributions from Nicholas Lyons (co-author), Nicholas Pavlopoulos (co-author), Kyung-

Seok Kang (co-author), Tobias Kochenderfer (co-author), Anthony Phan (co-author), Lindsey 

Holmen (co-author), Shelbi Jenkins (co-author), In-Bo Shim (co-author), Robert Norwood (co-

author and PI), Jeffrey Pyun (co-author and PI) 

 

Reproduced with permission from reference 135, Copyright 2021, American Chemical Society 

 

3.1 Introduction 

Magneto-optical materials are critical components in a wide range of optical systems, such 

as optical isolators and other stationary free form optics. More recently, the use of magneto- optical 

materials has garnered interest as components in photonic devices such as magneto-optic (MO) 

modulators and high-performance magnetic field sensors.154–159 These types of magneto-optical 

devices harness the Faraday effect, which describes the influence of an applied magnetic field on 

polarized light passing through an MO active material. In these systems, the rotation of linearly 

polarized light passing through a transparent medium is achieved by the application of a magnetic 

field (anti) parallel to the direction of the light propagation. This effect further creates a field-

induced circular birefringence along the applied field axis.2–4 The magneto-optical responsiveness 

of an appropriately transparent medium is embedded in the Verdet constant (V) of a material, at a 

given wavelength and temperature. Faraday rotation (θ)is described as the product of the Verdet 

constant (V), applied magnetic field (B), and pathlength of the transparent material (L) as shown 

in eq 3.1. The sign of the Faraday rotation can either be positive or negative, since it is the 

magnitude and not the sign that impacts device performance in applications. Hence, it is the 

conventional to report the absolute value of the optical rotation and corresponding Verdet constant. 

θ = VBL                                                                                                                                      (3.1) 
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For use in optical isolators and devices, a magneto-optical material should have a 

sufficiently high Verdet constant and transparency at an appropriate applied magnetic field and 

path length. High Verdet MO materials can be organized into a few material classes and have a 

wide range of Verdet constants. Inorganic garnets, such as terbium gallium garnet (TGG), are 

commonly used for magneto-optical applications in the visible and near-infrared spectra due to the 

excellent transparency and chemical stability of these materials.84,89,161,162,164,187 While the Verdet 

constant of TGG is considerably larger in the visible spectrum, the vast majority of optical isolator 

applications operates at 1310 or 1550 nm, since these are the predominant optical communication 

wavelengths. Hence, there is a clear need for high Verdet constant alternatives to TGG in the near 

infrared spectrum. Furthermore, there is emerging interest for MO- integrated devices, particularly 

for use with silicon photonics, which would require the development of inexpensive, processable 

materials that exhibit high Verdet constants at 1310 and 1550 nm. However, for magneto-optical 

devices with gravimetric and volumetric constraints, inorganic ferromagnetic garnets are not 

suitable for these applications due to the modest Verdet constants (TGG = -2.2 × 103 °/T·m at 1310 

nm). From a processing perspective, inorganic garnets are often prepared as single crystals to 

enable millimeter to centimeter path lengths, which complicate device fabrication methods for 

integrated photonic applications.161,188 Diamagnetic rare earth doped glasses and ceramics are 

well-represented MO materials in the literature and have typical Verdet constants from 102-104 

°/T·m.30,33,38,55,112 Peng et al. produced chalcogenide glasses that possess Verdet constants of 3.6 

× 103 °/T·m and exhibit low absorption in the visible−near infrared spectral range.57 Magnetic 

nanoparticle glasses have been explored previously by Yu et al., which resulted in modest Verdet 

constants (2.8 × 102 °/T·m).189 Semiconductor-type MO materials tend to have much higher Verdet 

constants (104-105 °/T·m) but are typically fabricated as ultrathin films and measured under 
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cryogenic conditions.190,191 Metallic glassy alloys have produced some of the highest Verdet 

constant materials reported to date (1.2 to 4.9 × 107 °/T·m) but can only be fabricated as ultrathin 

films.192  

To address these material challenges, the synthesis of organic molecular and polymeric 

materials has been explored as a low-cost and alternative to TGG with improved solution or melt 

processability.121,122 Wholly organic polymer-based MO materials are an emerging field with 

reported Verdet constants greater than 1 × 105 °/T·m.127 Organic-conjugated polymers and 

conjugates with organic radicals only recently have been explored as a route to high Verdet 

constant materials. Swager et al. reported on the synthesis of sulfone-containing helical 

polythiophenes, which exhibited high Verdet constants of up to 7.6 × 104 °/T·m at 532 nm.129 

Prasad et al. reported on the inclusion of organic TEMPO biradical molecules onto polyfluorene 

helical polymers, which afforded estimated high Verdet constants around 3.8 × 105 °/T·m at 410 

nm.128 These reports demonstrate the possibility of creating high Verdet materials via organic 

synthetic routes, despite the lack of extensive physical studies on the causality of “giant Faraday 

rotations” observed with these materials. However, the processing of organic semiconductor 

materials into thick films (>1 μm) with high optical transparency is a potential technical challenge 

in working with these materials.  

High Verdet constant materials have also been investigated by the preparation of polymer-

magnetic nanoparticle composites. The synthesis and study of polymer-magnetic nanocomposite 

materials have been widely conducted to prepare well-defined inorganic nanoparticles dispersed 

in polymeric matrices.138–140,175–177 However, the materials physics correlating the classical 

magnetic properties of inorganic magnetic nanoparticles to MO activity remain largely 

unexplored, requiring fundamental studies to gain critical structure−property insights into 
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improving magneto-optical properties. Early efforts by Peyghambarian et al. reported on the 

preparation of poly(methyl methacrylate) grafted Fe3O4 NPs (D = 15 nm) and poly(benzyl 

methacrylate) grafted CoFe2O4 NPs, which enabled tuning of Verdet constants from 2.2 × 103 to 

8.0 × 104 °/T·m at 1310 nm.133,134,167,169 Watkins and Norwood reported the preparation of MO 

active nanocomposites by the incorporation of gallic acid-functionalized FePt nanoparticles into 

polystyrene-block-poly-2-vinylpyridine block copolymer films, which afforded Verdet constants 

from 0.98−2.79 × 104 °/T·m at 1310 nm.133 While these pioneering reports point to the potential 

for using magnetic NPs, these studies revealed that even minimal NP aggregation was observed to 

profoundly reduce optical transmission and lower magneto-optical properties. 

We have recently demonstrated a new approach for the preparation of magneto-optical 

polymer-nanoparticle composites with tunable Verdet constants (∼4.0 × 103 to 2.1 × 104 °/T·m at 

1310 nm) that are up to 10-fold greater than those of commercial inorganic garnets.137 However, 

there remains a clear need for much higher Verdet constant materials in the order of 106−7 °/T·m, 

which would require improved nano-composite materials.  

Herein, we report on the fabrication of MO active polymer-nanoparticle composite films 

that possess Verdet constants up to 1000-fold greater than those of commercially available TGG 

crystals in the NIR region. Furthermore, through variation of nanoparticle loading between 5-50 

wt %, the ability to tune Verdet constants from -2.2 × 105 °/T·m to -2.5 × 106 °/T·m at 1310 nm 

has been demonstrated. The use of polymer-coated cobalt nanoparticles for magneto-optical 

systems offers a facile route to ultrahigh Verdet constants using inexpensive materials that can be 

solution- or melt-processed. 
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3.2 Experimental section 

3.2.1 Materials and instrumentation 

1,2-Dichlorobenzene (DCB), toluene, poly(vinyl alcohol) (PVA) (99% + hydrolyzed, Mn 

∼ 89,000), 2-[4-(bromomethyl)phenyl]propanoic acid, and polystyrene (Mn ∼ 170,000) were 

purchased from Sigma Aldrich. 2,2′-Bipyridine (bipy) and styrene were purchased from Alfa 

Aesar. Copper(I) bromide (98% Aldrich) was purified by stirring in glacial acetic acid overnight 

and then rinsing with methanol and ether. Dicobalt octacarbonyl was purchased from Acros 

organics. Uncoated glass slides (25.0 mm × 75.0 mm, 1.0 mm thick, VWR) were commercially 

available, and gold-coated microscope slides were prepared from these using a Leica EM ACE600 

vacuum sputter coater equipped with a gold target. Spin-coating was performed on a Laurell 

Technologies Corporation Spin Coater (model: WS-400BZ-6NPP/LITE). 1H-NMR spectra were 

obtained using a Bruker AVIII 400 MHz spectrometer in CDCl3 solution. Chemical shifts were 

referenced to CDCl3 (7.28 ppm). Size exclusion chromatography was performed in a 

tetrahydrofuran (THF) mobile phase with a Waters 1515 isocratic pump running three 5 μm PLgel 

columns (Polymer Labs, pore size 104,103, and 102 Å) at a flow rate of 1 mL/min with a Waters 

2414 differential refractometer and a Waters 2487 dual-wavelength UV−vis spectrometer. Molar 

masses were calculated using Enpower software (Waters), calibrated against low polydispersity 

linear polystyrene standards. Transmission electron microscopy (TEM) images were obtained 

using an FEI Tecnai Spirit transmission electron microscope at an operating voltage of 120 kV, 

using in-house-prepared copper grid (Cu, 400 mesh). Analysis of images was carried out using 

ImageJ software.193 Scanning electron microscopy (SEM) images were obtained with a Hitachi S-

4800 at 10−15 kV and an emission current of 10 A. Thermogravimetric analysis (TGA) was 

performed with a TA TGA-5500 instrument with a temperature range from 30−650 °C under a 
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nitrogen atmosphere. Faraday rotation measurements were conducted using a home-built system 

composed of a 1310 nm Fabry− Perot laser with a half wave plate and Glan−Thompson polarizer, 

a nonpolarizing beam splitter, a solenoid with a 100 Hz sinusoidal current generated using a 

Stanford Research Systems SR830 amplifier, a Bose Powershare PS602 amplifier, a Wollaston 

prism, a focusing lens, and a 2017 Nirvana auto-balanced optical receiver. The magnet field 

strength was measured using a Lakeshore 421 gaussmeter.  

3.2.2 Synthesis of carboxylic acid end-functionalized polystyrene (PS-COOH) 

The preparation of PS-COOH was conducted using previously reported methods by atom 

transfer radical polymerization (ATRP).149 

3.2.3 Standard procedure for the preparation of PS-CoNPs (D =14 nm)  

To a flame-dried 250 mL three-neck round-bottom flask equipped with a 1-inch magnetic 

stir bar and a reflux condenser, the previously synthesized carboxylic acid-terminated polystyrene 

(0.80 g) and 40 mL of DCB were added. After stirring to dissolve the PS-COOH, dicobalt 

octacarbonyl (Co2(CO)8) (2.50 g, 7.31 mmol) was added. The flask was allowed to stir for 40 min 

while bubbling Ar into the solution through a needle. The needle was then removed, and the 

reaction was heated to 170 °C stirring at 1200 RPM under Ar for 1 h. After cooling the reaction, 

the ferrofluid was then precipitated into 1.5 L of stirring hexanes. The product was isolated by 

placing the hexane solution over a standard AlNiCo magnet, which accelerated the precipitation 

of the material, followed by decantation of the liquid phase. The solid material was collected via 

a spatula, transferred into a glass vial, and then allowed to dry in a vacuum oven at room 

temperature overnight affording a magnetic, black powder (yield, 1.77 g). TEM analysis of the 

isolated product was conducted to confirm that the desired particle size was obtained (D = 14.2 

±2.8 nm). Detailed synthesis of other sizes can be found in Appendix B 
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3.2.4 Multilayer film preparation  

Glass slides (1 mm thick) were scored and broken into ∼1 cm squares. The slides were 

cleaned by sonication in MeOH and coated in 150 nm of gold by vapor deposition. The slide was 

placed in a spin coater, and the PVA solution was deposited onto the slide after passing through a 

0.45 μm PTFE filter. The solution was spun at 2000 RPM for 2 min. Immediately after spinning, 

the slide was transferred to a hot plate and dried at 150 °C for 2 min. The slide was placed back 

on the spin coater, and a PS-CoNP ink was deposited after passing through a 0.45 μm PTFE filter 

(see Appendix B for ink formulation details). The ink was spun at 2000 RPM for 2 min and then 

immediately dried on a hot plate at 150 °C for 2 min. All remaining layers were prepared using 

the same methods until six layers of PVA and five layers of Co NPs were deposited. For the 

transparency measurements, samples were prepared in an identical matter but with glass slides 

with no gold coating.  

