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Abstract

Over 400 million years of evolution, Nature has perfected the structure of silks secreted

by arthropods to support various aspects of their life. Extensive research has discovered

that the molecular structure of silks has been engineered to encapsulate many remarkable

mechanical, optical, and biological properties surpassing even artificial materials. Surpris-

ingly, these insects produce multi-functional silk biopolymers using elementary processing

of simple amino acids in water. Materials like steel and Kevlar require much more com-

plex manufacturing processes but still fail to match (spider and silkworm) silk’s toughness,

albeit their mechanical strength is equivalent to silk’s. In short, natural silks are a model

material for the future and a fine example of how much Nature has to offer humanity if

we look closely enough. A large part of recent research is focused on mimicking silks

to produce advanced materials for biomedical and technological applications as they offer

eco-friendly, biocompatible, and sustainable alternatives to existing solutions.

In the present work, we discuss the intrinsic magnetic properties of natural silk poly-

mers, namely spider dragline silks and mulberry silkworm silks. We present a thorough

magnetic study of silks, like their magnetic behavior, the possible origin of magnetism, and

magnetic ordering. We discovered silk biopolymers act as amorphous magnets with a sta-

ble, sustainable ferromagnetic character from very low (5 K) to high temperatures (400 K).

Notably, the magnetization of spider dragline silks is more significant than most organic

magnets. Investigation into the source of magnetism revealed that the magnetism possi-

bly originates due to the presence of persistent organic radicals in natural silks. Therefore,

silks offer a new novel route to fabricate stable organic magnets with exceptional strength

and toughness unmatched by the presently known ones. We established our claims by ex-

perimenting on more than 20 silk samples obtained from multiple spiders (Araneus and

Neoscona families) and silkworms (Bombyx mori) using SQUID magnetometry, EPR spec-

troscopy, and various elemental analysis techniques like EDX, XPS, XAS, and ICPMS.

These are the first reports of magnetic experiments to show that atomic defects in the build-

ing blocks of pure silk fibers induce significant permanent magnetization, thereby opening

their direct magnetic applications.

Atomistic defects in silks result in the formation of radicals in them. These radicals

are sterically protected in silk’s structure up to very high temperatures. Radicals in close
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vicinity tend to interact with each other directly. These interactions can be ferromagnetic

or anti-ferromagnetic, depending on the configuration and distance of neighboring radicals.

The interacting radicals form small clusters trapped in the glassy state in the silk protein

matrix and are distributed throughout the silk’s structure, leading to an overall magnetic

response. We showed that one could externally control the magnetization of silks by man-

ifesting additional defects (or deformations) in their structure using simple techniques like

stretching and cutting. Moreover, during the thermomagnetic analysis, we discovered a

unique magnetic transition in all silk samples around 120 K, irrespective of their host in-

sect, i.e., spiders or silkworms.

Using a sensitive torsion pendulum that mimicked a spider suspending from its dragline

silk, we discovered that even a micrometer-thin silk thread of spider dragline silk could

sense magnetic fields up to 30 µT in ambient conditions. We demonstrate that silks can

act as bio-magnetosensors. Moreover, we also developed unique silk-based tiny swim-

mers/propellers that act as organic magnetic robots (Bio-Magbots). These silk-based bio-

magbots can be controlled externally under small magnetic fields to manipulate microscopic

organic and inorganic matter. We explicitly illustrated that silk-based magnetic robots could

perform the non-contact on-demand translation and rotatory motions. Silk-based magnetic

robots could also magnetically trap organic and inorganic material at a specific location us-

ing small localized magnetic fields (≈ 20 mT). In a remote-controlled fashion, we demon-

strated the transport of various cargo, such as plant tissues, animal tissues, polymer bundles,

and non-magnetic immiscible chemicals, on the surface of the water using silk swimmers.

Silk-based bio-magbots can perform targeted drug delivery, magnetic trapping, and

bioremediation in a cell-like liquid environment. Furthermore, magnetically actuated ar-

tificial muscles and scaffolds for tissue engineering could be developed using silk and silk-

based materials. Our work also opens the intriguing potential of silk in developing ultra-

lightweight and thin bio-magnetosensors and nanoelectromechanical systems (NEMS) made

from sustainable materials.

The present research establishes natural silk polymers as amorphous magnets and opens

a new route to developing organic magnets by biomimicking silk proteins. Unlike most or-

ganic magnets, silks can sustain their ferromagnetism for a very long time (years) without

any decrease in their magnetization. They can be easily stored at room temperature and
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50% relative humidity. Natural silks can be an archetypal polymer for developing organic

magnets that sustain ferromagnetism up to high temperatures and simultaneously have silk’s

excellent physical properties (mechanical, optical, etc.). Such protein-based magnets will

have a unique advantage in biomedical sectors. The work has implications in material sci-

ence, materiomics, quantum biology, biomedical engineering, and mechanical engineering.
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approaching magnet. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
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3.16 Geomagnetic sensitivity of Silk Bio-Magnetosensor. (a): The Earth-scale

magnetic field is produced by an electromagnet powered by an on-off mod-

ulated current. The field is measured at the position of the silk wick. The

change in the angular position of silk wick is captured by a camera and

analyzed with an imaging software frame-by-frame. The all-silk pendulum

is enclosed in a glass chamber to prevent air-flow noise. The anchor of the

all-silk pendulum is electrically grounded to avoid any stray electrostatic

effects. (b): θp vs. time for 50 µT on-off field, (c): Sub-geomagnetic

responsivity of silk compass. Error bars denote angular fluctuation in the

steady state. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

3.17 Magnetic driving of silk swimmers. (a) Schematic of the setup used to

show magnetically assisted driving of miniaturized silk swimmers in de-

ionized water. The swimmers can be driven on the surface of the water

in any suitable manner by controlling the magnetic field produced by the

magnet kept below the petri dish. (b) The snapshots of supplementary video

2 (Video-2 Magnetic Driving) demonstrate this phenomenon. We can see

that bunched-up silk swimmers are being driven from the left side of the

petri dish to its right side under the influence of a magnetic field of 35

mT. (c) Distance vs. time graph of silk swimmers extracted from Video-

2 Magnetic Driving. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

3.18 Force exerted on silk swimmers. (a) Schematic of the setup used to es-

timate the force experienced by miniaturized silk swimmers in de-ionized

water under the magnetic field gradient generated by a stationary magnet.

The swimmers get pulled from a place with a low magnetic field to a place

with the highest magnetic field, as illustrated. (b) Shows the field gradient

generated by a stationary magnet in our experimental setup with respect to

x and y dimensions depicted in (a). (c) Shows the applied force experienced

by silk swimmers due to strong magnet

(
d(µ · B⃗)

dx

)
with respect to their

distance from magnet. We can see that magnet exerts a maximum force of

90 nN in a field of 45 mT and a maximum force of 30 nN in a field of 30 mT.

As shown in the next section, such forces are strong enough for contactless

manipulation and transportation of organic material in liquid media. . . . . 101
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3.19 Magnetic rotation of silk swimmers. (a) Shows the schematic of the

setup used to show the magnetically assisted rotation of miniaturized silk

swimmers in de-ionized water. The swimmers can be maneuvered in any

suitable manner by controlling the magnetic field produced by the mag-

net kept below the petri dish. (b) The snapshots of supplementary video

3 (Video-3 Magnetic Rotation) demonstrate this phenomenon. We can see

that bunched-up silk swimmers are rotated clockwise and anti-clockwise

under a magnetic field of 35 mT. (c) Rotation angle vs. time graph of

silk swimmers while being rotated in a clockwise manner in the Video-

3 Magnetic Rotation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

3.20 Magnetic trapping of a fleet of silk swimmers. (a) Shows the schematic

of the experiment demonstrating magnetic trapping of silk swimmers at any

desired location in de-ionized water with the field of ≈ 35 mT. (b) shows

the snapshots of the supplementary video 4 (Video-4 Magnetic Trapping)

showing magnetic trapping of miniaturized silk swimmers. Video also

demonstrates that even if we disturb the system by applying external forces

(shaking) to scatter the silk swimmers, they return to their trapped location

very quickly. This imply that silks can be used as magnetic tweezers for

biological materials. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

3.21 Magnetic transport of cargo leaf using silk swimmers. (a) Schematic of

the experiment showing magnetic transport of cargo leaf using silk swim-

mers. Tiny silk magbots (magnetic robots) surround a leaf and help in its

transportation from one end of petri dish to another end under the influ-

ence of magnetic field (b) Snapshots of the supplementary video 5 (Video-

5 Leaf Transport) demonstrating this magnetic transport phenomenon. (c)

Distance vs. time graph showing silk-assisted transport of leaf obtained

from the Video-5 Leaf Transport. No displacement of the leaf was possi-

ble in the magnetic field without the silk. . . . . . . . . . . . . . . . . . . . 105

3.22 Magnetic transport of onion peel using silk swimmers. (a) Schematic of

the experiment showing magnetic transport of onion peel using silk swim-

mers. Tiny silk magbots (magnetic robots) surround an onion peel and

help in its transportation from one end of petri dish to another end un-

der the influence of magnetic field (b) The snapshots of the supplementary

video 6 (Video-6 Onion peel Transport) demonstrate this phenomenon. (c)

Distance vs. time graph showing silk-assisted transport of onion peel ob-

tained from Video-6 Onion peel Transport. Without silk swimmers, the

onion peel could not be magnetically transported. . . . . . . . . . . . . . . 106
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3.23 Magnetic transport of human skin using silk swimmers. (a) Schematic

of the experiment showing silk swimmers transporting a piece of dead hu-

man skin (from lips) in de-ionized water. Tiny silk magbots (magnetic

robots) surround a human skin tissue and help in its transportation from

one end of petri dish to another end under the influence of magnetic field (b)

Snapshots of the supplementary video 7 (Video-7 Human Skin Transport)

demonstrate this phenomenon. (c) Distance vs. time graph showing silk-

assisted transport of human skin obtained from Video-7 Human Skin Transport.

Without the silk, no transport was possible in a magnetic field. . . . . . . . 107

3.24 Silk-assisted magnetic transport of human hair fiber. (a) Schematic of

an experiment showing silk swimmers transporting a bundle of human hair.

Tiny silk magbots (magnetic robots) surround a human hair strand and help

in its transportation from one end of petri dish to another end under the

influence of magnetic field (b) Snapshots of the supplementary video 8

(Video-8 Human Hair Transport) demonstrate this phenomenon. (c) Dis-

tance vs. time graph showing silk-assisted transport of human hair obtained

from Video-8 Human Hair Transport. The hair could not be magnetically

transported without the silk. . . . . . . . . . . . . . . . . . . . . . . . . . 108

3.25 Magnetic transport of non-magnetic oil drop using silk swimmers. (a)

Schematic of an experiment showing silk swimmers transporting an immis-

cible liquid. Tiny silk magbots (magnetic robots) surround an immiscible

liquid and help in its transportation from one end of petri dish to another

end under the influence of magnetic field (b) Snapshots of the supplemen-

tary video 9 (Video-9 Immiscible Liquid Transport) demonstrate this phe-

nomenon. (c) Distance vs. time graph showing silk-assisted transport of

liquid drop obtained from Video-9 Immiscible Liquid Transport. The drop

does not respond to the magnetic field without the silk. . . . . . . . . . . . 109
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3.26 Controlled merging of two fluid drops by magnetic silk swimmers. (a)

Schematic of an experiment showing miniaturized silk swimmers combin-

ing one immiscible liquid drop with another stationary drop. Tiny silk mag-

bots (magnetic robots) surround one drop of immiscible liquid and help

in its transportation from one end of petri dish to combine with another

stationary drop under the influence of magnetic field. (b) Snapshots of

the supplementary video 10 (Video-10 Combining Liquid Drops) demon-

strate this phenomenon. (c) Distance vs. time graph showing silk-assisted

merging of droplets obtained from the Video-10 Combining Liquid Drops.

Capillary force is observed when the two droplets are too close, and the

magnetic field is removed. These experiments show possible applications

in controlling droplets in biological settings [19, 20]. . . . . . . . . . . . . 110

4.1 Schematic of the all silk pendulum experiment. (a): Shows the detailed

procedure of preparation of spider silk rod with the image of one of the

actual rod prepared for the experiment. (b): Shows the pendulum made

using the silk rod. (c): Complete experimental setup where the pendulum is

placed in a glass enclosure to eliminate effects of surrounding air flow. The

silk rod experiences a uniform magnetic field produced by the Helmholtz

coils. A gauss meter was also placed in order to note the magnitude of

magnetic field produced by the coils. An overhead camera was used to

record the entire experiment. . . . . . . . . . . . . . . . . . . . . . . . . . 116

4.2 Results of all silk pendulum. The graphs show the experimental results of

our all silk pendulum kept in a uniform magnetic field. In this experiment,

we experimentally confirmed that θ ∝ B2 with a small error of ±0.04 radi-

ans in pendulum 1 and ±0.05 radians in pendulum 2. The data is in strong

agreement with the theory. . . . . . . . . . . . . . . . . . . . . . . . . . . 118
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4.3 All silk torsion pendulum mimicking spider. (a) Explains the technique

of extracting a single spider dragline silk thread from the spider. A spider

is made to fall from the top of a cardboard frame. While freely falling, the

spider releases its dragline silk to ensure it safely reaches the ground. As it

reaches the bottom end of the frame, we take the silk released by the spider

and use it to make our pendulum. (b) shows the picture of the actual frame

and spider used to make the pendulum. We found that the spider releases its

silk at a natural rate of approximately 1 cm/s. (c) shows the final pendulum

made using a thin plastic film that can partially reflect light. We ensured

that the weight of the plastic film (non-magnetic) is equivalent to that of the

spider, so silk receives equivalent stress as it does from an abseiling spider. . 119

4.4 Experimental setup to detect the magnetic response of spider silk. A

probe beam deflection technique (PBDT) was employed by attaching a thin

plastic film to the spider silk under study, this plastic beam reflects a small

amount of light falling on it, and the reflected spot acts as an indicator of

the angular position of the pendulum. The dynamics of the reflected beam

were recorded using a camera, and the video was later analyzed using mo-

tion tracking software. The magnetic coil is used to excite the silk pendu-

lum locally. A rectangular square wave signal was used to drive the coil for

repeated on/off cycles, and the current was measured using an ammeter. A

laser diode was also connected as an indicator for on/off cycles. The pen-

dulum was enclosed in an air-tight glass chamber. The entire experiment

was kept on a non-magnetic honeycomb vibration-free table. . . . . . . . . 120

4.5 Geomagnetic sensing by dragline silks. (a-c) shows the one-to-one ro-

tational response of 3 different spider dragline silks to the magnetic field

of different magnitudes differentiated by the color code given in the index.

The similar frequency of changing magnetic field and rotation of spider silk

pendulum implies a strong correlation between them. The 0 and 1 in mag-

netic field graphs represent the period for which the magnetic field signal

was switched off and on, respectively. Moreover, we can also see that the

magneto-mechanical response of dragline silk at a subgeomagnetic field

changes well below (66 µT ). These results depict that spiders might get

magnetoreception cues from their dragline silk when it experiences changes

in magnetic fields. (d) shows the rotation of pendulums with respect to the

applied magnetic field for all three pendulums. The colored lines are for vi-

sual aid. We can see that even a ”single silk thread” can detect geomagnetic

fields in all three cases. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123
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5.1 Preparation of pristine silk samples: The figure shows a detailed step-

by-step procedure for preparing pristine silkworm silk samples for magne-

tization experiments. (a) shows the picture of B. mori silk cocoon mem-

branes (SCM) collected from a silk farm. (b) shows the pieces of SCM

after cutting them with ceramic scissors. Ceramic scissors were used in-

stead of metallic ones to avoid contamination of SCM with metallic impu-

rities. (c-e) Degumming the silks removes unwanted impurities and sericin

from SCM’s surface. The cut silk pieces were cleaned in 0.02 M solu-

tion of Na2CO3 for 7 hours and later were cleaned with deionized water

for 2 hours. These silks were then air-dried for about 18 hours to remove

moisture. (f) Shows the sample kept in cleaned and sterilized MCT for ex-

perimentation. Utmost care was taken to avoid any metallic contamination

of silk and samples were handled only using clean latex gloves. . . . . . . . 126

5.2 MH of silkworm silk at 300 K. (a): At high magnetic fields, the diamag-

netic contribution of silk dominates heavily over its ferromagnetic contri-

butions typically above 3000 Oe. M* stands for data before diamagnetic

subtraction. (b): M-H relation after subtracting diamagnetic contribution

at 300 K. Upper inset: zoom of hysteresis loop showing coercivity and

remnant magnetization. Lower inset: distribution of Hc , Mr and Ms for

two samples. Mean values of these parameters are Ms = 2.8 ± 0.33 ×
10−3 emu/g, Hc = 65±20.0 Oe and Mr = 2.22±0.55×10−4 emu/g. . . . 128

5.3 Comparison between MH data for empty tube background and with
silk. The background SQUID data was obtained with an empty tube (Black).

We note that the background is negligibly diamagnetic compared to silk-

worm silk (SS). Hence, throughout the experiments, we performed dia-

magnetic background subtraction by using high field data (of CS) at 300 K.

Bottom graph shows zoom near zero fields. The background does not show

any hysteresis. It must be noted that an empty holder means a quartz half

tube with Teflon tape but without silk samples. . . . . . . . . . . . . . . . . 130
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5.4 MH data of silkworm silks at 10 K. (a): The magnetization of silk has

increased significantly when compared with data collected at 300 K. (b):

MH relation after subtracting diamagnetic contribution at 10 K. We can see

that the magnetization doesn’t saturates even at magnetic fields of 7 T and

keeps increasing linearly. This suggests the coexistence of ferromagneti-

cally interacting (J > 0) and non-interacting spins in silk samples. Average

remnant magnetization increases to Mr = 7.91±0.8×10−4 emu/g and co-

ercive field, Hc = 223± 27 Oe. The average paramagnetic susceptibility,

χp = 3.1±0.11×10−7emu/(g ·Oe). . . . . . . . . . . . . . . . . . . . . 131

5.5 Comparing M-H curves of silk at different temperatures. The data de-

picts the soft ferromagnetic character of silks at 10 K, 300 K, and 400 K.

Left inset: Comparison of Hc and Mr at these temperatures. As the temper-

ature increases, we can see a steady drop in Mr and Hc. Right Inset: Zoom

of data near zero field. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

5.6 XPS survey scan for three pristine silkworm silk samples. The consis-

tent peaks corresponding to carbon (C), oxygen (O), and nitrogen (N) are

visible in both survey as well as core scans. We also got weak signals for

other known elements like calcium (350 eV ). However, there was no signal

of any transition d-block and f-block elements in the survey scan. These

measurements were performed on uncoated silk samples. Target plate area

was 1 cm×1 cm. The scan area of XPS is typically in µm2, and scanning

depth is up to 10 nm. Measurements were performed in a high vacuum of

10−9 mbar . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134

5.7 Core XPS scans confirming the absence of ferromagnetic elements. We

further took dedicated core scans to detect the key elements (Fe, Co, Ni)

that can be ferromagnetic at room temperature. The above results were ob-

tained after five complete scans near their specified energy spectra; still, no

signal was found above the background noise level. Fe’s expected primary

2p signal lies from 706 eV to 710 eV. Ni’s expected primary 2p signal lies

from 852 eV to 855 eV. Expected primary 2p signal of Co lies from 778 eV

to 779 eV [NIST XPS Database]. . . . . . . . . . . . . . . . . . . . . . . . 135

5.8 XAS spectrum of silkworm silk samples. The absorption edges of C, N,

and O are visible. No absorption could be detected for heavy ferromagnetic

atomic numbers (lower graph) like Fe, Ni, Co, or Mn. . . . . . . . . . . . . 136
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5.9 Magnetometry with pristine and tensile ruptured silk. Procedure of a

series of experiments performed by stretching the silk is depicted along

with the photographs of the actual silk sample. (a) shows the silk in its

pristine form before stretching. This silk was ruptured into multiple small

pieces by the stretching mechanism shown in (b). (c) Magnetometry data

of the above two cases ((a) and (b)) at 300 K and 10 K (d). The inset on

the left (c) shows a zoom of the data near zero magnetic field to highlight

the comparison of Mr and Hc of ruptured and pristine silk samples. The

inset on the right (c) shows a bar graph to compare the Ms of ruptured and

pristine silk samples. The error bar highlights that the observed change in

Ms is well above the experimental error. . . . . . . . . . . . . . . . . . . . 139

5.10 Magnetometry with pristine and cut silk. Procedure of a series of ex-

periments performed by cutting silk is depicted along with photographs of

the actual silk sample. (a) shows the silk in its pristine form before cutting.

This silk was cut to over 100 pieces/cm using ceramic scissors, as shown

in (b). (c) Magnetometry data of the above two cases ((a) and (b)) at 300 K

and 10 K (d). The inset on the left (c) shows the zoom of the data near zero

magnetic field to highlight the comparison of Mr and Hc of cut and pristine

silk samples. The inset on the right (c) shows a bar graph to compare the Ms

of cut and pristine silk samples. The error bar highlights that the observed

change in Ms is well above the experimental error. . . . . . . . . . . . . . . 141

5.11 FC-ZFC DC magnetization of silk samples. (a-b): The FC data was taken

at 1 kOe field. The background of oxygen has been subtracted from the

samples. We can see that the magnetic transition near 120 K is consistent

for all independent silk samples (highlighted by a box in each graph). The

inset of the graph (a) shows the transition in FC and ZFC near 120 K. Inset

of graph (b) shows the zoom ZFC curves of both CS 1 and CS 2 to highlight

consistency in magnetic phase transition in silkworm silks. . . . . . . . . . 142

5.12 Comparison of MT data between empty tube background and silk. The

MT data of the background in the absence of silkworm silk (black) show

negligible magnetization for ZFC and FC with an applied magnetic field of

1000 Oe. Even at low temperatures < 40 K, magnetization data of empty

tube is negligible as compared to spider silk, thus confirming the presence

of non-interacting spins in silks. The silk data shown here is corrected

by subtracting the oxygen background from them using the procedure ex-

plained in Appendix C. No oxygen correction was done in the empty tube. . 143
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5.13 Magnetic representation of silkworm silk. The figure indicates that atomic

defects in crystalline β sheets (green structures) of silk fibroin lead to the

existence of free (isolated) and interacting radicals (shown in pink bubble). 144

B.1 Comparison of magnetic transition in silk and oxygen at T = 60 K.
Comparison of magnetic moments of solid oxygen and spider dragline silks

data. Note that the silk’s magnetic signatures are consistent in all four sam-

ples and transition at 60 K correlates with two magnetic transitions of solid

oxygen. The oxygen data is taken from [21] Below 30 K, the paramag-

netism of silk samples overwhelms the α magnetic transition of oxygen

solid, and hence it does not appear in our data. The magnetization data of

silk are normalized for ease of comparison. . . . . . . . . . . . . . . . . . 152

C.1 FC-ZFC DC magnetization of four pristine samples SS1-SS4. (a-d):

The FC data was taken at 1 kOe field without subtracting the oxygen data.

We can see large Para-AFM transition bumps in the temperature range of

40 K - 60 K, highlighted with rectangular boxes. These belong to oxygen.

These samples were prepared in ambient atmospheric conditions. . . . . . . 153

C.2 Preparation of oxygen-free silk sample for SQUID magnetometry. The

degassing/purging process of the silk is quantified in terms of the pressure

in the chamber vs. time. After the pressure was reduced to 7.0×10−7 mbar,

argon was pumped into the chamber till the pressure reached back to over

1 bar. The oxygen-free sample was carefully sealed in the argon-purged

capsule in the argon environment. . . . . . . . . . . . . . . . . . . . . . . 154

C.3 MT graph on silk in argon environment. Note that the magnetic hump

(near 60 K) disappeared once the air (oxygen) was replaced with argon. We

also observe that the magnetic phase transition (see inset) persists at 120 K,

which is consistent with all the silk samples as shown in Fig. 3.12. . . . . . 155

C.4 Purification of silk’s magnetism from low-temperature oxygen back-
ground. The hump-like feature around 60 K was subtracted from the orig-

inal data (top curve) using a polynomial fitting. . . . . . . . . . . . . . . . 157
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Chapter 1

Introduction to Natural Silk Polymers
and Organic Magnets

1.1 Introduction

With the advent of climate change, the present century has seen an emergence of the search

for new eco-friendly, efficient, and functional materials as a replacement for plastics and

metals as well as sources of energy. A few notable examples of high-functioning sustain-

able materials are carbon nanotubes, graphene, cellulose-based fibers, carbon fibers, natural

silk-based materials, biofuels, etc. History reveals that inspiration from nature and natural

evolution has always played a significant role in the development of engineering marvels

that were previously considered impossible. As an example, the aerodynamic structures of

birds and the design of their beaks have inspired designs of high-speed airplanes, maglev

trains, and surgical tools. Likewise, the design of helicopters and submarines was motivated

by dragonflies and deep-sea whales, respectively. Hence, taking a closer look at nature will

again help us in our search for high-performance, biodegradable and non-toxic materials.

One brilliant example of such a material is the natural silk produced by arthropods (insects).

Silks are proteinous structures produced by insects and play many vital roles, like pro-

tection and metamorphosis in these organisms, including providing nutrition to them in

harsh environmental conditions. Ancient historical evidence reveals that silks were used

for sewing wounds by Romans, while the Chinese have used them as a fabric since 3630

BC. Moreover, it was also one of the first items in the world to be traded globally and is

widely used in the textile industry to date. However, beyond being a textile raw material, it

has excellent mechanical properties like high tensile strength and toughness. Surprisingly,

the strength of silk protein is not because of strong ionic or covalent bonds as in other

materials but is due to hydrogen bonds, which are considered one of the weakest bonds in

nature. Silks present a strong example of a case where weak molecular forces like hydrogen
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bonds, when working collectively in unison, can exhibit incredible strength and toughness

unmatched by any other natural or manufactured fiber. Due to their excellent mechanical

and medical properties, silks have been an important topic of interest for many research

groups worldwide. In this chapter, we will learn a good deal about structure, composition,

physical properties, and applications of spider dragline silks and cocoon membrane silks of

Bombyx mori.

1.2 Natural silks

Arthropods secret silks to provide structural support for various life functions such as catch-

ing prey, metamorphosis, etc. In that sense, silks are a unique class of proteins that function

outside these organisms’ bodies, unlike other proteins that either function inside or at the

interface of the body and outside environment (e.g., keratin)[28]. Cocoon silk of Bombyx

mori and dragline silk of spiders, in particular, has gained much interest in research due

to their remarkable mechanical properties such as strength and toughness, which surpass

even artificial strong materials like Kevlar and steel. Silks can have strength in GPa ranges

similar to steel, whereas their toughness is two times more than that of steel or Kevlar while

having a much lower density than these materials. A more attractive feature of silks is that

these fibers are produced by simply processing proteins in water under ambient conditions

[29, 1, 30, 31, 28].

Orb weaving spider produces seven different types of silks to support itself. Each silk

serves a different purpose and thus has different structures that suit its function. Figure

1.1 briefly describes all the different types of silks that spiders produce and their respective

functions. A brief description of all its silks is given below:

1. Major Ampullate (Dragline silk): This is the strongest silk produced by a spider

and is also known as dragline silk. It provides a firm structure to the web and is also

known as the lifeline of a spider. The following section will discuss more details

about its structure, functions, and properties.

2. Flagelliform silk (Capture silk): This silk is commonly known as the capture silk

as it is specifically designed to capture and trap the prey of a spider. It has high

energy dissipation property to absorb the kinetic energy of the flying prey. It also has

a unique capability to capture water from air [32]. It covers the most area on the web,

as can be found in fig. 1.1. Its structure is entirely made of helices with no to few

beta sheets.

3. Aggregate silk: This is cementing silk that not only helps the different silks present

in the web attach but also acts as a sticky coating on the capture silk helping the prey
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Figure 1.1: Types of Spider silks. Schematic overview of different silk types produced by

female orb-weaving spiders (Araneae). Each silk type (highlighted in red) is tailored for a

specific purpose. (Taken from [1])

get stuck on it.

4. Minor Ampullate: Another type of spider silk used to reinforce the spider web.

It forms a spiral structure towards the center of the spider web. It has high tensile

strength as the major ampullate but is not as elastic as it.

5. Pyriform silk: This silk is another type of cementing silk that helps the web to get

attached to the surrounding structures. Fig. 1.1 depicts it quite aptly.

6. Aciniform silk: A spider uses this silk to wrap its prey once captured. The same silk

is also found on the outer case of the eggs laid by the spider. Hence it acts as a shield

for the preservation and protection of its interiors.

7. Cylindriform silk: This silk is found on the inner side of the egg case of a spider.

The main focus of my research is mainly on the dragline silk or major ampullate.

Bombyx mori or mulberry silkworm produces a silk cocoon membrane for itself during

molting from dormant pupae to an adult moth. These cocoons act as robust growth incuba-

tors for the silkworm during their metamorphosis while maintaining appropriate tempera-

tures, humidity, light, and gaseous balance as well as protecting from UV rays and predators

[33].
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Apart from their remarkable mechanical properties, in recent years, silks have found

use in more diverse areas such as optics, photonics, clothing apparel for casual as well as

military grade, flexible electronics, biomedical devices, and other research purposes. As-

tonishingly, a violin was also made using strings of spider silk [23, 34, 25, 24]. Biomimicry

of silk proteins to produce a lightweight, minimalist, biodegradable, and yet functional ma-

terial can be of great importance for a sustainable future.

This section will discuss the basic structure, composition, properties, and applications of

B. mori cocoon silk and spider dragline silk before briefly describing my research problem.

From here on, the term cocoon silk will be used for B. mori cocoon silk and spider silk will

be used for spider dragline silk.

1.2.1 Structure and Composition

Superior mechanical properties of silk fibers relative to other proteins can be owed to their

amino acid sequence and spinning technique. These factors ensure the appropriate ratio of

microstructures to fulfill silk’s mechanical functions. The silkworm silk protein is known

as fibroin, whereas the spider silk protein is known as spidroin. Various research tools

like X-ray diffraction, solid-state NMR, circular dichroism, SAXS, IR, Raman, and mass

spectroscopies have revealed their structure, and composition [35, 36, 37, 38, 39, 40, 41,

42, 43, 44, 45]. It has been observed that both spider silk and silkworm silk structurally

have a skin-core model (figure 1.2) [2]. Silkworm silk has thicker skin and two silk cores

compared to spider silk, which only has a single core and thinner skin. The shell cover

of silkworm silk is typically made of sericin, while the shell cover of spider silk is made

of lipids and glycoprotein (fig.1.2 (a,c)). The cores are the fibroin/spidroin proteins which

in turn consist of many protein microfibrils (fig. 1.2(b,d)). Spidroin comprises two heavy

protein chains known as MaSp1 and MaSp2, which are linked with disulfide bonds [46]

whereas fibroin is made of heavy fibroin (H-fibroin) and light fibroin (L-fibroin). The net

molecular weight of the entire spider dragline silk is reportedly ca. 600 kDa. Whereas that

of silkworm silk is, ca. 350 kDa [47]. The primary structure of both types of silks and

constituent proteins of spider silk collected from different spider species are given below

(The accession numbers for the sequences are P05790, P19837, P46804, AAC47009, and

AAC47010 respectively [48]).

Bombyx mori fibroin:
GAGAGSGAGAGSGAGAGSGAGAGSGAGAGSGAGAGYGAGVGVGYGAGYGAGAGA

GYGAGAASGAGAGSGAGAGSGAGAGSGAGAGSGAGAGSGAGAGSGAGAGSGAGAG

SGAGAGSGAGAGSGAGAGSVYGAGYGAGVGVGYGAGAGAGSGAGAGSGAGAGSGA

GAGSGAGAGSGAGAG
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Figure 1.2: Silk structure at a glance. figure (a) and (c) describes the hierarchical shell-

core structure of silkworm silk and spider silk, respectively. (b), (d) shows that the core is

made of many fibrils (tertiary structure), and those fibrils are comprised of crystallites made

of β -sheets and the amorphous chains made of helices and turns. (Adapted from [2, 3])

Nephila clavipes MaSp1:
AAAAAAGGAGQGGYGGLGSQGAGRGGLGGQGAGAAAAAAGGAGQGGYGGLGGQ

GAGQGGYGGLGSQGAGRGGLGGQGAGAAAAAAA

Nephila clavipes MaSp2:
AAAAAAAASGPGQQGPGGYGPGQQGPGGYGPGQQGPSGPGSAAAAAAAASGPGQQ

GPGGYGPGQQGPGGYGPGQQGLSGPGSAAAAAAA

Araneus diadematus MaSp1:
AAAAAAAAVGAGGGGQGGLGSGGAGQGYGAGLGGQGGASAAAAAAGGQGGQGG

QGGYGGLGSQGAGGAGQLGYGAGQESAAAAAAAA

Araneus diadematus MaSp2:
AAAAAAGGYGPGSGQQGPSQQGPGQQGPGGQGPGGQGYGPGASAAAAAAGGYGP
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GSGQQGPGGQGPYGPGSSAAAAAA

The primary repetitive amino acid sequence (or core) domains of fibroin are hexapep-

tides, including GAGAGS, GAGAGY, GAGAGA, and GAGYGA. Here G, A, Y , and S

stands for glycine, alanine, tryosine, and serine. Spider silk’s (spidroin) repetitive core

domains for MaSp1 are GGX (X stands for a random amino acid) and poly alanine, (A)n

and the core domain of MaSp2 are GPGGXX and poly alanine, (A)n. P stands for pro-

line. Since spidroin and fibroin are fibrous proteins, these domain units are repeated several

hundred times in a silk structure and thus govern the macroscopic properties of silk. The

non-repetitive domains of silk are also essential for fiber formation. The conformational

geometry of the central core domains of the protein is shown in figure 1.3. Polyalanine

(A)n and poly-glycine-alanine (GA)n domains form β -sheet structures (highlighted by red

color in the above-mentioned amino acid sequence). These domains are also hydropho-

bic. β -sheets formed by these core domains are tightly packed and impenetrable by water.

