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ABSTRACT 
 The fundamentals for sensing weak magnetic fields in 
biological and engineered systems are researched. Our 
major goals are to study biophysics and apply cornerstone 
concepts examining existing premises and devising sound 
alternatives. The reported fundamental findings are applied. 
The feasibility analysis of proof-of-concept solid (silicon) 
and hybrid microdevices are documented. 
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1. INTRODUCTION 
 Some bacteria, migrating ants, bees, birds, fish, 
lobsters, salamanders, sea turtles and other living organisms 
likely exhibit the ability to sense the Earth’s magnetic field 
and utilize the topographical mapping of the geomagnetic 
field for navigation, homing, foraging, etc. [1-17]. The 
magnetic properties of the closely-spaced biomineralized 
magnetite chains (~50 nm in diameter and length 
magnetites with ~5 nm separation) are utilized by 
magnetotactic bacteria for propulsion [3]. The iron oxide 
particles and their complexes are found in various living 
organisms, some of which are illustrated in Figure 1. These 
facts led to a hypothesis that intracellular biomineralized 
iron oxides could interact with the geomagnetic field 
thereby sensing its direction, variations, intensity and 
gradient. The cornerstone processes and mechanisms, 
utilized by living systems to detect the geomagnetic field, 
have being debated and are under extensive studies [1-17]. 
 

     

Figure 1. Fire ant, rainbow trout (Oncorhynchus mykiss), sockeye 
salmon (Oncorhynchus nerka) and homing pigeon 

 

 A great variety of biomineralized iron oxide particles 
(maghemite γ-Fe2O3 and ε-Fe2O3, magnetite Fe3O4, 
hematite α-Fe2O3 and β-Fe2O3, wuestite FeO and other) 
were found within distinct orientation, patterns, etc. The 
size, shape, morphology, crystallography, spacing, 
magnetic moment orientation (single-domain, two-domain, 
superparamagnetic, etc.), magnetic dipole moment, 
magnetic and thermal stability, as well as other properties 
of biomineralized iron oxide particles and clusters vary.  
 The biomineralized magnetic iron oxides and 
corresponding receptors could constitute magnetoreceptor 
cellular assemblies within the peripheral and central 
nervous systems. Theoretically, these magnetoreceptors can 
sense the geomagnetic field utilizing the electrochemo-
mechanical transitions. In addition, memory storage and 
retrieval can be accomplished.  

2. FEASIBILITY ANALYSIS 
 The fundamentals of sensing, information retrieval, 
memory and processing by biosystems remain to be 
coherently researched performing fundamental and 
experimental studies. These findings may lead to alternative 
solutions and re-assessment of basic postulates and 
premises. The various aspects of magnetoreception 
(possible mechanisms, phenomena, effects, system 
organization, etc.) are important due to possible 
implications to engineered systems. We research: 
1. Possible biophysics for sensing geomagnetic fields by 

biosystems, memory storage and memory retrieval; 
2. Synthesis and design of engineered systems to sense 

magnetic fields. 
 Assuming the validity of the magnetic field sensing 
premise by biosystems, there are many fundamentally 
distinct phenomena, effects and mechanisms which 
potentially can be utilized. They range from the quantum 
mechanics (metastable states, quantization, spin-orbit 
interaction, etc.) to classical electromagnetics and 
microfluidics [18]. For example, an electron may have a 
spin magnetic dipole moment mspin ±9.27×10–24 A-m2 with 
the alignment aiding or opposing an external magnetic 
field. As illustrated in Figure 2, there are small variations of 
the geomagnetic field which imply very small variations of 
the microscopic system energetics. Though these variations 
can be utilized by microscopic systems ensuring overall 
functionality and soundness, the resulting changes and 
transitions may or may not be observed and characterized 
due to fundamental and technological limits. In particular, 
the Heisenberg uncertainty principle provides the position-
momentum and energy-time limits on the measurements as 
σxσp≥½ћ and σEσt≥½ћ. 