3.2.5 Hot-Pressed PS−co composite film preparation 

PS (Mn ∼ 170,000) was first dissolved in toluene by heating and stirring for ∼1 h on a hot plate. 

PS-CoNPs were dispersed in toluene by sonication and vortex mixing until a homogeneous 

solution was formed (15 min). The solutions were then mixed by vortex mixing and sonication 

until the blend became homogeneous. The solution was then precipitated into excess hexanes and 

centrifuged at 5000 RPM for 5 min. The clear supernatant was decanted, and the pellet was left to 

dry in a vacuum oven overnight. The dried polymer−nanoparticle composite was broken into 

smaller pieces to be used for hot pressing. The composite was pressed between two pieces of 

Kapton film release layers. The composite was slowly pressed over the course of several minutes 

at 150 °C. The pressure was then increased to 1.0 Ton, and it was allowed to remain at this pressure. 
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After 10 min, the sample was allowed to cool to room temperature while still remaining under 

pressure. The sample was removed from the press, and the Kapton film was removed.  

3.2.6 Faraday rotation measurements 

The instrumental apparatus for Faraday rotation measurements was a custom-built system 

consisting of a 1310 nm Fabry-Perot laser where the output polarization is controlled using a half-

wave plate in conjunction with a high extinction ratio Glan−Thompson polarizer. This light passes 

through a nonpolarizing beam splitter (NPBS) and then interacts with the sample placed in the 

solenoid. The gold backing of the multifilm stack then reflects the light through the sample again 

and back to the NPBS. The light that is reflected by the NPBS then passes through a Wollaston 

prism that separates this light into the s and p polarized components. A lens is then used to focus 

these beams onto the detector components of a 2017 Nirvana auto-balanced optical receiver. The 

input polarization of the laser source is set to be at 45° after leaving the polarizer, so the irradiance 

on both sides of the detector are of nominally equal magnitude. A sinusoidal current at 100 Hz is 

generated using a Stanford Research Systems SR830 lock-in amplifier. This current is amplified 

using a Bose PowerShare PS602 amplifier, which then drives the solenoid holding the sample. The 

Nirvana is connected to the lock-in amplifier, such that the Stanford lock-in can pick up the AC 

fluctuation between the difference of the s and p polarized light beams resulting from the change 

in magnetic field. As measurements are taken, the current used to drive the solenoid is increased, 

and the AC fluctuation signal at 100 Hz and the DC signal on the differential detector were 

recorded by a computer program. A Lakeshore 421 gaussmeter was used to measure the magnetic 

field at the sample for these various driving currents to the solenoid. 
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3.3 Results and discussion 

The overall approach developed for the synthesis, processing, and magneto-optical 

characterization of high Verdet constant nanocomposites comprised of (1) a two-step synthesis of 

polystyrene-coated cobalt nanoparticles and (2) solution or melt processing of these materials into 

supported or free- standing films for Faraday rotation measurements. In the current study, we 

report on a facile synthetic approach using polymeric ligands that directly enabled the preparation 

of well- defined, colloidally stable cobalt nanoparticles, where the size and magnetic properties of 

the magnetic NPs were readily controlled by variation of the precursor concentration. Access to 

these well-defined materials allowed, for the first time, correlation of NP size and bulk magnetic 

properties to the magneto-optical properties determining Faraday rotation.  

3.3.1 Synthesis and characterization of CoNPs 

The synthetic strategy for these polymer-coated magnetic NPs was a straightforward two-

step process that involved the preparation of carboxylic acid-terminated polystyrene (PS- COOH) 

ligands via ATRP194,195 followed by thermolysis of dicobalt octacarbonyl (Co2(CO)8) at different 

concentrations and temperatures in the presence of these polymeric ligands to form CoNPs of the 

desired particle size. In our earlier studies, we have found that a number of end-functional 

polystyrene ligands with amine (NH2), carboxylic acids (COOH), or phosphine oxides (POR3) 

were able to form well-defined ferromagnetic CoNPs.151,196,197 Polystyrene ligands, particularly 

PS-COOH, end-functional PS ligands, were observed to afford ferromagnetic PS-CoNPs with 

particle diameters (D) from around 20−45 nm by variation of reaction temperature used in the 

thermolysis of dicobalt octacarbonyl (Co2(CO)8).
149 For the current MO studies, CoNPs in the 

range of 9−17 nm were targeted, which would afford superparamagnetic or very weakly 

ferromagnetic NPs that could be processed as discrete isolated colloids. We previously reported 
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that larger sizes of these materials (PS-CoNPs ∼20 nm) consistently resulted in dipolar self-

assembly of magnetic NPs into colloidal polymer chains, which were undesirable for optical 

applications due to excessive scattering from these mesoscopic structures.153,198 The use of PS-

COOH ligands was chosen since this material was readily prepared in one step via the ATRP of 

styrene from a commercially available initiator, 2-[4-(bromomethyl)-phenyl]propanoic acid with 

molar masses around 10,000 g/ mol in multigram quantities. The relatively weak interactions of a 

single coordinating end group on the polystyrene ligand enable sufficient stabilization of the CoNP 

surface while also enabling excellent re-dispersion in a wide range of nonpolar organic solvents 

(e.g., toluene and THF), circumventing the need for NP post functionalization modification, which 

was required in our previous work with 5 nm CoFe2O4 colloidal materials.137 In the current study, 

we found that variation of [Co2(CO)8] from 18 to 180 mM at reaction temperatures of either T = 

160 or 170 °C enabled the synthesis of uniform PS- CoNPs with diameters of 8.9 ± 2.4, 14.2 ± 2.8, 

and 17.1 ± 2.6 nm as determined from bright-field TEM (Figure 3.1A). These three PS-CoNP sizes 

were used for the current study in this report to fully map the effects of magnetic NP size and 

magnetic moment with Faraday rotation properties.  

Solid-state characterization of PS-CoNPs made from this process was conducted via TEM 

to determine particle size and composition of the magnetic nanocrystals. For illustrative purpose, 

the TEM results for the PS-CoNP14 nm material are presented in Figure 3.1B−I. Detailed manual 

sizing was performed on these nanocrystals from low-resolution bright- field TEM images, 

revealing Gaussian statistics for PS-CoNPs of all sizes used for this study with fairly narrow 

distribution (standard deviation of 2 nm, n = 100). To further assess the composition and the 

morphology and phase of the synthesized NPs, high-resolution TEM (HRTEM) and fast Fourier 

transform (FFT) analysis were performed, revealing d-spacings corresponding to the (111) facets 
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of the fcc phase of metallic cobalt (d = 0.177−0.208, Figure 3.1B−D,E), with a thin shell of cobalt 

oxide (Figure 1E inset).  

High-angle annular dark field scanning transmission electron microscopy (HAADF-

STEM) and high-resolution transmission electron microscopy (HRTEM) were utilized to provide 

deeper structural analysis of the composition of the PS-CoNPs, where a core−shell morphology 

corresponding to a thin shell (∼1−2 nm) of cobalt oxide (CoO/CoxOy) was observed as a 

passivation layer around the metallic cobalt NP (Figure 1E). Energy-dispersive X-ray 

spectroscopy-STEM (EDS-STEM) of these samples further confirmed the presence of a core−shell 

morphology as a consequence of the oxide passivation layer on the NP (Figure 1H-I). These 

collective findings were in agreement with our earlier reports on the synthesis of larger 

ferromagnetic PS-CoNPs where the formation of fcc metallic cobalt with a thin cobalt oxide shell 

was corroborated by XRD and HRTEM.151,153,198 

Vibrating sample magnetometry was performed at 300 K for the PS-CoNP size series (D 

= 9, 14, 17 nm) to enable determination of the correlation between magnetic moment (M) and 

coercivity (Hc)(Figure 3.2A). For the larger-sized PS- CoNPs (14 & 17 nm), comparable saturation 

magnetization moments were observed (Ms = 56.0 and 58.2 emu/g, respectively) as normalized to 

the CoNP content, while the 9 nm PS-CoNP material exhibited significantly reduced saturation 

magnetization values (Ms = 20.4 emu/g). The larger PS-CoNPs were also found to be very weakly 

ferromagnetic, as noted by nonzero coercivities at 300 K (PS-CoNP17 nm Hc = 112.9 G; PS-CoNP14 

nm Hc = 19.7 G), while the 9 nm PS-CoNP materials were observed to exhibit superparamagnetic 

properties (i.e., Hc ∼ 0 G (4.1 G)). All of the PS-CoNP materials, regardless of size, reached 

saturation magnetization at external magnetic field strengths around 2000 Gauss (G). For the 

purposes of this current study, it is more important to note the remnant magnetization (Mr) of the 
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PS- CoNPs materials as a function of particle size at zero field or modest external field conditions 

(0−100 G) (see Figure 3.2B for higher resolution M vs H plot), since lower field strengths are more 

accessible for magneto-optical applications, as will be discussed in later sections. At zero field (0 

G), Mr values significantly decreased with particle size (PS-CoNP17nm Mr = 10 emu/g; PS-

CoNP14nm Mr = 2 emu/g; PS-CoNP9nm Mr = 0.2 emu/g) and retained similar trends of magnetic 

moment up to 500 G, where the increase in magnetization progressively plateaus until 2000 G, 

where Ms for all of these PS-CoNPs is reached. 

Synthetic accessibility to predispersed solution-phase PS- CoNPs (9, 14, and 17 nm) 

directly in toluene ferrofluids enabled facile solution blending and processing with free linear 

polymers for thin-film fabrication. To systematically vary PS- CoNPs with 5, 10, 15, 30, and 50-

wt % loadings in solution formulations, free PS-COOH ligands of identical molar mass to those 

used in CoNP synthesis (Mn = 10,000 g/mol) were co-dissolved in toluene ferrofluids by 

ultrasonication and vortex mixing. TGA was used to determine exact CoNP loadings in these 

polymer blends, which noted deviations of around 10-wt % relative to the targeted NP feed ratio 

(e.g., a 50-wt % targeted NP feed ratio in some cases afforded actual NP feeds ∼50−60 wt % Co). 

Retention of CoNP dispersion in blended PS matrices was confirmed by solution casting onto 

TEM grids for samples with 50, 30, 15, 10, and 5-wt % CoNPs (see Appendix B, Figure B3), 

where the addition of free linear PS-COOH resulted in simple dilution of CoNP inclusions in PS 

films. These ink formulations systemically varied free linear PS loadings (5 to 60-wt %) with PS-

CoNPs of each size to create a library of 15 discrete inks that were used for solution processing of 

multilayered films. The advantages of using polymeric ligands to both form and stabilize CoNPs 

were evident by enabling extremely high CoNP loadings while retaining high levels of dispersion 

and optical clarity. In our earlier PS-CoFe2O4 NP system with much smaller magnetic NPs (D ∼ 
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5 nm), we were only able to achieve modest NP loadings (<20-wt % CoFe2O4 NPs), which also 

limited the magneto-optical activity of these materials. This approach also improved convenience 

of the overall process, which circumvented the need for postfunctionalization steps while 

preserving primary particle dispersion in solution blending processing to form homogeneous 

composites. Finally, it is worth noting that fabrication of films via spin coating enables maximal 

dispersion of CoNPs in thin films, which further maximizes Faraday rotation. This is in stark 

contrast to melt-pressed films of PS-CoNPs with free linear PS as discussed in later sections, where 

more pronounced aggregation limited NP loading and Verdet constant values (see Figure 3.6 and 

Table 3.1). 
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Figure 3.1: (A) Synthetic scheme for the synthesis of PS-CoNPs of varying sizes (D = 8.9 + 2.4 

nm; 14 + 2.8 nm, 17 + 2.6 nm) via thermolysis with PS-COOH ligands at T = 160-170 °C at 

varying [Co2(CO)8], along with TEM analysis and size distributions of these materials. The scale 

bar is 10 nm. (B) Characterization of PS-CoNPs by TEM. (B-D) HR-TEM of single CoNPs 

confirming the formation of fcc metallic cobalt in the core of these colloids as noted by (111) 

lattice plane spacing for each particle size. Imaging demonstrates uniform particle morphology 

and narrow size distribution (scale bar is 5 nm), (E) shows a HAADF-STEM image and inset FFT 

patterns for a single 14 nm CoNP sample, with core-lattice spacing’s corresponding to fcc metallic 

cobalt as noted by (111) and (200) lattice spacings. Edge analysis confirms the presence of an 

oxidized shell, with lattice spacings corresponding to fcc CoO. (F) Compositional and spatial 

profile map of this 14 nm CoNP mapping metallic Co (red) and O (green) regions, with enhanced 

oxygen content at the edges corresponding to the oxide shell, (G-I) EDS-STEM elemental mapping 

of this CoNP with Co (red) and O (green) contrast. 
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Figure 3.2:  Vibrating sample magnetometry (VSM) determined magnetic moment vs external 

field (M vs H) at 300K of PS-CoNP samples for different sizes: 17 nm (green), 14 nm (yellow) 

and 9 nm (blue). (A) VSM full field sweep showing saturation magnetization (Ms) and (B) 

magnified VSM for reverse scan from 0-100 Gauss. 