These β -sheets are behind the rigidity and stiffness of silks, despite being held together by

hydrogen bonds, which are the amongst the weakest bonds found in nature. The collective

behavior of these hydrogen bonds provides an extraordinary stiffness to β - sheets of silk

proteins [49]. β -sheets in spider silks are formed by the intramolecular folding of pro-

tein chains in addition to intermolecular hydrogen bonding among the protein chains. The

repetitive domain formed by GGX results in 310-helices, while that formed by GPGGXX

conforms to elastic β− turns. These helices and β− turns provide elasticity to spider silks

and hence are responsible for the superior toughness of spider silks. These hydrophilic do-

mains act as linkers connecting hydrophobic β− sheets. Thus, the tertiary structure formed

by the composition of these secondary structures has hydrophobic components at the core

of the fibril and hydrophilic components towards the outer surface. The ratio of hydropho-

bic to hydrophilic domains of amino acids governs the secondary structure and polymer

connectivity that, in turn, results in different material properties of silk.

Research has revealed that β -sheets (also known as crystalline domain) constitute 50%-

70% of the structure of silkworm silk, and the rest 30%-50% is made of amorphous or

non-crystalline domains [50]. The crystalline domain of silks is sometimes referred to as

the ordered part of the silk, and the amorphous or non-crystalline domain is the disordered

part of silk. We have previously discussed that the β - sheet of silkworm silks is made of

hexapeptide domains mostly with (GA)n motifs. A typical β− sheet is known to have a

monoclinic space group with a rectangular unit cell of a = 0.938 nm,b = 0.949 nm,c =

0.698 nm [35, 36]. The amorphous regions help to cross-link these crystalline sheets. All

the crystallites are aligned along the fiber axis of silk.

Spider silk is known to have about 30% to 40% of crystalline or ordered portion made

of β -sheets formed dominantly by (A)n domains and also have β -sheets made of (GA)n
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Figure 1.3: Conformation of different motifs in silk.The above table shows the different

conformations that amino acid sequence motifs take under ambient conditions in silk. We

can see that the amorphous part consists of 310- helices, β - turns formed by GGX and

GPGXX motifs in spider silk, and the crystalline part consists of β - sheets formed by

(GA)n,(A)n motifs in spider and silkworm silks. Besides these structures, random coils are

formed by many non-conserved motifs in both silks. These random coils are also part of

the amorphous portion of silk. (Adapted from [1].)

domains [51]. 60% - 70% of spider silk is comprised of 310-helices and beta-turn formed

by GGX and GPGGXX domains, as mentioned earlier, along with some random coils. The

primary structure of silk (fig.1.2) gives us a good idea that its overall structure can be shown

as tiny crystals embedded in an amorphous matrix. The size and dimensions of these small

crystals in a single thread were found to be 2× 5× 7 nm using x-ray diffraction patterns

[37, 38, 43]. Also, the inter-crystallite distance along the fiber obtained using SAXS was

13-18nm. Studies of solid-state NMR on dragline silk have divulged that most helical and

coil structures, as well as β -sheet structures, are well aligned along the axis of spider silk.

[51, 52].

The ratio of crystalline to amorphous domains of silk is very much dependent on the

temperature, pressure, humidity levels, and the spinning speed at which the silk is being

extracted [29, 1]. Moreover, just knowing the composition of the silk alone does not imply

that one can artificially produce silk materials with similar mechanical properties as that of

natural silks. Artificially produced silk (also known as recombinant silk) is known to have

much inferior mechanical properties compared to that produced by silkworms and spiders,
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Fibers
Stiffness

(GPa)

Strength

(GPa)

Extensibility

(%)

Toughness

(MJm−3)

B. mori Cocoon silk 7 0.6 18 70

A. diadematus dragline silk 10 1.1 27 180

A. diadematus capture silk 0.003 0.5 270 150

Wool 0.5 0.2 5 60

Elastin 0.001 0.002 15 2

Nylon fiber 5 0.95 18 80

Kevlar 49 fiber 130 4 1.3 25

Carbon fiber 300 4 1.3 25

High-tensile steel 200 1.5 0.8 6

Table 1.1: Comparison of mechanical properties of natural silks with other synthetic
fibers. (Taken from [22])

albeit their compositions are very much alike. Therefore the knowledge of the spinning

technique used by spiders and silkworms is of utmost importance [53, 54, 1].

We will now briefly discuss the various physical properties of natural silks.

1.2.2 Physical properties and applications of Silkworm and Spider
silks

Several remarkable properties of silks were discovered over six decades of extensive re-

search.

Silks are mainly known for their spectacular mechanical properties. Spider silk is the

toughest naturally occurring fiber known to humanity, surpassing even artificial materials

like steel, Kevlar, and carbon fiber in toughness. In terms of strength, silks are stronger

than any naturally occurring fiber. Table 1.1 compares mechanical properties like strength

and toughness of natural silks with other mass-produced artificial materials [55, 22]. The

exceptional elasticity and extensibility of spider silk are attributed to its 310-helices and

β - turns, which upon excessive shear stress, unwind. On the other hand, the strength is

attributed to its crystalline β -sheets. The crystallites’ size and distribution among the fiber

play an important role in deciding the fiber’s strength.

Silk’s mechanical strength and toughness make it a potential construction material for

utilities like ropes, nets, parachutes, seat belts, etc. Its remarkable energy dissipation prop-

erty makes it a perfect fit for bulletproof wearables as an eco-friendly and more efficient

replacement for Kevlar.

Besides their highly regarded mechanical properties, silks also possess brilliant piezo-
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electric behavior. Silk’s intrinsic piezoelectricity arises due to the non-centrosymmetric

monoclinic space group acquired by β - sheets of silk [56]. The dipole interaction leading

to hydrogen bonds is highly ordered in nature, giving an overall dipole moment to helices

and β -sheets. A high degree of orientation in the silk secondary structure enhances this

property. Shear stress on silkworm silks shows a piezoelectric response of ≈ 1 pC/N (in

the perpendicular direction to stress) as compared to ≈ 2 pC/N of quartz crystal.

Silks exhibit brilliant optical properties and have been quoted as ”mother nature’s su-

per lens” because it was observed that spider silk could resolve a 100 nm distance using

white light. Spider silk can aid in super-resolution imaging by acting as cylindrical super-

lens and thus overcome the field of view shortcomings of microsphere lenses [57]. More-

over, being transparent in the visible light region with a refractive index of 1.54 - 1.55, silks

can be used as waveguides to transmit multimode signals, and this was indeed demonstrated

experimentally [58, 59]. Silks can become an ideal material for interface in the biological

and optical world for biomedical applications. By processing silk, they can be transformed

into multiple shapes and sizes, forming lenses, waveguides, diffraction gratings, microlens

arrays, etc. [60].

An astonishing property of spider silk is its high thermal conductivity, nearly equal to

the thermal conductivity of copper, the second-best thermal conductor after diamond [61].

It was also observed that applying a minor strain to spider and silkworm silks increases

their thermal conductivity and diffusivity.

The most promising applications of silks can be seen in the medical industry, where

they can be used for several purposes like surgical threads, bandages, etc. Several research

articles have proposed that silks can be used to make artificial bones, tendons, ligaments,

and muscles without any side effects [31, 23, 25, 62]. Silks have also been used to cre-

ate surgical implants and replacements that are more efficient than conventional ones in

providing support to the body and other blood vessels and are non-toxic in nature [27].

We have covered many potential applications of silks across several industries. We now

summarize these applications in table 1.2.

Millions of years of evolution have led nature to engineer such a great fiber possessing

many extraordinary properties in a single protein polymer. However, silks obtained by

spiders are low in quantity, and several attempts to replicate this fiber synthetically have

been carried out. Artificially produced spider silk fibers, known as recombinant spider silk,

are very close to the natural ones but not a perfect replica. We have discussed almost all

spider silk’s physical properties known to date. A crucial lesson to remember is that the

assembly pattern of nanostructure domains is the most influential factor determining the

macroscopic properties of biomaterials, especially in silks. Lessons learned from nature

keep inspiring us to push ourselves to produce high-performance biodegradable materials.
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Industry Applications

Defense Bulletproof apparels

Utilities Ropes, seat belts, parachutes, nets, plastic bottles, etc.

Optics and

Photonics

Lenses, microscope, fiber optic cables, fiber optic biosensors (FOBs),

diffraction gratings, photonic lattices, etc.

Electronics

Nanogenerators, watches, pressure sensors, air flow sensors, voice

recorders, thermal cooling of microchips and lasers, wireless charging

of microdevices, OTFTs, etc.

Medical

Bio-sensors, pacemakers, voice recognition devices, nanogenerators for

batteries used in prosthetic body parts, drug delivery, hearing aids, sur-

gical implants, artificial bones, muscles, tendons, implantable electron-

ics, etc.

Scientific Polymer Research, biomimetics, etc.

Table 1.2: Summary of potential applications of silk materials. [23, 24, 25, 26, 27]

As we conclude this section, we must point out that despite several years of research on

silks, their inherent magnetic properties have remained unknown.

The present research deals with the magnetic properties of pristine natural silks. The

following sections will introduce the readers to the wonderful field of organic and carbon-

based magnetism. We’ll start by briefly revising the fundamental magnetic characteristics

(diamagnetism, paramagnetism, ferromagnetism, antiferromagnetism, and ferrimagnetism)

found in crystalline materials and extend our discussion toward the behavior of magnetic

ions in amorphous materials. This is essential for understanding and analyzing the results

of the present research work.

In the later sections, we’ll learn about organic and carbon-based magnets and discuss

the existing research in the field of organic magnetism, its challenges, and its advantages.

This knowledge is essential to realize the importance of the present research work. The

chapter will end by paving the path for my research problem.
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1.3 Amorphous Magnets

1.3.1 Introduction

We can remind ourselves about the five major magnetic orderings in solid crystalline mate-

rials that we learned in high school:

• Diamagnetism

• Paramagnetism

• Ferromagnetism

• Anti-Ferromagnetism

• Ferrimagnetism

Diamagnets repel the magnetic fields and does not let them pass through themselves.

Thus the magnetic susceptibility of diamagnets is always negative. The origin of diamag-

nets can be traced to completely filled orbitals of atoms. In molecules with completely

filled orbitals, diamagnetism is the dominant magnetic character. Organic aromatic com-

pounds have a prominent diamagnetic character due to the delocalized p-electrons, which

can move around in large rings. Aromatic compounds also exhibit a significant diamagnetic

anisotropic effect, i.e., diamagnetism is maximum when the plane of the rings is perpen-

dicular to the applied magnetic field compared to when the plane of the ring is parallel to

the fields. Examples of diamagnets are water, copper, glass, etc. Most organic materials are

diamagnetic in nature.

Paramagnets, on the other hand, are attracted to magnetic fields and let them pass

through themselves. The magnetic susceptibility of paramagnets is positive. The origin

of paramagnetism can be traced to the presence of partially filled orbitals of atoms and

molecules. Electrons in these partially filled orbitals oscillate around the nucleus (or nu-

clei), forming atomic current loops with a magnetic moment. However, their net magnetic

moment averages to zero without an external magnetic field. On applying an external mag-

netic field, the internal magnetic moment (due to partially filled orbitals) of atoms try to

align themselves with the direction of external magnetic field. Thus the overall material

feels an attractive force. Examples of paramagnets are aluminum, titanium, iron oxide

(FeO), oxygen etc.

However, in the case of systems, with partially filled localized orbitals, the unpaired

electrons in these orbitals start interacting. This interaction provides electrons an additional

degree of freedom and is known as the exchange interaction. Paul Dirac described their
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Figure 1.4: Standard magnetic orderings in crystals.

interaction energy in a simple expression known as Heisenberg interaction Hamiltonian

[5]:

H =−2 ∑
a>b

Jab Ŝa · Ŝb (1.1)

J is mostly expressed in terms of temperature by dividing it by kB, which is known

as Boltzmann’s constant. Ŝi is the Dirac spin-1
2 operator of ith electrons. Jab expresses

the exchange interaction energy between ath and bth electron. Note that we have used

the spin angular momentum in eq.(1.1) and not total angular momentum because, for 3d

transition metals, Ŝ is a better quantity to determine the magnetic moment (as has been

verified experimentally), whereas, in 5f transition metals, the spin-orbit coupling becomes

significant. Therefore total angular momentum Ĵ replaces Ŝ in the equation. Hence H is

the sum of all exchange energies of all the pairs of atoms in a lattice. However, when the

interaction only includes the nearest neighboring atoms (as observed in crystal lattices), J

is reduced to a single number. If J > 0, the interaction is said to be ferromagnetic, and if

J < 0, the interaction is said to be antiferromagnetic. Ferromagnetic interaction means the

spin of the electrons aligns parallel to each other, whereas, in antiferromagnetic interaction,

their spins tend to align antiparallelly. Moreover, if J = 0, the system is paramagnetic. The

interatomic exchange coupling can only be ferromagnetic or antiferromagnetic.

The interaction amongst spins of partially filled orbitals leads to other magnetic order-

ings like ferromagnetism, antiferromagnetism, and ferrimagnetism (figure 1.4).

Ferromagnets are materials that are strongly attracted to magnetic fields and have a

high internal magnetic moment because of the strong interaction (J > 0) among the un-

paired electrons (fig. 1.4(a)). They make strong magnets, and their magnetic moment

retains even in the absence of a magnetic field (known as remnant magnetic moment). The
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strong coupling of spins in this material can be broken by heating the material to an exact

temperature, known as Curie’s temperature (expressed as Tc). Above Tc, ferromagnets be-

have as paramagnets. The net magnetization (total magnetic moment of the material per

unit volume or mass) of a ferromagnet can also be reduced to zero by applying an external

magnetic field (known as a coercive field) in the opposite direction to the internal magnetic

field produced by the material (ferromagnet) itself. Examples of ferromagnetic materials

are iron, nickel, cobalt, etc.

Anti-ferromagnets materials are not attracted in the presence of magnetic fields, but

the spins show strong interaction among themselves. An antiferromagnetic solid is thought

of as a solid having two sublattices, A and B. Each sublattice has equal magnetization

in magnitude, but the direction is opposite, and hence the net magnetization of the entire

crystal lattice is zero (fig. 1.4(b)). The temperature at which the net interaction energy

of spins in both sublattices reduces to zero is known as Neel temperature (expressed as

TN). Above TN , we observe an antiferromagnetic to paramagnetic transition. Examples of

antiferromagnets are α −Fe2O3, chromium, FeMn, NiO, etc.

Sometimes, due to structural constraints, the antiparallel spins in the material do not

align perfectly, and there is some angle (< 180◦) between the spins. In such cases, one can

observe a small remnant magnetization and a coercive field. Such orderings are known as

canted antiferromagnets. As a famous example, α −Fe2O3 undergoes antiferro to canted

antiferro magnetic ordering when cooled below 10◦ C, known as Morin’s transition.

Just as in an antiferromagnet, ferrimagnet solid can be considered to have two different

sublattices with different magnetizations MA and MB, both having opposite signs. However,

in this case M⃗A ̸= M⃗B. Therefore, the net magnetization M⃗ = M⃗A + M⃗B ̸= 0. There is

spontaneous magnetization, and a ferrimagnet’s behavior in the presence of a magnetic

field is similar to that of a ferromagnet. At the critical temperature Tc, the interaction

energy amongst the spins starts decreasing very fast just, and this temperature is called

the ferrimagnetic Neel temperature. Above Tc, both lattices lose their magnetism and start

showing paramagnetism. Examples of ferrimagnets are γ −Fe2O3, Fe3O4, MnFe2O4 etc.

In fig. 1.5, we briefly discuss all major magnetic orderings’ magnetometry (MH) and

thermomagnetic (MT) characteristics.
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Figure 1.5: Magnetic characteristics of major magnetic orderings in crystals.

Here we have only briefly discussed the standard theory of magnetism and skimmed

over the majority of details as a thorough discussion about these orderings and their prop-

erties are beyond the scope of this thesis.

In the next section, we will discuss the magnetic orderings of amorphous magnets.

1.3.2 Magnetic Orderings of Amorphous Materials

In solid crystals, the interaction J is between the nearest neighboring atomic sites and next

to the nearest neighboring sites. Since the structure is crystalline, the interatomic distances

are well defined and remain constant except for a few defects. Thus the value of J is fixed.

However, the interatomic distances are not fixed in amorphous structures where there is no

long-range atomic ordering. Therefore, instead of a fixed value of spin interaction constant,

J, we have a distribution of its value. This leads to many new orderings of magnetism

which are, in general, derivatives of the above main magnetic orderings listed above. The

following flowchart in fig. 1.6 will help us glimpse the family tree of magnetic orderings in

amorphous materials.
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Figure 1.6: Major magnetic orderings in amorphous materials. The magnetic orderings

in the last row are apparent in amorphous materials and disordered solid crystals. In the

case of amorphous materials exchange interaction energy, J is replaced by J̄ (see eq. 1.2),

as J is no longer fixed and has a distribution. (Adapted from [4, 5])

The magnetic orderings in the last row of figure 1.6 are not only limited to amorphous

solids. They are also observed in disordered solids where different atoms irregularly occupy

sites of a regular crystalline solid.

We can make amorphous magnets by doping dielectric amorphous materials with mag-

netic elements or compounds, e.g., common glass doped with iron oxide. However, in such

cases, the concept of percolation threshold becomes quite important [63, 64]. Normally,

doping amorphous material with ferromagnetic elements will not lead to ferromagnetism

because the concentration of ions will be so low that they will be too distant for any ex-

change interactions. The percolation threshold, np, gives the minimum concentration of

ferromagnetic impurities needed to turn a diamagnetic amorphous material into a soft fer-

romagnet. Generally np = 2/Zc, where Zc is the cation-cation coordination number.

As mentioned before, here, instead of a single value of exchange constant, we get a
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distribution of it as:

J̄ = J+∆J (1.2)

Now depending on the width of ∆J, J̄ can either be positive as in amorphous ferro-

magnets or can be negative as in speromagnets or can have a distribution that spans from

positive to negative as in asperomagnets (fig. 1.7). Both anisotropy and exchange constant

play a significant role in deciding the Heisenberg interaction Hamiltonian of the system.

Anisotropy means that magnetization in one direction will be more than in others. Here,

we introduce the concept of single-point anisotropy. In an amorphous material, the crystal

field changes from point to point. Therefore, the magnetic ions at every site try to align

their moment along the easy local axis governed by the corresponding crystal field at their

location. If Di is the local axial crystal field strength at site ’i’ and S(z)i is the total spin of

the magnetic ion along easy axis direction ’z,’ then the Heisenberg interaction in amorphous

material is modified as :

H =−∑
i

Di(Sz)
2
i −2∑

i j
J̄Si ·S j (1.3)

Here we have assumed an axial symmetry of the crystal field for simplicity.

In the case of amorphous ferromagnets, magnetic properties like anisotropy and mag-

netostriction can be tuned by varying the composition to one’s preference. Such ability is

not permitted in rigid crystalline ferromagnets. Although one can understand there can-

not be any magnetocrystalline anisotropy since there are no crystal lattices in amorphous

magnets. Moreover, it has been observed that the Curie temperature of amorphous materi-

als is not very different from that of crystalline counterparts, although magnetization falls

quicker in the case of amorphous magnets. A few examples of amorphous ferromagnets are

Fe80B20,Fe100−xCox etc.

Speromagnetism, on the other hand, is the case where the interaction constant J is

completely negative. In the case of amorphous materials, this means that spins are all in

a random direction creating a frustrated spin state (fig. 1.6). The interaction is generally

through superexchange (of some kind). The randomized spins lead to a magnetic response

similar to paramagnets at a temperature above a critical temperature called Tso. Tso is the

temperature where the spins freeze; below this temperature, spins attain a random config-

uration just as in a frustrated spin system. This critical temperature is smaller than the

paramagnetic Curie temperature, TP. There can be multiple frozen spin states, and all are

degenerate in nature. The M-H characteristics of Speromagnetism is shown in fig. 1.7(c).

Examples include Y Fe2, FeF3, α −Re, etc..

Sperimagnetism is the amorphous analog of ferrimagnetism, as has been presented in
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Figure 1.7: MH of major amorphous magnetic orderings. A schematic presentation

of different sorts of magnetic ordering based on the distribution function of the exchange

interactions P(J) and the corresponding M(H) magnetization curve: (a) disordered ferro-

magnetism, (b) asperomagnetism, (c) speromagnetism and (d) spin glass.( Taken from [6])

figure 1.6. Here there are two or more magnetic species, mainly made of both 3d-4f tran-

sition atoms, unlike speromagnets and asperomagnets. Atoms interact ferromagnetically

with members of their series and antiferromagnetically with atoms of other series. The

system have a non-zero remnant magnetization.

Asperomagnets, as represented in fig.1.7(b), have a range of J in both positive and

negative values. This type of interaction again is frustrated in nature, and the spins are

randomly oriented. However, the spin alignment is more likely parallel than antiparallel

in local environment, causing microdomain formation within the structure. Therefore, a

remnant magnetization is present. The interaction between such spins is not as strong as in

ferromagnets. Since the aligned spins can have a favorable direction, anisotropy plays a big
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role. The competition between exchange interaction and anisotropy is crucial and has con-

sequences on net magnetization with respect to the applied field. If |J|> |D|, each domain

acts independently as a single spin and is unaffected by the large fields, and magnetization

does not saturate. However, if |D|> |J|, the domains are affected by the external field, and

the magnetization saturates depending on the direction of local easy axis with respect to the

field. Examples are Y Fe3, T bAg, GdAl2 etc.

Spin glass are a special category of magnetic systems which have very dilute magnetic

impurities (< 1%) in a glass-like amorphous matrix. These systems can be both metallic

and non-metallic. The impurity concentration is far less than the percolation threshold

needed for impurities to interact directly and form any clusters. Thus, in the case of metallic

materials, their primary source of interaction is through the indirect or RKKY method. The

distribution of the interaction constant, J̄, is centered at zero, and the width is symmetrically

extended in both positive and negative directions (fig. 1.7(d)). One of the key signatures of a

spin-glass is a difference in MT (Magnetization v. Temperature) measurements of material

depending on whether it is cooled under the presence or absence of a magnetic field (field-

cooled (FC) and zero-field cooled (ZFC)). This cusp arises below a critical spin freezing

temperature, TSG. Below this temperature, the spins of the magnetic impurities freeze into

one of the many possible degenerate configurations. Under the influence of a magnetic

field (FC), the configuration with maximum moment gets selected, and we observe a net

magnetization. In contrast, in the absence of a field (ZFC), the spins freeze in random

directions, and the magnetization below TSG approaches zero. Thus, a divergence between

ZFC and FC. Such divergences are not visible in ferromagnets under small magnetic fields

(unless there is a strong anisotropy). Examples of ideal spin glasses are CuMn and AuFe.

Interestingly, the spin glass system is not limited to amorphous materials but can occur

in crystalline materials too. Spin glasses are a general system with disorderedness and frus-

trated magnetic interactions, and therefore, magnetic orderings like speromagnetism and

asperomagnetism can be considered variants of spin glasses. As we keep on increasing the

concentration of magnetic atoms, they start forming magnetic clusters in the host material

that interact directly; this leads to a cluster glass magnetic ordering (fig. 1.8). Again, on

continuous addition of magnetic impurities, it transition from cluster glass to an amorphous

ferromagnet. Interestingly, when the concentration of magnetic atoms per unit volume n is

close to percolation threshold np, we can observe a unique transition in the magnetic or-

dering of the overall material as we vary temperature (fig. 1.9). Below Curie temperature,

ferromagnetic interaction aligns the atomic magnetic spins. However, as we keep lower-

ing the temperature, a critical temperature, Txy, comes below which we observe a magnetic

transition from ferromagnetic to asperomagnetic ordering. The local field anisotropy, |D|,
causes the transverse components of magnetic spins to be frozen in random directions and
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Figure 1.8: Ideal spin glass and clustered spin glass systems. The atomic concentration

of magnetic impurity in ideal glass is ≤ 1% while in clustered glass is 30%-50%.

we observe a decrease in net magnetization of the material.

At the end of this section, we have laid down the basic foundation of magnetism and its

concept, at least for the scope of this thesis. We will now discuss various new concepts that

have emerged and challenged our fundamental understanding of conventional magnetism,

especially the emergence of magnetism in organic materials.

Figure 1.9: Cluster glass phase diagram. Phase diagram for a metallic spin-glass system

as a function of concentration and temperature.
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1.4 Proteins in Magnetic Field

Before exploring organic magnets, we will take a break and return to proteins. In section

1.2, we described that silks are protein fibers. We will now study what happens when a

protein is kept under a magnetic field.

1.4.1 Diamagnetic anisotropy of proteins

Amino acids are made of carbon, hydrogen, nitrogen, and oxygen. Hence amino acids

and proteins are diamagnetic in nature [65]. However, things get interesting when we keep

proteins under very high magnetic fields (> 2 T) because we observe the diamagnetic

anisotropy of proteins in action. Such high magnetic fields can only be produced in lab-

oratories. When kept in a high magnetic field, protein structures like α-helix or β -sheet,

collagen, etc. align themselves in a magnetic field such that the diamagnetic repulsion is

maximum. The magnetic stabilization energy is given as:

∆E =
µ0

2
|∆χ|H2 (1.4)

Here, ∆χ is the diamagnetic anisotropy in susceptibility of protein and is given by ∆χ =

χ∥−χ⊥. H is the magnetic field strength. χ∥ and χ⊥ are the susceptibilities of protein when

the peptide bond plane is parallel and perpendicular to the direction of the applied magnetic

field. The protein structure is oriented magnetically when ∆E > kBT . This behavior is not

limited to proteins but is also observed in other biopolymers like DNA and polysaccharides

and is utilized in polymer processing. Moreover, strong magnetic fields help form protein

crystals faster, and the crystals formed under the influence of high magnetic fields have

increased crystallinity [66, 67].

Now, the question remains, what is the origin of this diamagnetic anisotropy? The an-

swer to this lies in the structure of peptide bonds. The conjugated nature of peptide bonds,

i.e., the partial double bond between the -CNO bond, leads to diamagnetic anisotropy [68].

Delocalized electrons in the partial double bonds result in the diamagnetism of molecules,

as discussed in section 1.4.1. α-helical structures show the most significant anisotropy. The

peptide bonds in α− helices are parallel to its axis, making it the direction of smallest dia-

magnetic susceptibility. Thus α-helices align parallel to the magnetic field directions. In

β -sheets, on the other hand, the peptide bonds are oriented parallel to the sheet. β−sheets

also align themselves parallel with magnetic fields, i.e., the normal vector from the plane

of the sheet is perpendicular to the direction of the field. Similarly, in the case of collagens,

the peptide bonds are oriented 45◦ to the axis; hence the orientation of collagens is perpen-

dicular to the magnetic field lines. Compared to aromatic ring structures, the anisotropy of
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peptide bonds is about one order of magnitude lesser.

1.4.2 Magnetoreception proteins

Magnetoreception is the ability of living beings to sense earth’s magnetic field. This helps

many organism to navigate their home and migrate from one place to another during cli-

mate changes across the year. These abilities have been discovered in simplest organism

like bacteria to complex organism like reptiles, birds and most mammals (except humans).

Magnetoreception capabilities of living beings have long been speculated to be connected

with light sensing cryptochrome (Cry) proteins found in the retina of the eye of living

beings. A possible mechanism through which protein can sense or be affected by small

magnetic fields (µTs) is by the formation of radical pairs (RP) [69]. Recently, another pos-

sible explanation for magnetoreception was given by discovering a new magnetic protein

called MagR, a complex made by cryptochrome and iron-sulfur-based protein system [8].

We will discuss both these proteins one by one.

Radical pair mechanism and Cry protein

Radical pair formation is an intermediate step when a protein reaction occurs via photo-

chemical, thermal, or radiative processes. Radicals are formed due to electron transfer, hy-

drogen transfer, or decomposition of spin-singlet or triplet excited states and are short-lived

in nature. The state that produces singlet radical pairs are called S-precursors, and those

producing triplet pairs are called T-precursors. These radicals can be influenced by external

magnetic fields and thus can change the pathways and kinetics of the protein reaction. A

brief description of the radical pair mechanism is given in figure 1.10.

The reaction starts with forming radical singlet or triplet pairs from their respective S

and T precursors [70]. These radicals are surrounded by a chemical solvent depicted with

+R. Now, as these radicals are generated, they are nearby; thus, the pair of radicals are called

close (Close RP). We know that the spin singlet state (antisymmetric) can easily recombine

and form a stable ground state complex known as cage product. At the same time, the

triplet state (symmetric) will have to overcome a Coulombic barrier to recombine. However,

singlet pairs can sometimes convert into triplet pairs in radicals with heavy central atoms.

If the cage product is not formed, the close pair radicals diffuse away from each other

into the solvent and eventually form separate pairs (Separated RP). These separate pairs

recombine with radicals formed by other pairs, producing a stable product. The external

magnetic field can manipulate the conversion of the S-T pair and, thus, the overall chemical

reactions. A detailed quantum mechanical approach to the process can be found in literature

and is beyond the scope of this thesis.
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Figure 1.10: Radical pair mechanism. Reaction scheme of radical pairs generated from

singlet and triplet precursors. Singlet and triplet radical pairs are represented by 1[. . . ] and

3[. . . ], respectively. KSO,P,E are the rates of reactions. (Taken from [7])

The idea of the RP mechanism as a source of magnetoreception in migratory birds was

first interpreted in 1978 [71] and has been an active topic for research ever since. After long

scrutiny, various conditions were put on the kind of protein responsible for magnetorecep-

tion to narrow down the possible candidates. Finally, it was proposed that a protein named

cryptochrome (Cry protein) has the potential to induce magnetoreception abilities in a liv-

ing organism. It is found in the retina and is a photoreceptor protein. It has also been found

in parts of the forebrain responsible for vision processing and absorbs blue-green light.

The complete mechanism of Cry has been presented in multiple papers [72, 73, 74]. Cryp-

tochrome consists of flavin adenine dinucleotide (FAD) and a chain of tryptophans (Trp).

On absorbing blue light, it produces [FAD*- TrpH*+] and [FAD* TrpH*]. On application

of static magnetic field, only the former RP can go back to its ground state of [FAD+TrpH]

while the other RP is spin forbidden to revert to its ground state. These changes are easily

detectable and indicate the presence of a magnetic field, and hence changes in the yield of

chemical products lead to magnetoreception.
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MagR-Cry protein complex

Figure 1.11: Structure and magnetic character of MagR-Cry complex. (a) A

nanoscale Cry/MagR magnetosensor complex with intrinsic magnetic polarity acts as a

light-dependent biocompass. Linear polymerization of Fe–S cluster-containing magnetore-

ceptors (MagR) leads to the formation of a rod-like biocompass at the center (core, yellow),

surrounded by photoreceptive cryptochromes (Cry; the outer layer, cyan). Cross-section on

the right side, indicating that electron transportation from the FAD group in Cry to the

Fe–S cluster in MagR upon light stimulation may be possible. (b) Magnetic properties of

the clCry4/clMagR magnetosensor complex. Room temperature magnetization as a func-

tion of the field for the clCry4/clMagR magnetosensor complex was obtained by subtracting

the contribution of a buffer from the solution. A hysteresis loop indicates the ferrimagnetic

behavior of the clCry4/clMagR complex. (Taken from [8])

Recently researchers have found a new protein biocompass to explain magnetoreception

in animals. The said protein biocompass was extracted from the retina of Drosophila

melanogaster and is proposed to be present in all insects, birds, rodents, etc., including

humans. It is a complex made up of a magneto-sensitive iron-sulfur cluster protein named

MagR and the Cry. The proposed structure is shown in fig. 1.11(a). This protein assists in

light-magnetism coupled magnetoreception [8]. Moreover, the crystalized protein obtained

from the complex was analyzed using a SQUID magnetometer for M-H characteristics (fig.

1.11(b)). A hysteresis loop was observed with a coercivity of 20 G (2 mT), and scientists

proposed that the complex formed is ferrimagnetic in nature. These results are, however,

very controversial since the iron atoms couple antiferromagnetically in all Fe-S clusters and

sometimes exhibit paramagnetism in the case of mixed valence states of the involved iron
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atoms.

Iron binding proteins

At this point, we must discuss metalloproteins, particularly iron-binding proteins, and de-

scribe how they interact in magnetic fields. Many iron-binding proteins are known to us,

and they are vital to our existence. Hemoglobin is an essential protein responsible for oxy-

gen transport in our body through blood. Ferritin is the iron-storing protein that releases

iron in case our body has iron deficiency. Ferredoxin is present in plants, humans, and

bacteria. It helps in the process of photosynthesis in plants and anaerobic electron transport

in bacteria. In humans, it is essential for the functioning of mitochondria. Rubredoxin is

another iron-containing essential protein responsible for electron transfer in biological sys-

tems. Likewise, there are many more proteins with an abundance of iron content. However,

the iron in all these proteins has either no unpaired electrons or whenever unpaired electrons

are present, they often interacts antiferromagnetically. It also infers that the mere presence

of iron does not guarantee ferro-/ferri-magnetism in biological systems. Complete knowl-

edge of the structure and binding state of iron is essential. No protein has been found that

exhibits ferromagnetism (except the MagR-Cry complex), even though there are proteins

like deoxyhemoglobin and ferritin that are paramagnetic at room temperature.

Magnetogenetics is a new field that utilizes genetic encoding to develop protein assem-

blies that are sensitive to magnetic fields and can be used to control cell behavior. Recently,

a research group engineered a ferritin-containing protein crystal by loading it with iron in

vitro. The proteins showed apparent ferromagnetic behavior and moved towards a mag-

net. Such a response was replicated when the engineered protein was inserted into the cell

in vitro; the entire cell started moving towards the magnet [75]. This is a significant step

toward functional magnetogenetics and the development of organic protein-based magnets.