 
Figure 2. Variation in the Earth's magnetic field 

 
 Organic magnets may not exhibit sufficient changes to 
the mesoscale cellular structures at room temperature. For 
α-1,3,5,7-tetramethyl-2,6-diazaadamantane-N,N`-doxyl, 
[FeIII(C5(CH3)5)2]+[tetracyanoethylene]–, as well as α- and 
β-[FeIII(C5(CH3)5)2]+[tetracyanoquinodimethane]– it was 
found that the Curie temperature is 1.48K, 4.8K, 2.55K 
and 3K, the saturation magnetization is 48300, 37600, 
34200 and 21600 A/m, while the coersivity is very low.  
 For microscopic systems, the developments may be 
centered on individual molecules or their assemblies 
studying specific quantum effects, bond formation/braking, 
conformation and other phenomena which may be exhibited 
and utilized to ensure overall functionality at the device and 
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system levels. These premises may be based on unverifiable 
hypotheses, limiting these developments mainly to 
theoretical studies. These advancements although having an 
essential theoretical importance, may not be expected to be 
materialized as a feasible technology in near future. We 
focus on the conventional electromagnetics for meso- and 
macroscopic systems for which well-developed 
technologies (CMOS, micromachining, synthetic chemistry 
and other) exist.  
 To potentially contribute to the biophysics of natural 
systems and apply the results to engineered systems, we 
study the interactive electromagnetic-mechanical 
phenomena of clustered magnets (magnetic particles) with 
various molecular (microscopic), mesoscopic and 
macroscipic (bulk) receptors’ and sensors’ assemblies. It is 
found that weak magnetic field variations result in 
sufficient changes in the mesascopic system states and 
quantities. These transitions can be utilized guarantying the 
overall functionality. The sensing mechanism can be based 
on the changes of physical quantities (variations of strain, 
charge, conformation, etc.) caused by the interaction of 
magnetic clusters, which have the magnetic dipole moment 
m(r), with the field B.  
 
3. ELECTROMAGNETICS AND ITS APPLICATION 

 The magnetic clusters cause electromagnetic 
interactions. The resulting forces may exert on 
biomolecular assemblies which can form biological 
receptors. Single-domain uniform-lattice magnetite (Fe3O4) 
from 30 to 100 nm with the coercivity ~40 mT are found in 
bacteria [3]. In the pigeon beak, the ~3 nm magnetites are 
arranged in organized ~1 μm-diameter ferromagnetic or 
superparamagnetic clusters (assembly of ferrimagnetic or 
ferromagnetic particles in non-ferromagnetic matrix) within 
dendrites. In addition, the maghemite clusters occur around 
the vesicle (diameter ~5 μm) as well as ~10 μm-long 
bundles of single crystalline uniform square platelets 
(~1×1×0.1 μm) within the dendrite in the ordered pattern 
[15]. A ferromagnetic magnetite (the orbital and spin 
magnetic dipole moments obey |mspin|>|morb|) exhibits a 
response to an external magnetic field. We consider: 
1. Electromagnetic interactions of macroscopic 
ferromagnetic and superparamagnetic particles/clusters 
which lead to electromagnetic-mechanically induced 
transitions in biomolecular assemblies. Single-domain 
magnetite has been localized in the nervous system of 
various living organisms, and, correspondingly, may result 
in the subcellular level of sensory, memory and processing; 
2. Microfluidics. The ordered, disordered and controlled 
dynamic and static behavior of particles (typical size is 
from ~10 nm to ~10 μm) can be utilized resulting in the 
possible electromagnetic field-induced viscoelastic, strain-
caused and other transitions. The behavior of magnetite 
clusters can be examined and utilized in engineered 
systems. There are concerns that the arrangement and 
morphology of the magnetite in the dendrites, receptors and 
subcellular structures may not comply or be comprehended. 

There is contradicting data in magnetic properties of 
the biomineralized and synthesized iron oxide particles and 
clusters. For example, the reported coercivity ~10 mT and 
magnetic dipole moment ~1×10–17 A-m2 for a ~1 μm 
magnetite cluster were questioned. Maghemite γ-Fe2O3 has 
inherent cation vacancies V in the octahedral positions. 
From 4Fe2O3→3{Fe3+O·(Fe5/3

3+V1/3)O3} one concludes that 

possible order-disorder at different sites are affected by the 
synthesis methods resulting in distinct characteristics. 
Various methods have been reported to synthesize iron 
oxide particles [19]. For example, ferrous chloride 
tetrahydrate FeCl2·4H2O and ferric chloride hexahydrate 
FeCl3·6H2O can be used. To neutralize the anionic charges 
on the particles surface, 1N hydrochloric acid HCl is used. 
The major steps are depicted as the reaction: 
FeCl2+FeCl3→Fe3O4→γ-Fe2O3. In the first step, 
Fe(II)/Fe(III) with the molar ratio 1:2 are dissolved in water 
with sonication. The resulting solution is poured into alkali 
solution. Then, the precipitate is collected using a magnet, 
and the supernatant is removed from the precipitate by 
decantation. Deoxygenated water is added to wash the 
powder, and the solution is decanted after centrifugation. 
After washing the powder, 0.01M HCl solution is added to 
the precipitate to neutralize the anionic charges on the 
particles surface. The resulting magnetite Fe3O4 is separated 
by applying an external magnetic field. The magnetite can 
be transformed into maghemite crystallites by oxidizing 
them at ~3000C by aeration. 
 Two typical magnetization-applied filed (M-H) curves 
(with and without hysteresis) for ~5 nm maghemite γ-Fe2O3 
spherical particles, synthesized utilizing distinct procedures, 
are illustrated in Figure 3. The ferromagnetic (M-H curves 
with hysterisis) and superparamagnetic (no hysterisis) are 
observed. One recalls that B=μ0(H+M), M=χmH, B=μ0μrH, 
where χm is the magnetic susceptibility; μr is the relative 
permeability, μr=1+χm. For FeO, the magnetic molar 
susceptibility χmVm is 7.2×109 cm3/mol, where Vm is the 
molar volume. For the organic compounds (C2H2, C6H6, 
C6H12O2, C20H12, etc.), the diamagnetic molar susceptibility 
varies as ~[2.5 20]×107 cm3/mol. 