3.3.2 Preparation of multilayered films 

To quantitatively study the magneto-optical properties of PS-CoNPs, we employed a solution 

processing approach to prepare multilayered polymer film constructs of PS-CoNP nanocomposite 

films and PVA (Figure 3.3A−D). We previously demonstrated a solution processing method to 

fabricate multilayered films of PS-CoFe2O4 NPs and cellulose acetate (CA) where the degree of 

Faraday rotation was directly tuned by increasing the number of these bilayers via spin coating.137 

For the current study, we replaced the CA interlayer with PVA, as we observed significantly higher 

optical transparency relative to CA multilayered constructs, and more consistent thin-film 

processing viability with respect to film thickness and optical clarity. PS-CoNP films were 

prepared using NP samples of varying sizes (9, 14, and 17 nm) as the magneto-optically active 

layer. To prepare samples for Faraday rotation measurements, an 11-layer composite film (six 

PVA and five PS-CoNP layers) was fabricated by sequentially spin coating from orthogonal 
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solvents onto glass microscope slides coated with 150 nm of vapor-deposited Au (99.5% reflection 

at 1310 nm), with PVA being chosen as the first layer to ensure consistency of PS-CoNP layer 

thicknesses. 

 The layered film architecture of the solution-processed films was confirmed by cross-

sectional SEM imaging. Shown in Figure 3.3 is cross-sectional SEM imaging of PS-

CoNP14nm/PVA multilayer films with varying loadings of 10, 30, and 50-wt % CoNPs. Full 

cross-sectional SEM imaging and film thickness analysis of the other PS-CoNP films (9 and 17 

nm) are provided in Appendix B (see Figures B1 and B4,). The use of PVA was particularly 

beneficial for construction of these alternating multilayered polymer films to impart improved 

thermomechanical properties to these materials, particularly for formulations using 50-wt % PS- 

CoNP loadings that normally are poorly suited to formation of robust free-standing films (due to 

both high NP loading and low molar mass of PS). All of these 5-bilayer PS-CoNP/PVA films 

exhibited good transparency at 1310 nm, where even the 50-wt % NP loaded multilayer films with 

PS-CoNP17nm and PS-CoNP14 nm retained 60 and 65% transmittance, respectively (Figure 3.3H). 

These 5-bilayer films for all PS-CoNP sizes exhibited excellent transparency at 1310 nm (>85% 

T, Figure 3.3H) at lower CoNP loadings (<5-wt %). The highest transparency achieved in this 5-

bilayer thin-film construct was for the PS-CoNP9nm sample, where greater than 85% transmission 

at 1310 nm was observed across the 5−50-wt % NP loading range explored. The importance of 

correlating optical transparency with CoNP size is most significant in achieving high Faraday 

rotation/Verdet constant with adequate transmission values, which dictates optimal CoNP size and 

loading, as discussed further below. Details of the Faraday rotation measurement setup can be 

found in Appendix B (Scheme B1) 
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Figure 3.3:  Solution processing methods for multi-layered films of magneto-optically active PS-

CoNPs films (of varying NP size and loading). (A-B) The synthesis of PS-CoNPs is outlined, 

followed by formation of inks with the PS-CoNPs dispersed in toluene. (C-D) The PS-CoNP inks 

are processes via spin-coating with poly(vinyl alcohol) (PVA) interlayers cast from water into a 

multilayer film for Faraday rotation measurements.  Cross-sectional SEM imaging of multilayer 

films prepared by freeze fracture with (E) 10 wt% feed ratio of PS-CoNP14 nm (PS: 366 ± 36 nm, 

PVA: 248 ± 43 nm thick), (F) 30 wt% feed ratio of PS-CoNP14 nm (PS: 302 ± 37 nm, PVA: 226 

± 23 nm thick), (G) 50 wt% feed ratio of PS-CoNP14 nm (PS: 295 ± 29 nm, PVA: 223 ± 40 nm 

thick), and (H) Plot of % optical Transmission at 1310 nm for PS-CoNP films of varying particle 

size (blue triangle) 9 nm PS-Co NPs, (yellow circle) 14 nm PS-Co NPs, (green square),  17 nm 

PS-Co NPs with varying CoNP loading. 

3.3.3 Evaluation of Faraday rotation in multilayer films 

 As shown in Figure 3.4, the total Faraday rotation of the 5-bilayer films of PS-CoNPs with 

varying loadings of CoNPs was interrogated as a function of magnetic field and increased in a way 

consistent with expected trends for MO active composites (as per eq 3.1). In our earlier work with 
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iron oxide, FePt, or cobalt ferrite nanoparticle composites, we observed Verdet constants in the 

range of 9000−28,000 °/T·m at 1310 nm.133,134,137,151,167,170 The Verdet constants of these 

nanocomposite materials were ultimately capped by low intrinsic NP activity and low magnetic 

NP loadings (0.1 to 15-wt % NP), which were limited to the polymer functionalization methods 

utilized to disperse NPs in polymer matrices. However, as alluded to previously, CoNP loadings 

up to 50−60 wt % inorganic content could be readily achieved in PS-CoNP films and further 

diluted to 5−30-wt % by the addition of free linear PS- COOH while retaining excellent dispersion 

as discussed previously. For these 5-bilayer PS-CoNP/PVA constructs, significant Faraday 

rotations in the order of millidegrees were observed, where progressively increased θ-values were 

observed with the increasing CoNP size and NP loading in the magneto-optically active films 

(Figure 3.4A−C). The PS- CoNP9nm bilayer samples with the increasing NP loading afforded 

progressively higher Verdet constants from -2.2 × 105 to -2.1 × 106 °/T·m at 1310 nm, but the 

Verdet constant was also observed to sharply drop at CoNP loadings above 40- wt % (Figure 5A, 

blue triangle). Similar trends were also observed for the PS-CoNP14 nm bilayer samples with CoNP 

loadings below 40-wt %, which afforded Verdet constants from -2.7 × 105 to -2.5 × 106 °/T·m at 

1310 nm (Fig, 3.5A, yellow circles). This trend continued for the PS-CoNP17 nm bilayer samples 

with CoNP loadings below 40-wt %, affording Verdet constants ranging from -5.8 × 105 to -1.7 × 

106 °/T·m at 1310 nm (Figure 3.5A, green squares). We infer that for all of these samples with 

higher than 40-wt % CoNP loading that the causality of reduced Faraday rotation and Verdet 

constant arises from Mie scattering effects, which resulted in a lower effective NP loading of 

magneto-optically active inclusions since NP aggregates presumably resulted in scattering, which 

did not contribute to optical rotation. 
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The striking similarities among these three samples all pointed to the benefits of increasing 

CoNP loading to enhance Faraday rotation and increase Verdet constants until 40-wt % NP 

loadings where the onset of NP aggregation resulted in reduced transmission and optical rotation. 

The correlation of increasing NP size and bulk magnetic properties to enhance magneto-optical 

properties was most profoundly observed at low NP loadings (below 10-wt % CoNPs, Figure 

3.5A), where the PS-CoNP17 nm bilayer samples exhibited a larger optical rotation and higher 

Verdet constants than the smaller CoNP- containing films. These similar Verdet constant values 

(∼-2 × 106 °/T·m) observed at higher NP loadings (between 10-40-wt %) indicate that using the 

smallest 9 nm CoNPs for these samples would be most optimal for Faraday rotation due to the 

higher optical transmission observed as shown in Figure 3.3H. All of these samples exhibited 

Verdet constants at 1310 nm that were 2-3 orders of magnitude greater than those of commercially 

available TGG and the ∼ 5 nm CoFe2O4 NP samples produced in our previous work (Figure 

3.5B).137 These findings indicate that the PS-CoNP nanocomposite films are capable of affording 

high Verdet constants and emphasize the advantages of directly using polymeric ligands to form 

magnetic NPs to retain colloidal dispersion when solution processed into thin polymeric films. 

From these optical measurements, it is clear that PS-CoNP materials exhibit profoundly 

enhanced Verdet constants in comparison to other reported polymer−nanoparticle materials. On 

considering the structure−property causality of these surprising enhancements, the most significant 

correlation was observed between the bulk magnetic and magneto-optical properties of these 

materials. As discussed above and shown in Figure 2B, clear and significant differences in the 

magnetic moments of different PS-CoNPs at very low external fields (H ∼ 100 G) at 300 K were 

observed (PS-CoNP9 nm M = 3.8 emu/g; PS-CoNP14 nm M = 12.2 emu/g; PS-CoNP17 nm M = 17.5 

emu/g, Figure 3.2B). Hence, since PS-CoNP size and magnetic moment at weak fields directly 
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correlated with the measured Verdet constants, we demonstrate that Faraday rotation can be 

directly controlled by magnetic nanoparticle bulk magnetic properties (assuming suppression of 

NP aggregation that limits optical transmission). This conclusion is in good agreement with our 

earlier PS-CoFe2O4 NP materials (D = 5 nm), where the Verdet constant of this NP (V = 22,000 

°/T·m at 1310 nm) corresponds to low magnetic moments at 10 mT (M ∼ 0.6 emu/g), which are 

significantly lower than those observed for PS-CoNP9 nm materials.137 
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Figure 3.4:  Measurement of total Faraday rotation as a function of magnetic flux density in the 

0-10 mT range for nanocomposite multilayer films with 5-bilayers of PS-CoNPs and PVA with 

varying loadings of PS-CoNPs at (A) D=17 nm (B) D=14 nm, and (C) D=9 nm. For A-C (black 

square)-PS-Co NP-5wt%, (red circle)-PS-Co NP-10wt%, (green triangle) PS-Co NP-15wt%, 

(blue triangle) PS-Co NP-30wt%, (orange diamond) PS-Co NP-40wt%, (grey triangle) PS-Co 

NP-50wt%. 
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Figure 3.5. Verdet constant values of magneto-optically active polymeric films of (A) PS-CoNPs 

of varying size and loading at 1310 nm with 9 nm PS-Co NPs (blue triangle), 14 nm PS-Co NPs 

(yellow circle), and 17 nm PS-Co NPs (green square) (B) PS-CoNPs MO active films highest 

achieved Verdet constant @1310 nm compared to commercial TGG and CoFe2O4 NPs MO active 

films (~ 5nm) previously reported.137 

3.3.4 Preparation and evaluation of hot pressed CoNP-polymer nanocomposite 

To further demonstrate the viability of these materials for achieving larger degrees of 

Faraday rotation, melt-pressed films of PS-CoNPs blended with free, higher molecular weight 

linear polystyrene (Mn ∼ 170,000 g/mol) were conducted. Due to the low molar mass of PS-COOH 

ligands used to prepare PS- CoNPs, these materials when melt-pressed afford poor quality films, 

which readily cracked. However, the addition of the free linear high molar mass PS in solution 

with dispersed PS- CoNPs (D = 14 nm) followed by co-precipitation into hexanes afforded a 

nanocomposite blend that can be readily melt processed into free-standing films with thickness 

∼100 μm, (Figure 3.6A and Table 3.1). Using these processing methods, three film samples with 

varying CoNP loadings (3, 5, and 12- wt %) were prepared to determine if these thicker samples 
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could achieve large Faraday rotations at the level of single digit degrees of optical rotation, which 

has not been demonstrated to date with polymers or polymer−NP materials. The optical 

transmission of these films, as shown in Figure 3.6B, indicated that 10%-T was observed for the 

3-wt % loaded CoNPs, which progressively dropped at the higher NP loadings. While these optical 

transmission values were too low to enable direct use in optical isolators, these thicker films were 

fabricated to demonstrate that large optical rotations could be achieved with PS-CoNP materials 

that were rapidly made by melt-processing. 