1.5 Organic Magnets

The knowledge of magnetism acquired so far has elucidated that magnetism is a quantum

phenomenon. The angular momentum of an electron is the root source of an atom’s mag-

netic moment, and the interaction of these magnetic moments leads to magnetic orderings

in a solid. Hence the requirements to become a magnet (ferromagnet) can be stated as (1)

the presence of a stable magnetic moment, (2) interaction among these magnetic moments

with an appropriate exchange interaction with J > 0 (ferromagnets) or an overall majority

of parallelly aligned magnetic moments (ferrimagnets, asperomagnets, and sperimagnets)

and (3) arrangement of these interacting moments over the large region across the material.

However, one must have observed that throughout our discussion of magnetism, we
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have only come across examples that are inorganic or metallic, except for section 1.5, where

we dealt with proteins. The discovery of the first organic molecular magnet was made in

1991 in p-nitrophenyl nitronyl nitroxide radical (p-NPNN) [76] even though its Curie tem-

perature was just 0.6 K. Since then, organic magnets have been a hot topic for research.

Organic magnets hold key advantages over inorganic ones: biocompatibility, biodegrad-

ability, plasticity, flexibility, solubility in common organic solvents, and electrical insula-

tion. All these properties can be helpful in multiple biomedical and spintronic applications.

Moreover, organic magnets already have the upper hand in magneto-optical switching ap-

plications and in applications requiring the manipulation of light polarization due to their

superior optical properties compared to the inorganic magnets [77]. Their biodegradability

and low cost of production make them even more advantageous over traditional inorganic

magnets. In addition, one can tune their physical properties very easily by modifying their

synthesis process.

Even though organic magnets seem very attractive, developing such magnets is not easy.

As mentioned earlier, an organic compound or polymer must fulfill all three requirements

to become a magnet. Fulfilling each of these requirements has challenges. We know that a

compound with completely filled orbitals is diamagnetic. All organic compounds are pre-

dominantly diamagnetic in nature, and in order to have a stable magnetic moment, they

must have an unpaired electron or a radical. The problem is that organic compounds with

free radicals are generally highly reactive (because of lack of localized d or f orbitals) and,

therefore, unstable. The second challenge is that even if we manage to have unpaired elec-

trons by adding 3d transition metals or forming stable radicals in p-orbital, it is found that

whenever these unpaired electrons are nearby, they tend to interact antiferromagnetically

and have zero net magnetic moments. Nevertheless, scientists have devised new strategies

and techniques to overcome these two obstacles. We will discuss them in this section.

The critical development of organic magnets is seen in two types of materials: (1)

Magnetic polymers and (2) Molecular magnetic solids. We will discuss both these types

under this section in the following subsections.

1.5.1 Persistent organic radicals

The preparation of a persistent radical in an organic molecule is a big challenge due to its

highly reactive nature. The word persistent is more appropriate and often used than stable

because these radical configurations are not stable, just more persistent in time [11]. There

are three ways in which these highly reactive radicals can be made persistent. However,

the formation of persistent radicals is still a sporadic case, and only a handful of examples

exist. Most of the molecular magnets synthesized are usually derivatives of this handful

of functional groups. The primary three techniques or strategies for making a free radical
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persistent in time are:

• Steric hinderance: The presence of a bulky and large number of stable molecules or

functional groups around the free radicals prevents these radicals from reacting with

their environment. This has been a very effective strategy for producing some of the

most persistent radicals (e.g., fig. 1.12). Nevertheless, this steric hindrance can also

become a bane if proper care is not taken as it can isolate the radicals completely and

hence obstruct the possible pathways of their interaction among themselves, which

are crucial for a ferromagnetic response.

Figure 1.12: Sterically protected radicals. Examples of persistent organic radicals formed

due to steric hindrance by bulky functional groups. ”*” represents the free radical. [9, 10]

• Heteroatoms: Introduction of a negative charge by an electronegative heteroatom,

along with an already existing free radical, helps increase the latter’s persistence. The

Coulomb repulsion between the radical and negative ion prevents their dimerization

and hence the persistence of free radicals.

• Delocalization: Increasing the delocalization of an unpaired electron can help in-

crease the persistence of free radicals.

In order to obtain very persistent radicals, one must simultaneously use these strategies

in a stable solid structure (fig. 1.13). A few examples of highly stable free radical molecules

are given in figure 1.14.
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Figure 1.13: Stable α-nitronyl nitroxide radical. The above radical is stable due to aids

from large steric hindrance, charge densities on the NO group, and delocalization.

Figure 1.14: Free persistent organic radicals.

1.5.2 Magnetic exchange interaction

Two unpaired electrons are ferromagnetically coupled if they reside in two localized orthog-

onal magnetic orbitals that share as much as possible the same spatial region [12]. This rule

is the baseline for all interaction mechanisms responsible for observed ferromagnetism in

organic compounds. As we discussed, there are two types of organic magnets based on the

assemblies of the persistent spin-containing units: molecular magnetic solids and magnetic

polymers. Organic magnets have several intramolecular spin coupling exchange mecha-

nisms, as explained below. The first three mechanisms operate in molecules with strongly

localized spins and produce magnets that are only stable at very low temperatures. The last

spin coupling mechanism operates in highly delocalized molecules and produces magnets

with high overall spins and are found to be stable up to high temperatures in particular

examples.
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Figure 1.15: Nitronyl aminoxyl derivatives. Molecular magnetic solids are formed using

the above molecules at extremely low temperatures. The star ”*” represents the stable rad-

ical. The Curie temperatures of individual molecular solids are given below the molecule.

• Orthogonal orbital mechanism: This mechanism is exactly what its name sug-

gests. One tries to form a molecular structure where the unpaired electrons exist in

close proximity and same spatial region; however, they are in orthogonal orbitals, and

hence interaction is ferromagnetic or weakly ferromagnetic. The triplet state, in such

cases, is lower in energy than the single state. The better the condition is followed,

the stronger the chances of ferromagnetic coupling. Small molecular structures like

carbenes (: CH2), nitronyl aminoxyls, nitriles (-CN), and nitrenes (-NR) are success-

ful examples of molecular magnets formed by this mechanism. Thus, many molec-

ular magnetic solids have been attempted based on derivatives of these structures.

A few successful structures are given in fig. 1.15, along with their Curie tempera-

tures. However, the environment of the solvent or rotational and vibrational degrees

of freedom of the molecule can sometimes interfere and cause the singlet state to be

lower in energy leading to an antiferromagnetic coupling. Thus an orthogonal-orbital

mechanism is fragile.

• Superexchange: This mechanism is not different from the ordinary superexchange

interaction. When the singly occupied magnetic orbitals (SUMOs) of spin-containing

units (free radicals) are far apart to couple directly, their hybridization with the com-

pletely filled magnetic orbitals of diamagnetic bridges can lead to ferromagnetic in-

teraction. Nevertheless, the conditions for ferromagnetic coupling in such situations

are again very strict. This mechanism is mainly seen in diradicals formed on a cyclic

organic structure, as shown in fig. 1.16. This mechanism can produce very robust

high spin molecules.
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Figure 1.16: Superexchange in organic molecular magnets. The far free radicals hy-

bridize with the diamagnetic bridges to interact among themselves.

Figure 1.17: McConnell I mechanism. Different magnetic couplings (a), (b), and (c) for

three distinct orientations of two parallel, close-packed benzyl radicals. Here (a) and (c)

show ferromagnetism and (b) shows antiferromagnetism. (Taken from [11])

• McConnell I Mechanism: This is an intermolecular exchange mechanism rather

than an intramolecular mechanism like the previous two mechanisms. This mecha-

nism explores the possibility of ferromagnetic exchange among closely packed molec-

ular structures containing free radicals based on their spatial arrangements. Spin-

containing units have a set of positive spin-density atoms and negative spin-density

atoms. The spatial arrangements of atoms in these units can influence the configu-

ration interaction between nearby spin-containing units’ singly occupied molecular

orbitals (SOMOs). An example of this behavior is shown in fig. 1.17. A star repre-

sents the positive spin density of atoms. If the atoms with opposite spin densities are

placed on top of one another, the net interaction is ferromagnetic. In contrast, if the

atoms with similar spin densities are placed on top of each other, an antiferromagnetic

interaction is observed [78].

• Topological symmetry degeneration: Persistent spin-containing units can be pre-

pared in delocalized molecular systems. While the above three exchange mech-

anisms involve strongly localized spins, this exchange mechanism involves highly

delocalized ones. Non-Kekule structures are conjugated systems with two or more
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Figure 1.18: Non-Kekule structures and their respective ground states. (Taken from [12])

free radicals and thus cannot form a resonance structure. These free radicals occupy

non-bonding molecular orbitals (NBMOs), equivalent or nearly equivalent in energy.

However, the spin state depends on whether the molecule is disjoint or nondisjoint.

The simplest non-Kekule structures are trimethylmethane (TMM) (structure 1 in fig.

1.18) and trimethylethane (TME) (structure 3 in fig. 1.18). If the two free radi-

cals containing atoms share a common atom, the molecule is called nondisjoint, and

the triplet states, in such cases, will also be lower in energy. TMM is a nondis-

joint molecule. In cases like TME, the free radical-containing atoms do not share

any common carbon atom; therefore, they are disjoint molecules. Singlet and triplet

states are nearly degenerate in disjoint cases, and ground state of spin depends from

system to system. A table in fig. 1.18 below gives examples of hydrocarbons where

a triplet state is preferred, and ferromagnetic exchange dominates via this exchange

mechanism.

Designing nondisjoint molecules for making high spin robust organic magnets is usu-
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ally common practice. Most organic magnets are designed by making derivatives of

the above nondisjoint hydrocarbons. However, defects in such hydrocarbon systems

reduce their spin state severely.

Molecular Magnetic Solids

The practical use of the above-discussed organic molecule magnets is only possible by

assembling them in macromolecular structures with high spins. One approach is to cre-

ate magnetic solids. Magnetic solids are formed by the extension of magnetic molecules

in three dimensions. Since there are no ways to control the 3D packing in an organic

molecule, the resulting magnetic solids are only possible at very low temperatures. The

molecules come together at low temperatures and eventually have a 3D magnetic ordering.

V [TCNE]x and its derivatives are a few exceptions that form thin film and powder form and

can show magnetic ordering at room temperature. The magnetic dimension of a molecu-

lar magnetic solid depends upon the number of exchange pathways molecules have along

different dimensions. Thus a molecular magnetic solid can have a magnetic dimension

different from its spatial dimensions. Generally, all magnetic molecular solids have been

discovered accidentally.

Several examples of purely organic magnetic molecular solids and their mode of inter-

actions have been discussed. Besides purely organic magnets, initial research in organic

magnets utilized metal complexes with organic ligands carrying radicals. These molecules

(fig. 1.19) have coupled 3d spins of transition metals and 2p spins of organic ligands to give

Ferro/ferri-magnetic orderings in 0D, 1D, 2D, and 3D. The choice of exchange mechanism

among the spins of such complexes is either direct exchange (in case of metal-metal inter-

action or metal-ligand interaction) or superexchange (in case of metal-ligand-metal interac-

tion). Complexes like V II[TCNE]2, Mn(h f ac)2 and Cu(h f ac)2 have achieved Tc up to 400

K and 220K respectively. Various nitrile containing TCNE based and cyanide containing

metal-organic complexes like [Fe(C5Me5)2]+[TCNE]·−,Li[TCNE],MII(TCNE)[C4(CN)8]1/2

(M = Mn, Fe) and [M(CN)6]
n− (M is metal ion) [79, 80] etc., have shown immensely strong

ferromagnetic signatures, but these complexes again, becomes strong magnets only at very

low temperature (typically < 10 K) and are highly reactive and unstable in ambient condi-

tions. Recently, chromium-pyrazine-based metal-organic ferrimagnets were prepared with

critical temperatures up to 242°C, and a 7500-oersted room-temperature coercivity [81].

Magnetic Polymers

Another approach to achieving high magnetic spin and robust structure is extending molec-

ular magnets to form polymer magnets. Polymeric magnets interact via the topological

symmetry degeneration approach. Magnetic polymers have potential applications such as
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Figure 1.19: Metal-organic molecular magnets. Here are a few examples of metal-

organic complex molecular magnets. These show ferro/ferri- magnetic behaviors at very

low temperatures ≈ 2K. (Taken from [13])

magnetic recording materials, magnetic shield coatings, magnetic bio-imaging agents, etc.

Small defects or minor distortion in the planarity of polymer structures can disrupt their

ferromagnetic coupling pathways and reduce the net magnetic moment, making their de-

velopment challenging. In the last two decades, a few polymer magnets showing room

temperature ferromagnetism have emerged [82, 83, 84]. Examples of a few polymeric

magnets are given in figure 1.20.

1.5.3 Future Perspectives

Some of the key advantages of organic magnets have been discussed earlier in this section.

A few key areas where organic magnets holds unique advantage is their multi-property be-

havior and the ease of tuning their magnetic moment. Organic magnets can couple magnetic
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Figure 1.20: Polymer Magnets. Examples of a few polymer magnets with their respective

Curie temperatures. We can see that there have been few successful attempts at producing

room-temperature polymer magnets. However, these magnets (room-temperature) are very

brittle.
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behavior with electrical, optical, mechanical, and chemical properties. Their magnetic be-

havior can also be easily mediated by the stimulus of stress, temperature, pressure, photons,

electrons, etc. This has potential applications in micro-/nano- scale switching mechanisms

and data storage devices. From our present knowledge of organic magnetism we can also

predict that organic high spin bulk magnetic materials can only exhibit magnetic orderings

illustrated by amorphous magnets discussed in section 1.4.2.

1.6 Magnetism in Carbon allotropes

Carbon is one of the most versatile and essential elements, without which life on earth is

impossible. Almost all of the organic matter on earth is made from carbon. Moreover,

research on understanding the properties of carbon has been going on for centuries, and

still, it keeps astonishing us. One such astonishing discovery was the origin of magnetism

in allotropes of carbon. We will now move on to discuss the origin of magnetism in pure

carbon!

Besides organic compounds, several allotropes of carbon like graphite, graphene nanorib-

bons, carbon nanotubes (CNTs), carbon nanoparticles, carbon nanofoam as well as carbon

thin films [85, 86, 87, 88, 89, 90, 91, 92] have shown magnetic character which is quite

surprising since carbon is diamagnetic in nature. After their discovery, room temperature

magnetism for pyrolytic graphite and carbon thin films formed using high-power laser got

much attention.

Defects induced in the structure of highly oriented pyrolytic graphite (HOPG) and pro-

ton irradiated carbon thin films are responsible for these systems’ observed robust ferromag-

netic phase. This was confirmed using magnetic force microscopy (MFM), x-ray magnetic

circular dichroism (XMCD), as well as computational methods [93]. There are mainly two

types of defects that can be held responsible for ferromagnetic ordering in these two sys-

tems: point defects and hydrogen atom’s adsorption on their surface [94, 95]. Increasing the

fluence of proton beams irradiating the graphite and carbon thin films would increase the

number of defects induced in them and thus their magnetization, which has been confirmed

experimentally. The vacancy defect in graphite causes a Jahn-Teller distortion bringing the

nearest neighbors of the vacancy closer and forming a pentagon shape. However, in addi-

tion to this, one atom is raised normally to the surface of the graphite sheet by about 0.18

Å. The net magnetic moment due to vacancy is 1 µB. It was found that the adsorption of

hydrogen atoms increases the magnetic moment significantly. H atom is adsorbed at the

vacancy and gives rise to bulk ferromagnetism by enhancing the stability and magnitude of

the magnetic moment of dangling carbon bonds and therefore has a crucial role in overall

ferromagnetic ordering in graphite and carbon films. It was also observed that irradiation of
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Figure 1.21: Graphene Nanoribbons.A carbon nanoribbon with six zigzag chains. The

system is periodic along the x-direction. The edges along the y-direction have the armchair

termination, while the edges along the x-direction have zigzag termination.

these materials with protons (H+) gives higher magnetization than irradiation with Helium

(He) ions. It is also suggested that the magnetism of HOPG is due to previously bound H

atoms on the graphite layer before irradiation. The percolation limit of cavities required

for bulk ferromagnetism in these systems is 4%. Additionally, N-doping in carbon-based

systems has yielded better magnetizations than induced cavities [96, 97]. Planar defects

at grain boundaries also support ferromagnetic ordering in HOPG, as has been confirmed

using MFM [98]. In addition, line defects also confirmed the ferromagnetic phase at defect

sites at room temperature.

Graphene is an extraordinary allotrope of carbon, just a single sheet of graphite. It has

been an active hot topic for research worldwide since its discovery. Recently, functionalized

graphene was created by doping with Fluorine (F) and a hydroxyl group (OH). The doping

ratio (F/OH) helps tune the sp2-sp3 hybridization ratio of C atoms. Hence, one can tune

the ferromagnetic behavior of graphene [85]. Moreover, ferromagnetism is also observed

in nanoribbons formed from infinitely extended 2D graphene layers. Just as in graphite,

the boundaries of these ribbons have been found to have dangling carbon bonds, which

provides a net magnetic moment of 0.2 µB per edge atom. Two types of edges are formed in
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a nanoribbon: armchair edge (AE) and zigzag edge (ZE), as described in fig.1.21. The topic

of which type of edge is more stable is debatable. However, it is agreed that AE dangling

bonds are non-magnetic, while ZEs contribute to the observed magnetism. Adding free

charge carriers by p- or n-type doping can severely decrease or destroy the spin polarization

in graphene nanoribbons [99].

C60 fullerenes on doping with nitrogen shows ferromagnetism but the TC is very small

(< 15 K)[100]. Carbon nanoparticles produced by pulsed arc in ethanol show ferromag-

netism with TC above 300 K [101]. CNTs are other complex systems where room temper-

ature ferromagnetic ordering is found as soon as they come in contact with metallic ferro-

magnet [89]. New research has shown that stretching and cutting of Teflon and parafilm

create dangling bonds in their structure that interact ferromagnetically. Hence, on stretch-

ing, they exhibit weak room temperature ferromagnetism [102]. However, it was observed

that dangling bonds created by stretching and cutting other basic polymers like polythene,

natural rubber, polyvinylidene fluoride (PVDF), and polypropylene (PP) do not interact,

and only paramagnetism is exhibited in these systems [103].

1.7 Research Work

We have discussed a vast range of superb properties manifested by naturally occurring

silkworm cocoon silks and spider dragline silks. Therefore, they appear as an interesting

subject for research. Their biodegradable, organic, and non-toxic/ bio-compatible nature

only amplifies the importance of research on these advanced functional materials, espe-

cially while looking forward to a sustainable future. Silks (and silk-based materials) are an

excellent bridge between the natural and technological worlds. In the previous sections, we

have encountered numerous properties of natural silks; however, one finds that the intrin-

sic magnetic properties of natural silks have remained undiscovered. The reason for that

can be understood from the fact that proteins are usually diamagnetic in nature. In fact,

as discussed in section 1.4, only one natural protein, MagR, has been discovered to show

soft ferromagnetism at room temperature to date. Usually, proteins have a property called

diamagnetic anisotropy, which leads them to align in the magnetic field of huge magni-

tudes (≥ 1 T ), which can only be produced in laboratory conditions. Recent discoveries

of the emergence of ferromagnetism in several carbon-based organic and inorganic com-

pounds like graphite, graphene, carbon nanotubes, PTFE (Teflon), carbon thin films, and

other organic molecules have revitalized the field of magnetism. The room temperature

ferromagnetism in these materials is not due to the presence of d- or f- transition metals

but free carbon radicals and dangling carbon bonds, which interact ferromagnetically with

each other. A detailed mechanism of such ferromagnetism is presented in this chapter.
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Previous studies have shown the presence of stable carbon radicals in silks at room tem-

perature. Atomic and structural defects in naturally occurring spider and silkworm silks

have also been confirmed by SEM, EPR and NMR experiments previously. This motivated

us to inspect the magnetic character of natural silks. Hence, experimental exploration of

the magnetic properties of natural silks and their magnetic characterization and potential

applications have been the primary focus of my present research.

The main objectives of my research have been focused on the following topics:

• To study the magnetic properties of spider dragline silks and silkworm cocoon mem-

brane silks and characterize them.

• To understand the origins of magnetism in silk materials.

• To develop potential applications of their magnetic properties.

The observation are pretty intriguing and can be very useful for developing new tech-

nologies and applications.

We discovered that both spider dragline silk and silkworm cocoon membrane silk demon-

strate ferromagnetism in their pristine state and act as organic metal-free magnets at low,

ambient, and high temperatures (up to 400 K). We also demonstrate simple mechanisms of

enhancing silk’s magnetism by stretching and cutting them, deforming their structure and

possibly creating defects in them. A comparison of magnetism found in spider silks and

silkworm silk has also been discussed. Furthermore, we successfully demonstrate potential

biomedical applications of silks as a new type of magnetically driven advanced biological

micro/nano-meter sized robots (termed as bio-magbots”). Silk-based bio-magbots perform

various functions, such as remotely controlled and magnetically assisted trapping and trans-

porting organic/inorganic materials (like cells, drugs, and tissues) in a liquid environment.

In the technological sector, we show that silks can be used as bio-magnetosensors that can

sense a change in the magnetic field of a few microteslas. Moreover, we also demonstrate

how spiders can manifest the soft magnetism of their silk for magnetoreception simply by

freely suspending themselves from dragline silk. This was demonstrated using a simple and

efficient technique of torsion pendulum.

Chapter 2 will discuss the experimental techniques used for the research. The knowl-

edge attained in the first three chapters will then be applied in chapter 3, which provides

complete detail of experiments exploring the magnetic properties of spider silk and their

potential applications. Chapter 4 discusses spider dragline silk’s potential role in spiders’

magnetoreception. We performed experiments using simple but very sensitive spider silk

torsion pendulums mimicking a spider suspended from its dragline silk. This type of mag-

netoreception technique is unique from that usually found in nature. Chapter 5 discusses
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the differences and similarities in magnetic properties of silkworm silks and spider silks. I

summarize and conclude my research in chapter 6.
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Chapter 2

Experimental Techniques

2.1 Introduction

Previous chapter dealt with the basics of proteins, the structure and properties of natural

silks, and the fundamentals of magnetism in organic materials. This section will discuss

the experimental techniques used to understand the magnetic properties of natural silks.

The chapter is going to be divided into three sections. The first section will deal with

the experimental techniques used to quantify the magnetic properties of the materials; the

second part will deal with spectroscopic techniques used to understand the elemental com-

positions of the material; the third part will discuss electron spin resonance. Though several

techniques are available for these purposes, we will only discuss the ones I have used for

my research.

We will discuss the silk sample preparation techniques for different experiments in

chapters 3 - 5. Here we only discuss the experimental techniques used to analyze the

samples that were common in all experiments.

2.2 Magnetic Characterizations

Measurement of the magnetic moment of the sample under the influence of a uniformly

changing magnetic field is known as magnetometry. Two ways one can accomplish mag-

netometry are (i) flux and (ii) force magnetometry. In the first method, the flux of the

magnetic field generated by the sample is measured via a pickup coil (with the help of in-

duced electromotive force). The second method measures the force exerted by or on the

sample by applying an external magnetic field. There are several techniques utilizing each

of the above methods.

• Flux Magnetometer
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– Vibrating sample magnetometer (VSM)

– Superconducting Quantum Inference Device (SQUID) magnetometer

• Force magnetometer

– Faraday magnetometer

– Cantilever magnetometer

– Piezoresistive magnetometer

– Alternate gradient magnetometer

– Torsion magnetometer

In my experiment, I used a SQUID magnetometer (MPMS 3, Quantum Design Inc.). In

this section, we will learn the basics of a SQUID magnetometer and the proper procedure

for carrying out magnetometry of a sample using this magnetometer.

2.2.1 SQUID Magnetometer

SQUID magnetometer is one of the most sensitive flux magnetometers. It is the best mag-

netometer for investigating the magnetic moments of biological samples. Unlike other flux

magnetometers using simple pickup coils to measure induced emf and then compute the

material’s magnetization, these have a unique SQUID component. A basic schematic of the

SQUID magnetometer is given in fig. 2.1. The brief description of the main components is

given below:

• Superconducting magnet: This is the source of the applied magnetic field, (Bext

as shown in fig. 2.1) in the system. The magnet is constructed using a coil as an

electromagnet made of superconducting material (Titanium-niobium alloy). The su-

perconductivity of the coil is maintained with the help of liquid helium. Typically,

such a magnet in commercial machines can produce a maximum field from 7 T to 9

T. The coil must produce a very uniform magnetic field.

• Superconducting pick up coils: The pickup coil in SQUID magnetometers is made

of superconductors for obvious reasons. The coil is also kept at a low temperature

with the help of liquid helium. These magnetometers usually have two pairs of pickup

coils ( 2nd order gradiometer). The number of turns in pickup coils is much less than

VSM to match the SQUID’s low inductance. The sample is made to oscillate through

these coils slower than the frequency of VSM. A peak-to-peak generation of the emf

is necessary for the working of the magnetometer. The sample oscillates with an

amplitude higher than the length of the coil for this purpose (figure 2.1).
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Figure 2.1: SQUID magnetometer schematic. Basic schematic of SQUID magnetometer

with 2nd order gradiometer. The cross symbols on SQUID denote two Josephson junctions

on a dc SQUID. The inset shows the SQUID response VSQUID versus sample position (x-

pos.). Electronic circuitry used to measure the VSQUID has been omitted for simplicity.

(Adapted from [14] for MPMS 3 Quantum Design.)

• SQUID: In addition, this magnetometer uses SQUID to measure the change in the

magnetic flux of order of 0.001 φ0. Here φ0 is called the quantum of magnetic flux

given by
h
2e

= 2.067× 10(−15) T m2. Typical sensitivity of a SQUID magnetometer

is of order 10(−14) Am2. It is an extremely sensitive instrument that is made using

superconducting loops and two Josephson junctions and has capabilities to detect

extremely subtle magnetic fluxes with lower output noises than
3 f T√

Hz
(see fig. 2.2).

It is also operational over various frequencies, typically from dc to gigahertz. The

instrument is directly connected to the pickup coils and must be kept in a low-field

region with a superconducting shield. Superconductors being perfect diamagnets,

shield SQUID from any residual or stray magnetic fields in the environment and the

superconducting solenoid magnet within the machine.

The data collection process in SQUID magnetometers is relatively slow. In order to

change the magnetic field produced by the electromagnet, we first make the pickup coil non-

superconducting to reduce the current that will flow through it on changing the magnetic

field. Then we ramp the magnetic field up or down from the present value to its new value.

When the field is persistent and uniform, we make the pickup coils superconduct again and

oscillate the sample to collect the new readings of the magnetic moment. This process is

repeated for every data point. In commercial machines, this process is automated.
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Figure 2.2: DC SQUID device. Two identical superconducting half rings are joined to-

gether with two insulating barriers. These superconductor-insulator-superconductor barri-

ers are known as Josephson junctions. The current enters from the left side and is split into

two branches with no magnetic flux passing through the ring. We observe an oscillating

voltage as soon as a magnetic flux passes through the SQUID device. The oscillations are

proportional to magnetic flux quanta passing through the device so one can calculate the

magnetic moment. Quantum Design MPMS 3 uses such a SQUID device. However, other

commercial SQUID magnetometers might use the rf-SQUID device. (Taken from [15])

Magnetometry

The following procedure must be followed for mounting the sample into the machine before

starting the measurements.

• Calibration: Just as in any measurement, the first step is to calibrate your instrument.

For this purpose, we must use a standard sample with a known magnetic moment at

set temperatures. Usually, commercial machines come with a standard sample for

system calibration. A spherical sample of pure Ni with a mass of 10 mg is a reliable

source for calibration. Above 1 T magnetic field, the saturation magnetization of the

sample is 55.1 emu/g at 300 K, and 58.6 emu/g at 4.2 K. Ni does not get oxidized and

hence is suitable for such calibration purposes.

• Sample size and mass: SQUID magnetometer measures the magnetic moment of

the sample under applied magnetic field at a fixed temperature. However, this data is
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only helpful if we normalize the magnetic moment to magnetization. Mass is a much

more stable quantity than volume; therefore, mass magnetization (emu/g or Am2/kg.

Check appendix A for unit conversion) is mainly used. Hence one must measure the

mass of the sample accurately before mounting it on the magnetometer.

The sample size is also critical as, ideally, the sample must be point sized. A point-

sized sample can be thought of as an ideal magnetic dipole. Larger sizes lead to more

errors as the measured magnetic moment becomes dependent on the position of the

sample. Errors for various sample sizes have been observed and reported in research

papers [104]. Typically, the sample size must not exceed 3 mm for high accuracy of

the measurement results. Biological samples usually have a very low density and tiny

magnetic moments. Hence, to get an accurate measurement, we must compress the

sample as much as possible so that a large sample can be used for measurements in

a limited volume. This is done for tissues and related materials by dry freezing and

compressing the sample.

• Sample positioning: Knowledge of the position of the sample inside the pickup coil

is essential for the entire measurement duration. Before starting the main measure-

ments on the material, we ensure that the sample is mounted at the center of the

superconducting coil to ensure maximum accuracy of the measured moment. This

process is known as the ’centering’ of the sample inside the pickup coil. Radial

displacement of the sample inside the coil can bring about an error of 30% in the

magnetic moment measurement. While the sample oscillates, small displacements

are possible; hence, knowing the sample’s position becomes essential so that appro-

priate adjustments can be made and related errors are appropriately reported. In order

to ensure the minimum displacement of the sample, one must mount it tightly on the

sample tube.

• Sample temperature: As we have studied in the previous chapter, the magnetization

of the material is very crucially dependent on the temperature of the material. Ideally,

the sensitivity of the temperature sensor should be independent of the magnetic field.

However, this is not true for real cases. Hence, the temperature sensor of the sys-

tem must be calibrated properly, keeping in mind the effect of changing the magnetic

field on the sensor’s sensitivity. In addition, the sensor must be placed as close to

the sample as possible to monitor its temperature accurately. At low temperatures,

the sample and sensor’s heat capacity, increases rapidly with a small temperature in-

crease. Therefore, a quasi-static approach must be adopted to achieve a stable sample

temperature. SQUID magnetometers can operate in a wide range of temperatures

using appropriate setups. Helium gas cooling is required for the temperature range
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of 5 K ≤ T ≤ 300 K. While liquid He4 is required to reach temperature ranges of

1.5 K ≤ T ≤ 5 K. For temperature ranges of 0.3K ≤ T ≤ 1.5 K, liquid He3 is re-

quired. Going beyond 0.3 K requires a dilution refrigerator. For temperatures higher

than 300 K, an oven is integrated into the system that can take the temperatures up to

1000 K if needed. Therefore, we need different arrangements and appropriate sensors

for different objectives to measure temperatures in different ranges accurately with

the least possible error.

• Magnetization measurement: SQUID magnetometer MPMS 3 from Quantum De-

sign Inc. is an entirely automated system. After calibration and providing a basic

set of commands required for the M-H, such as range of field, fixed temperature,

sample position, step size, etc. measurement, the rest of the data is collected by the

system, and the observed data is displayed on the computer screen in real-time. One

can monitor all parameters from the computer, and the system keeps running unless

the given task is completed. As mentioned above, SQUID magnetometry is a slow

process, and the system might take a day to complete measurements on one sample.

Besides the points listed above, usually, there are several other considerations, like

correcting for the demagnetization field, which depends on the sample shape. An-

other correction factor is the crystallographic orientation of the sample with respect to

the direction of the magnetic field in the case of anisotropic materials. Thus, knowl-

edge about the sample can help reduce errors and measurement time. SQUID mag-

netometers and VSMs have coils to produce magnetic fields in all three directions

to find magnetic anisotropy in such samples. In strongly ferromagnetic powder and

thin film samples, a magnetic field might produce torque and rotate the samples, thus

altering their orientation and giving faulty readings. Hence samples with these mor-

phologies must be mounted to immobilize them. However, these corrections have

never been reported in biological samples and are not of concern in our case.

• Data analysis: After the completion of the measurement of M-H characteristics of

the sample, data is ready to be analyzed. Biological samples are usually diamagnetic,

and it is common to observe a diamagnetic signal at a large magnetic field value. Sup-

pose the system has a ferromagnetic or paramagnetic source embedded in them. In

that case, they will show their characteristic behavior near the origin (low magnetic

fields), where the diamagnetic component will be weaker (M ∝ H). The diamag-

netic behavior is insignificant and must be subtracted from the raw data. For this

purpose, we measure the diamagnetic susceptibility of the material from part of the

data collected at high magnetic fields. Using this value, we subtract the diamagnetic

component of magnetization from the rest of the data. We are now left with valuable
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data that needs to be analyzed.

Sometimes, when the magnetic moment of the sample is sufficiently small, one can

take the magnetization measurement of the empty sample holder to ensure that the

diamagnetic signal is from the sample itself.

The data is analyzed by applying our knowledge gained from the previous chapter, and

appropriate conclusions can be reached after a detailed analysis.

This section describes the experimental method of magnetometry using a SQUID mag-

netometer. We used the above procedure to understand the magnetic behavior of natural

silks in the experiments explained in the next chapter. Now we’ll discuss how to do a

thermomagnetic analysis of a sample.

Thermomagnetic Analysis

While magnetometry helps us understand the magnetic behavior of a sample at a given

temperature, we need to do a thermomagnetic analysis of the material to understand the

material’s magnetic ordering deeply. The word ’thermo’ means related to heat (’therm’

means heat in Greek), and thermomagnetic means temperature-related magnetic character-

istic or M-T characteristics. For this purpose, we maintain the sample under the influence

of a fixed magnetic field and measure the magnetic moment of the sample by varying the

temperature. Unlike magnetometry, thermomagnetic analysis can only be done using flux

magnetometers. For measuring the magnetic moment of the sample, one can use SQUID or

VSM magnetometer. The same MPMS 3 SQUID machine was used in our experiments for

both magnetometric and thermomagnetic analysis. Therefore, the system’s mounting and

calibration procedure are the same as that above.