M
Mmax

Hmax

Mmin

Hmin –Hc Hc 0 H

 
Figure 3. M-H curves for ~5 nm maghemite, Hmax is ~100 A/m 

 
 Consider the translational and torsional-mechanical 
motion of magnetic clusters in the magnetic field. The 
electromagnetic translational and rotational transitions result 
due to the force and torque developed. The torque T tends to 
align m with B, and T=m×B. For a magnetic rod with the 
length l and the pole strength Qm, the magnetic moment is 
m=Qml, while the force is F=QmB. The electromagnetic 
torque is T=2F½lsinα=QmlBsinα=mBsinα. Thus, 
T=amm×B=Qmlam×B, where am is the unit vector in the 
magnetic moment direction.  
 With the average magnetic field of the Earth ~50 µT, 
which varies ~±0.5 μT, the torque is estimated to be ~1 pN-
m. The Newtonian translational and torsional-mechanical 
dynamics are governed by the differential equations ΣF=mma 
and ΣT=Jα. Here, a and α are the linear and angular 
accelerations, a=dv/dt=d2r/dt2 and α=dω/dt=d2r/dt2; mm and J 
are the mass and moment of inertia. 
 Using the pole strength Qm, the force acting on a 
magnet is F=BQm. The force between two magnets depends 
on the shape, magnetization, orientation, etc. The Coulomb 
law provides the equation for the force. For two magnetic 
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dipole moment per unit volume, e.g., M=m/V=Qml/V. For a 
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of the receptors (due to the exhibited electromagnetic force) 
are studied. The quantitative and qualitative analysis is 
performed to study the magneto-receptor-centered magnetic 
field sensing.  
 

4. INFORMATION STORAGE AND RETRIEVAL 
 Assuming the utilization of superparamagnetism, the 
energy required to change the direction of the particle 
magnetic moment is comparable to the ambient thermal 
energy. In ferromagnetic materials, the magnetic moments 
of neighboring atoms align, resulting in a large internal 
magnetic field. Superparamagnetism occurs when the 
temperature of material, composed of ~1 to 10 nm 
crystallites, below the Curie or Neel temperature (the 
thermal energy is not sufficient to overcome the coupling 
forces between neighboring atoms). Hence, the thermal 
energy is sufficient to change the direction of magnetization 
of the entire crystallite. Each atom is independently affected 
by an external magnetic field, and the magnetic moment of 
the entire crystallite tends to align with the magnetic field. 
Superparamagnetism establishes a limit on the minimum 
size of particles, resulting in constraints on the memory 
(storage) functionality, capabilities and density. The relative 
motion of the iron oxide particles/clusters with respect to 
each other can result in the longitudinal or perpendicular 
data storage (recording) which can be assessed and 
retrieved, see Figure 4. For the perpendicular storage, the 
memory density limit is ~1000 bit/μm² which may be 
sufficient to ensure the geomagnetic field mapping by 
biosystems. The magnetization of the element should be 
retained despite thermal fluctuations caused by the 
superparamagnetic limit. The energy required to reverse the 
magnetization of a magnetic element is proportional to the 
size and the magnetic coercivity of the magnet. 
Biominerilized iron oxides could possess sufficiently large 
coercivity ensuring thermal stability thereby preventing 
demagnetization. 