With these 0.1 mm films in hand, optical rotation measurements could be more readily 

conducted using a DC Faraday rotation setup where free-standing polymer film samples are fixed 

within a toroidal neodymium (Nd) magnet that achieved static fields of 0.1 T, in contrast to the 

solenoid electromagnet used for thin-film measurements (see Appendix B, Scheme B1). Faraday 

rotation measurements were then conducted with a 1310 nm laser diode and Glan−Thompson 

crossed polarizers that can detect rotations from 0.1 to 180 degrees (Figure 6C). As shown in Table 

3.1, melt-pressed films with 3 and 5-wt % CoNPs exhibited optical rotations of -0.67 and -1.08°, 

respectively, while the optical rotation of 12-wt % CoNP-loaded films could not be detected due 

to the low %T at 1310 nm as previously discussed. The Verdet constant could also be readily 

calculated from the optical rotation and Eq. 3.1 for these PS-CoNP blended films, which afforded 

values of−6.9 × 104 and −1.2 × 105 °/T· m at 1310 nm. These Verdet constant values were slightly 

lower than those extrapolated from the spin-coated thin-film series discussed previously (Figure 

3.5) but were not unexpected due to the likely depletion demixing-induced NP aggregation 

resulting from blending PS-CoNPs with linear PS.199 

To our knowledge, this is one of the first demonstrations of polymer−magnetic NP 

materials exhibiting single-digit degree- level Faraday rotation using modest DC static fields as 
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would be required for optical isolator applications. As surveyed in the introduction section, the 

vast majority of polymer and polymer−nanocomposite Faraday rotation measurements conducted 

with substrate-supported thin-film samples affords only very small total optical rotations (milli- or 

microdegrees) due to the limited thicknesses that were fabricated. While future embodiments of 

these materials for certain magneto- optical applications, such as optical isolators, will require 

significantly improved optical transparency in the NIR, we anticipate that further optimization of 

nanoparticle size and polymer dispersion improvements provides a path forward to these 

requirements, which is a subject of pending research. 
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Figure 3.6. (a) Images taken through hot-pressed, free-standing PS-Co composite films; (b) 

Percent transmission spectra of hot-pressed PS-Co composites where 3 wt% sample is the black 

line, 5 wt% is the red line, and 12 wt% is the blue line; (c) measurement setup for determining the 

total Faraday rotation of light passing through the sample. 
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Table 3.1: Melt-pressed PS-CoNP & linear PS composite samples 

 

Wt% 
Co 

%T @1310 nm Sample Thickness (μm) Total Rotation V (o/Tm) 

3% 10.7% 97 -0.67 -6.9 x 104 

5% 6.9% 84 -1.08 -1.3 x 105 

12% 0.4% 98 n/a n/a 

 

3.4 Conclusions 

In conclusion, we report on the preparation of ultrahigh Verdet constant materials (−2.2 × 

105 ∼-2.5 × 106 °/T·m at 1310 nm) using polymer-coated cobalt nanoparticles. We further report, 

for the first time, a direct correlation of NP size with both magnetic and magneto-optical properties. 

These materials are among the highest Verdet constant materials reported to date. The use of 

polymeric ligands to directly prepare magnetic CoNPs ensures efficient colloidal dispersion in 

polymer films with high NP loadings while still preserving appreciable optical clarity. These 

relatively low-cost materials were readily solution- or melt-processed into supported or free-

standing films where increasing the film thickness afforded controllable and large degrees of 

optical rotation. These polymer processing methods offer significant advantages in comparison to 

classical magneto-optical garnet materials. This demonstration high- lights the advantages of using 

polymer−nanoparticle compo- sites for Faraday rotation in the NIR and opens new possibilities 

for using metallic, metal oxide, and ceramic nanoparticles for magneto-optical applications. 
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CHAPTER 4: On the Optical Properties of Sulfur Copolymers vs Classical 

Optical Polymers 

4.1 Introduction 

 Infrared (IR) imaging encompasses a large range of the infrared spectrum (1-14 um) and 

offers a way to detect objects by their thermal black-body radiation in the absence of visible 

light.200 IR imaging has already proven advantageous for military applications such as night vision 

and self-guided missile technologies but has found difficulty in finding a foothold in consumer 

products due the price of these systems. One of the main contributing factors to the cost of these 

materials is the use of expensive inorganic materials such as germanium or chalcogenide glasses. 

The use of polymers for IR optical applications is an emerging field of technology and has the 

potential to make IR imaging a ubiquitous part of the consumer market. Recent years have seen a 

great interest for IR devices in vehicles for autonomous driving and other safety features, or in 

smartphones and other portable electronics but have been cost-prohibitive for broad consumer 

adoption. The use of inexpensive and easy to process polymers optics may help drive down the 

cost of these technologies and garner wider consumer adoption. 

Previous work in the Pyun group pioneered a process called inverse vulcanization to 

produce high sulfur (and/or selenium) content polymers for applications in the mid-wave IR 

(MWIR, 3-5 um) or long-wave IR (LWIR, 7-14 um).150,201–213 The use of sulfur as a feedstock was 

twofold in that it is both an inexpensive, earth abundant material and incorporation of a large wt% 

of sulfur (>50 wt%) decreases the amount of C-C, and C-H bonds typically associated with IR 

absorption bands.213 Additionally, unlike inorganic materials, these polymers could be solution or 

melt processed by molding into optical windows or other photonic devices or further lowering 

their cost. Following work by Boyd et. al prepared polymers from sulfur and tetravinyl tin and 
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sulfur via inverse vulcanization.214 The researchers prepared ~1.5 mm windows for IR 

transparency measurements and demonstrated the IR transparency of this polymer by imaging 

through the windows in both the MWIR and LWIR. In recent work by Kuwabara et al. elastomeric 

sulfur copolymers were prepared as cylindrical lens with thicknesses >1mm to demonstrate their 

IR transparency properties. However, their FTIR data was collected on a sample only 0.22 mm 

thick rather than the same thickness as their lens material.215 Other researchers have claimed to 

produce IR transparent polymers but with thicknesses below 1.0 mm which is often the minimum 

thickness for rigorous IR spectroscopic and thermal imaging evaluation.216–218  Bulk IR optics 

(<1mm) such as thin film samples are not sufficient for evaluation of polymers in the IR and 

demonstrate a need for clear evaluation methodologies regarding IR imaging  

 Herein, we address rigorously evaluating the MWIR transparency of a polymer by 

examining the transparency with progressively increasing thicknesses. We use examples of a 

traditionally poorly IR transmissive polymer, PMMA, and poly(sulfur-random-

diisopropenylbenzene) (p(S-r-DIB) as a material we reported on previously as having good MWIR 

transparency. A 50 wt% sulfur composition was chosen for the p(S-r-DIB) polymer and was 

prepared in accordance with previously reported methods (Pyun papers).  Commercially available 

PMMA was used to produce windows where transparency could be measured across a uniform 

thickness. Both IR transmission spectra and measurement through an IR camera were reported as 

an evaluation of practicality of these polymers for IR applications. 

4.2 Experimental section 

4.2.1 Materials and instrumentation 

All reagents were used as received without further purification. Sulfur was purchased from Sigma 

Aldrich. 1,3-diisopropenylbenzene (DIB) was purchased from TCI. Poly(methyl methacrylate) 
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(PMMA, ~540,000 Mw) was purchased from Scientific Polymer Products, INC. Kapton film was 

purchased from McMaster-Carr. The 25 mm diameter dry pressing die set was purchased from 

Across International. A customized Carver Model C laboratory press equipped with a band heater 

and thermocouple was used to prepare the windows >1.0 mm in thickness. Windows with 

thicknesses <1.0 mm were prepared on a Specac Mini-Film Maker. Infrared spectra were obtained 

on a Thermo Fisher Scientific Nicolet IS50R FT-IR. IR camera images were obtained using a FLIR 

A8580 InSb MWIR camera with a filter to image only 3-5 μm. 

4.2.2 Synthesis of p(S-r-DIB) (50/50, wt/wt) (S/DIB) 

To a vial was added a Teflon coated stir bar and sulfur (15.0 g, 0.47 mol). The sulfur was 

heated in a silicone oil bath at 185 °C until the sulfur was melted and transparent at which time 

DIB (15.0 g, 16.2 mL, 94.8 mmol) was added. The reaction was allowed to stir at 185 °C for ~15 

minutes and then cooled to room temperature. The vial was then submerged in a dry ice/acetone 

bath after which the vial was broken, and the pieces of p(S-r-DIB) were collected. The pieces of 

p(S-r-DIB) were then ground into a powder before being pressed into the final windows. 

4.2.3 Hot pressing windows <1.0 mm p(S-r-DIB) 

 An appropriate quantity of p(S-r-DIB) (~150 mg for 0.5 mm and ~50 mg for 0.1 mm) were 

placed between two pieces of Kapton film. Using the appropriate shim, the p(S-r-DIB) was slowly 

pressed at 100 °C. The pressure was increased to 1 Ton and the sample was allowed to press at 

100 °C for 10 minutes. The heat was then turned off and the sample was allowed to cool to room 

temperature while still under pressure. The sample was then removed from the hot press and the 

Kapton film was removed. 
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4.2.4 Hot pressing windows <1.0 mm PMMA 

An appropriate quantity of PMMA (~150 mg for 0.5 mm and ~50 mg for 0.1 mm) were 

placed between two pieces of Kapton film. Using the appropriate shim, the PMMA was slowly 

pressed at 175 °C. The pressure was increased to 1.5 Tons and the sample was allowed to press at 

175 °C for 10 minutes. The heat was then turned off and the sample was allowed to cool to room 

temperature while still under pressure. The sample was then removed from the hot press and the 

Kapton film was removed. 

4.2.5 Hot pressing windows >1.0 mm p(S-r-DIB) 

An appropriate quantity of p(S-r-DIB) between 0.78 g for a 1 mm window and 5.36 g for 

a 7 mm window were placed between two pieces of Kapton film. An appropriate shim was selected 

depending on the desired thickness and complete vacuum was pulled on the material. The heaters 

on the press and band heater surrounding the die were engaged to reach a temperature of 140 °C 

as determined by a thermocouple located between the band heater and the die. After equilibrating 

at the set temperature for ~5min, the material was pressed at 1.5 Tons. The equipment was then 

cooled to 40 °C before the vacuum was released and the window was ejected from the die set. 

Finally, the Kapton sheets were peeled off which afforded the final windows. 

4.2.6 Hot pressing windows >1.0 mm p(S-r-DIB) 

An appropriate quantity of PMMA between 0.50 g for a 1 mm window and 4.0 g for a 7 

mm window were placed between two pieces of Kapton film. An appropriate shim was selected 

depending on the desired thickness and complete vacuum was pulled on the material. The heaters 

on the press and band heater surrounding the die were engaged to reach a temperature of 180 °C 

as determined by a thermocouple located between the band heater and the die. After equilibrating 

at the set temperature for ~5min, the material was pressed at 1.5 Tons. The equipment was then 



 

103 

 

cooled to 55 °C before the vacuum was released and the window was ejected from the die set. 

Finally, the Kapton sheets were peeled off which afforded the final windows. 

4.3 Results and discussion 

 Using the following procedure, a series of windows with thicknesses of ~1, 2, 3, 4, 5, 6, 

and 7 mm were prepared. Windows with thicknesses of ~0.1 and 0.5 mm were prepared in a similar 

manner on a Specac hot press without the use of a vacuum system. To prepare the windows, 50/50 

(wt/wt, S/DIB) p(S-r-DIB) was synthesized according to previously reported methods203 (Scheme 

4.1) and pressed on a custom hot-press system (Fig. 4.1). The p(S-r-DIB) was ground into a powder 

and an appropriate amount (depending on the desired thickness) was placed on 25 mm die set with 

a small sheet of Kapton film between the sample and the die. A second piece of Kapton film was 

placed on the powder and the sample and a vacuum was pulled on the powder. The sample was 

heated to 140 °C and allowed to equilibrate at this temperature for 5 minutes after which 1.5 metric 

tons of pressure was applied to the sample. The sample was then allowed to cool to ~40 °C before 

the vacuum was released and the sample ejected from the die set. The Kapton film was carefully 

removed to afford the final windows. For the PMMA windows, commercially available PMMA 

(Mw~ 540K) powder was used. The fabrication of the windows followed a similar procedure to 

the p(S-r-DIB) samples with the exceptions of using 180 °C as the pressing temperature and 

ejecting the samples at 55 °C.  