Commercially available SQUID magnetometers can sweep temperatures from 1.7 K to

400 K in standard mode. The highest reachable temperature with appropriate system ar-

rangements is 1000 K – 1100 K. As mentioned before, most SQUID systems are entirely

automated, and the data collection can take much time, sometimes days, depending on your

chosen procedure. For amorphous magnetic materials (like ours), both zero field cooled

(ZFC) and field cooled (FC) thermomagnetic characteristics must be obtained. For MT

data collection, we first enter the temperature range for which the experiment needs to be

done, along with the constant magnetic field required to experiment. After providing the

required inputs, the sample is made to cool down stepwise to the minimum set temperature

under zero applied magnetic field (ZFC). Once the minimum is reached, we apply the fixed

magnetic field and start heating the sample at a fixed rate while measuring its magnetic mo-

ment at every step. The sample is heated up to its maximum set value in this manner. After

the ZFC M-T data is collected, we cool the sample back to the minimum set temperature
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value, but this time, under the influence of a set magnetic field (FC). Once the minimum

temperature is reached, we measure the magnetic moment while simultaneously heating the

sample with a set temperature increase rate. After collecting FC and ZFC data, the actual

analysis is commenced.

Many samples undergo structural phase transitions under changes in temperature, and

these structural phases significantly impact the material’s magnetic phases. These thermo-

magnetic behaviors can be analyzed using SQUID magnetometers. Crystalline material

might go from a lattice structure that supports a magnetic character to another lattice struc-

ture that might be non-magnetic upon changing temperature. In the case of amorphous

magnetic materials or materials with no long-range ordering, structural phase transitions

become pretty interesting, with multiple structural reorderings leading to multiple mag-

netic phase transitions. Thus, thermomagnetic analysis can also act as a probe for structural

phase transitions of the sample under varying temperatures.

In the previous chapter, we have discussed χ−1 vs. T graphs of multiple magnetic or-

derings (fig. 1.5). Knowledge of these M-T characteristics is beneficial in analyzing the

thermomagnetic behavior of our sample. In addition, this knowledge also helps us under-

stand the magnetic phase transitions occurring in the sample as we vary the temperature.

Furthermore, it provides insight into the sample material’s structural phase transformations.

The combined MH and MT data of the sample provide us with its entire magnetic

picture. There are further experiments that can be done for objectives like understanding the

structure of magnetic domains of a sample or understanding magnetotransport properties of

the sample etc., to get even more information about the sample. However, these experiments

are irrelevant to our research. With this, we conclude this section. In the next section, we’ll

discuss several elemental analysis methods used by us in order to investigate the source of

magnetism in our silk samples.

2.3 Elemental analysis techniques

After observing the magnetic behavior of silks, the curiosity about the source of this mag-

netism lead us to a thorough investigation of elemental analysis of spider draglines and

silkworm silks. This section will discuss the various techniques used for this purpose.

We’ll start with electron energy dissipative spectrum (EDXRF) and move towards x-ray

photoelectron spectroscopy (XPS), x-ray absorption spectroscopy (XAS) and inductively

coupled plasma mass spectroscopy (ICPMS). Generally, room temperature magnetism is

only exhibited by four elements: iron (Fe), nickel (Ni), cobalt (Co), and gadolinium (Gd).

Therefore, observation of room temperature magnetism in silks naturally leads to an inves-

tigation of the presence of these elements in the silk samples. Their presence has never been
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Figure 2.3: Principle of EDXRF. The inner K shell electron is ionized, causing electrons

from the upper shell (with higher energy) to occupy its place. These electrons release their

excess energy by releasing a photon in X-ray frequency shown here as Kα , Kβ , and Lα . K

lines are the primary signature of the element, and subsequent x-rays can be used to verify

the presence of the element.

reported before; therefore, a thorough investigation was required to compare the results us-

ing different techniques with varying sensitivities. The results of the following experiments

will be discussed in the following chapters. This chapter aims to introduce these techniques,

their working principles, procedure of experimentation, and precautions to be taken during

the analysis of the results.

2.3.1 Energy Dispersive X-Ray Florescence (EDXRF)

Each atom has electrons filled in discrete energy levels. We can excite these atoms by

providing energy using photons, electrons, or ions. If the excitation energy is significant, it

might cause ionization of the material. The basic principle for this technique is to excite the

inner shell electrons of atoms of the samples. When the inner shell electrons get excited,

the electrons from higher energy levels decay to acquire their place and, in doing so, lose

their energy (fig. 2.3). This energy is emitted by the atom in the form of x-ray emissions.

Since each atom has a unique atomic structure (due to the uniqueness of its nucleus), x-

rays emitted by each atom are unique (known as Kα , Kβ , and Lα , etc.). Thus, accurately

detecting these emitted x-rays from excited atoms can yield information about the atoms.

This technique determines the unknown elements present in a given sample.

When it comes to the detection of x-rays, there are three main challenges that an ideal
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EDS (Energy Dispersive Spectrometer) must overcome to be a suitable elemental detector.

• The detector must be able to detect the energy radiations in the range of 100 eV to

100 KeV with high resolution (Typically 0.1 eV or better).

• Ability to detect multiple radiation signals parallelly for efficient measurement.

• If only sequential detections can be made, each detection must have a short duration.

• The detector must not add any noise to the original radiation energy signal.

Commercial EDS machines usually use silicon or germanium detectors cooled to liquid

nitrogen temperatures to reduce thermal noise. Si can provide a high-efficiency detection

range of 100 eV to 20 KeV, while 20-30 KeV radiations can be detected with slightly

reduced efficiency. Ge detectors can, however, detect from 100 eV to 100 KeV. Most of the

commercial instruments used for EDS use an automated computerized system to detect and

interpret the signal from Si/Ge detectors and provide outputs.

The ideal sample for best analysis using electron beam EDXRF spectroscopy should

have a well-polished and flat surface with a thickness of about 50 nm. EDXRF spectroscopy

is a very surface-sensitive technique and can obtain only information about elemental com-

position within 2-3 nm from the surface. Hence the thin samples are ideal. To reduce the

x-ray self-absorption, one needs a flat and polished surface. The problem of self-absorption

is of great concern for lighter elements (Z ≤ 15).

In the case of an insulating sample, one must first coat a conductive layer onto the

sample. This layer can be either carbon or gold. Our experiment used a gold coating on

natural silk samples. The coating is connected to the electrical ground. This is done to

alleviate the chances of charge accumulation on the insulating surface of the sample by

the direct electron beam. In the case of biological samples, volatile components and water

might get lost under the radiation of the electron beam. Sometimes these energies are

high enough to break weak organic bonds, hence the removal of volatile components of

the sample. To compensate for such results, a method was developed by Hall (1968) to

replace the peaks with bands of high energy bremsstrahlung radiation scaled with the mass

of electron-excited volume [105]. More details about this technique can be found. Lower

beam energies are generally used for EDS of biological or organic samples.

Nowadays, EDS spectrometers are integrated with SEM systems. The high-energy elec-

tron beams can be controlled to hit the target sample precisely with the known energy of

the electron beam. In our experiment, we used an EDS system from Bruker corporation.

Another challenge is analyzing the data once the experiment is commenced with proper

care. Since each element has a set of K, L, and M peak families, these families can inter-

fere among themselves, making the analysis a tough challenge. Usually, it is found that
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detection of lighter elements like C, O, K, etc. with x-ray signature energy < 1 keV is more

challenging than that of heavy elements like Fe, Pb, Ti, Au, etc. It is standard practice to

compare your observed results with the expected values given in the literature to confirm

the presence of an element in the sample. In order to analyze the data effectively, one must

follow the following set of rules:

• First of all, one must analyze the x-ray peaks above 5 keV, as the detector works best

in this region and the resolution is high. Thus, one can easily search and distinguish

elements in this range. Start from the peaks with the highest energy and then come

down to the lower ones.

• After one has identified a peak and assigned it to an element (after matching with

literature), search for all the K, L, and M families of this element. The energy position

and intensity ratio must match the element’s standard values to confirm the element.

• Always remember, energetically, K > L > M lines. If above 5 keV, K lines of an

element have been found, it means L and M lines of these elements will also be

present at lower energy values.

• Elements with Z ≤ 9 (F) and below only have a single line. The K lines for lighter

atoms (Z<15) are < 1 keV, and their intensities are reduced due to x-ray absorption

by the semiconductor detector.

• After confirming the heavy elements and identifying their lower energy L and M

lines, the detection of lighter elements must proceed with the classification of lines

with maximum energy first and descending to lower energy lines.

• One must always investigate what other trace elements might be present in the sample

whose signals got hidden due high intensity of other heavy element signals.

This sums up how to qualitatively analyze the obtained data from EDS. Quantitative

analysis is, however, much more complex. A good quality quantitative analysis requires

high-resolution data of EDS. This can be done by increasing the integration time of the de-

tector to get a proper shape of the peak. Once we have obtained sufficiently good spectra, it

undergoes various processes to be fit for final analysis. These processes include background

correction, deconvolution of overlapping peaks, and matrix correction. Each of these pro-

cesses is based on complicated statistical and computational algorithms. More about these

can be read in detailed literature. Modern EDS systems use a standardless analysis tech-

nique for which one does not need to repeatedly check the system’s accuracy by measuring

the spectra of standard elements. The standardless analysis technique makes the analysis of
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spectra very simple. The software adjusts for all aspects of x-ray generations, propagation

of x-ray through solid target and background, etc. The user only needs to put the excita-

tion beam energy and x-ray take-off angle. One can also add the elements that need to be

quantified manually, or the software automatically provides the list of detected elements.

However, such an analysis can have significant errors. One must never take the obtained

concentration output at its face value. In order to state the presence of an element in the

sample, one must use the following rule:

• If the concentration of elements is > 10 wt.%, it is a major component of the sample.

• If the concentration of elements is 1 wt.%< C < 10 wt.%, it is a minor component of

the sample.

• If the concentration of elements is < 1 wt.%, it might be present in a trace amount in

the sample or utterly absent in the sample.

One must also provide the error report while providing the concentration of elements

determined by standardless analysis.

2.3.2 X-ray photoelectron spectroscopy (XPS)

XPS uses an approach of bombarding the sample material with high-energy x-rays to ionize

its atoms by knocking out its core electrons. In XPS, we measure the kinetic energy of

the outgoing inner-shell electron and determine the atom’s binding energy (B.E.). The

electronic structure of each element’s atom is unique, and hence the B.E. of electrons reveal

their information. The technique can be used for all solids in various forms, like polymers,

powders, fibers, foils, and thin films. This is a non-destructive analysis technique, but

the results are surface sensitive. We can only extract information about a few nanometers

beyond the surface exposed to the x-rays. Compared to a similar technique called Auger

Electron Spectroscopy (AES), XPS is less surface sensitive. AES uses electron beams

instead of x-rays to ionize the core electrons. X-rays have more penetration depth (up to 3

– 5 nm beyond the surface) than electron beams (< 1 nm), making XPS much more efficient

than EDXRF and AES. The sensitivity of this technique ranges from 1000 ppm to as low

as 50 ppm for heavy elements in a matrix of light elements [106]. However, it varies from

element to element, and thus, the machine must be calibrated for all elements.

Besides giving us information about elemental composition, the data can be used to find

the charge state of that element and understand the chemical nature of the compounds, like

their oxidation states and hybridization. The obtained spectrum is so sensitive that samples

exposed to the air show a large concentration of oxygen (due to oxidation of the sample)
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Figure 2.4: Principle of XPS. High energy beam of x-ray photons leads to the ejection

of photoelectrons from the inner shells of the atom. Since the electronic energy structure

of each atom is unique, so is its binding energy. Hence detection of electrons at specific

binding energies provides information about the element to which they belong.

and carbon. However, XPS requires a very high vacuum of the order of 10−9 mbar to

prevent high-energy electrons from ionizing the air molecules. Ionization of air molecules

can cause a large, noisy interference and loss of electrons from reaching the detector. The

requirement of ultrahigh vacuum is one of the significant disadvantages of this technique

as all samples cannot be maintained in such a high vacuum and start outgassing.

Instrumentation

The XPS setup consists of three main parts (i) source of x-ray beam, (ii) analyzer, and

(iii) electron detector (fig. 2.5). The entire setup has to be housed in an ultrahigh vacuum

chamber (10−8−10−9 mbar). The instrument is shielded with µ-metal to prevent the earth’s

magnetic field from modifying the electron path. Now we will discuss each of these parts

in detail.

1. Source: There are two methods of producing x-rays (i) standard laboratory source

and (ii) synchrotron x-ray source. The standard laboratory source is used in commer-

cial machines. In commercial systems, a tungsten wire is heated by passing a current
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Figure 2.5: Basic XPS setup. The x-ray obtained from beamline or laboratory sources

with energies of about 1.5 keV are bombarded on samples kept under a high vacuum. The

photoelectrons generated are accelerated to the hemispherical sector analyzer (HSA), where

only electrons with a selected energy band (pass energy, Ep) can pass to reach the electron

detector. The data is recorded and stored on the computer.

through it, emitting electrons. These electrons are accelerated towards a metal sur-

face using a high voltage of about 10-20 kV. The collision between an electron beam

and a metal surface produces two types of x-rays – Bremsstrahlung (deacceleration

of electrons) and emission lines (x-rays from metal excitation). The former has a very

low intensity and broad energy spectrum and therefore is irrelevant. The most used x-

ray source metals are Aluminum (Kα ; 1486.6 eV) and Magnesium (Kα ; 1253.6 eV).

However, other metals can be used for the production of lower energy rays. Many

commercial XPS systems come with both sources. The source x-rays themselves

have line broadening of 0.85 eV for Al Kα and 0.7 eV for Mg Kα , which also in-

fluences the line broadening of the XPS spectrum. Moreover, the emission spectrum

of both x-ray sources has satellite x-rays (secondary emission lines). These lead to

additional satellite peaks in the spectrum of the sample, however, these peaks are at

7 eV lower B.E. than the main peak. To overcome these shortcomings, many com-

mercial systems are equipped with x-ray monochromators made of crystal to diffract

the x-ray beam onto the sample. The use of monochromators reduces the line width

of the x-ray source, lowers the intensity of bremsstrahlung radiation background, and

reduces the chance of sample damage due to lower x-ray flux and prevention from

electron bombardment because of damaged x-ray windows.

The synchrotron x-ray source has many advantages over laboratory sources like tun-
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ability of x-ray energies, production of high flux, no satellite x-rays, narrow line

widths, and lower background intensities. However, synchrotron beam sources can

only be present at a few places and have to be scheduled beforehand, and beam times

are available only for a fixed time interval.

2. Analyzer: XPS systems have a hemispherical sector analyzer (HSA) that acts as an

electron energy selector unit. The detailed schematic of the HAS system can be seen

in figure 2.5. The electrons emitted from the sample travel in a field-free zone until

they reach the lens’s entrance. The entering point of this lens is at the same potential

as that of the sample, but the two terminals of the lens have a potential gradient

providing a retarding potential. This retarding potential allows only electrons with

specific threshold energies to pass through the lens and enter the HSA. The analyzer

has two hemispherical sectors, which are kept at different potentials. This HSA acts

as an energy selector; the potential difference between the two hemispheres only

allows electrons with specific energy known as pass energy Ep to reach the detector.

Electrons with K.E. > Ep are lost to the outer hemisphere, while electrons with K.E.

< Ep are lost to the inner hemisphere. The pass energy is given by:

Ep = Ks∆V (2.1)

Ks =

(
Ro

Ri
− Ri

Ro

)−1

(2.2)

Here, ∆ V is the potential gradient between the two hemispheres, Ks is the spectrom-

eter constant, Ro is the outer hemisphere’s radius, and Ri is the inner hemisphere’s

radius.

It has been observed that only electrons with K.E. = Ep ±∆Ea can pass through the

analyzer and reach the detector. ∆Ea is known as the resolution of the spectrometer.

This also adds to a line broadening of the spectrum. The resolution depends on the

angle α , at which the electrons enter the HSA with respect to the normal. If the slit

width is W and the optimal path across the HSA to the detector has radius Rp, then

the resolution energy of XPS is given by:

∆Ea

Ep
=

√
W
Rp

(2.3)

For commercial systems
∆Ea

Ep
∼= 0.1 is the standard. The larger the radius of the

analyzer hemispheres, the better the resolution. For high-resolution spectra, one must
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keep the Ep constant and only vary the retarding potential of the lens. Thus, only

electrons with K.E. = Ep will be allowed to pass. It also helps keep the spectrum’s

resolution constant across the K.E.s. The survey scans are taken at high Ep to get

a high signal-to-noise ratio in a small time interval, while the high-resolution core

scans are done at lower Ep and thus require multiple scans to produce a high-quality

spectrum.

3. Detector: There are three types of electron detectors, one of which can be found

in an XPS system. These are electron multipliers, channeltrons, and channel plate

arrays. These are standard electron detectors used in many different systems. All

of these run at very high voltages of at least 5 kV and have gain factors of 103 to

106, i.e., one detected electron produces a signal generated by 103 to 106 electrons

inside the detectors. The second stage again amplifies the signals produced by these

detectors to boost the signal. Commercial machines might have multiple detectors to

detect the maximum number of electrons reaching the detectors, thereby increasing

the signal-to-noise ratio.

Procedure

For XPS, the sample needs to be clean. The oxidation and other contaminants on the surface

must be removed thoroughly. Ideally, the sample must be prepared in a vacuum. The

sample must be a few mm thick (1-5 mm) and has a size of 1-3 cm. It is preferred to have

a homogenous composition. Most importantly, the sample must have very low outgassing.

Typically, thin films, powders, polymers, fibers, pellets, and foils can be detected. A high

flux of x-ray can damage or degrade the sample.

The XPS spectroscopy for a sample with unknown elemental composition is done in

two steps:

1. Survey Scan Spectrum: This is an exhaustive full range energy scan, i.e., this scan

covers the entire energy spectrum and searches for all the possible elements in a

sample. The instrument scans the number of electrons emitted by the sample with

different K.E.s for the scan duration. This is done in a sequential method, i.e., detect-

ing each K.E. slowly across the entire energy spectrum. The survey scans generally

take about 5 to 10 mins. Each atom and its orbitals have a unique B.E. value. Thus,

by comparing the data obtained from an unknown sample with the standard spectra

of different elements, one can figure out the sample’s elemental composition. As we

know, binding energies of electrons residing in p, d, and f orbital of nth shell are dif-

ferent depending on the J quantum number determined by L-S coupling, and one can

observe that electron with J = L + S coupling has a different energy from electrons
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with J = L - S coupling in XPS spectra. The peaks of electrons emitted from p, d, and

f orbitals of an atom show a split because of the difference in their binding energies

based on their L-S coupling. The width of the split depends upon the strength of L-S

coupling, which depends upon ⟨ 1
r3 ⟩, where r is the radius of the orbital—the larger

the principal quantum number ’n,’ the narrower the split width. The strength of the

split increases with an increase in atomic number. The peak width is attributed to

natural broadening (Heisenberg’s uncertainty principle) and inelastic scattering. The

inelastic interaction of an escaped electron can be with other electrons or phonons.

These inelastic scatterings can reduce the K.E of the electrons. Sometimes the loss

of energy can prevent the electron from escaping. However, those who manage to

escape have lower energy than expected. This happens quite often in the actual XPS

experiment; therefore, we observe that the intensity of electrons with low K.E. (high

B.E.) is exceptionally high. Consequently, determining the XPS peak of an element

with B.E. within ≈ 100 eV of the x-ray energy (hν) is complicated due to enhanced

background noise.

2. High-Resolution Core Spectrum: After getting the elemental composition results

of an unknown sample from the survey spectrum, we take a high-resolution XPS

spectrum of each element by repeating the experiment for only their particular de-

fined energy range. This spectrum is for a short range of energy and can be taken

multiple times (called sweeps). This accumulates and integrates the data collected

over a long duration of time. The typical time for one sweep can be about 3- 5 mins.

The longer the integration time, the better the results; however, sometimes, certain

materials might degrade under long-time exposure to high-energy x-ray flux. Core

spectra help us get good quality information about the chemical state and nature of

the element of interest in our sample. One can observe that the spectrum might have

shifted from the theoretical position of binding energy or the presence of satellites on

both sides of the prominent peaks. This is attributed to multiple reasons like phonon

scattering, auger electron emission, relaxation process due to rehybridization, shake-

up and shake-off processes, and multiplet splitting. A detailed study on the reason

for the occurrence of these processes and their effect on the spectrum’s shape can

be found in specialized literature [105, 106]. The shape and breadth of the peak are

also affected by the chemical state shifts, inhomogeneous matrix, and charging shifts.

These shape changes reveal details about the chemical state of the element and the

charge state, as well as the elements or functional group the element is bound. Chem-

ical shift changes are more prominently observed in lighter than heavier atoms.

For our experiment, we used an XPS system from Scienta Omicron GmbH and an Al

55



Kα x-ray source with a typical resolution of 0.47 eV and probing depth of 2-10 nm beyond

the surface. After the data acquisition is made, one can proceed with the analysis. The

three basic parameters essential for analysis are area under the curve, peak width (full

width at half maxima (FWHM)), and peak position. The best way to know the sample’s

composition is to match the peaks with traditional values. However, to confirm the presence

of an element, one must also find other peaks that might appear from the same element and

its AES peaks if the selected energy range covers them. One can fit high-resolution peaks

using open source software like XPS peak, CASA XPS, etc., and then match their results

with the NIST database to get the conclusion of those peaks. A detailed XPS analysis can

be found in dedicated literature.

The most prominent problem in the XPS spectrum can be the charging shifts, as was

stated while explaining the high-resolution core scan spectrum. Insulating, polymeric, and

ceramic materials suffer this type of problem. The surface of the sample gets positively

charged, and hence the K.E. of the electron is reduced. This effect is uniform for all elec-

trons from the same and different atoms (of elements). There are three methods to deal

with this, (i) coating the sample with conducting materials, (ii) addition of electrons to the

sample using a separate filament to maintain the balance of charges, or making contact with

conducting material like carbon tape, and (iii) post spectra data resetting. The first method

will add additional signals to the spectra. In the second method, the bombardment of elec-

trons can damage the sample, and also it is not easy to get the dose of electrons right to

balance the charge. For the third method, we need a standard signal with whom we can

compare and reset the spectra. This standard is C 1s peak at 284.6 eV. A better practice

to report XPS data is to have one standard peak and compare the distance of others with

respect to them to normalize the charging effect. More information of XPS can be find in

[105].

2.3.3 X-Ray Absorption Spectroscopy (XAS)

Each element has unique x-ray absorption energy owed to its unique atomic structure. This

property of an element can be exploited to identify the elements present in an unknown

material. Besides elemental detection, XAS can reveal necessary information about the

structure and state of a given element in the sample; thus, it is also referred to as the x-ray

absorption fine structure (XAFS) technique. The absorption peak is called the absorption

edge of the element, and the region within 20-50 eV of the absorption edge, reveals the

information on the type of neighboring atoms, type of bonding with them, the interatomic

distances and coordination number of the absorbing atoms. The analysis of this region

is called x-ray absorption near edge structure (XANES). It is susceptible to the element

atom’s chemical nature and site symmetry. The oscillating spectrum beyond 50 eV from
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Figure 2.6: Typical XAS spectrum. The figure shows the XAS spectrum of FeO powder

at the absorption edge of Fe. We can distinguish the XANES and EXAFS regimes from

the spectrum. The x-axis is the energy of the x-ray absorbed, while the y-axis denotes the

coefficient of absorption of the material. (Taken from [16].)

the absorption edge is called the extended x-ray absorption fine structure (EXAFS) and

helps understand the atoms’ interatomic distances and coordination numbers. EXAFS can

extend up to 1000 eV from the absorption edge. XAS requires no constraints on sample

preparation and can be performed on any solid (crystalline or amorphous), liquid, or even

gas. This is one of the significant strengths of XAS. Commonly analyzed absorption edges

of an element are K edge (1s initial state) and L3 edge (2p3/2 initial state). However, unlike

XPS, which can be done with either laboratory x-ray or synchrotron x-ray sources, XAS

can only be done at synchrotron sources as it requires variable x-ray energies and more

excellent tunability. We used the XAS facility available at synchrotron Indus 2, RRCAT,

Indore, Madhya Pradesh.

An example of a typical XAS spectrum can be seen in fig. 2.6. As shown in the fig, in

XAS, we are interested in knowing the relation of absorption coefficient, µ , as a function

of the energy of x-ray. The oscillations represent a quantum interference pattern of an

electron wave as it is emitted by an atom and is scattered by its neighboring atoms. The

repeated scattering produces an interference pattern. It was observed that atoms have a

unique and characteristic backscattering amplitude and phase shift variation. This helps

researchers reveal information about neighboring atoms of an element. Nevertheless, in our

experiment, we only used this technique for the qualitative detection of elements present

in the silk samples. More specifically, we used this technique to check the presence of

d-transition metals.
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Figure 2.7: XAS beamline set up. Setup of Indus 2 synchrotron, RRCAT, Indore, Madhya

Pradesh. (Taken from RRCAT Indore website.)

Conventional XAS is done in either transmission or fluorescence mode. In our experi-

ment, we used the total electron yield (TEY) mode of XAS. This mode is surface sensitive

and detects the emitted photoelectrons upon exposure of the sample to x-rays of increasing

energy. This electron detection is done by conducting contact with the sample. As the pho-

toelectrons are generated from the sample, they travel through the conducting contact wire,

and the current thus generated is detected. The current is of order of pico-ampere (1pA =

10−12 A). The dominant contributor to the current thus generated are Auger electrons. The

Auger electrons go through many scattering events before reaching the surface where the

conducting contact is. Therefore, the photocurrent generated in TEY mode is similar to that

observed in transmission or fluorescence mode.

Generally, for transmission mode, the sample is preferred to be thin as a foil as it reduces

the chances of self-absorption and the attenuation of x-ray intensity. Low intensities are

challenging to detect. Self-absorption is also a pitfall of the fluorescence mode. TEY mode

does not have any issue with self-absorption and can be done for thick samples. The probing

depth of the x-rays in XAS in TEY mode is greater than the probing depth of XPS but in

the nanometer range and is dependent on the energy E (keV) of the beam as well as density

ρ = (g/cm3) of the sample.

Instrumentation

The critical components of the experimental setup are a source of x-ray, a monochromator,

and the current detector. The beamline setup is shown in figure 2.7

1. X-Ray source: The source of the x-ray is a synchrotron. A beamline is used to ex-

tract x-rays of energy 0.1-10 keV from a synchrotron emitting radiations of several

frequencies. A monochromator is used to direct the radiations of specific energy

towards the sample. Energy calibration is essential and must be checked before com-

mencing the experiment.
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2. Monochromator: The monochromator uses Bragg’s law to diffract x-rays of selected

energy. The crystals used for this purpose are chosen based on their energy resolution.

All beams have divergence, and so do the diffracted beams. Crystals that produce

high resolution (low divergence) are needed. Silicon crystal is the most commonly

used monochromator for x-ray energies > 2 keV. The crystals used for this purpose

are almost perfect crystals and the resolution of Si is
∆E
E

= 1.3×10−4. Even higher

resolution can be obtained using Si crystal by fabricating the crystals with different

lattice planes. A set of gratings is also used to increase the resolution of x-ray beams.

Detector: The detector for XAS in TEY mode has a Copper mesh-like structure

that is kept in close contact with the sample. The mesh is connected to the high

voltage power supply, an amplifier, and an ammeter to detect the current value as

photoelectrons from the sample pass through the circuit.

In TEY mode,

µ(E) ∝
Id

Ib
(2.4)

Here Id is the detector current, and Ib is the x-ray beam current.

Maintaining an ultrahigh vacuum is essential to prevent air molecules from absorbing

the x-rays and reducing their intensity severely before reaching the sample.

Like other instruments, XAS is also an automated facility. This is essential as XAS

beamlines are inside the synchrotron facilities, and it is not advisable to stay near the setup

once the experiment has started because the radiation levels inside the chamber designated

for the beamline increase significantly.

Data analysis is done by matching the observed data with the XAS database. Softwares

like Athena are used to normalize the absorption coefficient and further processing of signal

in terms of wave vector k⃗ =

√
2m(E −E0)

h̄2 . Here m is the mass of the electron.

2.3.4 Inductively Coupled Plasma Mass Spectroscopy (ICPMS)

ICPMS, as the name suggests, is a technique of mass spectroscopy. The key concept is to

break down the sample to its atoms (called atomizing) and later check the atoms for their

mass-to-charge (m/Z) ratio to recognize them. Each element has a unique mass-to-charge

ratio. Hence, unlike the other techniques used previously, this elemental analysis method is

destructive to the sample. ICPMS can detect both metallic and non-metallic components of

a sample with an accuracy of parts per billion (ppb). One can also distinguish the isotopes

and isobars of an element using ICPMS. The technique uses plasma to atomize the samples

and hence its name.
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Figure 2.8: ICPMS stepwise procedure. Once the sample is prepared, we go through the

above procedure to reach the final results.

Figure 2.9: ICPMS setup. Cross section schematic of an ICP-MS. (Taken from [17].)

Instrumentation

We will explain each part of the ICPMS process explained in figure 2.8. The typical design

of the machine is shown in figure 2.9

1. Sample Introduction: The sample introduction system consists of two components:

a Nebulizer: This component takes the liquid sample and nebulizes the solution

converting it to aerosol.

b Spray Chamber: The aerosolized solution from the nebulizer then reaches the

spray chamber. The spray chamber filters the large droplets (> 10 µm diam-

eter) from the tiny droplets, and only droplets with a diameter < 10 µm enter

the plasma chamber. This is important as plasma can only atomize small-size

droplets efficiently. Due to this aerosol filtration, only the smallest droplets, i.e.,

1-2% of the aerosol sample, reach the plasma, and the rest is drained as waste.

2. Inductively coupled plasma (ICP): The primary purpose of this step is to atomize

the aerosolized solution using plasma. This technique is known as hard atomization

in contrast to other atomizing techniques like electrospraying. ICP atomizes most
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Figure 2.10: Ion source and interface in ICP MS. The plasma is at atmospheric pressure,

and the range of pressures for the two interface vacuum stages is given in Torr. (Taken from

[18].)

of the molecules in a solution completely. Most of the systems use argon gas to

produce plasma. The sample aerosol is mixed with the argon gas, and the mixture

passes through three concentric quartz tubes. The setup of these three tubes is called

the torch (see fig. 2.10). At the end of the torch lies a copper coil driven by a

radiofrequency generator to produce an alternating magnetic field inside the torch.

As the mixture passes through the torch, a high-voltage discharge spark is generated

to ionize the argon gas. The ions thus produced by the argon gas get influenced by

the a.c. field generated by the coil and collide with each other ionizing even more

of the mixture. This process repeats multiple times and soon produces an avalanche

of ions in the mixture of argon and aerosol, forming a scorching plasma (≈ 10000

K). The plasma’s temperature and the element’s ionization potential are essential in

determining the extent to which an element has been ionized. Since most elements

have lower ionization potentials than argon (15.76 eV), ICP generated in the torch

can ionize almost the entire periodic table. Therefore, ICPMS can detect nearly all

elements present in nature.

3. Interface: The third step after plasma generation is the interface, where the ions

generated by the plasma particles now enter a vacuum chamber enclosed by two

coaxial cones (fig. 2.10) known as sample and skimmer cones. These cones are

generally made up of nickel or platinum. The opening in the first cone (sample cone)

is only about 1 mm. Thus, only a few ions enter the region between the cones. This

region is maintained at low pressure of about 1.5 to 2 torr produced by a roughing

pump. Due to low pressure, the stream of ions entering the region expands, and only
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Figure 2.11: Quadrupole mass analyzer. The schematic of the quadrupole mass analyzer

and the ion path through it. The diagonal rods are charged oppositely, maintaining a high

ac voltage with dc offset.

a few of these ions exit the region from the opening in the second cone (skimmer

cone). The second cone’s opening is smaller than the first cone’s, i.e., 0.45 mm.

The ions exiting the second cone enter a high vacuum region of the pressure of about

10−6 to 10−8 torr. :

4. Ion Optics: This setup is made to guide the ions extracted from the plasma via skim-

mer cones to the mass analyzer. The secondary function of this setup is to prevent

other species, like photons or neutral atoms, that might have escaped from plasma

and the skimmer cones, from reaching the mass analyzer.

5. Mass Analyzer: This is the part where ions are filtered or separated based on their

mass-to-charge ratio. Nowadays, there are multiple types of mass analyzers used in

ICPMS; however, the most common mass analyzer used by most manufacturers in

these machines is a quadrupole mass analyzer. A quadrupole mass analyzer is made

using 4 parallel metallic rods. Ideally, these rods must be hyperbolic. However,

commercially available analyzers are cylindrical and are approximately 15-20 cm

long. The configuration is shown in fig. 2.11. These rods are connected to an a.c.

power source with a d.c. potential offset. Diagonally opposite rods have opposite

polarities, and the charged ions are made to pass through the configuration shown in

the figure 2.11. Only ions with a selected m/Z ratio can pass through the analyzer for

a given combination of a.c. and d.c. voltages. Therefore, we can filter out or detect

ions with particular mass-to-charge ratios by setting the right combination of a.c. and

d.c. potential combinations. The time taken by the analyzer to detect the m/Z ratio of

62



an ion is called the dwell time. The time the analyzer takes to analyze the entire m/Z

range can be a few milliseconds to seconds. Commercial machines come with single

as well as triple quadrupole analyzers.

6. Detector: The final part of the process is the detector counting the number of ions

with particular m/Z ratios present in the sample. The most commonly used detectors

are electron multipliers. The output current is representative of the concentration of

a particular element.