 
Figure 4. Longitudinal and perpendicular data storage utilizing 

electromagnetic- or pressure-induced magnetization: Demagnetizing 
and magnetic storage elements are in the relative motion 

5. ENGINEERED MAGNETIC FIELD SENSORS 
 Researching fundamentals of engineered magnetic 
field sensing devices, we concentrate on basic physics and 
current technologies to complement theoretical findings. 
The polymer chemistry and CMOS-centered technology are 
well-established ensuring high-yield mass-production. 
Maghemite, magnetite, hematite, wuestite and other oxides 
were synthesized and characterized. Polymer microcapsules 
with embedded magnetic particles can be synthesized. The 
polymer microcapsule’s shells are formed as magnetic 
particles, dispersed in the hydrophobic polymer (for 
example, NOA prepolymer), are captured into the solid 
polymer phase at the emulsification step with the 
subsequent curing and drying. These oxides and 
microcapsules can be deposited on the movable diaphragm. 
The magnetic field can be sensed and measured as the 
membrane deflection or induced emf. The micromachined 
structures, components, proof-of-concept devices and solid 
(silicon) prototypes were designed and fabricated as 
reported in Figure 5.a [18, 20]. The deflection of the 
suspended (released) movable structures or diaphragms can 
be measured by using the variations of capacitance and 
resistance. For example, the micromachined four 
polysilicon resistors, which form the Wheatstone bridge, 
are documented in Figure 5.a [18, 20].   

     (a) 
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Figure 5. (a) Etched silicon structure, ~30 µm silicon diaphragm, and 

micromachined sensors with polysilicon resistors (to measure the 
force-induced deflection) and Al coils on the silicon diaphragm; 

(b) Sensing time-varying B(t) 
 
 The magnetic field is measured by using the force-
induced displacement-centered sensing mechanism. Figure 
5.b documents the deflection of the suspended diaphragm 
measuring B(t)=½[sin(¼πt)–1] and B(t)=½[rect(¼πt)–1] 
mT. The noise ξ(t) can be filtered by ICs. We conclude that 
it is possible to accurately sense time-varying B. These 
sensors are key components of navigation systems. 
 In addition to solid concepts, engineered fluidic weak 
magnetic filed sensors are currently under development. We 
focus on soundness, technological feasibility, practicality 
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and device capabilities. Two possible solutions are briefly 
reported below. 
 Various magnetic particles can be coated by polymers 
and suspended in liquid and solid matrices. For example, 
the solvent-free surface-functionalized maghemite γ-Fe2O3 
can be functionalized by a positively-charged organosilane 
(CH3O)3Si(CH2)3N+(CH3)(C10H21)2Cl– which forms 
covalent bonds with the surface hydroxyl groups. A counter 
anion is R(OCH2CH2)7O(CH2)3SO3

–, R:C13–C15 alkyle 
chain. This ultimately may lead to an engineered inorganic 
apparatus to sense the magnetic field. 
 Protein complexes, which exhibit magnetic properties, 
can be synthesized [21-24]. For example, the ferritin 
protein, which consists of 24 protein subunits, is illustrated 
in Figure 6. Inside the ferritin shell, iron ions form 
crystallites with phosphate and hydroxide ions. The 
resulting complex is similar to the mineral ferrihydrite. 
Different physiological functionality of ferritin was defined. 
Ferritin can be used as a marker as well as a precursor. 
Native ferritin (iron-storage protein) has a spherical shell 
with an external diameter of 12 nm and an inner core 
diameter of 8 nm. A natural mammalian ferritin protein has 
an antiferromagnetic 8 nm iron oxyhydroxide core 
Fe(O)OH with ~4500 Fe3+ atoms. This core forms a 
noninteracting monodispersed superparamagnetic structure. 
Due to the structural defects and uncompensated surface 
moments, each iron oxyhydroxide particulate possesses a 
net magnetic moment due to uncompensated unpaired 
spins. The ferritin protein and other similar protein cages 
can be emptied of its contents and mineralized with 
different complexes [25-27]. With the embedded 
ferromagnetic maghemite γ-Fe2O3, the suspended synthetic 
ferritins can sense the magnetic field utilizing the force 
generation and displacement mechanisms. 

 
Figure 6. The crystallographic structure of the ferritin 

 

6. CONCLUSIONS 
 Applying fundamentals of science and engineering, we 
outline and research established and potential paradigms in 
the sensing of weak magnetic fields. Our overall objective 
was to advance engineered solutions by developing 
alternative concepts observed in living systems. There is a 
need to span a wide range of multidisciplinary research 
activities focused on central issues of biophysics, 
neuroscience, engineering science and technology. This will 
lead to synergetic intellectual partnerships to strengthen the 
fundamentals of theoretical and applied science and 
engineering. We addressed important issues, studied 
natural systems, proposed possible inroads, and reported 
alternative solutions. These results promise a profound 
impact on the ability to create, generate and apply new 
knowledge contributing to scientific innovations in 
magnetic field sensing and navigation system designs. 
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