For the thinnest samples produced in this study (~0.1 mm) the PMMA excellent 

transparency (>50%T) across most of the MWIR spectrum (Fig. 4.2a). This points to the 

previously mentioned problem that if a polymer has a small enough path-length the evaluation of 

its transparency in the IR can erroneously be determined to have acceptable IR transparency when 

most practical applications will require >1mm thick materials. As the thickness of the PMMA 
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window is further increased to 0.5 mm the transmission is greatly reduced to ~30% across the 

MWIR (Fig. 4.1a). While this transmission is likely usable for some applications the less light 

arriving at the detector will reduce image quality and the sensitivity of the device. At a practical 

thicknesses of 1mm PMMA is already nearly completely opaque in the maintaining only >10% 

transmission at a few wavelengths (Fig 4.2a). Anything beyond 2 mm of PMMA appeared to be 

completely opaque in the MWIR range. When contrasting these results with p(S-r-DIB) a 

significant difference in transparency can be observed. For the ~0.1 mm thick sample the 

transparency is already ~10 % higher (>60%T) than the PMMA sample (Fig 4.2c). As the thickness 

is increased to a practical 1 mm thickness, p(S-r-DIB) maintains a transparency of >30% across 

most of the MWIR and >40% near 5.0 μm. It takes windows with thicknesses >4 mm to become 

practically opaque across the MWIR (Fig. 4.2c). 

Another way to look at this data for comparison is to examine the transmission across the 

3-5 μm range as a function of the thickness of the sample to generate a “calibration curve” for each 

sample. Since IR cameras are often not operating at a specific wavelength it is important to show 

the transmission of the samples across the desired region. The data in Figure 4.3 demonstrates that 

for both very thin films of PMMA and p(S-r-DIB) (0.1 mm) adequate transmission can be 

obtained. Upon increasing the thickness to 0.5 mm a significantly larger decrease is observed for 

the PMMA windows decreasing dramatically to less than 25%T while the p(S-r-DIB) maintains 

~45% transmission. Upon reaching ~1 mm the PMMA sample is nearly opaque spectroscopically, 

and the p(S-r-DIB) sample has approximately 4X better transmission. To reach similarly poor 

levels of transmission takes ~4 mm of p(S-r-DIB), which is likely excessive for most optical 

applications. The p(S-r-DIB) even maintains a very small level of transparency at ~6 mm thick 

where the PMMA had effectively no transmission at only ~3 mm.  
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The final evaluation of the effectiveness of a MWIR transparent material is testing it with 

a MWIR camera to see the final image quality. Each of the samples were placed in front of a 

MWIR camera and an IR source was placed behind the window. A metal screwdriver was placed 

behind the windows to block the blackbody source to provide contrast during the imaging process. 

If the outline of the screwdriver was visible the window was not completely opaque to MWIR 

radiation. Since we were only interested in windows of practical thicknesses (>1mm) only those 

samples were measured in this setup.  

For the ~1 mm thick samples shown in Figure 4.4, the screwdriver was clearly visible in 

the p(S-r-DIB) sample and is visible with the PMMA window. This, again, demonstrates the need 

to test materials with appreciable thicknesses when comparing their IR transparency performance. 

From the ~1 mm thick sample results it was clear that p(S-r-DIB) was more transmissive to MWIR 

radiation than PMMA, however PMMA could still function at this thickness when high contrast 

materials were being measured. As the thickness of the PMMA window was increased to ~2 mm 

the screwdriver was no longer visible as PMMA at that thickness provided significant absorbance 

of MWIR radiation. This was further supported by the transmission data from 3-5 μm presented 

in Figure 4.3 showing <5 %T at ~2 mm thickness. After ~2 mm the PMMA samples measured had 

~ 0 %T and were completely opaque when measured with the MWIR camera. The superior 

performance of p(S-r-DIB) was clearly evident by the visibility of the screwdriver through ~ 5 mm 

of p(S-r-DIB) and the significantly higher MWIR transparency measurements plotted in Figure 

4.3. 
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Scheme 4.1 Synthesis scheme for preparing p(s-r-DIB). 

 

 

Figure 4.1 Schematic of hot press designed for pressing polymer windows. 
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Figure 4.2 IR spectrum of (a) PMMA windows and (c) p-(S-r-DIB) with increasing thickness from 

3-5 μm next to images of (b) PMMA windows and (d) p(S-r-DIB) windows. 
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Figure 4.3 Total transmission of PMMA (black squares) and p(S-r-DIB) (red circles) across the 

3-5 μm range. 
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Figure 4.4 MWIR (3.5 μm) imaging through PMMA and p(S-r-DIB) windows of progressively 

increasing thickness from 1 to 7 mm. 
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4.4 Conclusions 

 We have evaluated the MWIR transparency of PMMA and p(S-r-DIB) to explain why 

rigorous testing with >1.0 mm windows is necessary to avoid erroneous claims about IR 

transparency properties. To that end both PMMA and p(S-r-DIB) windows were fabricated with 

thicknesses from 0.1 to ~7 mm and evaluated for transparency by measuring the FTIR across the 

3-5 μm MWIR range and plotting the transmission against the thickness of the samples to form a 

calibration curve for the material. The polymer windows were then qualitatively analyzed to see 

at what thickness the polymers would become unusable for MWIR imaging. With these results a 

standard should be set for how to analyze and present IR transparency for polymeric materials. 

4.5 Author contributions 

Kyle Carothers measured the FTIR spectra of the PMMA and p(S-r-DIB) and prepared the <500 

μm hot-pressed samples. Derek Bischoff prepared the >1 mm hot-pressed samples and assembled 

the custom hot-press shown in Scheme 4.1. Nicholas Godman performed the IR imaging found in 

Figure 4.4. 
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CHAPTER 5: Conclusions and future directions 

5.1 Future opportunities from chapter 2 on ligand exchanged nanomaterials MO 

applications 

The research with CoFe2O4 NPs pioneered a new approach for the fabrication of polymer-

nanoparticles composites with tunable Verdet constants. The discovery that exchanging the native 

oleic acid surface ligands for PS-COOH produced materials with higher and increasing Verdet 

constants as the wt% of NPs increased, demonstrated the importance of developing a composite 

systems where the NP inclusions are compatible with the host polymer matrix. The ligand 

exchange process developed for this project worked well for demonstrating a difference in Verdet 

constants between the native oleic acid capped particles and the PS-COOH exchanged NPs but did 

not draw any conclusions on the completeness of this ligand exchange process. Future work could 

examine this by the digestion of the particles and separation and analysis of the remaining PS-

COOH and oleic acid to determine the true ligand composition. This may give insight into 

improving the ligand exchange process and perhaps increase both the dispersion quality and the 

maximum wt% of NPs incorporated into the nanocomposites to further increase the Verdet 

constants of these materials.133, 138-140, 175-177   

5.2 Future opportunities from chapter 3 on magneto-optical applications 

Switching to using Co NPs synthesized with native PS-COOH ligands demonstrated 

greater efficiency in processing by removing the ligand exchange step entirely and the greatly 

enhanced the maximum NP loading (15 wt% vs >50 wt%) which likely contributed to significantly 

higher Verdet constants. The development of a multi-layered Faraday rotator device provided a 

means to increase thickness and total rotation of the material, but this device is unlikely to find 

commercial use due to the material inefficiency of spin coating. Future work should focus on 
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finding ways to increase the material efficiency by examining other methods for dispersing the 

NPs in the polymer host such as rapidly thermosetting systems or roll-to-roll thin film 

production.179 Preliminary work was done with thermoset systems using the PS-COOH capped Co 

NPs, styrene, and divinylbenzene; however, the nanocomposites produced showed birefringence 

likely from internal stresses accumulated during the polymerization (Figure 5.1 a and b). Exploring 

more formulations and processing conditions may find a solution to alleviate the internal stress in 

these thermoset composites to produce nanocomposites with path lengths >1 cm. Measurements 

of Verdet constants for the Co nanocomposites were conducted at magnetic fields <100 mT. It 

may be worth exploring the Verdet constants of these materials at much higher (>0.5T) magnetic 

fields to determine if they will continue to linearly increase or will eventually saturate at fields 

approaching the saturation magnetization of the respective NPs.129 Additionally, temperature 

dependency of the Verdet constant was not explored and it would be interesting to measure the 

Verdet constants under cryogenic conditions to see if there is a similar, significant increase in the 

Verdet constant like those found in inorganic crystals and glasses.32 
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Figure 5.1 (a) Samples of PMMA (left) and optical glass (right) between crossed polarizers to 

visualize the low stress in the materials. (b) Image taken through a cross-linked PS-Co NP 

nanocomposite showing optical transparency and birefringent behavior. The inset image of the 

sample imaged between crossed polarizers showed a significant amount of stress in the material. 

 

5.3 Future opportunities from chapter 4 on the IR transparency of sulfur containing 

polymers vs classical optical polymers 

 Comparative studies between the IR transparency of p(S-r-DIB) and PMMA with 

progressively increasing thicknesses were conducted to act as a methodology for reporting the IR 

transparency of materials to avoid erroneous claims about IR transparency often found in thin film 

samples. This methodology will continue to be used for other IR transparent materials discovered 

to provide a fair and accurate test of how these materials would perform using thicknesses (>1 

mm) commonly used for real-world bulk optics such as lenses and windows.200 Additionally, 
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exploring different materials at different thicknesses may provide information for machine 

learning and modeling of IR light interactions with soft matter.202,213 

5.4 Closing perspectives 

 The review of MO materials discussed in this dissertation demonstrated a clear need for 

new materials for the next generation of MO devices. Soft mater and hybrid materials offer a 

unique solution to this problem by taking advantage of the MO behavior of inorganic materials 

and the processability of organic compounds. Much work was accomplished exploring the 

processing techniques required to prepare high performance MO devices from a composite system. 

Utilizing the knowledge gained from this work produced composites with some of the highest 

Verdet constants of any material and paved the way for new discoveries. Much work still needs to 

be done to improve the MO performance, transparency, and to understand the fundamental physics 

behind the incredible MO performance of these devices.  
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APPENDIX A. Supplementary Data for Chapter 2 

This appendix is included to provide supplementary information and supporting data for 

the experiments discussed in Chapter 2 on the synthesis, preparation, characterization, magneto-

optical measurement of CoFe2O4 nanoparticles and the nanoparticle-polymer composite materials 

generated with these nanoparticles 

 

Reproduced with permission from reference 137, Copyright 2021, Royal Society of Chemistry 

 
A.1 Experimental 

A.1.1 Materials 

All chemicals were used as purchased. Cellulose acetate (Mn~50,000), cobalt 

acetylacetonate (Co(acac)2, 97%), benzyl ether (98%), high molecular weight polystyrene 

(Mw~350,00), iron acetylacetonate (Fe(acac)3, 97%), and oleic acid (OLAC) (90%) were 

purchased from Sigma Aldrich. 4-hydroxy-4-methyl-2-pentanone (diacetone alcohol) (>99%) was 

purchased from Acros. Activated Neutral Alumina (~60 mesh) was purchased from Alfa Aesar. 

Absolute ethanol was commercially available from Decon labs and used as received. Acetone, 

hexanes, methanol, and toluene were commercially available from Fisher Scientific. Uncoated 

glass slides (25.0mm × 75.0mm, 1.0 mm thick, VWR) were commercially available, and gold 

coated microscope slides were prepared from these using a Leica EM ACE600 vacuum sputter 

coater equipped with a gold target. Spin-coating was performed on a Laurell Technologies 

Corporation Spin Coater (Model: WS-400BZ-6NPP/LITE). An Omega temperature controller 

CSC32K with a K-type utility thermocouple and a Glas-Col fabric heating mantle were used for 

cobalt ferrite synthesis. All centrifugation was performed in 50 mL centrifuge tubes (unless 

otherwise stated) using a rotor with a radius of 11 cm. TEM images were obtained on a Technai 
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G2 Spirit transmission electron microscope at 80-100 kV, using carbon coated copper grids (Cu, 

square, 200 mesh) purchased from Electron Microscopy Sciences. High Resolution STEM 

imaging was performed on a Hitachi HF-5000 High Resolution aberration-corrected TEM/STEM 

operated at 200 kV. Field-emission scanning electron microscopy (FESEM) was performed using 

a Hitachi S-4800 Type II/ThermoNoran NSS EDS Field Emission Scanning Electron Microscope. 