Procedure

The first part of the experiment starts with sample preparation. The sample preparation is

crucial in this technique. The sample material must be dissolved into a solvent that can

dissolve all the elements of interest (the elements one wants to test for) or the entire sam-

ple. Thus, solvents must be chosen very carefully. These can be either dilute acids (like

hydrochloric acid (HCl) or nitric acid (HNO3), dilute bases (like ammonium hydroxide

(NH4OH), or deionized water. Moreover, these solvents must match an ICP-grade or trace

element purity, i.e., purity of more than or equal to 99.999%. The chemical manufacturers

provide the trace amount of impurities in ICP-grade acids or bases, typically less than 10

ppb for all metallic and non-metallic elements. Solid samples like tissues, protein fibers,

and silks must be digested chemically and dissolved completely to prepare a sample solu-

tion. The digestion can also be done at room temperature or by heating if required. The

sample solution’s total dissolved solids (TDS) must be < 0.2%. The sample solution should

appear to be very clear. For silks, conc. HNO3 is used to digest the sample. The complete

procedure of the process for our sample is provided in chapters 3 and 5.

Just as with any other technique, calibration of the machine is very important for proper

output. Before testing for the unknown sample, the machine is first calibrated using so-

lutions of standard samples with known concentrations. The intensity (counts per second

(CPS)) of the output signal obtained at different concentrations is noted. This intensity

must be directly proportional to the concentrations of the element in standard samples. A

calibration curve is thus generated. This type of calibration is known as external calibration.

The apparatus used for sample preparation must be free of contamination. For this

purpose, we must clean the beakers and equipment like LDPE tubes (used for storing the

sample solution) with HNO3 for at least 72 hours before sample preparation starts. This

process is called ”leaching,” ensuring that any impurities from the apparatus do not con-

taminate our solution. It is preferred to use PTFE beakers for sample preparation.

Another extremely essential process is to perform a ”blank test” before testing the

ICPMS of the unknown sample. In a blank test, a blank solution is prepared using the
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same chemicals (acid and water) in the exact quantities used to prepare the sample solution

but without adding the unknown sample. This blank solution is tested for elements of in-

terest using ICPMS to check the contamination in acid, water, and apparatus. This step is

necessary to estimate the exact concentration of elements in an unknown sample.

In the next section, we will discuss electron paramagnetic resonance spectroscopy. We

used this method to understand the nature of spins leading to the magnetic behavior of silks.

2.4 Electron Paramagnetic Resonance Spectroscopy

Electron paramagnetic resonance (EPR) spectroscopy is a method used to detect the pres-

ence of unpaired electrons and paramagnetic centers in a sample. It is also known as elec-

tron spin resonance (ESR) spectroscopy. The primary objective is to probe the electron spin

of the material by keeping it in a uniform magnetic field which causes a Zeeman splitting

of the degenerate energy levels of electrons (fig. 2.12). The electrons in the presence of the

magnetic field will split into two energy levels based on their spin quantum number. We

can cause the transition of electrons in between these levels by applying an alternating mag-

netic field to the sample in the perpendicular direction of the appropriate frequency. The

absorption of this second alternating magnetic field by the sample provides information on

the nature of spins in the material and their local environment. This technique is equivalent

to nuclear magnetic resonance (NMR) spectroscopy, where instead of electrons, we try to

probe the spin of the nucleus.

In case of unpaired electrons, the spin quantum number Ŝ =
1
2

and therefore the cor-

responding magnetic spins are Ms = ±1
2

. From basic quantum mechanics, we know the

magnetic moment of an unpaired electron can be given as m⃗ = gµBS⃗. Here, g is the Lande

g-factor of the electron and µB is the Bohr magneton. Hence in the presence of a uniform

magnetic field, B⃗, the energy applied to the electrons is:

E =−m⃗ · B⃗

=−gµBSzB
(2.5)

Sz is the z component of the spin quantum number, which is parallel with the applied

magnetic field. Since a unity separates the energy levels, the energy difference will be ∆E =

gµBB = h̄ω0, where ω0 is the frequency of the applied magnetic field in the perpendicular

direction. Therefore:

ω0 = γB (2.6)

Hence the frequency that the electrons will absorb depends only upon the applied mag-
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Figure 2.12: Basic Principle of EPR. (a) Schematic of basic EPR setup. (b) Zeeman

splitting for an electronic system with S =
1
2

.

netic field and gyromagnetic ratio, γ of electrons. In case of free electron, we know

γ = 176.1× 109s−1T−1 and therefore the frequency of perpendicular magnetic field ab-

sorbed by the electrons will be 28.02 GHz T−1. In the case of H1 NMR, since the mass of

a proton is 658 times greater than that of an electron (thus γp << γe ), the typical frequency

of magnetic field absorbed by the hydrogen nucleus is of MHz range.

From the EPR spectrum of the material, one can calculate the integrated intensity, g-

value, hyperfine splitting, and line shape of the signal. The characteristics of the signal

depending on temperature, pressure, and the chemical environment of the material. How-

ever, ESR is technically much more challenging to analyze than NMR. There are many

types of ESR spectroscopy experiments like continuous wave (CW) ESR at X band or Q

band, pulsed/Fourier transform EPR, Electron-Nucleus Double Resonance (ENDOR) spec-

troscopy, etc. However, in our case, CW ESR spectroscopy at X band was used; hence, only

this experiment will be discussed.
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2.4.1 Instrumentation and Procedure

At room temperatures, the magnetic energy is relatively small in comparison to the thermal

energy (kBT ); hence the equilibrium energy population between the two energy levels is

tiny (ratio of population is in order of 10−4). Therefore, to detect any transition between

these levels, the system must be extremely sensitive. For enhanced sensitivity, it is better

to vary the applied magnetic field on the sample while keeping the oscillating field at a

constant frequency. Magnetic fields can be controlled precisely in laboratory conditions

while maintaining the sample under constant (standing wave) frequency a.c. field. This

method increases the signal-to-noise ratio of the ESR signal.

Standard laboratory ESR machines usually operate at X-band (9 GHz) microwave fre-

quencies (using a klystron source) which get absorbed around 300-320 mT applied field

and can be easily produced by laboratory electromagnets. Some ESR setups operate at

higher Q-band frequencies (33 - 50 GHz). Basic setup of ESR spectrometer is shown in fig.

2.13. ESR spectroscopy is performed on solid and liquid samples in routine use. A good

quality ESR spectrum requires the sample to be prepared so that the spin-containing species

are extremely dilute in the sample and do not interact. Interaction among the spins causes

the dephasing of spins and broadens their resonance line width. The sample is placed in

a rectangular (commonly used but not limited to rectangular shape ) cavity known as the

resonator. This resonator must maintain a standing wave of ac magnetic field to increase

the sample’s signal-to-noise (S/N) absorption of this field. When the sample is placed in the

resonator and the a.c. field is applied, the spectrometer detects the reflected wave energy

from the cavity. The applied magnetic field (B in eq.2.5) is generally swept from minima

(0 T) to the maximum value (≥ 1 T) by modulation at 100 kHz (commonly used) to in-

crease the S/N ratio of detection of absorbed EPR signal. This is done by a spectrometer

using a phase-sensitive lock-in amplifier at the same modulation frequency. The modula-

tion amplitude of the applied field can be set from 1-10 G. The spectrum obtained from

ESR spectroscopy is the first derivative of the absorption spectrum of the sample.

We have discussed that the difference in population between two different spin energy

states is minor at room temperature. Another factor that plays a vital role in determining

the ESR signal is spin-lattice interaction. Here the environment surrounding the radicals

transfers the thermal energy to the radicals and thereby affects the ESR signal by determin-

ing the spins’ relaxation time, ∆T . Relaxation time can be defined as the time the excited

spins take to regain thermal equilibrium between the two energy states. The shorter is ∆T ,

the greater the signal’s line width ∆B (Heisenberg’s uncertainty principle).

If the rate of exciting the radicals increases than the rate at which these radicals relax,

the spectra get very broad. This is called saturation. Hence, it should be noted that to detect
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Figure 2.13: Basic Setup of EPR.

good absorption spectra from organic radicals, one must keep the microwave power low

to avoid saturation. Similarly, we must set the modulating amplitude of the applied field

accordingly to meet our requirements from experimental results.

The critical parameters obtained from the ESR spectrum are intensity, line width, and

peak magnetic field absorbed. The peak magnetic field absorbed by the material is gener-

ally expressed in g - value because every machine setup can have a slight deviation in its

resonant frequency that can affect the peak absorption field of the sample. However, the

g-value is independent of the experimental setup and is an intrinsic value of the material

and therefore remains constant irrespective of the machine used. The sample holder unit

of ESR can be combined with a variable temperature unit, and sample temperature can be

controlled, resulting in a variable temperature ESR spectroscopy.

The absorption spectrum can get influenced by the nuclear spin of elements in the close

vicinity of the radical, causing a hyperfine splitting of the signal. The hyperfine splitting is

generally of order 0.1-1 mT. It provides information about the environment of the radicals

and the spread of electron clouds over their nuclei. A detailed study of ESR can be found

in literature [107].
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2.5 Conclusion

This chapter discussed the fundamental magnetic, thermomagnetic, elemental analysis, and

magnetic resonance spectroscopy techniques that I have used in my experiments and the

methodology of performing and analyzing these experiments. Section 2.2 discussed how to

perform magnetometry experiments on a sample using a SQUID magnetometer and the ex-

perimental precautions one needs to take before starting the experiment and while analyzing

the obtained data. The following subsection discusses performing and analyzing the charac-

teristic thermomagnetic experiment on a sample using a SQUID magnetometer. In section

2.3, we discussed various experimental techniques to analyze and determine the elemental

composition of a sample. These techniques include EDX, XPS, XAS, and ICPMS. The

last section discussed the basic principle, experimental setup, and methodology of electron

paramagnetic resonance (EPR/ESR) spectroscopy. We discussed in detail the construction

and working principle of all experimental techniques used and the precautions one must

take to analyze the results correctly.

In the following chapters, we’ll discuss my experiments of exploring and analyzing the

magnetic properties of spider dragline silks and silkworm silks. We will use the knowledge

acquired in the first three chapters to analyze the results.
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Chapter 3

Intrinsic Magnetism of Spider Dragline
Silk

3.1 Introduction

As we have discussed briefly in chapter 1, much research in recent history has been diverted

to find alternatives to the traditional inorganic magnets made of d and f transition metals

like iron, nickel, and cobalt and their alloys and intermetallics. Traditional magnets not only

require exhaustive energetic means of mining but are also brittle, non-biodegradable, toxic,

and cause severe environmental pollution. On the other hand, room temperature polymeric

and organic magnets are cheaper and require less energy to produce, are biodegradable and

non-toxic as well as eco-friendly [13, 108]. Despite their advantages, several nitrile (-CN)

containing tetracyanoethylene (TCNE) based complexes [109], including photo-induced

organic magnets [110] as well as engineered π-conjugated organic polymer [111] magnets

have shown ferromagnetic ordering only at low temperatures [88]. New experiments have

shown carbon-based polymers exhibiting ferromagnetic ordering at room temperature [83,

84, 82]. Room temperature magnetism can be induced by introducing vacancy defects

in common polymers like polythene and Teflon by merely stretching and cutting [102].

Similar results have been achieved by introducing defects in graphene [112] and graphite

[113, 86, 114]. Another mechanism of introducing room temperature magnetism is tuning

the sp2-sp3 hybridization ratio of hydrocarbon compounds as reported in functionalized

graphene [85]. Investigation of more efficient organic magnets thus is an exciting area as it

can find numerous applications.

Magnetically activated polymers can significantly impact medical science as they can be

manipulated externally, providing a non-contact and non-abrasive surgical approach [115,

116, 19]. Silk polymers have become a non-toxic and excellent substitute for artificial

bones, blood vessels, muscles, skin, and tissues [62] etc. Moreover, magnetically activating
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the spider silk by doping with magnetic nanomaterials can help surgeries [117, 118, 119].

However, the magnetic character of spider silk in its pristine state has never been explored.

Our experiments explored the behavior of undoped natural spider dragline silk. We report

that spider silk shows ferromagnetism at room temperature in its native state without any

magnetic doping. The magnetic origins of spider silk are attributed to stable free radicals

(dangling bonds) generated because of microscopic defects in protein structure. These

spins are trapped in a glassy state in a protein matrix and interact both ferromagnetically

and antiferromagnetically, leading to multiple coexisting magnetic phases in spider silk,

as will be discussed in this chapter. Interestingly, we also show that the silk can sustain

its ferromagnetic properties even at sufficiently high temperatures of 400 K. A thorough

investigation of the magnetic properties of spider silk was done, including magnetometry,

thermomagnetic analysis, magnetic resonance spectroscopy, and elemental analysis. In

addition, we also showed that silk’s magnetism could be manipulated by increasing the

number of defects in its structure, hence offering significant proof of the magnetism arising

due to atomic defects in silk’s structure.

We also show a controlled experimental demonstration of the interaction of spider

dragline silk with a strong magnet and how spider silks can be used as a bio-magnetosensor

to detect magnetic fields lower than the earth’s magnetic field itself (≤ 33 µT ). Moreover,

we later show how spider silks can be used as biological magnetic bio-robots to remotely

manipulate organic materials like cells, tissues, drugs, etc., in a liquid environment.

In the following sections, we will discuss the experiment’s step-by-step process, start-

ing with the sample preparation technique following the magnetic characterization, thermo-

magnetic characterization, elemental characterization, and electron spin resonance. Later

we will discuss the potential applications of spider silks’ magnetic properties.

3.2 Preparation of pristine spider silk samples

To investigate the intrinsic magnetism of pure spider silk, we prepared spider dragline sam-

ples taking extreme measures to avoid any contamination during silk collection, storage,

and measurements. The silk was obtained from randomly picked multiple female spiders

(Araneus and Neoscona families) from gardens of the Indian Institute of Science Education

and Research (IISER) Mohali, India. These were kept in cleaned plastic jars for the pe-

riod of sample collection. The silk was forcibly obtained from fully awake female spiders

following a step-by-step silk collection procedure as depicted in Fig.3.1.

Briefly, a spider was taken out and held with a hand (wearing clean latex gloves), and the

silk was taken out carefully by stimulating the spinnerets on its abdomen with a soft stick.

After the emergence of dragline silk threads from the spigots, the threads were wrapped
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around pipet-heads (cleaned with acetone) fixed onto a controllable motor. The silk was

pulled out at a speed of 3− 5cm/s using a motorized setup. Silk was taken out at 300 K

and ≈ 50% relative humidity. The process was repeated for several days in various shifts to

collect a sufficient amount. For example, the required mass of silk for each SQUID sample

was about ≥ 5 mg (amounting to about 1.5 km silk length).

Extreme care was taken to avoid magnetic contamination of our pristine silk samples.

Notably, no metallic tools were used anytime, exposure to ambient dust was avoided by

silking in a closed clean-air chamber, and the samples were not brought in contact with

any uncleaned surface. The SQUID samples were stored in closed sterilized microtubes

(MCTs) in ambient conditions (T=300 K, RH ∼ 50%).

Since it is known that there is a natural variation in the structure and property of silk, it

was important to establish the robustness of magnetic signals over many silk samples. For

this purpose, we randomly prepared 24 independent silk samples and grouped them into

five batches. The following five magnetic assays were performed:

• Assay-1: Four samples were used for SQUID measurements, and the same samples

were later used for elemental analysis (Section 3.4.1) and EPR measurements (section

3.4.3) to establish the absence of ferromagnetic d-block elements like Fe, Ni, Co, etc.

• Assay-2: Two samples were prepared to control silk’s magnetism by simple stretch-

ing and cutting mechanisms (section 3.4.2),

• Assay-3: One sample was prepared and stored in Argon gas for SQUID measure-

ments to isolate silk’s magnetism from molecular oxygen. For more detail, see ap-

pendix B.

• Assay-4: Three silk samples were used to build all-silk torsion biocompass (section

3.6.1),

• Assay-5: Three fleets of miniature silk swimmers for magnetically controlled trans-

port of solid and liquid cargo in a fluid environment (section 3.6.2).

The positive results from all the assays mentioned above are described in detail in the

following section.

71



Figure 3.1: Preparation of pristine silk sample for five magnetic essays. (a)-(b) Pictures

of typical garden spiders. Coin diameter: 23 mm. (c)-(f) Step-by-step procedure for forceful

extraction of dragline silk from the spiders. A fully awake spider was taken out of the

box and made to rest on the hand (wearing clean latex gloves), and its silk was carefully

extracted. The silk was continuously pulled and wrapped around pipet-heads attached to a

motor rotating at a speed of 3-5 cm/s. A single sample was kept in a sealed and sterilized

microtube (MCTs), as shown in (f). (g)-(k) Schematic illustration of the five magnetic

assays described in the text. Note that no metallic equipment/tool was used during this

process. Before silk collection, the pipet heads were thoroughly cleaned with ethanol and

acetone, and MCTs were sterilized.
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3.3 Magnetometry of Spider Dragline Silks

After completing the dragline silk sample collection, we first carried out the magnetization

experiments using a SQUID magnetometer. Quantum design MPMS3 SQUID magnetome-

ter was used for all magnetic and thermomagnetic characterizations. All samples were ac-

curately weighed before commencing the experiment. Silk was compressed using physical

pressure (with hands, wearing latex gloves) to the size of ≤ 3 mm, wrapped around the

quartz half tube using teflon tape, and inserted into the sample-holding straw in order to

perform the experiment. Magnetometric measurements were taken at 300 K (room temper-

ature), 10 K, and 400 K. The results of isothermal magnetometric measurements are shown

in figures 3.2-3.5.

It is common knowledge that almost all proteins and organic compounds, as well as tis-

sues, are diamagnetic in nature; hence one expects a strong diamagnetic background from

these types of samples. The diamagnetic signature can overpower the small magnetic char-

acter of biological samples (if any) at high magnetic fields. However, since diamagnetism

is proportional to the applied magnetic field, the sample’s magnetic signatures are visible

at low applied fields (near zero), and one must subtract the diamagnetic signature to re-

veal the hidden magnetic character of the sample. The data for SQUID magnetization of

all silk samples at 300 K are given in figure 3.2. Figure 3.2 (a) shows the raw magneti-

zation data without diamagnetic subtraction. For large magnetic field > 8000 Oe, the silk

is overwhelmingly diamagnetic, with a diamagnetic susceptibility of χD =−1.37±0.29×
10−8 emu/(g ·Oe) (average of 4). Figure 3.2(b) shows the data after diamagnetic subtrac-

tion from raw data depicting clear saturation magnetization, Ms = 0.0278±0.0041 emu/g

(average of 4 samples) and coercive field, Hc = 42.9± 9.0 Oe (average of 4 samples) in

all silk samples. A remnant magnetization Mr = 0.0011± 0.0003 emu/g (average of 4

samples) is also observed in all silk samples. Section 3.4.2 shows that one can increase

magnetic parameters like Ms, Hc, Mr by deforming spider silk’s structure. The inset of

figure 3.2(b) provides a close-up look at the data after subtraction. Using the known molec-

ular weight of dragline silk of ca. 600 kDa [120], we get a magnetic moment of ∼ 3 µB per

protein molecule at room temperature (see Appendix D for details of calculations). Such

magnetic behavior of spider silks has never been known hitherto. The magnetometric anal-

ysis implies that spider dragline silk exhibits a soft ferromagnetic character at temperatures

up to 400 K. We did not take readings for higher temperatures to prevent the silk from

undergoing an irreversible glass transition and destroying its inherent structure.

To ensure that the magnetic signals from silk are clean and much above the background,

we compared the magnetization data MH and MT obtained from the spider silk samples

with the background data from the empty sample holder (the quartz half tube and teflon
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Figure 3.2: M-H using SQUID at 300 K. (a): At high magnetic fields, the diamagnetic

contribution of spider silk dominates heavily over ferromagnetic contributions typically

above 2000 Oe. M* stands for data before diamagnetic subtraction. (b): M-H relation

after subtracting diamagnetic contribution at 300 K. Lower inset: zoom of hysteresis loop

showing coercivity and remnant magnetization. Upper inset: distribution of Hc , Mr and

Ms for four samples. Mean values of these parameters are Ms = 0.0278± 0.0041 emu/g,

Hc = 42.9±9.0 Oe and Mr = 0.0011±0.0003 emu/g.
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without the silk samples) under otherwise identical conditions. Fig 3.3 shows that the

background of the empty sample holder is negligibly small. Notably, the empty sample

holder is only weakly diamagnetic and, as expected, did not see any hysteresis (see zoom

below 2 kOe). Also, for the fields (e.g., 60 kOe), the diamagnetic response of silk is much

larger than the background.

Figure 3.3: Comparison between MH data for empty tube background and with silk.
The background SQUID data was obtained with an empty tube (Black). The yellow color

band in silk data denotes variability of the MH data across four silk samples. We note that

the background is negligibly diamagnetic compared to spider silk (SS). Hence, throughout

the experiments, we performed diamagnetic background subtraction by using high field

data (of SS) at 300 K. Bottom graph shows zoom near zero field. The background does not

show any hysteresis. It must be noted that an empty holder means a quartz half tube with

teflon tape but without silk samples.
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Magnetization data at 10 K of all spider dragline silk samples is shown in figure 3.4.

Figure 3.4 (a) shows the raw MH data without diamagnetic subtraction, and figure 3.4(b)

shows the data after diamagnetic subtraction from raw data depicting clear enhancement of

magnetic character with a significant increase in remnant magnetization, Mr = 0.00325±
0.00082 emu/g and coercive field, Hc = 113.9± 21.4 Oe as well as lack of saturation in

magnetization even at a very high magnetic field of 7 T in all silk samples. The inset of

figure 3.4(b) provides a close-up look at the data after subtraction to show the presence

of hysteresis. The analysis of this MH data implies that spider dragline silk exhibits the

coexistence of ferromagnetically interacting and non-interacting magnetic spins. The para-

magnetic susceptibility of all silk samples at 10 K was found to be χp = 1.47± 0.41×
10−6emu/(g ·Oe) (average of 4). A prominent source of paramagnetism in spider silk can

be the free radicals formed due to microscopic defects within its structure during the spin-

ning process [121]. However, a thorough investigation of dragline silks must be done to

check the presence of ferromagnetic impurities like iron, nickel, cobalt, etc. More discus-

sion over the magnetic order of spider silks will be discussed in section 3.4.

The magnetization results were reproducible for all our samples and the magnetic mo-

ment was stable over quite a long time as the samples were stored at room temperature and

50% relative humidity. This implies that such organic magnets can be stored for a very

long time. More surprisingly, we find silk’s magnetic character well preserved at tempera-

tures significantly higher than ambient, i.e., at 400 K (127◦C). However, high temperatures

usually cause proteins to denature and lose their physical and chemical properties. Spider

silk is known to survive up to 473 K before getting denatured irreversibly [28, 122]. More-

over, silk is known to get carbonized at high temperatures to graphene-like structures [122].

Therefore, we did not go at higher temperatures as it would have permanently damaged our

samples for further experimentation.

76



Figure 3.4: M-H data of spider silks at 10 K. (a): The magnetization of silk has increased

significantly, which is evident at both low as well as high magnetic fields when compared

with data collected at 300 K. (b): M-H relation after subtracting diamagnetic contribution

at 10 K. We can see that the magnetization doesn’t saturate even at even magnetic fields of

7 T and keeps increasing linearly. This suggests the coexistence of ferromagnetically inter-

acting (J > 0) and non-interacting spins in silk samples. Average remnant magnetization

increases to Mr = 0.00325±0.00082 emu/g and coercive field, Hc = 113.9±21.4 Oe. The

average paramagnetic susceptibility, χp = 1.470.41×10−6 emu/(g ·Oe).
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Figure 3.5: Comparing M-H curves of silk at different temperatures. The data depicts

the soft ferromagnetic character of silks at 10 K, 300 K, and 400 K. Left inset: Comparison

of Hc and Mr at these temperatures. As the temperature increases, we can see a steady drop

in Mr and Hc. Right Inset: Zoom of data near zero field.

3.4 Origin of Magnetism in Spider Dragline Silks

We have discovered the ferromagnetic character of silk, but what is the probable cause

for such a magnetic character? In the past several organic materials have shown ferromag-

netism because of contamination of iron impurities. Even though we took extreme measures

to ensure that silk does not get contaminated with any metallic impurities during sample

preparation (section 3.2), we must confirm the absence (or presence) of ferromagnetic im-

purities (especially d-block elements) in spider dragline silks. Elemental characterization

is essential to discover the origin of magnetism in these materials.

3.4.1 Elemental Analysis

In this section, we use four independent techniques to confirm the absence of any ferro-

magnetic impurity in our samples by elemental analysis of our spider dragline silk samples.

This provides additional experimental proof that the observed magnetic properties of spider

silk are not due to any metallic impurities.

We performed a detailed elemental analysis to detect d-block elements (Fe/Ni/Co) in

the same samples recovered after the (non-invasive) SQUID measurements. We employed

three different techniques adequate to analyze a small quantity of sample mass (around
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5 mg) with maximum possible precision: (1) Energy dispersive X-ray spectrum (EDX),

(2) X-ray photoelectron spectrum (XPS), and (3) X-ray absorption spectroscopy (XAS)

in total energy yield (TEY) mode in all the silk samples. Our results are also consistent

with previous structural studies on silk and atomistic modeling, where the ferromagnetic

impurities were either absent or incompatible with its structure. In addition, we also did

inductively coupled plasma mass spectroscopy of our samples, a chemically destructive

technique requiring a significantly large amount of silk (≥ 150 mg). New silk samples were

prepared for this experiment with identical techniques and conditions described in section

3.2.

We could not find any trace of iron, nickel, manganese, or cobalt in our samples with

all the non-destructive techniques. The ICPMS results showed a negligible amount of iron

content in our silk samples (≈ 1 ppm) which cannot be responsible for the significant fer-

romagnetic magnetic character of silk samples that we observed (see ICPMS results for

details). At 1 ppm concentration (mass/mass), the saturation magnetization of iron in silk

samples will be a hundred times smaller than our observation. Our elemental characteriza-

tion results agree with previous structural studies in undoped pristine spider silk [123]. Our

elemental data and concluding analysis are detailed below:

Elements
Atomic

No.
Series

Unn.

Conc.

(Wt.%)

Norm.

Conc.

(Wt.%)

Atomic

Conc.

(at. %)

Error

(Wt. %)

C 6 K-Series 66.81 66.81 72.02 12.2

O 8 K-Series 23.39 23.39 18.93 7.9

N 7 K-Series 9.80 9.80 9.06 6.4

Fe 26 K-Series 0 0 0 0

Ni 28 K-Series 0 0 0 0

Mn 25 K-Series 0 0 0 0

Co 27 K-Series 0 0 0 0

Cr 24 K-Series 0 0 0 0

Total 100.00 100.00 100.00

Table 3.1: EDX Analysis. Atomic concentration of selected elements in three independent

samples of the spider silk.

(1) Energy dispersive X-ray spectrum (EDX): The silk samples were coated with gold

of 1-2 nm thickness, and their EDX spectrum was taken using an electron beam

of energies from 10 to 20 KeV. The typical spot size of the beam was a few µm2.

The instrument was benchmarked and calibrated prior to measurements. We scanned
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about 4 to 5 locations on each sample.

The results obtained are shown in Table 3.1. The dominant contribution in the sample

was C, N, O. But we detected zero concentration of Fe, Mn, Ni, and Co for all the

silk samples. The minimum detection limit of the EDX spectroscopy was 3000 ppm.

(2) X-ray photoelectron spectrum (XPS): Prior to the experiment, we calibrated the

XPS system using pure silver thin film. It was found that spectra were shifted ≈ 4

eV in survey scans. Three silk samples were used for the XPS scan. The X-ray source

was Aluminium (Al) Kα . Silk samples were uniformly spread with the help of carbon

tape and used to stick the silk on the copper target plate. The survey scan is shown

in Fig. 3.6 for all samples. The major atomic components like carbon (C), oxygen

(O), and nitrogen (N) were visible. However, there was no detectable signal for any

ferromagnetic transition element in the d-block or f-block (Fe, Ni, Co, Gd).

Figure 3.6: XPS survey scan for three pristine silk samples. The consistent peaks cor-

responding to carbon (C), oxygen (O), and nitrogen (N) are clearly visible in both survey

as well as core scans. We also got weak signals for other known elements like calcium

(350 eV ). However, clearly, there was no signal of any transition d-block and f-block ele-

ments in the survey scan. These measurements were performed on uncoated silk samples.

Target plate area was 1 cm×1 cm. The scan area of XPS is typically in µm2, and scanning

depth is up to 10 nm. Measurements were performed in a high vacuum of 10−9 mbar
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To reconfirm their absence in silk, we repeated dedicated core scans for Fe, Ni, and

Co, as shown in Fig.3.7. The core scans were obtained by 5 complete scans of the

specified energy range, where their signals are expected, and yet no signal was de-

tected. The detection period per scan was set at 300 s. The XPS can accurately detect

the presence of an element on the surface of samples up to an atomic concentration

of a hundred parts per million (ppm).

Figure 3.7: Core XPS scans confirming the absence of ferromagnetic elements. We

further took dedicated core scans to detect the key elements (Fe, Co, Ni) that can be ferro-

magnetic at room temperature. The above results were obtained after five complete scans

near their specified energy spectra; still, no signal was found above the background noise

level. Fe’s expected primary 2p signal lies from 706 eV to 710 eV. Ni’s expected primary

2p signal lies from 852 eV to 855 eV. Expected primary 2p signal of Co lies from 778 eV

to 779 eV [NIST XPS Database].

(3) X-ray absorption spectroscopy (XAS): Silk bundle samples were analyzed using

XAS in total electron yeild (TEY) mode. The X-ray source was Indus 2, a syn-

chrotron at Raja Raman Center for Advanced Technology (RRCAT), Indore, India.

The obtained spectrum is shown in Fig. 3.8. We could easily detect the primary
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atomic constituents of spider silk like C, N and O. However, the scan for heavy tran-

sition metals (Fe, Ni, Co, and Mn) showed no detectable signal.

XAS in TEY mode can detect the presence of an element in a sample for more con-

siderable depths (beneath the surface) than the XPS scan, with accuracies of about 10

ppm. The absence of any signal in this range also means that the d-block ferromag-

netic elements were absent.

Figure 3.8: XAS spectrum of silk samples. The absorption edges of C, N, and O are

visible. No absorption could be detected for heavy ferromagnetic atomic numbers (lower

graph) like Fe, Ni, Co, or Mn.

(4) ICP-MS: New samples were prepared for this technique as it requires quite a large

quantity of silk in comparison to other techniques. ICPMS grade HNO3 and HCl

were used for digestion, and high-performance liquid chromatography (HPLC) grade

water was used for dilution purposes. 200 mg of spider dragline silks was used for

this experiment. The silk was microwave digested in a mixture of 5 ml of HNO3 and

3 ml of HCl acids for 1 hour at a temperature of 190◦ C. After the silk was com-
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pletely dissolved, 1 ml of the solution was diluted using 99 ml of water. Later the

solution was filtered using a 0.45 µm PTFE syringe filter. The filtered solution was

then ready for experimentation. The calibration standards for ICPMS were then pre-

pared from 1 ppb conc. to 1 ppm conc. Thermofisher ICP-MS (iCAP-RQ) instrument

was used for the experiment. For assurance of the reliability of our results, we first

experimented on a blank solution (sample without silks) to check the conc. of fer-

romagnetic impurities in the background solution. We used the same equipment and

chemicals (acid, water, and syringe filter) to prepare the blank and silk solutions. We

find that the concentration of ferromagnetic impurities in silk is << 0.1% (see table

3.2). Such a small conc. of ferromagnetic impurities cannot result in high saturation

magnetization observed for silk. As one can calculate, the saturation magnetization

of silks due to iron with 1.23 mg/kg conc. will be a hundred times smaller than the

one expressed by our silk samples. Hence iron impurity cannot be envisaged as the

source of ferromagnetism in our system.

Element Iron Nickel Cobalt Manganese

Concentration in blank solution < 0 ng/kg 0.21 µg/kg < 0 ng/kg 0.48 µg/kg

Concentration in spider silk 1.23 mg/kg 0.32 µg/kg 1.47 µg/kg 55.55 µg/kg

Table 3.2: Concentration of ferromagnetic elements in silks.

Our elemental characterization results indicate that ferromagnetic transition metals are

almost absent in the silk samples, with experimental evidence of accuracy up to 0.1 ng/kg.

Coupled with the fact that ferromagnetic ions/ atoms with atomic concentration < 1% can

not lead to long-range ferromagnetism in a protein-based material (Chapter 1), we conclude

that the observed ferromagnetic response is a result of the ferromagnetic coupling of free

radicals (or dangling bonds) that are present in spider silk.

However, to verify this conjecture, we must see if increasing the defects (or deforming)

in spider dragline silks can increase their magnetic characteristics.

3.4.2 Enhancement in magnetism of silk by tensile rupturing and cut-
ting

To confirm the magnetostructural relationship of spider dragline silks, we designed a series

of experiments to enhance atomic defects in spider dragline silk by simple mechanisms such

as excessive tensile loading or mechanical cutting. Our results showed an enhancement in

deformed silk’s saturation magnetization, implying an increased number of ferromagneti-

cally coupled spins in silk’s hierarchical structure.
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Below we elaborate on the two mechanisms used to deform the silk: (a) rupturing by

tensile loading and (b) cutting into multiple small pieces.

Enhanced magnetization by tensile rupturing

Spider dragline silk consists of nanocrystals of β -sheets made of poly-(Ala) and poly-(Gly-

Ala), which are embedded in an amorphous helical matrix of (GGX) and (GPGGX) repeat

motifs (see chapter 1 for details). Stretching spider dragline silk affects its structure. Under

extreme stress, the nanocrystals break in a slip-stick motion while the helices uncoil and

rupture [3]. In effect, stretching could enhance the atomic defects in silk due to rupture

and shear deformation of its secondary structures (β -sheets and helices). After extreme

tensile loading, we observed that the silk sample’s saturation magnetization increases than

its value in a pristine state (Fig. 3.9). The schematic illustration of the procedure to stretch

the silk is shown in Fig. 3.9(a-c). We performed the following magnetization measurements

sequentially:

(1) First, the M-H curve of the pristine spider dragline silk was measured at T=300K and

T=10K (Sample label: SS 6 Pristine).

(2) The same sample was then stretched near its breaking point (SS 6 Breaking point),

and the magnetization was measured again.