Thermogravimetric analysis (TGA) was performed using a Q500 TGA (TA Instruments), with 

measurements being made in a temperature range of 30-700 °C under a nitrogen atmosphere. 

Image analysis was performed using ImageJ software (Rasband, W.S., National Institutes of 

Health, http://rsb.info.nih.gov/ij/, 1997-2007). 

A.1.2 Synthesis of cobalt ferrite nanoparticles 

The CoFe2O4 nanoparticles synthesized herein were prepared via a modified method of Lu 

et al.148 Details of the method used herein are included below. 

A.1.2.1 Preparation of hot injection stock solution 

To a 50 mL three necked round bottomed flask equipped with a ½ ” Teflon coated stirbar, 

reflux condenser, thermocouple, and rubber septa was added cobalt acetylacetonate (Co(acac)2; 

0.232 g, 0.90 mmol), iron acetylacetonate (Fe(acac)3; 0.636 g, 2.40 mmol), oleic acid (5.64 mL, 

5.04 g, 17.70 mmol). Subsequently, the contents of the flask were heated to 150 °C at a rate of 20 

°C/min under vacuum, promoting the formation of metal-oleate species and facilitating the 

removal of acetyl acetone over the course of 2 hours. Subsequently, the contents of the flask were 

heated to 195 °C under vacuum for 30 minutes before being cooled to room temperature. 

A.1.2.2 Synthesis of 5 nm CoFe2O4 nanoparticles on a 200 mg Scale 

To a 100 mL three necked round bottomed flask equipped with a 1/2” Teflon coated stirbar, 

reflux condenser, thermocouple, and rubber septa was added benzyl ether (10.00 mL, 10.43 g, 52.6 
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mmol). Subsequently, the flask was heated to 295 °C under argon. A heating rate of 20 oC/min 

was employed, and upon reaching 295 °C, the hot injection stock solution was rapidly injected 

(1.88 mL; 0.30 mmol Co(acac)2, 0.60 mmol Fe(acac)3). Next, the flask was allowed to react at 

290-295 °C for 75 minutes. At 75 minutes the mantle was removed at which point the solution was 

cooled to room temperature. 

A.1.2.3 Synthesis of 5 nm CoFe2O4 nanoparticles on a 500 mg Scale 

To a 100 mL three necked round bottomed flask equipped with a 1” Teflon coated stirbar, 

reflux condenser, thermocouple, and rubber septa was added benzyl ether (25.00 mL, 26.08 g, 

131.5 mmol). Subsequently, the flask was heated to 295 °C under argon. A heating rate of 20 

°C/min was employed, and upon reaching 295 °C, the hot injection stock solution was rapidly 

injected (4.70 mL; 0.75 mmol Co(acac)2, 1.50 mmol Fe(acac)3). Next, the flask was allowed to 

react at 290-295 °C for 75 minutes. At 75 minutes the mantle was removed at which point the 

solution was cooled to room temperature. 

A.1.3 Synthesis of carboxylic acid terminated polystyrene ligands 

A.1.3.1 Preparation of PS-COOH coated CoFe2O4 nanoparticles and ligand exchange stock 

solution 

The PS-COOH ligand exchange depends partially on the organic content of the purified 

nanoparticles, as the exchange is designed to replace the small molecule ligands with polymeric 

analogues. For a successful ligand exchange, it was empirically found that a 1:2 mass ratio of 

CoFe2O4 NPs (inorganic content) to PS-COOH ligand resulted in successful exchange. As for the 

exchange solvent, DCB has been chosen in the past due to its high boiling point (ligand exchange 

performed at 180 °C) and ideal polarity for nanoparticle and polymer ligand dispersion. In this 

ligand exchange stock, the concentration of PS-COOH is ideally targeted at 20 mg/mL, and the 
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concentration of CoFe2O4 NPs (inorganic content) has been targeted at 10 mg/mL. These 

conditions have yielded products that provide superior films and will be targeted herein. First, a 

stock solution of oleic acid coated CoFe2O4 NPs in DCB was prepared at a concentration of 20 

mg/mL (inorganic content) by dispersing CoFe2O4 NPs (120.2 mg, 61.79 mg inorganic content) 

in 3.090 mL of DCB, followed by vortex mixing and sonication (< 5 minutes total to disperse). 

Subsequently, to a 4-dram scintillation vial, was added an appropriate volume of the CoFe2O4 

nanoparticle stock to correspond to 15 mg of inorganic content (0.75 mL). Next, an equivalent 

volume of PS-COOH stock solution (0.75 mL), that was made at a concentration of 10mg/mL in 

DCB, was added to the vial. The contents of the vial were then placed on an aluminum heating 

mantle thermostatted at 180 °C for 1 hour, while vortex mixing every 15 minutes, to commence 

and complete the ligand exchange process. The vial was then probe sonicated for 1 hour to assure 

homogenization. After the PS-COOH ligand exchange, the ligand exchange stock solution (total 

volume = 1.50 mL) contained PS-COOH coated CoFe2O4 NPs (15 mg inorganic content, inorganic 

concentration = 10 mg/mL), PS-COOH ligands (30 mg PS-COOH, PS-COOH concentration = 20 

mg/mL), and OLAC ligands + remaining benzyl ether solvent (estimated OLAC+benzyl ether 

content = 14.18 mg, OLAC+benzyl ether concentration =9.45 mg/mL based on TGA of parent 

NPs). 
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A.1.3.2 Figure A1. Pre and post ligand exchange dispersion quality 

 
Figure A1. Pre and Post ligand exchange dispersion quality in hexanes 

 

A.1.3.3 Figure A2. TGA of PS-COOH coated CoFe2O4 nanoparticles 

 

 
Figure A2. TGA of PS-COOH coated CoFe2O4 nanoparticles 

 

A.1.3.4 Calculation of apparent PS-COOH grafting density 

The calculation of grafting density of PS-COOH ligands is based on the geometric 

approximation of the CoFe2O4 nanoparticles as solid spheres and the assumption that all organic 

content in the TGA shown in Figure A.2 originates from surface bound PS-COOH ligands. The 

evaluation was made according to the following.  
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The number of nanoparticles per gram of PS-COOH coated CoFe2O4 (NNP) can be calculated 

from the nanoparticle radius (r), the bulk density of CoFe2O4 (ρ), and the inorganic fraction from 

the TGA data (ITGA), as shown below: 

𝑁𝑁𝑃 = 𝐼𝑇𝐺𝐴 ∗ 
1

(
4

3
𝜋𝑟3)𝜌

= 0.3492
1

(
4

3
𝜋(2.6𝑛𝑚)3)(5.15×10−21 𝑔

𝑛𝑚3)
= 2.63745 × 1018𝑁𝑃/𝑔                             (1) 

 

The surface area per gram of PS-COOH coated CoFe2O4 NPs (SNP) can then be calculated from 

the nanoparticle radius (r) and NNP/g as shown below: 

𝑆𝑁𝑃 = 4𝜋𝑟2 ∗ 𝑁𝑁𝑃 = 4𝜋(2.6𝑛𝑚)2 ∗ 2.62345 × 1018 𝑛𝑚2/𝑔 = 7.82375 × 1019 𝑛𝑚2/𝑔             (2) 

We can then calculate the number of PS-COOH ligands per gram of PS-COOH coated CoFe2O4 

(NL) using the molecular weight of the PS-COOH ligand (MWL), Avogadro’s number (N), and 

the organic fraction from the TGA data (OTGA): 

 

𝑁𝐿 = 𝑀𝑊𝐿 ∗
1

𝑁
∗ 𝑂𝑇𝐺𝐴 = 12000

𝑔

𝑚𝑜𝑙
∗

1

𝑁
∗ 0.6508 = 3.26601 × 1019𝑙𝑖𝑔𝑎𝑛𝑑𝑠/𝑔                         (3) 

 

Finally, we can approximate the ligand grafting density (LG) as the ratio of NL and SNP as 

shown below: 

𝐿𝑔 =
𝑁𝐿

𝑆𝑁𝑃
=

3.26601×1019𝑙𝑖𝑔𝑎𝑛𝑑𝑠/𝑔

7.82375×1019𝑙𝑖𝑔𝑎𝑛𝑑𝑠/𝑔
= 0.42

𝑙𝑖𝑔𝑎𝑛𝑑𝑠

𝑛𝑚2                                                                            (4) 

A.1.3.5 Preparation of high molecular weight PS stock solution 

To a 20 mL scintillation vial, high molecular weight PS (Mw: 350,000 g/mol) was 

dissolved in DCB at a concentration of 150 mg/mL by heating and vortex mixing to homogenize. 

A.1.3.6 Composite dispersion preparation 

To prepare the composite dispersion, the high molecular weight PS stock solution was 

blended with the ligand exchange stock solution, followed by heating and minimal vortex mixing 

to homogenize. After this, the dispersions were precipitated into methanol, which OLAC and 

benzyl ether are highly soluble in but in which PS is completely insoluble. The collected precipitate 

was then dried and used to prepare the final ink from which films will be spin coated. It is at this 
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point that the final particle loadings in the films are set. This required a number of assumptions 

that needed to be made which are highlighted below: 

1) considering the relevant organic content in the ligand exchange stock solution (the 

PSCOOH component, since this will be retained post precipitation) 

2) considering the inorganic content in the ligand exchange stock solution 

3) making the assumption that all of the CoFe2O4 nanoparticles in the ligand exchange 

stock will be incorporated into the final films 

4) making the assumption that all of the PS-COOH in the ligand exchange stock will be 

incorporated into the final films (some losses are likely, resulting in an underestimation of 

nanoparticle loading; i.e. loadings may be higher than expected slightly) 

5) determining the mass of high molecular weight binder required to achieve the targeted 

nanoparticle loading in the final films. For this, a detailed table has been prepared listing 

all relevant conditions. 

Table A1. Representative conditions for composite dispersion preparation 

 

In short, the appropriate quantities of ligand exchange stock solution and high molecular 

weight PS binder stock solution were added to a 4-dram vial, followed by being placed on an 
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aluminum heating mantle thermostatted at 105 °C for 90 minutes, while vortex mixing the vials 

every 15 minutes. The vials were then probe sonicated for 1 hour to assure homogenization.  

After the homogeneous composite dispersion was prepared, the dispersion contained PS-

COOH CoFe2O4 nanoparticles, free PS-COOH, high molecular weight polystyrene, 

dichlorobenzene, and the entire organic content from the initial as-prepared CoFe2O4 nanoparticles 

(mostly OLAC, perhaps some quantity of benzyl ether). This step is effectively a “complete” 

purification designed to remove OLAC/benzyl and dichlorobenzene entirely before the inks for 

spin coating are prepared. 

After the composite dispersions had cooled to room temperature, the dispersions were 

precipitated with 15 mL of methanol, placed atop an AlNiCo magnet. Subsequently, the vials were 

vortex mixed for 5 seconds at maximum setting before carefully decanting the methanol 

supernatant and drying of the pellets thoroughly with an air gun. The pellets were then transferred 

to tarred 4-dram vials using a set of acid-cleaned metal tweezers, before being dried overnight at 

room temperature and ambient pressure in a dust free environment. After this, the pellets were 

dried at 80 °C for 2 hours at ambient pressure, followed by being dried at 80 °C in vacuo for 2 

hours. 

A.1.3.7 Composite ink preparation 

After the composites had thoroughly dried, the pellets were dispersed in an appropriate 

quantity of chlorobenzene for a concentration of 100 mg/mL total solids to be achieved. The pellets 

were then dispersed by continuous vortex mixing at maximum setting for 5 minutes. The vials 

were then probe sonicated for 1 hour to assure homogenization. 
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A.1.4 Film preparation by spin coating 

The method for multilayer film preparation utilized herein was inspired by previously published 

methods for preparing all-polymer Bragg-reflectors.150 

A.1.4.1 Preparation of cellulose acetate stock solution 

Cellulose acetate is added to diacetone alcohol (4 wt%) and vortex mixed to prepare the 

cellulose 

acetate stock solution that was used in the preparation of the multi-layered films. 

A.1.4.2 Multi-layer film preparation 

A 1x1 cm2 gold-coated glass slide is fixed to a spin coater, to which enough volume of 

cellulose acetate stock solution is deposited to cover the surface of the film. The first cellulose 

acetate layer 

is spun at 2700 rpm with an acceleration of 250 rpm/s for 1 minute. The film is then dried on a 

ceramic hot plate at 100 ºC for 2 minutes. Once dry, the composite ink is deposited onto the surface 

of the film and spun at 2000 rpm with an acceleration of 250 rpm/s for 1 minute. The film is then 

dried on a ceramic hot plate at 100 ºC for 2 minutes. This process of alternating cellulose acetate 

and composite ink layers is repeated with spin speeds of 2300 rpm and 2000 rpm, respectively, 

until the desired number bilayers are achieved. 