(3) Further rupturing the same silk to small pieces by excessive stretching (SS 6 Rup-

tured) and the magnetization was measured a third time.

Stretching silk at a constant strain rate of 5 mm/sec till its breaking point increased the

saturation magnetization of silk by three folds (200% increase), implying that the number

of ferromagnetically coupled dangling bonds increases with the increase in the number of

defects in silk. The enhancement is observed at T=300K and low temperature at T=10K.

However, further rupturing the silk into small pieces by stretching causes the breakdown of

its secondary structure and makes interaction among radicals difficult. Hence we observe

a decrease in saturation magnetization of silk, albeit, in comparison to the pristine silk

sample, the ruptured silk still shows a 50 % increase in saturation magnetization. Moreover,

comparing the paramagnetic behavior of the silk in three cases observed at 10 K, we can see

that ruptured silk has the highest paramagnetic susceptibility χp; indicating that continued

stretching increased the number of dangling bonds in silk, but they could not interact due

to reason stated above. We also observed an increase in the remnant magnetization of

stretched and ruptured silks compared to pristine silk. Tuning of magnetic properties of

spider silk by mechanical stretching confirmed silk’s magneto-structural relationship while

ruling out any other possible origin of its magnetism.
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Figure 3.9: Magnetometry with pristine and tensile ruptured silk. Procedure of a series

of experiments performed by stretching the silk is depicted along with the photographs of

the actual silk sample. (a) shows the silk in its pristine form before stretching. This silk was

stretched to its breaking point (at a strain of 50%), shown in (b). Later the same silk was

ruptured into multiple small pieces by further stretching shown in (c). (d) Magnetometry

data of the above three cases ((a) through (c)) at 300 K and 10 K (e). The inset on the left

(d) shows a zoom of the data near zero magnetic field to highlight the comparison of Mr and

Hc of breaking point, ruptured and pristine silk samples. The inset on the right (d) shows

a bar graph to compare the Ms of breaking point, ruptured and pristine silk samples. The

error bar highlights that the observed change in Ms is well above the experimental error.
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Enhanced magnetization by mechanical cutting

Another method of deforming silk is mechanical cutting, as illustrated in Fig. 3.10. We

used clean ceramic scissors to cut the pristine spider dragline silks into small pieces. A

ceramic scissors was used to avoid any potential metallic contamination. We cut the silk

with an approximate cut density of 110 cuts/cm. The magnetic measurements of this type

were performed sequentially in the following manner :

(i) First, the pristine spider dragline silk was measured at T=300K and T=10K (SS7

Pristine).

(ii) The same sample was cut into multiple pieces, and the cut silk (SS 7 Cut) was mea-

sured again.

Upon cutting the silk, its saturation magnetization increases by 10% compared to that of

pristine silk, which is above the experimental error. The enhancement is modest in magni-

tude compared to the previous stretching mechanism because stretching deforms the entire

silk and produces defects throughout the silk sample compared to cutting, where defects

are formed only where a cut has been made. Moreover, cutting causes minimal shear de-

formation in β -sheet nanocrystals. The magnetization at 10 K (figure 3.10(d)) shows that

the paramagnetic susceptibility of cut spider silk is significantly higher than that of pristine

silk, meaning cutting increased the number of dangling bonds in silk. Nevertheless, the

results again provide conclusive evidence that the magnetic properties of silk are directly

related to silk’s structure and atomic defects within.
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Figure 3.10: Magnetometry with pristine and cut silk. Procedure of a series of ex-

periments performed by cutting silk is depicted along with photographs of the actual silk

sample. (a) shows the silk in its pristine form before cutting. This silk was cut to over 100

pieces/cm using ceramic scissors, as shown in (b). (c) Magnetometry data of the above two

cases ((a) and (b)) at 300 K and at 10 K (d). The inset on the left (c) shows a zoom of the

data near zero magnetic field to highlight the comparison of Mr and Hc of cut and pristine

silk samples. The inset on the right (c) shows a bar graph to compare the Ms of cut and

pristine silk samples. The error bar highlights that the observed change in Ms is well above

the experimental error.
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3.4.3 Electron Paramagnetic Resonance (EPR)

Figure 3.11: EPR signals at room temperatures. ESR spectra of silk show the presence

of free radicals (marked with 3) and ferromagnetically coupled clusters of radicals (marked

with 1 and 2). The results of all silk samples are consistent, implying that magnetism orig-

inates from the repeating core of spider silks and is an intrinsic property of these materials,

not because of some external factor. EPR spectrum of empty quartz tube is also shown as a

reference to show no background signal from impurities exists.

In order to understand the nature of unpaired electrons leading to ferromagnetism in spi-

der silks, electron spin resonance (ESR) spectroscopy was carried out. ESR spectroscopy

was performed using JEOL FA 2000 ESR machine. The microwave frequency used for

room temperature ESR spectroscopy was 9.44 GHz (X-band), and the power was kept at

0.3 mW. The modulation amplitude was 10 G, and the modulation frequency was 100 kHz.

The same silk samples were used for ESR spectroscopy and magnetometry. We detected

the presence of stable radicals in pristine silk, which were previously unknown for spi-

der dragline silks. The samples showed very complex spectra with absorption occurring

around g = 2 shown in figure 3.11 at room temperature. Besides the expected g ≈ 2 for

free radicals (3 in fig. 3.11), we can see other broad and asymmetric resonance lines with

g ≥ 2 (1 and 2 in fig. 3.11). These broad resonance lines are a result of exchange inter-

action among radicals. Ferromagnetic interactions cause a shift in silk’s g-values. Figure

3.11 shows that results are reproducible in multiple samples of spider dragline silks. These
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spectra reconfirm the presence of free and ferromagnetically interacting radicals in silk’s

structure. Coexistence of a variety of persistent radical species having g = 1.96, g = 2.47,

and g = 2.65 was observed. The resonance line with g = 1.96 corresponds to free radicals,

while the broader lines with g = 2.47 and 2.65 indicate a cluster of interacting spins. The

slight shift in the g value of free radicals (g = 1.96) from tradition 2.0023 results from the

strong anisotropic structure of spider silk [40]. In summary, ESR disclosed that several

independent and interacting radical species exist in spider silks. These results agree with

our observation of MH characteristics at room and low temperatures (section 3.2). The

high stability of these carbon radicals is a consequence of the significant steric hindrance

of hierarchical silk structure [124]. We observed persistent radicals of silk even at high

temperatures of 100◦ C. When residing in localized orthogonal orbitals that share the same

spatial region, radicals couple ferromagnetically (see chapter 1). In amorphous structures

like spider silk, one can expect the coexistence of ferromagnetic, anti-ferromagnetic, para-

magnetic, and spin glass orders [83, 84]. Thermomagnetic analysis to unravel the magnetic

ordering of spider dragline silks will be discussed in following section. Furthermore, we

can again confirm that no signals corresponding to g = 3.3 were observed in our samples

even at low temperatures of (−150◦ C), which is a characteristic signature of Fe 3+ ions

[125, 126]. Hence, we can again confirm iron impurities’ absence (or negligible presence)

in our samples. This observation allowed us to build magnetic models of silk where vari-

ous radicals can interact ferromagnetically or antiferromagnetically based on their position

(host atom), and configuration (distance from other radicals) [127].
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3.5 Magnetic Ordering in Spider Dragline Silks

Figure 3.12: FC-ZFC DC magnetization of four samples SS1-SS4. (a-d): The FC data

was taken at 1 kOe field. Oxygen background has been subtracted from all samples (Ap-

pendix C). We can see that the magnetic transition near 120 K is consistent for all silk

samples (highlighted by a box in each graph). The inset of graph (a) shows the magnetic

transition near 120 K in FC and ZFC data. Inset of graph (b) compares the normalized ZFC

data of all silk samples (differentiated by color) to show that the magnetic phase transition

consistently occur around 120 K in all samples. A slight crossover between FC-ZFC curves

of sample SS 3 (near 200K) is probably due to an offset in the positioning of the sample.

Through a thorough investigation, we established that the magnetism of spider silks origi-

nates from atomic defects in their structure. However, from our MH and EPR results, it is

clear that non-interacting radical spins coexist with ferromagnetically interacting radicals in

silk samples. Therefore, it is essential to understand the exact nature of magnetic ordering

of spider dragline silk samples.

To unravel the magnetic ordering of spider dragline silk, we did a thermomagnetic anal-

ysis on spider silk samples, where silk’s magnetization was measured at a constant magnetic

field with respect to temperature (MT characteristics). The same SQUID magnetometer
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(section 3.3) was used to analyze spider dragline silk samples’ MT behavior. Furthermore,

as mentioned previously, we used the same samples for this experiment. The experiments

were performed at a constant magnetic field of 1000 Oe. The temperature range set for the

experiment was from 5 K - 300 K. As mentioned in section 3.3, performing experiments

at higher temperatures can lead to the denaturation of silk samples. Thus the maximum

temperature for experimentation was limited to 300 K. Both zero field cooled (ZFC) and

field cooled (FC) responses were taken. The results of our thermomagnetic characterization

are provided in figure 3.12.

Before we start the analysis, one must understand that due to the fibrous nature of the

samples, when we compress the silk sample into a ball of diameter ≤ 3 mm, some air is

trapped in these samples. When the temperature of silk during the MT experiment reaches

below 90 K, oxygen gas (from air) trapped in these samples starts undergoing several phase

transitions. These weak magnetic transitions (see Appendix B) are of a similar order of

magnitude as our silk and therefore interfere with our magnetization data, especially the

para-AFM transition of solid oxygen occurring at 60 K. Therefore, one must isolate silk’s

magnetic behavior from that of oxygen. We systematically prepared oxygen-free silk sam-

ples (by siphoning the ambient air from silk bundles and storing them in argon environment)

for the SQUID magnetometry to obtain the magnetic signals from the pristine silk only, par-

ticularly at low temperatures. The details of this sample preparation are given in Appendix

C. The procedure of removing oxygen’s magnetization data from spider silk’s data at low

temperature is also given in Appendix C.

Having established this, one can see that the MT characteristics of all silk samples are

similar in nature. Going from 300 K to 5 K (right to the left), we see that ZFC and FC curves

diverge near room temperature (290 K to 300 K). Such a divergence in magnetization is a

clear signature of a spin-glass ordering unless there is a strong magnetic anisotropy [84].

On further cooling, we can see another re-entrant transition occurring at around temperature

T = 120±5 K, highlighted in the graphs in fig. 3.12 (a-d) using a rectangular box. Such re-

entrant transition is reminiscent of spin cluster-glass order (chapter 1). It shows a crossover

from ferromagnetic to asperomagnetic ordering (see fig. 1.9 for reference) as, on further

freezing the sample, the transverse components of the spin are frozen in random directions,

and only the longitudinal component shows ferromagnetic interaction. Thus there is a slight

decrease in net magnetization. Remarkably, all independent silk samples show similar MT

characteristics despite belonging to different spiders and being prepared at different times.

This indicates that observed magnetic ordering is a universal character of spider dragline

silks.

Below 40 K, we can see that paramagnetism due to non-interacting, isolated radicals in

silk starts dominating the magnetization data. This can be understood since the magnetic
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Figure 3.13: Comparison of MT data between empty tube background and silk. The

MT data of background in the absence of spider silk (black) show negligible magnetization

for ZFC and FC with an applied magnetic field of 1000 Oe. Even at low temperatures, < 40

K, empty tube magnetization data is negligible compared to spider silk, thus confirming the

presence of non-interacting spins in silks. The yellow color band in silk data shows the

variability across all four pristine silk samples. The silk data shown here is corrected by

subtracting the oxygen background from them using the procedure explained in appendix

C. There was no oxygen signature in an empty tube.

moment of paramagnets is inversely proportional to temperature (M ∝
1
T

). This is another

confirmation of the presence of stable free radicals in silk in addition to EPR and MH (at

10 K) data (sections 3.4.3 and 3.3). However, to ensure that these are the paramagnetic

signature of spider silk and not because of impurities from the background, we compared

the MT results obtained from silk data to MT data of quartz holder and Teflon without the

silk samples present in them (fig. 3.13).

Spider silk comprises amorphous helical protein structures with small amounts of nano-

crystalline beta pleated sheets embedded in them (Fig. 1.13). The same is reflected in the

combined results of M-H and M-T analysis, which suggests that spider silk behaves as an

amorphous magnet with spins trapped in the glassy state in a protein matrix. Our ther-

momagnetic analysis establishes that spider silk exhibits spin-glass (or spin cluster glass)

magnetic order. Random trapping of radicals in an amorphous protein matrix brings out the

coexistence of a variety of magnetic orders in silk structure, such as ferromagnetism (J > 0),
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antiferromagnetism (J < 0), and paramagnetism (J = 0). All results were reproducible in

all silk samples with minimal variations.

3.6 Representation of Magnetic spins in Spider Dragline

Silks

From our detailed experiments to understand the origin of magnetism in pristine spider

dragline silks, it is clear that the source of magnetism cannot be linked to usual ferromag-

netic d-block elements like iron, cobalt, nickel, etc. In fact, one can tune their magnetism by

deforming the silk (by stretching and cutting) and increasing the number of defects in spider

dragline silks. We concluded that the source of magnetism is indeed the persistent radicals

generated in silk’s structure due to atomic defects in its structure. These defects arise dur-

ing the silk spinning process undertaken by a spider. Spider pulls its silk rapidly while it

undergoes liquid to solid phase transition, leading to several microscopic defects. The pres-

ence of such microvoids and defects has been discussed in literature [121, 128]. From our

magnetic studies, we found that spider silk consists of interacting as well as non-interacting

magnetic spins. The interacting spins form a cluster glass-like magnetic ordering in spider

dragline silks. As suggested by our experimental results, a brief magnetic picture of spider

dragline silks is depicted in fig. 3.14.

The high stability (or persistence) of radicals formed in spider silks is astonishing. Rad-

icals are volatile species and tend to form bonds very quickly to stabilize their atomic en-

ergies and are, therefore, highly reactive species. The stability of radicals is attributed to

the remarkable secondary structure of anti-parallel β -sheets formed by a highly conserved

sequence of polyalanine (An) and poly-glycine-alanine (GAn) motifs (see section 1.2.1) in

silk proteins. These beta-sheets form highly rigid, dense, and compact crystallite structures

of nanometer dimensions. The dimensions of these crystallites are optimized to provide

maximum shear strength to sustain high tensile loads, and thus the superior mechanical

properties of spider silk [49]. The radicals formed on these β -sheet crystallites are com-

pactly packed and protected sterically; thus, they can remain stable in the room and at high

temperatures. Moreover, the constraint structure of β -turns made of GPGGX motifs can

also result in stable radicals in spider dragline silks.

Computationally, it was found by the theoreticians in our group that small number of

radicals created in beta sheets do not affect their mechanical stiffness. The formation en-

ergy of defected β−sheets when radicals are formed on the side chains of ((GA)n) motifs

[127] is slightly more than perfect ones. We, therefore, predict that radicals formed on

β−sheets of spider dragline silks are the prominent source of its magnetism. On stretch-
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Figure 3.14: Magnetic representation of spider dragline silks. Based on our experimen-

tal results, we expect a magnetic model of silks as described in this figure. Free (isolated)

and interacting radical spins (shown in pink bubble) formed due to atomistic defects in silk

coexist. β -turns and 310 helices structures are represented by helices (purple) for simplicity.

β -sheets are depicted as two-dimensional planes (green) for brevity. A thorough theoretical

modeling of silk structure is required to understand the molecular origin of magnetism in

spider dragline silks.

ing silks, β -sheets undergo a slip-stick motion causing shear stress in their structure. This

shear stress leads to displacement and rotation of amino acid chains forming the β−sheet,

i.e. ((GA)n and An motifs), thereby reorienting these sheets by breaking and reforming

hydrogen bonds while maintaining the structural integrity of β sheets. Reorientation of

radicals changes in their relative distances and conformation angles, affecting their ground

state magnetic interactions (exchange constant, J). Hence, one can tune silk’s magnetic

properties by controlling the strain and stress applied to it. However, a further theoretical

investigation is required to give a robust model of silk explaining its magnetic character.
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3.7 New Potential Applications of Spider Dragline Silks

We have discussed a wide variety of applications of silk in section 1.2.2, owing to their

extraordinary properties. Now that we have discovered the magnetic properties of spider

silks, we can add a few more potential applications of spider dragline silks to the list.

3.7.1 Spider Dragline Silk as a Bio-Magnetosensor

Figure 3.15: Silk Bio-Magnetosensor. (a) Snapshots showing synchronous rotation of a

silk-wick (top-view) when the torsion silk compass is subjected to rotating B field (instan-

taneous direction of the magnetic field is indicated using compass needle (red and blue)).

(b) Angle of silk (θp) vs angle of magnetic field (θm) for B = 30 mT. Error bars are within

the size of squares. Inset: schematic of the setup. (c) Permanent attachment of the silk wick

to an approaching magnet.

Besides understanding the magnetic properties of the silk, we wondered if this magnetic

property of silk can be exploited for functional purposes. To this end, we designed exper-

iments with an all-silk pendulum. We built an all-silk torsion pendulum where a single
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spider dragline silk (L = 10 cm) holds a freely suspended silk wick (mass ≈ 100 µg). The

torsion pendulum was enclosed in a glass container to protect it from environmental noise

and the surrounding air. This torsion pendulum is a very sensitive sensor due to the thin

dragline silk thread (d ≈ 1 µm) to which the silk wick is tied. As soon as one brings a

permanent magnet near the silk thread, the silk wick gets stuck to it. This is shown in fig-

ure 3.15(c), where a magnet could pull the wick sideways when it was bought too close,

confirming its ferromagnetic character.

Figure 3.16: Geomagnetic sensitivity of Silk Bio-Magnetosensor. (a): The Earth-scale

magnetic field is produced by an electromagnet powered by an on-off modulated current.

The field is measured at the position of the silk wick. The change in the angular position of

silk wick is captured by a camera and analyzed with an imaging software frame-by-frame.

The all-silk pendulum is enclosed in a glass chamber to prevent air-flow noise. The anchor

of the all-silk pendulum is electrically grounded to avoid any stray electrostatic effects. (b):

θp vs. time for 50 µT on-off field, (c): Sub-geomagnetic responsivity of silk compass.

Error bars denote angular fluctuation in the steady state.
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We fixed a neodymium magnet on a rotation stage, which can be controlled electroni-

cally to move in either a clockwise or anti-clockwise direction. This magnet (fixed on the

stage) was brought near the silk pendulum. When the silk-wick was subjected to a slowly

rotating magnetic field (30 mT), its angular position synchronously followed the rotation of

the field in clockwise and counter-clockwise directions maintaining permanent alignment,

as shown in Fig. 3.15(a)-(b). We also recorded a video of this experiment available for

demonstration (Video-1 Silk pendulum bio-magnetosensor). This experiment showed that

silk could detect the presence and direction of the magnetic field in its environment.

However, given the sensitivity of this pendulum, we pondered that silk must be able to

detect magnetic fields of much lower values than that subjected by the permanent magnet.

Can silk sense magnetic fields equivalent to geomagnetic magnitude? To check the sensi-

tivity limit of the silk bio-magnetosensor, we built a similar setup shown in figure 3.16(a).

We made a small copper coil to generate a magnetic field of very small magnitudes, and

a constant current supply was used to power it. The generated magnetic field by the coil

was calibrated to the applied current using a sensitive magnetometer with an accuracy of

±2 µT.

The all silk torsion pendulum discussed above was periodically excited by applying

magnetic fields down to geomagnetic magnitudes. Strikingly, when the pendulum was sub-

jected to an (on-off) modulation of the magnetic field, a few degrees deflection of silk-wick

was observed down to B ∼ 30 µT amplitude (Fig. 3.16(b,c)). This is the first demonstration

of the sub-geomagnetic responsivity of silk thread. The deflection of the pendulum was

captured using a camera. The video analysis using tracking software provided an accuracy

of ±1◦.

3.7.2 Silk based Bio-Magbots

Magnetically activated micro and nano swimmers (also called Magbots) in liquid environ-

ments have gained much interest in recent years [116, 115, 20, 129]. These ”Magbots” have

potential applications in targeted drug/gene delivery, cell manipulation, minimally invasive

surgery, biopsy, biofilm disruption/eradication, imaging-guided delivery/therapy/surgery,

pollution removal for environmental remediation, and (bio)sensing. Most of these robots

are made of inorganic magnetic materials like iron and cobalt. Hence, a major challenge

these micro and nano swimmers face is the biocompatibility and biodegradability inside the

body for biomedical applications.

In such a scenario, spider silk offers a great alternative. As we have discussed, silk

is non-toxic and biocompatible in nature [29, 23]. Moreover, its biodegradability can be

controlled [130]. In this section, we demonstrate the application of silk-based magnetic

micro-robots in a liquid environment. We built millimeter-sized silk swimmers and floated
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them in water. These miniature silk swimmers can be remotely maneuvered (driving, ro-

tation, magnetic trapping/ clustering) in a liquid environment using a magnetic field as

low as 20 mT. Such small fields can be easily generated and spatiotemporally controlled

with existing MRI and CT scan technologies. We further demonstrated the applications of

silk-based microbots in drug delivery, cell manipulation, non-invasive surgery, and biore-

mediation by transporting a variety of organic materials like plant tissues (onion skin and

leaf), animal tissues (human skin), polymers (hair), and immiscible liquids (toluene) across

the water surface. Silk-based micro swimmers present a non-toxic, biocompatible, and

biodegradable alternative to other micro/nano magnetic robots. They do not need to be

extracted from the body after their injection owing to their anti-inflammatory properties,

hence providing a significant advancement in biomedical engineering.

Magnetically maneuvering miniaturized silk magbots in liquid environment

We extracted pure dragline silks from multiple spiders and cut them into small 2 mm struc-

tures to show a proof of concept of silk-based biological magnetic robots. Such structures

could easily float in water and can be manipulated using small magnetic fields. Thus acting

as miniaturized magnetic robots.

We show the results of a series of experiments designed to extract work from silk robots

on the water for the following maneuvers:
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1 Magnetically assisted driving of spider silk swimmers

Figure 3.17: Magnetic driving of silk swimmers. (a) Schematic of the setup used to

show magnetically assisted driving of miniaturized silk swimmers in de-ionized water. The

swimmers can be driven on the surface of the water in any suitable manner by controlling

the magnetic field produced by the magnet kept below the petri dish. (b) The snapshots

of supplementary video 2 (Video-2 Magnetic Driving) demonstrate this phenomenon. We

can see that bunched-up silk swimmers are being driven from the left side of the petri dish

to its right side under the influence of a magnetic field of 35 mT. (c) Distance vs. time graph

of silk swimmers extracted from Video-2 Magnetic Driving.

To estimate the force generated by the magnet on the silk swimmers, we performed

an experiment where the silk swimmers were kept in the magnetic field gradient of

a fixed magnet. A schematic of the setup used to estimate the force experienced by
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miniaturized silk swimmers in de-ionized water under the magnetic field gradient

generated by a stationary magnet is shown in Fig. 3.18(a). The swimmers get pulled

from a place with a low magnetic field to a place with the highest magnetic field, as

illustrated. While swimming, they experience a viscous drag of the liquid. Therefore,

the net force on the swimmers will be given by:

d(µ · B⃗)
dx

− ⃗Fdrag = m · a⃗x (3.1)

Here µ is the magnetic moment, B⃗ is the magnetic field, m is the mass of the silk

swimmers, and a⃗ corresponds to acceleration.

The applied magnetic field was measured at different distances (x-axis in fig. 3.18(a))

using a magnetometer with an accuracy of 0.01 mT (fig. 3.18 (b)). The typical

magnitude of the magnetic field was 10-45 mT. The corresponding magnetic moment

of the silk swimmers under this applied magnetic field was estimated from the SQUID

magnetization data (Fig. 3.2).

We repeated the experiment by changing the vertical distance (y-axis in fig. 3.18(a)).

The field gradient generated by a stationary magnet in our experimental setup with

respect to x and y dimensions is depicted in fig. 3.18(b). Our observations reveal

that magnet exerts maximum force

(
d(µ · B⃗)

dx

)
of ≈ 90 nN in field of 45 mT and

a maximum force of ≈ 30 nN in the field of 30 mT (Fig. 3.18(c)). Such forces

are strong enough for contactless manipulation and transportation of non-magnetic

organic cargo in liquid media [131], as shown in the following section.
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Figure 3.18: Force exerted on silk swimmers. (a) Schematic of the setup used to esti-

mate the force experienced by miniaturized silk swimmers in de-ionized water under the

magnetic field gradient generated by a stationary magnet. The swimmers get pulled from a

place with a low magnetic field to a place with the highest magnetic field, as illustrated. (b)

Shows the field gradient generated by a stationary magnet in our experimental setup with

respect to x and y dimensions depicted in (a). (c) Shows the applied force experienced by

silk swimmers due to strong magnet

(
d(µ · B⃗)

dx

)
with respect to their distance from mag-

net. We can see that magnet exerts a maximum force of 90 nN in a field of 45 mT and a

maximum force of 30 nN in a field of 30 mT. As shown in the next section, such forces are

strong enough for contactless manipulation and transportation of organic material in liquid

media.
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2 Magnetically assisted rotation of spider silk swimmers

Figure 3.19: Magnetic rotation of silk swimmers. (a) Shows the schematic of the setup

used to show the magnetically assisted rotation of miniaturized silk swimmers in de-ionized

water. The swimmers can be maneuvered in any suitable manner by controlling the mag-

netic field produced by the magnet kept below the petri dish. (b) The snapshots of supple-

mentary video 3 (Video-3 Magnetic Rotation) demonstrate this phenomenon. We can see

that bunched-up silk swimmers are rotated clockwise and anti-clockwise under a magnetic

field of 35 mT. (c) Rotation angle vs. time graph of silk swimmers while being rotated in a

clockwise manner in the Video-3 Magnetic Rotation.
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3 Magnetic trapping of spider dragline silk swimmers

Figure 3.20: Magnetic trapping of a fleet of silk swimmers. (a) Shows the schematic of

the experiment demonstrating magnetic trapping of silk swimmers at any desired location

in de-ionized water with the field of ≈ 35 mT. (b) shows the snapshots of the supplemen-

tary video 4 (Video-4 Magnetic Trapping) showing magnetic trapping of miniaturized silk

swimmers. Video also demonstrates that even if we disturb the system by applying exter-

nal forces (shaking) to scatter the silk swimmers, they return to their trapped location very

quickly. This imply that silks can be used as magnetic tweezers for biological materials.

The above three basic maneuvers (magnetic trapping, translatory, and rotatory mo-

tion) open several ways these silk-based swimmers can find applications in biomedical

engineering and technology. These are also one of the first demonstrations of pure silk-

based magbots and tweezers that can be controlled entirely using small magnetic fields

[132, 131, 115, 116, 20]. The following section shows some practical applications of these

silk robots.
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Cargo transport by a cooperative fleet of magnetic silk swimmers

In the previous section, we established that silk-based miniaturized robots could be exter-

nally controlled and maneuvered to perform specific primary tasks. This section shows how

these basic tasks can help transport organic materials like animal and plant tissues, poly-

mers, and immiscible liquids in a cell-like liquid environment (figs. 3.21-3.26). We show

that organic materials do not interact with magnetic fields. However, with the help of silks,

we can easily maneuver these materials in liquid environments. These demonstrations help

us establish the use of silk robots in drug delivery, cell manipulation, non-invasive surgery,

research, and bioremediation. In our experiments, we used silk swimmers of combined

mass 4.9 mg under magnetic field ≈ 35 mT, with an average push/pull force of tens of nN

on the cargo materials.
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Figure 3.21: Magnetic transport of cargo leaf using silk swimmers. (a) Schematic of the

experiment showing magnetic transport of cargo leaf using silk swimmers. Tiny silk mag-

bots (magnetic robots) surround a leaf and help in its transportation from one end of petri

dish to another end under the influence of magnetic field (b) Snapshots of the supplemen-

tary video 5 (Video-5 Leaf Transport) demonstrating this magnetic transport phenomenon.

(c) Distance vs. time graph showing silk-assisted transport of leaf obtained from the Video-

5 Leaf Transport. No displacement of the leaf was possible in the magnetic field without

the silk.
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Figure 3.22: Magnetic transport of onion peel using silk swimmers. (a) Schematic of

the experiment showing magnetic transport of onion peel using silk swimmers. Tiny silk

magbots (magnetic robots) surround an onion peel and help in its transportation from one

end of petri dish to another end under the influence of magnetic field (b) The snapshots of

the supplementary video 6 (Video-6 Onion peel Transport) demonstrate this phenomenon.

(c) Distance vs. time graph showing silk-assisted transport of onion peel obtained from

Video-6 Onion peel Transport. Without silk swimmers, the onion peel could not be mag-

netically transported.
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Figure 3.23: Magnetic transport of human skin using silk swimmers. (a) Schematic

of the experiment showing silk swimmers transporting a piece of dead human skin

(from lips) in de-ionized water. Tiny silk magbots (magnetic robots) surround a hu-

man skin tissue and help in its transportation from one end of petri dish to an-

other end under the influence of magnetic field (b) Snapshots of the supplementary

video 7 (Video-7 Human Skin Transport) demonstrate this phenomenon. (c) Distance

vs. time graph showing silk-assisted transport of human skin obtained from Video-

7 Human Skin Transport. Without the silk, no transport was possible in a magnetic field.
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Figure 3.24: Silk-assisted magnetic transport of human hair fiber. (a) Schematic of an

experiment showing silk swimmers transporting a bundle of human hair. Tiny silk magbots

(magnetic robots) surround a human hair strand and help in its transportation from one

end of petri dish to another end under the influence of magnetic field (b) Snapshots of the

supplementary video 8 (Video-8 Human Hair Transport) demonstrate this phenomenon.

(c) Distance vs. time graph showing silk-assisted transport of human hair obtained from

Video-8 Human Hair Transport. The hair could not be magnetically transported without

the silk.
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Figure 3.25: Magnetic transport of non-magnetic oil drop using silk swimmers. (a)

Schematic of an experiment showing silk swimmers transporting an immiscible liquid. Tiny

silk magbots (magnetic robots) surround an immiscible liquid and help in its transportation

from one end of petri dish to another end under the influence of magnetic field (b) Snap-

shots of the supplementary video 9 (Video-9 Immiscible Liquid Transport) demonstrate

this phenomenon. (c) Distance vs. time graph showing silk-assisted transport of liquid

drop obtained from Video-9 Immiscible Liquid Transport. The drop does not respond to

the magnetic field without the silk.
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Figure 3.26: Controlled merging of two fluid drops by magnetic silk swimmers. (a)

Schematic of an experiment showing miniaturized silk swimmers combining one immisci-

ble liquid drop with another stationary drop. Tiny silk magbots (magnetic robots) surround

one drop of immiscible liquid and help in its transportation from one end of petri dish to

combine with another stationary drop under the influence of magnetic field. (b) Snapshots

of the supplementary video 10 (Video-10 Combining Liquid Drops) demonstrate this phe-

nomenon. (c) Distance vs. time graph showing silk-assisted merging of droplets obtained

from the Video-10 Combining Liquid Drops. Capillary force is observed when the two

droplets are too close, and the magnetic field is removed. These experiments show possible

applications in controlling droplets in biological settings [19, 20].
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The above experiments show that pure spider dragline silks (without external doping)

can be used as micro/nanoscale magnetic robots to manipulate organic and inorganic mate-

rials in liquid environments. These basic maneuvers of transporting organic and inorganic

cargo can be extended to perform various advanced functions. Hence, silks and silk-based

organic magnets can be used as tools for non-contact and non-invasive surgeries, targeted

drug delivery, and enhanced bioimaging. Further advancements in producing silk-based

nano/microscale robots can result in better state-of-the-art applications. Silk-based mag-

netically controllable artificial muscles and scaffolds [118, 119] are another avenues where

silks can have a significant impact as biomedical implants and tissue repair materials.

Silks open a new segment of organic protein-based magnets that are completely metal

free and biocompatible. Silk and silk-based magnets can sustain their ferromagnetism for

a long duration (for years) and up to high temperatures without any degradation in their

magnetic properties. Silk-inspired organic magnets with desirable mechanical properties

can be fabricated in laboratories.

3.8 Conclusion

In summary, this chapter discusses the entire experimental investigative study I had done to

unravel the magnetic properties, origins, and magnetic ordering of spider dragline silks.

Through my detailed research work, I discovered the soft magnetic character of spider

dragline silks at room and high temperatures. Investigation into the source of magnetism

revealed that the magnetism is attributed to the presence of stable radicals in spider silk and

not to the trace amount of iron found in silk. The microscopic defects in spider dragline

silk’s beta sheets can be understood as the source of these radicals interacting ferromagnet-

ically. Spider dragline silk acts as an amorphous magnet where atomic spins created due

to structural defects are trapped in the glassy state in the protein matrix. The stability of

such radicals in silk can be attributed to the compact and stiff β -sheets that provide suf-

ficient steric hindrance for these radicals to remain persistent while in close proximity to

each other. Random trapping of these radicals in the protein matrix leads to the coexis-

tence of ferromagnetic and antiferromagnetic interactions amongst radicals. Isolated and

non-interacting radicals lead to paramagnetism.

I also established a simple mechanism to tune the magnetic moment of spider dragline

silks by controlling the defects in their structure via stretching and cutting. In addition, I

showed new potential applications exploiting the magnetic character of spider silks.

We showed that silk-based bio-magnetosensors could sense magnetic fields well below

the geomagnetic magnitudes with good resolution. Moreover, silk-based bio-magbots can

hugely impact biomedical fields for non-invasive surgeries, biopsy, drug delivery, cell/tissue
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manipulation, and bionic actuators, to name a few. Moreover, thin silk can also be used in

micro electromechanical systems (MEMS) or (NEMS) for biomedical applications.

Besides the applications I have shown, my research opens a new mechanism for obtain-

ing protein-based magnets by engineering specific defects in structural proteins like silk

fibers having light amino acids and tightly bound beta-sheet structures. This is the first-ever

report of a magnetic protein containing no ferromagnetic metal. The magnetism appears

naturally because of atomic defects in this protein and illustrates a novel method to obtain

organic magnets.