A.2 Scanning Electron Microscopy (SEM) 

A.2.1 Sample preparation 

To prepare the 5 bilayer films for cross sectional imaging, the film was first scored at the 

edge and carefully manually detached from the substrate. Subsequently, the thin film was placed 

in a liquid nitrogen with both ends held by two tweezers. After 2 minutes, the films were fractured 

in liquid nitrogen. The cross-sections were then mounted to 90° SEM-stubs, followed by being 
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coated with 8 nm of amorphous carbon using the Leica EM ACE600 to prepare them for SEM-

measurements. This procedure was identical for the 30-bilayer sample, as well. 

A.2.2 Figure A3. Delamination 

 

 
Figure 3A. Delamination observed upon freeze fracturing of a 30-bilayer multilayer film. 

A.2.3 Imaging conditions 

Edge-on imaging of the multilayer samples was performed on a Hitachi S-4800 SEM 

equipped with a Field Emission tip at a sample working distance of 8 mm, an accelerating voltage 

of 5.0 kV, and an emission current of 11.3 μA. Whereas films that were not carbon-coated 

exhibited significant charging and deformation, both top-down and edge-on carbon coating was 

found to greatly increase sample stability without affecting contrast of alternating polymer-

nanoparticle composite/cellulose acetate layers (Figure A4). 
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A.2.4 Figure A4. Film thickness measurements 

 
Figure A4. Example film thickness measurements performed on bilayer samples. All scale bars 

are 1 μm. 

 

A.3 Figure A5. Verdet constant as a function of nanoparticle loading 

 
Figure A5. Verdet constant as a function of nanoparticle loading. 

 

A.4 Optical measurements: Verdet measurements (θ = VLB) 

Verdet constant measurements and calculations were performed using a setup similar to 

that reported by Miles and coworkers.133 The setup to measure Verdet constants consists of a 1310 

nm Fabry-Perot laser where the output polarization is controlled using a half wave plate in 

conjunction with a high extinction ratio Glan-Thompson polarizer. This light passes through a non-

polarizing beamsplitter (NPBS), and then interacts with the sample placed in the solenoid. The 

gold backing of the multi-film stack then reflects the light through the sample again and back to 

the NPBS. The light that is reflected by the NPBS then passes through a Wollaston prism that 
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breaks this light into the s and p polarized components. A lens is then used to focus these beams 

onto the detector components of a 2017 Nirvana auto-balanced optical receiver. The input 

polarization of the laser source is set to be at 45° after leaving the polarizer, so the irradiance on 

both sides of the detector are of equal magnitude. 

A sinusoidal current at 100Hz is generated by a Stanford Research Systems SR830 lock-in 

amplifier. This current is amplified by a Bose PowerShare PS602 amplifier which then drives the 

solenoid holding the sample. The Nirvana is connected to the lock-in amplifier, such that the 

Stanford lock-in can pick up the AC fluctuation between the difference of the s and p polarized 

light beams resulting from the change in magnetic field. As measurements are taken, the current 

used to drive the solenoid is increased, and the AC fluctuation signal at 100Hz and the DC signal 

on the differential detector were recorded by a computer program. A Lakeshore 421 gaussmeter 

was used to measure the magnetic field at the sample for these various driving currents to the 

solenoid. 

For small angles, the Faraday rotation at a given magnetic field can then be expressed as: 

𝜃 =
180

𝜋

𝐴𝐶𝑟𝑚𝑠

8𝐷𝐶

1

𝑔
 

where ACrms is the difference in signal between the two detectors measured by the lock-in 

amplifier, DC is the magnitude of the signal of one of the detectors, and g is the gain of the Nirvana 

detector, which was set to x10 in these measurements. A plot is then generated of Faraday rotation 

vs magnetic field, and linear regression is used to find the slope of the best fit line through the data 

points, denoted as θ/B. After thickness measurements are taken (L), the resulting Verdet constant 

of the nanoparticle composite is calculated using the following: 

𝑉 =
𝜃

𝐵

1

𝐿
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A.5 Control experiments 

A.5.1 Composite ink preparation with oleic acid coated CoFe2O4 nanoparticles 

First, a stock solution of oleic acid coated CoFe2O4 NPs in DCB was prepared at a 

concentration of 50 mg/mL (inorganic content), followed by vortex mixing and sonication (< 5 

minutes total to disperse). The contents of the vial were then placed on an aluminum heating mantle 

thermostated at 180 °C for 1 hour, while vortex mixing every 15 minutes, to mimic the ligand 

exchange process. The vial was then probe sonicated for 1 hour to assure homogenization.  

The appropriate quantity of oleic acid coated CoFe2O4 NP stock solution and 150 mg/mL 

high MW PS binder stock solution, as shown in Table 2, was added to a 4 dram vial, followed by 

being placed on an aluminum heating mantle thermostated at 105 °C for 90 minutes, while vortex 

mixing the vial every 15 minutes. The vial was then probe sonicated for 1 hour to assure 

homogenization. 

Table A2. Conditions for the composite dispersion preparation under oleic acid coated CoFe2O4 

NPs 

 

 
 

After the composite dispersions had cooled to room temperature, the dispersions were precipitated 

dropwise into 15mL of methanol each, placed atop an AlNiCo magnet. Subsequently, the vials 

were vortex mixed for 5 seconds at maximum setting before carefully decanting the methanol 

supernatant. The pellets were allowed to for 1 hour. The vials were dried overnight at 60 °C in 

ambient pressure, followed by being dried at 80 °C in vacuo for 3 hours. 
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After the composites had thoroughly dried, the pellets were dispersed in an appropriate quantity 

of chlorobenzene for a concentration of 100 mg/mL total solids to be achieved. The pellets were 

then dispersed by continuous vortex mixing at maximum setting for 5 minutes. The vials were then 

probe sonicated for 1 hour to assure homogenization. At this point, identical steps were performed 

to obtain 5-bilayer films for 2.5, 5, 7.5, 10, and 15 wt% samples and carried through for Verdet 

constant measurements. 
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APPENDIX B. Supplementary Data for Chapter 3 

This appendix is included to provide supplementary information and supporting data for 

the experiments discussed in Chapter 3 on the synthesis, preparation, characterization, magneto-

optical measurement of Co nanoparticles and the nanoparticle-polymer composite materials 

generated with these nanoparticles. 

 

Reproduced with permission from reference 135, Copyright 2021, American Chemical Society 

 

B.1 Experimental 

B.1.1 Materials and characterization  

1,2-dichlorobenzene (DCB), toluene, poly(vinyl alcohol) (PVA) (99%+ hydrolyzed, 

Mn~89,000), 2-[4-(bromomethyl)phenyl]propanoic acid, and polystyrene (Mn~170,000) were 

purchased from Sigma Aldrich. 2,2’-bipyridine (bipy) and styrene were purchased from Alfa 

Aesar. The styrene was passed through a short column of neutral alumina to remove the inhibitor 

prior to use. Copper (I) bromide (98% Aldrich) was purified by stirring in glacial acetic acid 

overnight then rinsing with methanol and ether. Dicobalt octacarbonyl was purchased from Acros 

organics. Uncoated glass slides (25.0mm x 75.0mm, 1.0 mm thick, VWR) were commercially 

available, and gold coated microscope slides were prepared from these using a Leica EM ACE600 

vacuum sputter coater equipped with a gold target.  Spin-coating was performed on a Laurell 

Technologies Corporation Spin Coater (Model: WS-400BZ-6NPP/LITE). 1H NMR spectra were 

obtained using a Bruker AVIII 400 MHz spectrometer in CDCl3 solution. Chemical shifts are 

referenced to CDCl3 (7.28 ppm). Size exclusion chromatography was performed in a 

tetrahydrofuran (THF) mobile phase with a Waters 1515 isocratic pump running three 5- µm PLgel 

columns (Polymer Labs, pore size 104, 103 and 102 Å) at a flow rate of 1 mL/min with a Waters 
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2414 differential refractometer and a Waters 2487 dual-wavelength UV-vis spectrometer. Molar 

masses were calculated using Enpower software (Waters), calibrated against low polydispersity 

linear polystyrene standards. Transmission electron microscopy (TEM) images were obtained on 

a FEI Tecnai Spirit Transmission Electron Microscope at an operating voltage of 120 kV, using 

in-house-prepared copper grid (Cu, 400 mesh). Analysis of images was carried out using ImageJ 

software.193 Scanning electron microscopy (SEM) images were obtained on Hitachi S-4800 at 10-

15 kV and an emission current of 10 A. Thermogravimetric analysis (TGA) was performed with a 

TA TGA-5500 instrument with a temperature range from 30-650 °C under a nitrogen atmosphere.  

Faraday rotation measurements were conducted on a home-built system composted of a 1310 

Fabry-Perot laser with a half wave plate and Glan-Thompson polarizer, a non-polarizing beam 

spitter, a solenoid with a 100 Hz sinusoidal current generated by a Stanford Research Systems 

SR830 amplifier, a Boze Powershare PS602 amplifier, a Wollaston prism, a focusing lens, and a 

2017 Nirvana auto-balanced optical receiver. The magnet field strength was measured using a 

Lakeshore 421 gaussmeter. 

B.1.2 Synthesis of carboxylic acid terminated poly(styrene) (PS-COOH)  

The preparation of PS-COOH was conducted using previously reported methods by ATRP.149 To 

a flame dried 125 mL Schlenk flask equipped with a ½” magnetic stir bar was added Cu(I)Br (0.69 

g, 4.8 mmol), 2-[4-(bromomethyl)phenyl]propanoic acid (1.17 g, 4.8 mmol) and bipy (1.50 g, 9.6 

mmol). The flask was fitted with a rubber septum, evacuated, and back-filled with argon 3 times. 

Deoxygenated DMF (5.5 mL) was then added via syringe to the flask and allowed to stir until a 

red complex formed. Deoxygenated styrene (50.0 g, 55.2 mL, 480 mmol) was then added via 

syringe. The flask was placed in a thermostatic oil bath held at 110 C for 22 hours to reach a 

monomer conversion of 90%. The reaction mixture was diluted with 325 mL of DCM and passed 
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through a short alumina column. To remove any residual copper complex, the solution was 

subjected to an EDTA extraction (10% EDTA in water). The polymer solution was dried with 

MgSO4, filtered, and concentrated. The concentrated polymer solution was precipitated into 

stirring methanol three times and dried in vacuo to yield a white powder (42.9 g, 84% yield) 1H 

NMR (400 MHz, CDCl3) δ 7.3-6.3 (br, ArH), 2.3-1.2 (br, CH+CH2), Mn sec = 10,230 Mw/Mn = 

1.09. 

B.1.3 Synthesis of polystyrene coated cobalt nanoparticles (PS-CoNPs) 

B.1.3.1 Synthesis of PS-CoNPs (~9 nm) 

To a flame dried 500 mL three neck round bottom flask equipped with a 1-inch magnetic stir bar 

and a reflux condenser was added the previously synthesized carboxylic acid terminated 

polystyrene (0.20 g) and 100 mL of 1,2-dichlorobenzene. After stirring to dissolve the PS-COOH, 

dicobalt octacarbonyl (Co2(CO)8) (0.625 g, 1.83 mmol) was added under heavy flow of Ar. The 

contents of the flask were then degassed with Ar for 100 minutes. The reaction was heated to 170 

°C stirring at 800 RPM under Ar for 1 hour. After cooling the reaction, the ferrofluid was then 

precipitated into 0.5 L of stirring hexanes. The product was isolated by placing the hexane solution 

over a standard AlNiCo magnet which accelerated the precipitation of the material, followed by 

decantation of the liquid phase. The solid material was collected via spatula, transferred into a 

glass vial and were then allowed to dry in a vacuum oven at room temperature overnight affording 

a magnetic, black powder (yield, 0.340 g) TEM analysis was conducted of the isolated product to 

confirm that the desired particle size was obtained (Diameter (D) = 8.9 ± 2.4 nm) 

B.1.3.2 Synthesis of PS-CoNPs (~14 nm) 

To a flame dried 250 mL three neck round bottom flask equipped with a 1-inch magnetic stir bar 

and a reflux condenser was added the previously synthesized carboxylic acid terminated 
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polystyrene (0.80 g) and 40 mL of 1,2-dichlorobenzene. After stirring to dissolve the PS-COOH, 

dicobalt octacarbonyl (Co2(CO)8) (2.50 g, 7.31 mmol) was added. The flask was allowed to stir for 

40 minutes while bubbling Ar into the solution through a needle. The needle was then removed, 

and the reaction was heated to 170 °C stirring at 1,200 RPM under Ar for 1 hour. After cooling the 

reaction, the ferrofluid was then precipitated into 1.5 L of stirring hexanes.  The product was 

isolated by placing the hexane solution over a standard AlNiCo magnet which accelerated the 

precipitation of the material, followed by decantation of the liquid phase. The solid material was 

collected via spatula, transferred into a glass vial and were then allowed to dry in a vacuum oven 

at room temperature overnight affording a magnetic, black powder (yield, 1.77 g) TEM analysis 

was conducted of the isolated product to confirm that the desired particle size was obtained (D = 

14.2  ±  2.8 nm). 