Moreover, it also hints that spiders could have used such novel property of their dragline

silk, also known as the spider’s lifeline, for magnetoreception and navigational purposes.

In the following chapter, we will discuss experiments that explore the possibility of a spider

using its dragline silk for magnetoreception.
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Chapter 4

Spider Dragline Silk as a Geomagnetic
Compass

4.1 Introduction

The unique ability to detection of geomagnetic fields by living animals, known as magne-

toreception, is observed in bacteria, insects, aquatic, non-aquatic animals, and in migratory

birds [133, 134, 135, 136, 137, 138, 139, 140, 141]. Researchers have proposed several

mechanisms leading to magnetoreception in organisms belonging to various phyla. Sus-

pected causes of magnetoreception in many vertebrates and non-vertebrates are: (i) CRY

protein in the eyes of migratory birds [72, 142] (see Chapter 1), (ii) weak magnetic induc-

tion in aquatic animals [143, 144], (iii) a protein complex MagR found in the retina [8] (see

Chapter 1), and (iv) the presence of magnetite-like minerals in the brain and sensory organs

[145, 146]. Even though evidence of magnetoreception in humans has been negligible,

recent research in highly controlled environments shows that there is enhanced electrical

activity in the human brain when subjected to a rotating magnetic field of geomagnetic

magnitudes [136]. This implies that we might be able to sense the change in a magnetic

field. However, no known mechanism of how or if spiders can sense geomagnetic fields

has been discovered. This encouraged us to probe the area of magnetoreception and check

if spiders take cues from the exceptional ferromagnetic properties of their dragline silk for

this purpose. This could be a unique and ingenious method of magnetoreception that has

never been observed in other insects.

Spider dragline silk’s soft magnetic properties have been discussed in detail in our previ-

ous chapter. The vast applications that such biomaterials can have are enormous. However,

what does dragline silk’s soft ferromagnetic property mean for spiders? Was there a reason

for the evolution of silk to become ferromagnetic at room temperature? How might the

spider manifest this property to its use? These are a few questions that indulged us in a
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series of experiments at this chapter’s core. In this chapter, we will discuss how a spider

might use its dragline silk for magnetoreception and show the direct magneto-mechanical

response of its dragline silk towards magnetic fields of geomagnetic order.

4.2 Basic Idea of Experiment

Generally, proteins only exhibit magnetic response when subjected to a strong magnetic

field. The effects of a weak magnetic field, such as a geomagnetic field, are negligible,

with exceptions like CRY, MagR, and other iron-containing metalloproteins like ferritin. In

the previous chapter, we employed a highly sensitive all-silk torsion pendulum fabricated

with a single thread of spider dragline silk (SDS). We will use the same torsion pendulum

technique because of its high sensitivity to tiny forces in the following experiments. In the

previous chapter, we showed that a silk rod made of spider dragline silk could detect fields

lower than geomagnetic fields (section 3.7.1). To achieve a magneto-mechanical response

from fields of geomagnetic magnitudes from a ”single thread” of spider dragline silk, we

made a new set of changes to our setup, as will be discussed in section 4.4. By applying

magnetic fields of geomagnetic magnitude, we show the local excitation of this thread,

which produces a deflection of the pendulum in a single shot. Such a torsion pendulum

serves as an accurate depiction of a spider rappelling from a height. It gives us a good

idea about how spiders might use similar magnetoreception techniques. The experiment

has been reproduced several times, using dragline silks of multiple spiders. In addition, our

experiment depicts a simple technique to verify the soft magnetism of ”single thread” of

spider dragline silk under ambient conditions. This is typically impossible for sophisticated

techniques like SQUID and vibrating sample magnetometers (VSM).

4.3 All Silk Torsion Pendulum experiment again !

This section shows the first set of experiments we did with our all-silk torsion pendulum.

The critical difference between these experiments and the ones we did in the previous chap-

ter is that we do not use permanent magnets here. We need a uniform magnetic field and

control over magnetic field magnitudes, which are pretty hard to achieve with permanent

magnets. Here, we used a pair of Helmholtz coils to produce uniform magnetic fields of

desired magnitudes. The following sections will explain the details of our experimental

setup.
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4.3.1 Experimental set up

We discussed the method of making the silk rod used as a bob for our torsional pendulum in

section 3.7.1. The procedure to prepare the all silk torsion pendulum is shown in fig 4.1. We

made a sensitive torsional pendulum using a single silk fiber (length, l = 10 cm, diameter, d

≈ 3 µm (measured using a scanning electron microscope)). We freely suspended the silk rod

onto the thread (fig. 4.1(b)). We used a pair of Helmholtz coils with a radius of 20 cm, and

154 turns each to produce a uniform magnetic field. The Helmholtz coils were powered

by a stable DC power supply from Keithley. A magnetometer was used to measure the

Helmholtz coil’s magnetic field during the entire experiment. The magnetic field magnitude

was found to be very stable during the experiment. The pendulum was kept between the

middle of these coils to experience a uniform magnetic field and was covered by a glass

chamber to reduce the disturbance due to surrounding air (fig. 4.1(c)). The setup was kept

on a vibration-free table top to reduce the environmental acoustic vibrations. When the

magnetic field was applied, an overhead camera was used to record the deflection of the

pendulum (silk rod). The recorded video was accurately analyzed later to get the time vs.

deflection angle of the pendulum. We used free video analysis tool software called Tracker

for this purpose. The pendulum’s motion could be accurately tracked with a precision of

0.1 deg. (0.00087 rad.) using this software.
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Figure 4.1: Schematic of the all silk pendulum experiment. (a): Shows the detailed

procedure of preparation of spider silk rod with the image of one of the actual rod prepared

for the experiment. (b): Shows the pendulum made using the silk rod. (c): Complete

experimental setup where the pendulum is placed in a glass enclosure to eliminate effects

of surrounding air flow. The silk rod experiences a uniform magnetic field produced by the

Helmholtz coils. A gauss meter was also placed in order to note the magnitude of magnetic

field produced by the coils. An overhead camera was used to record the entire experiment.
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4.3.2 Experimental Results

In this section, we will discuss the physics as well as the results of the experiment. After

setting up the experiment, as shown in figure 4.1(c), we applied a constant uniform magnetic

field to the silk pendulum via Helmholtz coils by applying a constant current. The coils

were set up to produce a magnetic field in a perpendicular direction to the resting silk

rod of the pendulum. When under the influence of a magnetic field, the pendulum would

experience a torque and start rotating to align itself with the magnetic field. We applied the

field until the silk rod rotated to a new stable equilibrium position under the influence of

the magnetic field. Let τ⃗ be the torque applied to the spider silk rod of the pendulum and m

be the mass of the silk rod ( m ≈ 100 µg), B be the applied magnetic field, and µ⃗ and σ⃗ be

the magnetic moment and magnetic moment per unit mass.

τ⃗ = µ⃗ × B⃗

= (σ⃗ × B⃗)m
(4.1)

Assuming that the silk rod and magnetic field are perpendicular in direction, let χm be

the mass magnetic susceptibility of silk and µ0 be the magnetic permeability of silk. Then

torque experienced by silk in the uniform magnetic field can be simplified to

τ⃗ =
χmB2m

µ0
(4.2)

We know that in a torsion pendulum, torque is directly proportional to the angle of twist

provided to the pendulum (θ ). Let κ be the torsion constant of silk, and hence,

τ⃗ = κ · θ⃗ (4.3)

We can see that from equations (4.2) and (4.3).

θ =
χmB2m
µ0 ·κ

θ ∝ B2
(4.4)

We considered these two parameters because we can directly measure them. Hence our

experimental results must show a linear relation between θ and B2, as was observed and

shown in figure 4.2.

4.4 Dragline Silk as Geomagnetic Compass

In the previous chapter, we successfully demonstrated that spider silk could sense mag-

netic fields lower than the geomagnetic field present in our lab (measured to be ≈ 50 µT ).
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Figure 4.2: Results of all silk pendulum. The graphs show the experimental results of our

all silk pendulum kept in a uniform magnetic field. In this experiment, we experimentally

confirmed that θ ∝ B2 with a small error of ±0.04 radians in pendulum 1 and ±0.05 radians

in pendulum 2. The data is in strong agreement with the theory.

However, can a spider abseiling from its dragline silk (with a ”single thread”) detect the

magnetic field and thereby navigate its location (like a compass)? To check this, we had

to develop a more sensitive setup and replace the silk bob with a non-magnetic one having

a similar mass as that of a real spider. We wanted to make such an experimental setup

as realistic as possible. A torsion pendulum satisfactorily mimicking a spider suspending

from its dragline silk is therefore employed in the following experiments. The procedure

for making such a torsion pendulum is explained in figure 4.3. Nevertheless, it must be

noted that we have not performed any physiological and behavioral experiments on living

spiders to confirm if it actually perceives magnetoreception by this mechanism. We are just

hinting at the possibility that spiders have such a unique magnetoreception mechanism at

their disposal.

One key factor we must note is that the silk extracted using the procedure described in

fig 4.3 is not extracted forcefully from the spider. In the present case (fig. 4.3), we observed
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Figure 4.3: All silk torsion pendulum mimicking spider. (a) Explains the technique of

extracting a single spider dragline silk thread from the spider. A spider is made to fall from

the top of a cardboard frame. While freely falling, the spider releases its dragline silk to

ensure it safely reaches the ground. As it reaches the bottom end of the frame, we take the

silk released by the spider and use it to make our pendulum. (b) shows the picture of the

actual frame and spider used to make the pendulum. We found that the spider releases its

silk at a natural rate of approximately 1 cm/s. (c) shows the final pendulum made using a

thin plastic film that can partially reflect light. We ensured that the weight of the plastic

film (non-magnetic) is equivalent to that of the spider, so silk receives equivalent stress as

it does from an abseiling spider.

that the spider spun the silk at a rate of ≈ 1 cm/s. However, it must be noted that a spider

can spin its silk spinning rates as high as 10 cm/s, depending on the situation. Forceful

silk extraction can lead to enhanced structural defects in silk’s structure because the spider

resists the silk spinning and pulls the silk in the opposite direction. Therefore under the

entire silk collection process in section 3.2, silk is under stress. This enhances the chance

of defects in its structure as it undergoes a liquid-to-solid transition. However, obtaining a

large amount of silk for experimentation without forceful spinning is very difficult.

The following sections provide the complete details of our new magnetosensing silk

torsion pendulum.

4.4.1 Experimental setup

These experiments aimed to discover if spider dragline silk can detect and produce a magneto-

mechanical response to the changing magnetic field of geomagnetic order. Such a magneto-

mechanical response to magnetic field changes can induce magnetoreception in spiders.
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Figure 4.4: Experimental setup to detect the magnetic response of spider silk. A probe

beam deflection technique (PBDT) was employed by attaching a thin plastic film to the

spider silk under study, this plastic beam reflects a small amount of light falling on it, and

the reflected spot acts as an indicator of the angular position of the pendulum. The dynamics

of the reflected beam were recorded using a camera, and the video was later analyzed using

motion tracking software. The magnetic coil is used to excite the silk pendulum locally. A

rectangular square wave signal was used to drive the coil for repeated on/off cycles, and the

current was measured using an ammeter. A laser diode was also connected as an indicator

for on/off cycles. The pendulum was enclosed in an air-tight glass chamber. The entire

experiment was kept on a non-magnetic honeycomb vibration-free table.
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Since the earth’s magnetic field ranges from 33 µT (at the equator) to 66 µT (at poles),

we knew that the magneto-mechanical response, if any, would be extremely small. Hence,

we developed a probe beam deflection technique (PBDT) to detect an exceptionally small

torsional response due to microtesla magnetic field changes from a very sensitive spider

dragline silk pendulum. The basic schematic of the setup is shown in figure 4.4. At the

heart of this complex experimental setup lies two significant components: (i) a very sensi-

tive spider silk torsion pendulum and (ii) current-carrying magnetic coils.

Firstly, we will understand how PBDT works. A very sensitive pendulum is made from

a single thread of spider dragline silk with a non-magnetic plastic thin film suspended from

it. This plastic thin film mimics a suspending spider and has a similar weight to the spider

from which the silk was extracted. Next to the silk pendulum (about 3 cm away) lies a

current-carrying coil having 150 turns and a radius of 1.5 cm made out of copper wire with

a diameter of 0.8 mm (21 gauge). This coil excites the silk thread locally by producing

a magnetic field of the desired magnitude. The pendulum rests under ambient conditions

and is protected from airflow by keeping the apparatus inside a sealed glass chamber, as

shown in fig.4.4. The entire setup was kept on a non-magnetic honeycomb table to protect

it from acoustic and mechanical noise. We use a low-powered collimated laser (2−3 µW;

beam width w0 ≈ 1 mm) as a probe beam pointing at the center of plastic film (suspended

from the pendulum). The plastic film partially reflects this laser beam onto a screen. This

reflection spot on a screen serves as an indicator of the angular position of our pendulum.

This improved the angular resolution of our experiment by ten times more than the previous

technique of using an overhead camera (section 4.3). Therefore we could now resolve a

torsional response of about 0.1 deg. We used a function generator (Tektronix) to power

the magnetic coil and produced a continuous on-off magnetic field cycle over a fixed time

interval. The dynamics of the reflected spot were recorded using a camera. We used a

laser diode in series with a coil to track the signal switching from the function generator

powering the coil. An ammeter (Keysight) with an accuracy of 10 µA was also connected

in series to the function generator to check the current flowing through the coils accurately.

The magnetic field was very precisely and accurately calibrated (error of ±2 µT) to the

current using a 3-axis hall probe (Alpha labs Inc.) magnetometer. Moreover, the coil was

carefully kept at a sufficiently far distance (about 6 cm above) from plastic film to eliminate

any magnetic field effect on it. The magnetic field reaching the film was 100-times lower

than that reaching the silk and lower than 1 µT at all times.

One can see that this experiment’s applied magnetic field is nonuniform. From our high

school knowledge, we know that the magnetic field generated by a current carrying coil at

a distance, z from the center of the coil along the line passing through origin is given as:
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Bz =
µ0I
2

a2

(z2 +a2)(3/2)
(4.5)

Here I is the current passing through the coil, and a is the radius of the coil.

However, in this experiment, equations (4.6-4.8) give a highly accurate solution of the

magnetic field produced by a current-carrying coil. These equations use elliptical integrals

of type 1, K(k2) and type 2, E(k2). For the purpose of simplicity, let ρ2 = x2 + y2, r2 =

x2 + y2 + z2, α2 = a2 + r2 − 2aρ, β 2 = a2 + r2 + 2aρ, k2 = 1− α2

β 2 , γ2 = x2 − y2 and

C =
µ0

π

Bx =
Cxz

2α2βρ2 [(a
2 + r2)E(k2)−α

2K(k2)] (4.6)

By =
Cyz

2α2βρ2 [(a
2 + r2)E(k2)−α

2K(k2)] (4.7)

Bz =
C

2α2β
[(a2 − r2)E(k2)+α

2K(k2)] (4.8)

Because of the nonuniform nature of the magnetic field, we cannot expect a linear re-

lationship between the angle of rotation θp and the magnetic field B2 for such a pendulum,

as shown in fig. 4.2. The next section shows that even a single silk thread can sense the

magnetic field changes in its nearby environment.

4.4.2 Experimental Results

As explained previously, before setting up the experiment, we accurately measured the

magnetic field’s value (in all three directions) at a fixed distance (3 cm) from coils for

different current values. Then the pendulum was accurately placed 3 cm away from the

coils. In order to power the coils, we used a function generator and a square wave signal

with a frequency close to the pendulum’s natural frequency to obtain maximum response

(resonance condition). The experiment ran for several complete cycles for each magnetic

field value. We also ensured that the signal’s current value was stable throughout each

experiment, so the magnitude of the magnetic field produced by coils remained constant

over the period. The entire experiment was done in a dark empty room to reduce noise and

ensure accurate tracking of the pendulum. Experiments were started only after ensuring

that the silk pendulum was highly stable and not picking any noises so we could confirm

that we got clean signals. The experiment was recorded on a camera, as explained in fig.

4.4, and the video was later analyzed. This experiment was repeated for three spider silk

pendulums made from different spiders.
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Figure 4.5: Geomagnetic sensing by dragline silks. (a-c) shows the one-to-one rotational

response of 3 different spider dragline silks to the magnetic field of different magnitudes

differentiated by the color code given in the index. The similar frequency of changing

magnetic field and rotation of spider silk pendulum implies a strong correlation between

them. The 0 and 1 in magnetic field graphs represent the period for which the magnetic field

signal was switched off and on, respectively. Moreover, we can also see that the magneto-

mechanical response of dragline silk at a subgeomagnetic field changes well below (66 µT

). These results depict that spiders might get magnetoreception cues from their dragline

silk when it experiences changes in magnetic fields. (d) shows the rotation of pendulums

with respect to the applied magnetic field for all three pendulums. The colored lines are for

visual aid. We can see that even a ”single silk thread” can detect geomagnetic fields in all

three cases.

The results of the experiment are shown in fig. 4.5 A mechanical oscillation in spider

silk with a similar frequency as that of the applied magnetic field used to excite it inevitably

proved their relationship. The data was collected by varying magnetic fields, B⃗ from 30

µT to 200 µT. From our observations, we can confirm that SDS can sense the change in

magnetic field up to geomagnetic magnitudes, i.e., 30 - 60 µT. We did not compensate

for the constant earth’s field because of the experimental limitations of PBDT. We only

illustrated SDS’s detection of a ’change’ in the magnetic field. We can observe that in

fields ≤ 70 µT (geomagnetic limit), the deflection of spider silk is generally less than a
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degree, which might appear relatively small. However, insects have high sensitivity to

extremely small forces and have been reported to detect nano Newton forces on their body

hair [147, 148]. Therefore such small deflections can easily open the possibility that a spider

might use the extraordinary property of its silk in some ingenious way for navigational and

migratory purposes.

4.5 Conclusions

In this chapter, we wanted to explore if the magnetic properties of dragline silks of spiders

emerged due to the evolutionary engineering of silk over millions of years and provide a

functional advantage to them or are just an additional property we discovered.

Through our extensive experimentation, we showed that the magnetism of spider dragline

silk provides a capability of magnetoreception to spiders. Even a single thread of dragline

silk can be used to detect sub-geomagnetic field changes in the surrounding environment.

Spiders might be able to take advantage of such behavior for navigation and understanding

their nearby environment.

However, it must be emphasized here that we have not done any physiological or behav-

ioral studies on living spiders to confirm if the spider actually utilizes its dragline silks for

magnetoreception. We have only presented the possibility that spiders can have a unique

magnetoreception mechanism that other organism lack.

Our research also showed that a ”single micrometer thick thread” of spider dragline silk

could be used as a thin biological magnetic wire (with exceptional mechanical properties).

This can have brilliant applications like extremely light and micrometer-thin magnetic sen-

sors in biomedical and technological sectors. Such bio-inspired magnetic microwires can be

manipulated in a contactless manner by changing magnetic fields and be used in biomedical

and construction applications.
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Chapter 5

Intrinsic Magnetism of Silkworm Silks

5.1 Introduction

Silkworms produce only one kind of silk, which makes up the cocoon for the morphogen-

esis of silkworm pupae to a moth. We have discussed various properties and functions it

plays in protecting and nurturing silkworms in their cocoons (Chapter 1). While looking at

its molecular structure and amino acid sequencing, we can see that silkworm silks are made

of the same amino acids: glycine and alanine. In addition, their beta-sheets comprise of

same (GA)n sequences as that of spider silks. Hence one wonders if silkworm silks depict

the ferromagnetic character as well. This was our motivation for exploring the magnetic

properties of silkworm silk.

We must mention that silkworm cocoon membranes (SCM) have shown ferromagnetic

response at room temperature previously [33]. In that study, the source of magnetism was

attributed to the minuscule presence of ferromagnetic elements like iron, nickel, cobalt, and

gadolinium in silk cocoon membranes which could only be found in parts per billion (ppb)

concentrations. A closer look at their data can confirm that the concentration of ferromag-

netic elements was insufficient to produce saturation magnetization reported for SCM (≈
0.05 emu/g). Therefore, there was a gap in that study. However, the study acknowledged

the presence of stable carbon radicals in silk.

In this chapter, we will see that silkworm silks show similar magnetic behavior as spider

draglines. Silks showing ferromagnetic response at ambient temperatures and the origin of

magnetism can again be linked to stable carbon radicals. The magnetism of silkworm silks

can be enhanced by creating additional structural defects. A thorough investigation of the

magnetic properties of silkworm silk, including magnetometry, thermomagnetic analysis,

magnetic resonance spectroscopy, and detailed elemental analysis, was done.
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5.2 Preparation of pristine silkworm silks

Figure 5.1: Preparation of pristine silk samples: The figure shows a detailed step-by-step

procedure for preparing pristine silkworm silk samples for magnetization experiments. (a)

shows the picture of B. mori silk cocoon membranes (SCM) collected from a silk farm. (b)

shows the pieces of SCM after cutting them with ceramic scissors. Ceramic scissors were

used instead of metallic ones to avoid contamination of SCM with metallic impurities. (c-e)

Degumming the silks removes unwanted impurities and sericin from SCM’s surface. The

cut silk pieces were cleaned in 0.02 M solution of Na2CO3 for 7 hours and later were

cleaned with deionized water for 2 hours. These silks were then air-dried for about 18

hours to remove moisture. (f) Shows the sample kept in cleaned and sterilized MCT for

experimentation. Utmost care was taken to avoid any metallic contamination of silk and

samples were handled only using clean latex gloves.

To investigate the intrinsic magnetism of silkworm silk, we prepared silk samples taking

extreme measures to avoid contamination. The silk was obtained from silk cocoons bought

from silk farms in Karnataka, India. The cocoon was cut to remove the insect from them.

These cut cocoons need to be cleaned thoroughly to remove impurities. We used ceramic
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scissors to avoid metallic contamination and cut the silk cocoon membranes (SCM) into

small pieces, and then cleaned them with clean deionized water for 30 mins. These silks

were rewashed using a 0.02 M solution of sodium bi-carbonate Na2CO3 in deionized water

for 7 hours. After completing this, the silks were cleaned using deionized water for another

2 hours to remove any contaminant on the silk surface. The cleaning process ensures not

only the removal of unwanted contaminants but also the removal of sericin on the surface of

silks (see chapter 1). This process is also known as the degumming of silk. After cleaning

we are left with pure natural silk fibroin. The cleaned silks were later dried in the air

in a clean environment for 16-18 hours to remove moisture. This concluded the cleaning

process of silk, and then these silk samples were stored in cleaned and sterilized microtubes

(MCTs).

We followed our previous methodologies (as in chapter 3) for investigating magnetism

in the silkworm silk samples and prepared for the following experiments:

• Magnetometry (M-H) using SQUID magnetometer at different temperatures

• Thermomagnetic (M-T) experiments using SQUID magnetometer at constant mag-

netic field

• Elemental analysis using EDX, XPS, XAS, and ICPMS

In the following sections, we will discuss our detailed results of the above-stated exper-

iments and compare the magnetic properties of silkworm silks with spider dragline silks.

The experimental methodology for these experiments is similar to the one followed in chap-

ter 3.

5.3 Magnetometry of Silkworm Silks

Once the silks were cleaned and degummed (removal of sericin), we carried out the mag-

netization experiments using the SQUID magnetometer. The samples were accurately

weighed before commencing the experiments. The basic procedure of the experiment was

kept similar to that described in chapter 3. The mass of silkworm silk mounted for ex-

perimentation was (≥ 15 mg) for accurate results free from background errors. We were

cautious while mounting the samples to the quartz-half tube. We also weighed the amount

of Teflon being used (≈ 4 mg for all samples). We were careful not to stretch the Teflon as

it can cause ferromagnetically coupled dangling bonds and lead to false results [102].
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Figure 5.2: MH of silkworm silk at 300 K. (a): At high magnetic fields, the diamag-

netic contribution of silk dominates heavily over its ferromagnetic contributions typically

above 3000 Oe. M* stands for data before diamagnetic subtraction. (b): M-H relation

after subtracting diamagnetic contribution at 300 K. Upper inset: zoom of hysteresis loop

showing coercivity and remnant magnetization. Lower inset: distribution of Hc , Mr and

Ms for two samples. Mean values of these parameters are Ms = 2.8±0.33×10−3 emu/g,

Hc = 65±20.0 Oe and Mr = 2.22±0.55×10−4 emu/g.

The data of SQUID magnetization for silkworm silk samples at room temperature (300

K) is shown in figure 5.2. We can see the raw magnetization data without diamagnetic
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subtraction in 5.2(a). For fields (> 3000 Oe), the silks were dominantly diamagnetic

with a susceptibility of χD ≈ −1.34± 0.058× 10−8 emu/(g ·Oe) (average of 2). Figure

5.2(b) shows the data after diamagnetic subtraction from raw data depicting clear satura-

tion magnetization, Ms = 2.8± 0.33× 10−3 emu/g (average of 2 samples) and coercive

field, Hc = 65± 20 Oe (average of 2 samples) in silkworm silk samples. A remnant mag-

netization Mr = 2.22± 0.55× 10−4 emu/g (average of 2 samples) is also observed in all

silk samples. The left inset of figure 5.2(b) provides a zoom of the data near zero magnetic

field after subtraction. In comparison with spider silk samples, the fundamental magnetic

values of silkworm silks are an order of magnitude smaller. The reason for such smaller

values is believed to lie in the different sample preparation methods for both types of silks.

In the case of spiders, dragline silk was forcefully spun from its spinnerets, with the spider

resisting the spinning process, which caused tension in the silk thread and thereby created

many defects in its structure. Whereas, in the case of silkworms, the silk cocoons were pro-

duced by silkworms at their natural spinning rates and not forcefully; therefore, it contains

fewer defects in its structure as compared to spider dragline silk. Using the known molec-

ular weight of silk fibroin of ca. 400 kDa [149], we get a magnetic moment of ∼ 0.2 µB

per protein molecule at room temperature, which in comparison to spider silk is an order of

magnitude smaller (≈ 3 µB per molecule for spider dragline silk). In section 5.4.2, we will

show that one can increase the magnetic parameters like Ms, Hc, Mr by increasing the de-

fects in silkworm silk’s structure, just as was done in the case of spider silks (section 5.4.2).

The MH analysis implies that silkworm silk also exhibits a soft ferromagnetic character at

room temperatures.

To ensure that the magnetic signals from silk are clean and much above the background,

we compared the SQUID magnetization data M(H) obtained from the silkworm silk sam-

ples with the background data from the empty sample holder (the quartz half tube and

Teflon without the silk samples) under otherwise identical conditions. Fig 5.3 shows that

the background of the empty sample holder is negligibly small. Also, for the fields (e.g.,

60 kOe), the diamagnetic response of silk is much larger than the background. Notably, the

empty sample holder showed no hysteresis (see zoom below 2 kOe).

Magnetization data at 10 K of silkworm silk samples is shown in figure 5.4. Figures 5.4

(a) shows the raw magnetization data without diamagnetic subtraction, and figure 5.4(b)

shows the data after diamagnetic subtraction from raw data depicting clear enhancement of

magnetic character from room temperature, with significant increase in remnant magneti-

zation, Mr = 7.91± 0.8× 10−4 emu/g and coercive field, Hc = 223± 27 Oe. Similar to

spider silks, we observed a lack of saturation in magnetization even at a very high magnetic

field of 7 T in silkworm silk samples. The inset of figure 5.4(b) provides a close-up look

at the data after subtraction to show the presence of hysteresis. The analysis of this MH
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Figure 5.3: Comparison between MH data for empty tube background and with silk.
The background SQUID data was obtained with an empty tube (Black). We note that the

background is negligibly diamagnetic compared to silkworm silk (SS). Hence, throughout

the experiments, we performed diamagnetic background subtraction by using high field

data (of CS) at 300 K. Bottom graph shows zoom near zero fields. The background does

not show any hysteresis. It must be noted that an empty holder means a quartz half tube

with Teflon tape but without silk samples.
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Figure 5.4: MH data of silkworm silks at 10 K. (a): The magnetization of silk has in-

creased significantly when compared with data collected at 300 K. (b): MH relation after

subtracting diamagnetic contribution at 10 K. We can see that the magnetization doesn’t

saturates even at magnetic fields of 7 T and keeps increasing linearly. This suggests

the coexistence of ferromagnetically interacting (J > 0) and non-interacting spins in silk

samples. Average remnant magnetization increases to Mr = 7.91 ± 0.8 × 10−4 emu/g

and coercive field, Hc = 223 ± 27 Oe. The average paramagnetic susceptibility, χp =

3.1±0.11×10−7emu/(g ·Oe).
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Figure 5.5: Comparing M-H curves of silk at different temperatures. The data depicts

the soft ferromagnetic character of silks at 10 K, 300 K, and 400 K. Left inset: Comparison

of Hc and Mr at these temperatures. As the temperature increases, we can see a steady drop

in Mr and Hc. Right Inset: Zoom of data near zero field.

data implies that silkworm silk exhibits the coexistence of ferromagnetically interacting

and non-interacting magnetic spins. The paramagnetic susceptibility of silk samples at 10

K was found to be χp = 3.1±0.11×10−7emu/(g ·Oe) (average of 2). A prominent source

of paramagnetism in silk can be the free radicals formed due to microscopic defects within

its structure [128]. Compared to spider silk, the χp of silkworm silk is also ten times smaller

than that of spider silks. This again strengthens our claim that the forceful spinning of silk

leads to a larger number of atomic defects in its structure. However, a thorough investiga-

tion of silkworm silks must be done to check the presence of ferromagnetic impurities like

iron, nickel, cobalt, etc.

The magnetization of silk samples was stable over quite a long time as the samples were

stored at room temperature and 50% relative humidity. This implies that silk-based organic

magnets can be stored in the laboratory for a long time. Similar to spider dragline silks, we

also find that silkworm silk’s magnetic character is well preserved at temperatures signif-

icantly higher than ambient, i.e., at 400 K (127◦ C) (fig. 5.5). Silkworm silk is known to

have degraded drastically above 473 K [122]. We did not take readings for higher temper-
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atures to prevent the silk from undergoing an irreversible glass transition and destroying its

inherent structure.

5.4 Origin of Magnetism in Silkworm Silks

We have discovered the ferromagnetic character of silkworm silks (as shown by spider

dragline silk) and believe that it is an inherent property of silk because of naturally oc-

curring defects in β−sheet structures and not because of ferromagnetic impurities in them.

However, to establish our claims, we will again have to investigate the presence (or absence)

of ferromagnetic impurities (especially d-block elements) in silkworm silks to discover the

true origin of magnetism in these materials.

5.4.1 Elemental Analysis

In this section, we confirm the absence of any ferromagnetic impurity in our samples using

the same elemental analysis techniques (EDX, XPS, XAS, and ICPMS) we used for spider

dragline silks. Our experiments agree with previous impurity analysis done on silks [33]

and show that the observed magnetic properties of spider silk cannot be due to any metallic

impurities. Our elemental data and concluding analysis are detailed below:

Elements
Atomic

No.
Series

Unn.

Conc.

(Wt.%)

Norm.

Conc.

(Wt.%)

Atomic

Conc.

(at. %)

Error

(Wt. %)

C 6 K-Series 65.18 65.18 63.7 10.4

O 8 K-Series 22.02 22.02 20.7 9.1

N 7 K-Series 12.80 12.80 16.6 6.6

Fe 26 K-Series 0 0 0 0

Ni 28 K-Series 0 0 0 0

Mn 25 K-Series 0 0 0 0

Co 27 K-Series 0 0 0 0

Cr 24 K-Series 0 0 0 0

Total 100.00 100.00 100.00

Table 5.1: EDX Analysis. Atomic concentration of selected elements in three independent

samples of the silkworm silk.

(1) Energy dispersive X-ray spectrum (EDX): The silk samples were coated with gold,

and their EDX spectrum was taken using an electron beam of energies from 10 to 20
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Figure 5.6: XPS survey scan for three pristine silkworm silk samples. The consistent

peaks corresponding to carbon (C), oxygen (O), and nitrogen (N) are visible in both survey

as well as core scans. We also got weak signals for other known elements like calcium

(350 eV ). However, there was no signal of any transition d-block and f-block elements in

the survey scan. These measurements were performed on uncoated silk samples. Target

plate area was 1 cm×1 cm. The scan area of XPS is typically in µm2, and scanning depth

is up to 10 nm. Measurements were performed in a high vacuum of 10−9 mbar

KeV. The typical spot size of the beam was a few µm2. The instrument was bench-

marked and calibrated prior to measurements. We scanned about 4 to 5 locations on

each sample.

The results obtained are shown in Table 5.1. The dominant contribution in the sample

was C, N, O. We detected zero concentration of Fe, Mn, Ni, and Co for all the silk

samples. The minimum detection limit of the EDX spectroscopy was 3000 ppm.

(2) X-ray photoelectron spectrum (XPS): Prior to the experiments, we calibrated the

XPS using pure silver thin film. We found that signals were shifted ≈ 4 eV in sur-

vey scans. Two silk samples were used for the XPS scan. The X-ray source was

Aluminium (Al) Kα . Silk samples were uniformly spread with the help of carbon

tape and used to stick the silk on the copper target plate. The survey scan is shown

in Fig. 5.6 for all samples. The major atomic components like carbon (C), oxygen

134



(O), and nitrogen (N) were visible. However, there was no detectable signal for any

ferromagnetic transition element in the d-block or f-block (Fe, Ni, Co, Gd).

Figure 5.7: Core XPS scans confirming the absence of ferromagnetic elements. We

further took dedicated core scans to detect the key elements (Fe, Co, Ni) that can be ferro-

magnetic at room temperature. The above results were obtained after five complete scans

near their specified energy spectra; still, no signal was found above the background noise

level. Fe’s expected primary 2p signal lies from 706 eV to 710 eV. Ni’s expected primary

2p signal lies from 852 eV to 855 eV. Expected primary 2p signal of Co lies from 778 eV

to 779 eV [NIST XPS Database].

To reconfirm their absence in silk, we repeated dedicated core scans for Fe, Ni, and

Co, as shown in Fig.5.7. The core scans were obtained by 5 complete scans of the

specified energy range, where their signals are expected, and yet no signal was de-
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Figure 5.8: XAS spectrum of silkworm silk samples. The absorption edges of C, N, and

O are visible. No absorption could be detected for heavy ferromagnetic atomic numbers

(lower graph) like Fe, Ni, Co, or Mn.

tected. The detection period per scan was set at 300 s. The XPS can accurately detect

the presence of an element on the surface of samples up to an atomic concentration

of 100 parts per million (ppm).

(3) X-ray absorption spectroscopy (XAS): Two silk bundle samples were analyzed us-

ing XAS in total electron yield (TEY) mode. The X-ray source was Indus 2, a syn-

chrotron at Raja Raman Center for Advanced Technology (RRCAT), Indore, India.

The obtained spectrum is shown in Fig.5.8. Here also, we could easily detect the

basic atomic constituents of spider silk like C, N, and O. However, the scan for heavy

transition metals (Fe, Ni, Co, and Mn) showed no detectable signal.

XAS in TEY mode can detect the presence of an element in a sample for more con-

siderable depths (beneath the surface) than the XPS scan, with accuracies of about 10
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ppm. The absence of any signal in this range also means that the d-block ferromag-

netic elements were absent.

(4) ICP-MS: ICPMS grade HNO3 and HCl were used for digestion, and high-performance

liquid chromatography (HPLC) grade water was used for dilution purposes. 200 mg

of silkworm silks was used for this experiment. The silks were microwave digested in

a mixture of 5 ml of HNO3 and 3 ml of HCl acids for 1 hour at a temperature of 220◦

C. After the silk was completely dissolved, 1 ml of the solution was diluted using 99

ml of water. Later the solution was filtered using 0.45 µm PTFE syringe filter. The

filtered solution was then ready for experimentation. The calibration standards for

ICPMS were then prepared from 1 ppb conc. to 10 ppm conc. Thermofisher ICP-MS

(iCAP-RQ) instrument was used for the experiment. For assurance of the reliability

of our results, we first experimented on a blank solution (sample without silks) to

check the conc. of ferromagnetic impurities in the background solution. We used the

same equipment and chemicals (acid, water, and syringe filter) to prepare the blank

and silk solutions. We find that the concentration of ferromagnetic impurities in silk

is << 0.1% (see table 5.2). The conc. of iron in silk is 1.58 mg/kg. Such a small

conc. of iron cannot result in high saturation magnetization observed for silk. As one

can calculate, the saturation magnetization of silk due to iron with 1.58 mg/kg conc.

will be ten times smaller than the one expressed by our samples. Hence iron impurity

cannot be envisaged as the source of ferromagnetism in our system.

Element Iron Nickel Cobalt Manganese

Concentration in blank solution < 0 ng/kg 0.21 µg/kg < 0 ng/kg 0.48 µg/kg

Concentration in silkworm silk 1.58 mg/kg 0.30 mg/kg 1.99 µg/kg 70 µg/kg

Table 5.2: Concentration of ferromagnetic elements in silks.

Our elemental characterization results indicate that the amount of ferromagnetic tran-

sition metals like Fe, Mn, Ni, and Co is negligible and insufficient to account for ferro-

magnetism in silk fibroins. Hence we suspect that the observed ferromagnetic response is

a result of the ferromagnetic coupling of dangling bonds in silkworm silk.

However, to prove this conjecture, we must check if increasing the defects in silkworm

silks can increase their magnetic characteristics, just as we did in the case of spider dragline

silks.
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5.4.2 Enhancement in magnetism of silk by tensile rupturing and cut-
ting

To confirm the magnetostructural relationship of silkworm silks, we followed the same pro-

cedure as was carried out for spider dragline silk. Simple mechanisms such as excessive

tensile loading and mechanical cutting were designed to enhance atomic defects in silk-

worm silks. Our results showed an enhancement in deformed silk’s saturation magnetiza-

tion, implying an increased number of ferromagnetically coupled spins in silk’s hierarchical

structure.

Below we elaborate on the two mechanisms used to deform the silk: (a) rupturing by

tensile loading and (b) cutting into multiple small pieces.

Enhanced magnetization by tensile rupturing

Silk fibroin comprises nanocrystals β sheets of poly-(Gly-Ala) sequences. These nanocrys-

tals make ≥ 50% of silk fibroin. The nanocrystals are connected via amorphous domains of

random amino acid sequences. Stretching silkworm silk using extreme stress deforms the

beta sheets, and they eventually break. In effect, extreme tensile loading could enhance the

atomic defects due to chain rupture or shear deformation of silk nanocrystals.

We observed that the saturation magnetization of the silk sample increases after rup-

turing it by extreme tensile stretching (strain rate of 5 mm/sec) (Fig. 5.9). The schematic

illustration of the procedure to stretch the silk is shown in Fig. 5.9. We performed the

following magnetization measurements sequentially:

(1) First, the M-H curve of the pristine silkworm silk was measured at T = 300 K and T

= 10 K (Sample label: CS 1 Pristine).

(2) The same sample was then ruptured into small pieces by excessive stretching (CS 1

Ruptured), and the magnetization was measured again.

Rupturing silk into small pieces by stretching at a constant strain rate of 5 mm/sec

increased the saturation magnetization of silk by 20 %, implying that the number of ferro-

magnetically coupled dangling bonds increases with the increase in the number of defects

in silk. The enhancement is observed both at T = 300 K and at low temperature at T = 10

K. In comparison, the ruptured spider silk showed a 50 % increase in saturation magneti-

zation compared to its pristine counterparts. Apart from ferromagnetically coupled spins,

free radicals in silk also increased significantly once the silk was ruptured. This is evident

from the increased paramagnetic susceptibility of ruptured silk at T = 10 K compared to

pristine silk (fig. 5.9(d)). Change in magnetic properties of silkworm silk by mechanical
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stretching confirmed silk’s structural and magnetic relationship while ruling out any other

possible origin of its magnetism.

Figure 5.9: Magnetometry with pristine and tensile ruptured silk. Procedure of a series

of experiments performed by stretching the silk is depicted along with the photographs of

the actual silk sample. (a) shows the silk in its pristine form before stretching. This silk

was ruptured into multiple small pieces by the stretching mechanism shown in (b). (c)

Magnetometry data of the above two cases ((a) and (b)) at 300 K and 10 K (d). The inset on

the left (c) shows a zoom of the data near zero magnetic field to highlight the comparison

of Mr and Hc of ruptured and pristine silk samples. The inset on the right (c) shows a bar

graph to compare the Ms of ruptured and pristine silk samples. The error bar highlights that

the observed change in Ms is well above the experimental error.
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Enhanced magnetization by mechanical cutting

Another method of deforming silk is mechanical cutting, as illustrated in Fig. 5.10. We

used ceramic scissors to cut the pristine silkworm silks into small pieces to avoid any po-

tential contamination of metal. We cut the silk with an approximate cut density of 120

cuts/cm. The magnetic measurements of this type were performed sequentially in the fol-

lowing manner :

(i) First, the pristine silkworm silk was measured at T = 300 K and T = 10 K (CS 2).

(ii) The same sample was cut into multiple pieces, and the cut silk (CS 2 Cut) was mea-

sured again.

Upon cutting the silk, its saturation magnetization increased by 11% compared to that

of pristine silk, which is above the experimental error. The enhancement is modest in mag-

nitude compared to the previous stretching mechanism because stretching produces defects

uniformly throughout the silk sample compared to cutting, where defects are formed only

where a cut has been made. We could see an increase in non-interacting dangling bonds in

cut silk reflected in its increased paramagnetic behavior at T = 10 K compared to pristine

silk. Nevertheless, it again provides conclusive evidence that the magnetic properties of

silk are directly related to atomic defects in its structure.
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Figure 5.10: Magnetometry with pristine and cut silk. Procedure of a series of ex-

periments performed by cutting silk is depicted along with photographs of the actual silk

sample. (a) shows the silk in its pristine form before cutting. This silk was cut to over 100

pieces/cm using ceramic scissors, as shown in (b). (c) Magnetometry data of the above two

cases ((a) and (b)) at 300 K and 10 K (d). The inset on the left (c) shows the zoom of the

data near zero magnetic field to highlight the comparison of Mr and Hc of cut and pristine

silk samples. The inset on the right (c) shows a bar graph to compare the Ms of cut and

pristine silk samples. The error bar highlights that the observed change in Ms is well above

the experimental error.
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5.5 Magnetic Ordering of silkworm silks

Figure 5.11: FC-ZFC DC magnetization of silk samples. (a-b): The FC data was taken

at 1 kOe field. The background of oxygen has been subtracted from the samples. We can

see that the magnetic transition near 120 K is consistent for all independent silk samples

(highlighted by a box in each graph). The inset of the graph (a) shows the transition in FC

and ZFC near 120 K. Inset of graph (b) shows the zoom ZFC curves of both CS 1 and CS

2 to highlight consistency in magnetic phase transition in silkworm silks.

Our investigation established that the magnetism of silkworm silks originates from interact-

ing radicals in their structure. However, from our low-temperature MH results (10 K), it is

clear that non-interacting radical spins coexist with ferromagnetically interacting radicals.

Moreover, EPR data showed that clusters of ferromagnetically interacting radical spins ex-

ist in silk samples. Therefore, it is essential to understand the exact nature of magnetic

ordering of spider dragline silk samples.

To unravel the magnetic ordering of silkworm silk, we did the thermomagnetic analy-

sis, where silk’s magnetization was measured at a constant magnetic field with changing

temperature (MT characteristics). The experiments were performed at a constant magnetic

field of 1000 Oe, and the temperature range set for the experiment was from 5 K - 300 K.

As mentioned previously, performing experiments at higher temperatures can lead to the

denaturation of silk samples. Thus the maximum temperature for experimentation was lim-

ited to 300 K. Both zero field-cooled (ZFC) and field-cooled (FC) responses were taken.

The results of our thermomagnetic characterization are provided in figure 5.11.

We discussed the issue of air getting trapped in the fibrous ball of silk in Chapter 3

(section 3.5) in detail. Here we encounter the same problem. Therefore, the data presented

in fig. 5.11 has been modified to remove the oxygen signature using the procedure explained

in appendix C.
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Once again, we see that independent silks show very similar MT characteristics, indi-

cating their magnetic behavior’s robustness. Moreover, one can not disregard the similarity

between the MT characteristics of silkworm silks and spider dragline silks. Going from

300 K to 5 K (right to left), we see that ZFC and FC curves diverge at 300 K. This indi-

cates an explicit spin-glass ordering in silk fibroins. On further cooling, we can see another

re-entrant transition occurring around temperature T = 120 K, highlighted in graphs 5.11

(a-b) using a rectangular box. Such MT characteristics are again implicative of cluster spin

glass magnetic ordering similar to spider dragline silks. One can concur that the re-entrant

transition around temperature T = 120 K in all silks is reminiscent of spin-glass order and

shows a crossover from ferromagnetic to asperomagnetic ordering as on further freezing

the sample, the transverse components of the spin are frozen in random directions. The re-

peatability of silk MT behavior in independent silk samples is remarkable. It reinforces that

silk’s magnetic behavior is highly robust and linked to its inherent structure, not external

impurities.

Figure 5.12: Comparison of MT data between empty tube background and silk. The

MT data of the background in the absence of silkworm silk (black) show negligible mag-

netization for ZFC and FC with an applied magnetic field of 1000 Oe. Even at low temper-

atures < 40 K, magnetization data of empty tube is negligible as compared to spider silk,

thus confirming the presence of non-interacting spins in silks. The silk data shown here is

corrected by subtracting the oxygen background from them using the procedure explained

in Appendix C. No oxygen correction was done in the empty tube.

Below 50 K, we can see that paramagnetism due to non-interacting and isolated radicals
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present in silk starts dominating the magnetization data. This can be understood since the

magnetic moment of paramagnets is inversely proportional to temperature (M ∝
1
T

). This is

another confirmation of the presence of stable free radicals in silk. However, to ensure that

these indeed are the paramagnetic signature of silkworm silk and not because of impurities

from the background, we compared the MT results obtained from silk data to MT data of

quartz holder and Teflon without the silk samples present in them (fig.5.12).

Thus, silkworm silks also behave as amorphous magnets with spins trapped in the glassy

state in a protein matrix. Our thermomagnetic analysis establishes that silkworm silk ex-

hibits spin-glass (or cluster spin glass) magnetic order. Random trapping of radicals in

amorphous protein matrix brings out the coexistence of a variety of magnetic orders in silk

structure such as ferromagnetism (J > 0), antiferromagnetism (J < 0), and paramagnetism

(J = 0).

5.6 Representation of magnetic spins in silkworm silks

Figure 5.13: Magnetic representation of silkworm silk. The figure indicates that atomic

defects in crystalline β sheets (green structures) of silk fibroin lead to the existence of free

(isolated) and interacting radicals (shown in pink bubble).
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Once again, in our quest to understand the origin of magnetism in pristine silkworm silks,

it is clear that the source of magnetism cannot be linked to usual ferromagnetic d-block

elements like iron, cobalt, nickel, etc. In fact, by deforming the silk structure and increasing

the number of defects in it, one can tune its magnetism. Thereby, we concluded that the

source of magnetism is the persistent radicals generated in silk’s structure due to atomic

defects in its structure. These defects arise during the silk-spinning process. The presence

of such microvoids and defects in naturally spun silk has been discussed in the literature

[128, 150].

Given the robust magnetic character of silk fibroins, the origin of magnetism has to

be the repetitive (GA)n motif. All essential properties of proteins originate from their re-

peating motifs, and hence magnetism in silk fibroins must arise from atomic defects in

poly-(Gly-Ala) β -sheets. These beta-sheets form highly rigid, dense, and compact crystal-

lite structures of nanometer dimensions. The radicals formed on these β -sheet crystallites

are compactly packed and protected sterically; thus, they can remain stable at room and

high temperatures.

Moreover, as explained in chapter 3 (section 3.6), it was found that radicals created

in beta sheets in small concentrations do not affect their mechanical stiffness [127]. On

stretching silks, β -sheets undergo a slip-stick motion causing shear stress in their struc-

ture. This shear stress leads to displacement and rotation of amino acid chains forming

the β−sheet. Reorienting sheets by breaking and reforming hydrogen bonds can cause mi-

nor structural atomic defects. Moreover, reorientation of existing radicals can bring about

changes in their relative distances and conformation angles, affecting their magnetic inter-

actions (exchange constant, J). Hence by controlling the strain and stress applied to the silk,

one might also be able to tune the magnetic properties of silkworm silks.

Silkworm silks, just as spider silk system, from our observations, have a cluster spin

glass magnetic ordering. A magnetic representation of radicals in silk fibroin is shown in

fig. 5.13.

5.7 Comparison of magnetic properties of silk fibroin and

spidroin

At the beginning of the chapter, we wanted to study the intrinsic magnetism of silkworm

silks in detail. From our observation of the magnetism of spider silks, we expected the

origin of magnetism in silkworm silk to be similar. This could be expected because both

silks are made from the same amino acids: glycine and alanine. Our rigorous investigation

showed that silk fibroins’ magnetic character, ordering, and origin is similar to that observed

145



in spider dragline silks.

Our experimentation on silk fibroins has demonstrated that their soft magnetic nature is

an intrinsic property that originates from organic radicals formed due to structural defects

and not because of the minuscule impurity of iron (at sub-ppm level). Observing the ro-

bust ferromagnetic character and magnetic ordering of independent silk fibroins obtained

from different silkworms, we concluded that the magnetic properties of silk fibroins must

be related to their repetitive (GA)n motif. In fact, silkworm silks are made of ≈ 70% of

(GA)n sequence. Our results imply that poly-(Gly-Ala) beta sheets are a significant source

of stable free radicals in silk materials. It was also confirmed computationally. DFT cal-

culations confirmed that radicals at carbon and nitrogen atoms of the backbone, as well as

side chains of (GA)n β -sheets can result in various configurations where these radicals can

interact and form ferromagnetic or antiferromagnetic ground states based on the distances

between these radicals [127].

Throughout this chapter, we compared the magnetism of silkworm silks with that of

spider silk and found fundamental similarities between them. However, we also observed a

difference in the order of magnitude between the magnetization of two types of silks. This

observation enlightens us about the crucial importance and influence of the silk-spinning

process on its magnetism. Insects have a valve that pulls and regulates the thickness of silk

emerging from the spinnerets [1, 53]. Mechanical pulling holds a vital role in final silk

formation as it undergoes a liquid-to-solid transition and can alter the structure of silk [54].

In the case of forceful silk spinning in spiders, spiders try to resist the silk spinning and

pull the silk in the opposite direction creating stress on semi-crystalline silk emerging out

of their glands. This influences the formation of β− sheets in spider silk and induces mul-

tiple defects in their structure. Therefore, we get an enhanced magnetic character of spider

dragline silks. In the silkworm case, the silk was not spun forcefully; therefore, its struc-

tures might have fewer defects than in spider dragline silks. This is reflected in silkworm

silk’s magnetic properties, which are ten times smaller than spider silk’s. However, further

experiments will be needed to verify this hypothesis. More experiments in this direction

will help us fabricate artificial protein based organic magnets with enhanced magnetization

compared to natural silk polymers.

Furthermore, we find that the magnetic ordering of silkworm silks is similar to that

of spider silks. The spin glass behavior of silks and the transition from ferromagnetic

to asperomagnetic ordering at similar temperature T ≈ 120 K imply that radicals in the

β - sheets formed of (−GA)n motifs cause ferromagnetism in both silks. One can easily

link the origin of magnetism in both silks. We could see that the magnetic transition in

silkworm silks at T ≈ 120 K was not as prominent as in spider silks. This is again linked

to the smaller number of radicals in silk fibroin samples compared to spider dragline silk
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samples. β -sheets of (A)n might also result in similar magnetic ordering, but there is no

direct experimental method to confirm this.

Spider silks have poly-alanine (A)n repeat motif in addition to poly-(Gly-Ala), which

also forms β -sheet structures. Radicals in (A)n might also show magnetic interaction. A

thorough theoretical study is required to understand the stable radicals’ atomic sites and

their mode of exchange interaction in β -sheets of (A)n.

In chapter 3, we saw magnetic silks’ applications and their impact on the biomedical

and technological industries. In this chapter, we provided further evidence that natural

silks’ unique structure provides surprising mechanical and remarkable magnetic properties.

The magnetic properties of spiders and silkworm silks provide a new model for producing

organic magnets with simple amino acid sequences and more accessible processing tech-

niques.
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Chapter 6

Concluding Remarks and Future
Perspectives

6.1 Summary

At the beginning of the thesis, we talked about marvels of technology inspired by nature

and how nature has always guided technologists to make landmark breakthroughs. The

presented research work is again a small example of how millions of years of evolution

helped spiders and silkworms engineer a way to develop organic magnets by employing

their natural silk spinning technique using simple amino acids.

In chapter 3, we discovered the magnetism of pure spider dragline silk using a sensitive

SQUID magnetometer and EPR spectroscopy. In extension to that, in chapter 4, we also

showed that spiders might use the astounding ferromagnetic nature of their dragline as a

source for magnetoreception. Silks have evolved their molecular structure to obtain excep-

tionally strong, tough, magnetically responsive fibers to support their host insect. Based on

the similarity of amino acid sequences of spider silk (spidroin) and silkworm silk (fibroin),

we investigated and found that silkworm silk also has an intrinsic magnetic character, as

discussed in chapter 5. The origin of magnetism in both silks is attributed to organic radi-

cals formed due to atomic defects in β− sheets of these silks.

β−sheets made of amino acid sequence ’(GA)n’ are found in spider dragline and silk-

worm cocoon silks. Whereas β -sheets formed by the amino acid sequence ’(A)n’ is ex-

clusively found in spider dragline silks. The high density of hydrogen bonding in these

β -sheet structures results in very tight binding of amino acid chains. β -sheets are respon-

sible for the incredible strength of naturally occurring silks (chapter 1) and result in an

environment where the radicals present within their structures can stay persistent for a very

long time. The substantial steric hindrance of β -sheets protects the radicals within from

the attack of external reactive species. When such radicals are close to each other, they
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interact. The interaction can be ferromagnetic or antiferromagnetic based on their configu-

ration and distance. DFT calculations confirmed that radicals at carbon and nitrogen atoms

of the backbone, as well as side chains of (GA)n β -sheets, can result in various configura-

tions where these radicals can directly interact and form ferromagnetic or antiferromagnetic

ground states based on the distances between these radicals [127].

In conclusion, the research work has achieved the following results:

• Discovery of intrinsic magnetism of natural silk polymers.

• Understanding the magnetic properties and origin of magnetism in natural silks.

• Interpreting the magnetic ordering of natural silks.

• Designing new potential applications for natural silk polymers in technological and

biomedical sectors.

• Laying out a potential method of magnetoreception used by spiders.

We will now discuss the future perspectives of the above discoveries.

6.2 Future Perspectives

A few future perspectives of the research were described in chapter 3. The presented re-

search anticipates abundant applications such as fabricating all-protein magnetic utilities

like rods, films, needles, etc. Development of magnetically activated silk-based artificial

muscles, miniature robots for targeted drug delivery, magnetic traps, and scaffolds for

growing cells/tissues/organs. Our work opens the intriguing potential of silk in develop-

ing ultra-light bio-magnetosensors, silk-based nano-mechanical devices, etc. Our results

have implications in biomedical engineering, quantum biology, material science, magneto-

genetics, and magnetic imaging.

Besides the above-stated applications, biomimicking these silk proteins can unfold a

new avenue to fabricate organic magnets with exceptional mechanical, thermal, and opti-

cal properties. Another strength of such organic magnets comes from the simplicity with

which these magnets can be produced, a simple protein processing in water under am-

bient conditions, compared to conventional magnets, which require pretty complex and

energy-consuming resources. Moreover, biomimicking the silk structures can guide the

development of artificial protein-based organic magnets operating at ambient and high tem-

peratures.
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Appendix A

Magnetic units conversion from CGS to
SI

The following table provides the conversion table for magnetic units used in my research

work from Gaussian or cgs units to SI units.

Quantity Symbol
Gaussian

units

Conversion

factor
SI Units

Magnetic

flux density
B gauss (G) 10−4 Tesla (T)

Magnetic

Flux
φ G · cm2 10−8 Weber

(Wb)

Magnetic

field

strength

H
Oersted

(Oe)
103

4π
A/m

Mass mag-

netization
σ , M emu/g 1 A ·m2/kg

Magnetic

moment
m emu 10−3 A ·m2

Mass sus-

ceptibility
χm emu/g ·Oe 4π ×10−3 m3/kg

Table A.1: Conversion table for magnetic units. Multiply the value of ”Quantity” ex-

pressed in cgs or Gaussian units by the ”Conversion factor” to get the equivalent value in

”SI units.” (Adapted from IEEE magnetics.)
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Appendix B

Magnetic Transitions of Oxygen

It is well known that oxygen under pressure and low temperatures undergo liquefaction

at around 90 K. Liquid oxygen behaves as a paramagnet due to the presence of unpaired

electrons. Further decreasing the temperature leads to its solidification. At lower tempera-

tures, oxygen solid undergoes a magnetic transition of paramagnetic to antiferromagnetic.

As we keep lowering the temperature, oxygen solid undergoes other structural transitions,

affecting its magnetic moment. Solid oxygen present near 40 -50 K is also paramagnetic.

We must note that all these structural and magnetic phase transitions are very sensitive to

pressure and temperature, and thus these transition temperatures can vary.

In our experiment, the pressure is always kept constant throughout the SQUID magne-

tometer measurements, around 6-7 torr. We have described in section 3.5 that some air is

always trapped in these bundles because of their fibrous nature when we compress them

to load them in a SQUID magnetometer. The trapped oxygen (O2 from the air) in these

bundles starts undergoing several magnetic transitions as we reach temperatures below 75

K. In figure B.1, we highlight the transitions in our MT data because oxygen is trapped

in the sample. These transitions are not actual magnetic transitions of silks but belong to

trapped oxygen. A comparison between the transitions in our silks observed around 60 K

and oxygen-thin films adsorbed on the surface of graphite is shown in figure B.1. We proved

the absence of magnetic transition in silk samples around 60 K by preparing oxygen-free

spider silks (Appendix C).
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Figure B.1: Comparison of magnetic transition in silk and oxygen at T = 60 K. Com-

parison of magnetic moments of solid oxygen and spider dragline silks data. Note that the

silk’s magnetic signatures are consistent in all four samples and transition at 60 K corre-

lates with two magnetic transitions of solid oxygen. The oxygen data is taken from [21]

Below 30 K, the paramagnetism of silk samples overwhelms the α magnetic transition of

oxygen solid, and hence it does not appear in our data. The magnetization data of silk are

normalized for ease of comparison.
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Appendix C

Sample preparation and
thermomagnetic analysis of oxygen-free
spider silk

Figure C.1: FC-ZFC DC magnetization of four pristine samples SS1-SS4. (a-d): The

FC data was taken at 1 kOe field without subtracting the oxygen data. We can see large

Para-AFM transition bumps in the temperature range of 40 K - 60 K, highlighted with

rectangular boxes. These belong to oxygen. These samples were prepared in ambient

atmospheric conditions.
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Figure C.2: Preparation of oxygen-free silk sample for SQUID magnetometry. The

degassing/purging process of the silk is quantified in terms of the pressure in the chamber

vs. time. After the pressure was reduced to 7.0× 10−7 mbar, argon was pumped into the

chamber till the pressure reached back to over 1 bar. The oxygen-free sample was carefully

sealed in the argon-purged capsule in the argon environment.

We systematically prepared oxygen-free silk samples to obtain the MT characteristics at

low temperatures (< 75 K) from the pristine silk. This is necessary because it is known

that molecular oxygen from ambient air sometimes gets adsorbed on the sample surface

and produces magnetic signals in the range of 40-70K [21, 151].

In our case, when the freshly extracted silk is compressed and filled in the MCT, it is

likely that the oxygen from ambient air could enter and get trapped in our fibrous samples.

During the variable temperature magnetization (MT) experiment, as soon as the temper-

ature reaches below 90 K, the oxygen in this trapped air starts liquifying and eventually

solidifies below its melting temperature. The phase transitions of the molecular oxygen are

known to produce a broad AFM to paramagnetic transition signal at around 60 K [151].

Such signatures of molecular oxygen have been previously observed when the oxygen is

adsorbed on various surfaces (graphite, palladium) during the measurements. The mag-

netic signals appear even with the atomic-scale thickness of adsorbed oxygen layer [21]. In

all the four silk samples (SS1-SS4), we observed a broad hump in the temperature range

40 K − 90 K (fig. C.1). Therefore, it is necessary to confirm whether this structure is a

property of the silk’s magnetism or an artifact due to molecular oxygen trapped in the silk

154



sample.

To settle the above dilemma experimentally, we decided to replace the trapped air in the

silk bundles with an inert gas such as argon which does not exhibit any magnetic signature.

Our experimental procedure to prepare oxygen-free samples is schematically depicted in

Fig. C.2. The silk samples were prepared at ambient conditions (297 K and 50% RH) and

kept in a high vacuum (10−7 torr) for about 700 min. Then the chamber was purged with

argon gas at a slight overpressure of 1.2 atm pressure. The capsule was also purged with ar-

gon gas (Fig. C.2), and the samples were sealed in the capsule in the argon environment for

MT characteristics. Our process of degassing silk in a high vacuum ensured the complete

removal of oxygen (air) trapped in the bundle. Purging silk with argon gas ensured that the

samples were stored in an inert atmosphere to purify the magnetic signature of silk. Thus

prepared capsules with silk in an argon environment were loaded directly on the tube of the

SQUID magnetometer, and MT measurements were done.

Figure C.3: MT graph on silk in argon environment. Note that the magnetic hump (near

60 K) disappeared once the air (oxygen) was replaced with argon. We also observe that the

magnetic phase transition (see inset) persists at 120 K, which is consistent with all the silk

samples as shown in Fig. 3.12.

MT magnetic measurement on oxygen-free silk is shown in Fig. C.3. Removing oxy-
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gen from the sample eliminated the hump-like signatures previously observed in SS 1-4

samples. This measurement concluded that the magnetic phase transition at 60 K cannot be

a feature of silk. We confirmed that the magnetic transition near 120 K is persistent in all

the silk samples indicating that it is an intrinsic magnetic signature of natural silks.

C.1 Isolation of silk’s magnetic signals from molecular oxy-

gen near 60 K

From the previous section, it is clear that spider silk does not exhibit any phase transition

around a temperature range of 40 - 90 K; instead, it arises due to magnetic states of oxygen

trapped in silk bundles. Hence we are allowed to remove such backgrounds from all our

MT data. Moreover, from Fig. C.3, we also found that the data in the range mentioned

earlier can be fitted very closely by a second-degree polynomial (y = a+bx+ cx2). In the

following Fig. C.4, we use this simple interpolation technique to subtract 60 K background

from all our MT data.
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Figure C.4: Purification of silk’s magnetism from low-temperature oxygen back-
ground. The hump-like feature around 60 K was subtracted from the original data (top

curve) using a polynomial fitting.
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Appendix D

Calculation of magnetic moment per
molecule for both silks

From chapter 3 and 5, we know the average saturation magnetization, Ms of spider and silk-

worm silks are 0.027 emu/g and 0.0028 emu/g respectively. The molar mass, M′ of spider

and silkworm silks are approximately 600 kg and 400 kg respectively [120, 149]. Knowing

these two parameters, the following equation can be used to calculate the magnetic moment

per molecule (ν) of a magnetic substance.

ν =
Ms(emu/g)×M′(g)×1.07×1020(µB/emu)

NA
µB/molecule (D.1)

Here NA represents Avogadro number i.e. 6.022× 1023. Hence inserting the values of

Ms and M′ for each silk gives us their respective magnetic moment per molecule.
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Golesworthy, J. Schmidt, V. Déjean, D. J. Sowood, et al., “Magnetic sensitivity of

cryptochrome 4 from a migratory songbird,” Nature, vol. 594, no. 7864, pp. 535–

540, 2021.

[75] T. L. Li, Z. Wang, H. You, Q. Ong, V. J. Varanasi, M. Dong, B. Lu, S. P. Paşca, and
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[116] J. Li, B. E.-F. de Ávila, W. Gao, L. Zhang, and J. Wang, “Micro/nanorobots for

biomedicine: Delivery, surgery, sensing, and detoxification,” Science Robotics,

vol. 2, no. 4, p. eaam6431, 2017.

[117] E. L. Mayes, F. Vollrath, and S. Mann, “Fabrication of magnetic spider silk and other

silk-fiber composites using inorganic nanoparticles,” Advanced Materials, vol. 10,

no. 10, pp. 801–805, 1998.

[118] X. Liu, Y. Sun, B. Chen, Y. Li, P. Zhu, P. Wang, S. Yan, Y. Li, F. Yang, and N. Gu,

“Novel magnetic silk fibroin scaffolds with delayed degradation for potential long-

distance vascular repair,” Bioactive materials, vol. 7, pp. 126–143, 2022.

169



[119] S. K. Samal, M. Dash, T. Shelyakova, H. A. Declercq, M. Uhlarz, M. Banobre-

Lopez, P. Dubruel, M. Cornelissen, T. Herrmannsdorfer, J. Rivas, et al., “Biomimetic

magnetic silk scaffolds,” ACS applied materials & interfaces, vol. 7, no. 11,

pp. 6282–6292, 2015.

[120] T. Matsuhira and S. Osaki, “Molecular weight of nephila clavata spider silk,” Poly-

mer journal, vol. 47, no. 6, pp. 456–459, 2015.

[121] Frische, Maunsbach, and Vollrath, “Elongate cavities and skin–core structure in

nephila spider silk observed by electron microscopy,” Journal of Microscopy,

vol. 189, no. 1, pp. 64–70, 1998.

[122] S. Y. Cho, Y. S. Yun, S. Lee, D. Jang, K.-Y. Park, J. K. Kim, B. H. Kim, K. Kang,

D. L. Kaplan, and H.-J. Jin, “Carbonization of a stable β -sheet-rich silk protein into

a pseudographitic pyroprotein,” Nature communications, vol. 6, no. 1, pp. 1–7, 2015.

[123] H. Sogawa, K. Nakano, A. Tateishi, K. Tajima, and K. Numata, “Surface analysis of

native spider draglines by fe-sem and xps,” Frontiers in Bioengineering and Biotech-

nology, vol. 8, 2020.

[124] A. Choudhary, D. Gandla, G. R. Krow, and R. T. Raines, “Nature of amide car-

bonylcarbonyl interactions in proteins,” Journal of the American Chemical Society,

vol. 131, no. 21, pp. 7244–7246, 2009. PMID: 19469574.

[125] F. Bou-Abdallah and N. D. Chasteen, “Spin concentration measurements of high-

spin (g= 4.3) rhombic iron (iii) ions in biological samples: theory and application,”

JBIC Journal of Biological Inorganic Chemistry, vol. 13, no. 1, pp. 15–24, 2008.

[126] C. Legein, J. Buzare, J. Emery, and C. Jacoboni, “Electron paramagnetic resonance

determination of the local field distribution acting on cr3+ and fe3+ in transition

metal fluoride glasses (tmfg),” Journal of Physics: Condensed Matter, vol. 7, no. 20,

p. 3853, 1995.

[127] V. Ranade, B. Panda, R. J. Choudhary, R. Ahuja, and K. P. Singh, “Atomic defects

magnetize spider silks,” Unpublished results, 2022.

[128] R. Robson, “Microvoids in bombyx mori silk. an electron microscope study,” Inter-

national journal of biological macromolecules, vol. 24, no. 2-3, p. 145—150, 1999.

[129] J. Wang and W. Gao, “Nano/microscale motors: biomedical opportunities and chal-

lenges,” ACS nano, vol. 6, no. 7, pp. 5745–5751, 2012.

170
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