B.1.3.3 Synthesis of PS-CoNPs (~17 nm) 

To a flame dried 250 mL three neck round bottom flask equipped with a 1-inch magnetic stir bar 

and a reflux condenser was added the previously synthesized carboxylic acid terminated 

polystyrene (0.80 g) and 40 mL of 1,2-dichlorobenzene. After stirring to dissolve the PS-COOH, 

dicobalt octacarbonyl (Co2(CO)8) (2.50 g, 7.31 mmol) was added. The flask was allowed to stir for 

40 minutes while bubbling Ar into the solution through a needle. The needle was then removed 

and the reaction was heated to 160 °C stirring at 1,200 RPM under Ar for 1 hour. The reaction was 

allowed to react at 160 °C for 1 hour. After cooling the reaction, the ferrofluid was then precipitated 

into 1.5 L of stirring hexanes.   The product was isolated by placing the hexane solution over a 

standard AlNiCo magnet which accelerated the precipitation of the material, followed by 

decantation of the liquid phase. The solid material was collected via spatula, transferred into a 

glass vial and were then allowed to dry in a vacuum oven at room temperature overnight affording 
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a magnetic, black powder (yield, 1.57 g) TEM analysis was conducted of the isolated product to 

confirm that the desired particle size was obtained (D = 17.1  ±  2.6 nm) 

B.1.4 Preparation of spin coating solutions and spin coating methods 

B.1.4.1 PS-CoNP composite ink 

The cobalt-polymer composite ink was prepared by adding an appropriate amount of dried nano-

powder and PS-COOH to the desired loading in a vial.  The as made PS-CoNP materials typically 

possessed around 50-60 wt% CoNP content as determined by TGA.  To prepare inks with lower 

CoNP loadings, free PS-COOH ligands as described previously were simply added to toluene PS-

CoNP dispersions, to form five different PS-CoNP inks with 5-wt%, 10-wt%, 15- wt%, 30-wt%, 

and 50-wt% inorganic content.  The total solids content of these toluene PS-CoNP dispersions 

were 50 mg/mL. The solution was sonicated/vortex mixed for 15 minutes to disperse the particles. 

The ferrofluid was then added to a centrifuge tube and spun at 2,000 RPM for 5 minutes. The 

ferrofluid supernatant was then removed and added to a vial to be used as the ink for spin coating.  

B.1.4.2 Poly(vinyl alcohol) solution 

A solution of poly(vinyl alcohol) (40 mg/mL) was prepared in water by heating to ~90 °C and 

stirring vigorously until homogeneous.  

B.1.4.3 Spin coating methods 

1 mm thick glass slides were scored and broken into ~1 cm squares. The slides were cleaned by 

sonication in MeOH and coated in 150 nm of gold by vapor deposition. The slide was placed in a 

spin-coater and the poly(vinyl alcohol) solution was deposited onto the slide after passing through 

a 0.45 µm PTFE filter. The material was spun at 2,000 RPM for 2 minutes. Immediately after 

spinning the slide was transferred to a hot plate and dried at 150 °C for 2 minutes. The slide was 

placed back on the spin coater and the Co NP ink was deposited after passing through a 0.45 µm 



 

134 

 

PTFE filter. The ink was spun at 2,000 RPM for 2 minutes then immediately dried on a hot plate 

at 150 °C for 2 minutes. All remaining layers were prepared using the same methods until 6 layers 

of poly(vinyl alcohol) and 5 layers of Co NPs were deposited (or 26 PVA and 25 PS-CoNP layers). 

For the transparency measurements, samples were prepared in an identical matter but with glass 

slides with no gold coating.  

B.1.5 Hot-Pressed PS-CoNP composites 

B.1.5.1 PS-CoNP composite preparation 

PS (Mn~170,000) was first dissolved in toluene by heating and stirring for ~1 hour on a hot plate. 

PS-CoNPs were dispersed in toluene at by sonication and vortex mixing until a homogenous 

solution was formed (15 min). The solutions were then combined by vortex mixing and sonication 

until a homogeneous solution of free PS and PS-CoNPs was achieved at the desired PS-CoNP wt% 

loading. The solution was then precipitated into excess hexanes and centrifuged at 5,000 RPM for 

5 min. The clear supernatant was decanted, and the pellet was left to dry in a vacuum oven 

overnight.  

B.1.5.2 PS-CoNP composite hot-pressing methods 

The dried polymer-nanoparticle composite was broken into smaller pieces to be used for hot 

pressing. The composite was pressed between two pieces of Kapton film release layers. The 

composite was slowly pressed over the course of several minutes at 150 °C. The pressure was then 

increased to 1.0 T and it was allowed to remain at this pressure. After 10 minutes the sample was 

allowed to cool to room temperature while still remaining under pressure. The sample was 

removed from the press and the Kapton film was removed. 
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B.2 Measurements 

B.2.1 Measurement of Faraday rotation 

The MO properties of the multilayer PS-CoNP/PVA films were characterized using the setup 

outlined in Scheme S1, which has been described in a previous publication.167  A two-pass 

geometry is utilized in order to cancel reciprocal polarization effects, such as linear birefringence 

or scattering, and double non-reciprocal effects i.e. Faraday rotation. This results in twice the 

measured rotation (θ) when compared to a single-pass geometry.  In this setup, the output light 

from a 1310 nm Fabry-Perot laser source is set by a half wave plate in combination with a high 

extinction ratio Glan-Thompson polarizer.  The orientation of the polarizer is adjusted such that 

the transmitted light is oriented linearly at 45o.  After passing through a non-polarizing beam 

splitter (NPBS) the light interacts with the multi-layer film inside the solenoid. The final layer in 

the film is a gold layer that reflects the light back through the sample and this light then reflects 

off of the NPBS.  A Wollaston prism separates the polarized light into horizontal and vertical 

components, which are of nominally equal irradiance for linearly polarized light oriented at 45o.  

Then, a focusing lens brings the two separated beams into the two detectors of a low noise auto-

balanced receiver.  

At the surface of the multilayer films, a 1-10 mT sinusoidal magnetic field was generated by 

feeding the sinusoidal output of the lock-in amplifier’s internal oscillator into a low-noise 

amplifier/solenoid driver.  The Faraday rotation of the light at various applied sinusoidal magnetic 

fields was calculated by determining the ratio between the AC irradiance modulation of the 

horizontally and vertically polarized light beams and their DC component.  Faraday rotation 

measurements were then used to determine the Verdet constant by calculating the slope of the 

optical rotation () with external field (B), where weaker applied fields from 1-10 mT were 
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sufficient to measure these values accurately using inexpensive solenoid-based electromagnets.  

These field strengths were used to avoid any saturation of magnetization, and, given the Verdet 

constants and thickness of the films, resulted in signals on the order of 10-3 degrees of rotation. 

Since the threshold of measurement of the setup was on the order of 10-6 degrees of rotation, this 

provided a reasonable signal-to-noise ratio.  Faraday rotation measured from these multi-layered 

films arises almost exclusively from the magneto-active PS-CoNP layers since PVA possess a 

negligible Verdet constant.  Furthermore, we report the Verdet constants of magneto-optically 

active polymer films with varying magnetic NP loading in a polystyrene matrix, which is 

analogous to how measurements of refractive index are conducted for polymer-nanoparticle 

composite materials. 
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B.2.1.1 Scheme B1 

 

B.2.1.1 Scheme B1. Diagram of the setup used to measure the Faraday rotation induced by the 

PS-CoNP films. The half-wave plate and Glan-Thompson polarizer set the output polarization 

from a 1310 nm Fabry-Perot laser to be oriented linearly at 45o. The orientation of the polarization 

is then modulated when the light passes through the sample under a sinusoidal applied magnetic 

field. The resulting polarization is then separated into s and p polarized components by a Wollaston 

prism and directed into an auto-balanced detector. The red line represents forward propagation of 

the light, and the blue lines represent the second pass of the light after being reflected off of the 

Au-backed film. 

B.2.2 SEM Measurements 

B.2.2.1 Preparation of bilayer samples for SEM imaging 

To prepare the 5-bilayer films for cross-section imaging, the bilayer film was first marked with a 

knife at the edge and carefully detached from the substrate. Subsequently, the 5-bilayer thin film 

was placed in liquid nitrogen with both ends held by two tweezers. After 5 minutes, the films 
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were fractured in liquid nitrogen. The cross-sections were then mounted to 90º SEM specimen 

stub covered with carbon tape, followed by being coated with 10 nm of platinum using the Leica 

EM ACE600 to prepare them for SEM-measurements. 

B.2.2.2 SEM imaging methods 

Edge-on imaging of the 5-bilayer films was performed on a Hitachi S-4800 SEM equipped with 

a Field Emission tip at a sample working distance of 8 mm, an accelerating voltage of 15.0 kV, 

and an emission current of 15µA. Both top-down and edge-on platinum coating was found to 

increase sample stability and image resolution without affecting contrast of alternating polymer-

nanoparticle composite/PVA layers. To obtain the sample thickness, each layer was measured at 

5 locations and averaged (Fig S-1). Raw SEM data is provided with the average thickness of the 

PS and PVA layers for each particle size and wt% loading (Fig S-4). 
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Figure B1. Examples film thicknesses measured on 11-layer samples. All scale bars are 1 µm. 
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B.3 Thermogravimetric analysis (TGA) 

 
B.3.1 Figure B2. TGA of PS-Co NPs of varying sizes from 30- 650 C. The inorganic content of 

the particles was 54.4% (9 nm), 58.9% (14 nm), and 59.5% (17 nm). 

Similar thermogravimetric profiles were observed for all Co NP sizes. There was a slight 

loss of mass from 100-350 C (5-15%) then a sharp decomposition above approximately 400 C. 

The inorganic content was determined by the wt% reached a local minimum. 
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B.4 Transmission electron microscopy 

B.4.1 Figure B3 
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B.5 Additional cross-sectional SEM 

B.5.1 Figure B4. 

 

 
 

Figure B4. Cross-sectional SEM of 11-bilayer samples with varying Co NP size and 

composition. 

17 nm
Co NPs

5 wt % Co

10 wt % Co

15 wt % Co

30 wt % Co

40 wt % Co

14 nm
Co NPs

9 nm
Co NPs

50 wt% Co

PS: 256 ± 27
PVA: 194 ± 17

PS: 262 ± 18
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PS: 325 ± 28
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PVA: 249 ± 18
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PVA: 240 ± 31
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PVA: 223 ±40
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PVA: 230 ± 38
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PVA: 226 ± 23

PS: 314 ± 27
PVA: 227 ± 44

PS: 366 ± 36
PVA: 248 ± 43

PS: 373 ± 36
PVA: 266 ± 35

PS: 258 ± 15
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PS: 258 ± 17
PVA: 201 ± 18

PS: 310 ± 30
PVA:200 ± 32

PS: 320 ± 24
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that were originally published in an RSC publication. However, permission should be requested 

for use of the whole article or chapter except if reusing it in a thesis. If you are including an 

article or book chapter published by the RSC in your thesis, please ensure that your co-authors 

are aware of this.  

Reuse of material that was published originally by the RSC must be accompanied by the 

appropriate acknowledgement of the publication. The form of the acknowledgement is dependent 

on the journal in which it was published originally, as detailed in the 'Acknowledgements' 

section. 
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C.3 Permissions for figures schemes and tables 
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