
   

Spin- and Angle-Resolved Spectroscopy and Spin Waves in Biogenic 

Magnonic Systems. 

Abstract 

This review paper covers aspects of spin waves excitation and propagation as 

magnons (a quasiparticle of excited spin waves analogous to phonons and 

plasmons which are also quasiparticles of quanta of vibrational waves and 

electromagnetic waves propagating along a metal surface respectively) how 

they can be biologically engineered for applications and probing the biogenic 

magnonic nanoparticle using lab-scale spin and angular resolved photoemission 

spectroscopy to obtain more details on spin waves.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



1.0 Short Review of Photoemission Spectroscopy 

 

Photoemission spectroscopy is based on the simple principle of 

photoelectric effect where electrons are ejected from material surfaces using 

high energy radiation. The emitted electron’s momentum (at angle relative 

to the material surface’s normal) and energy are related to that of the 

electron in the photoelectric material. The emitted electron’s intensity for a 

given range of energies and angular distributions is being measured in an 

ARPES experiment, broken down into spectral intensity measured as a 

function of the electron’s momentum and is demonstrated using an Energy 

Distribution Curve (EDC).  

Light sources used in photoemission spectroscopy are usually synchrotron 

light source or solid-state lasers. Synchrotron light beam is produced by the 

acceleration of energetic particles like electrons about a constant magnetic 

field in circular path, the resulting radiation (about 20 – 200 eV) is polarized 

and used in beamline for experiments. Lasers are capable of producing 

photons of energies 5-7 eV (which exceeds work function of most materials), 

their lower energy level allows a much higher energy resolution – helping to 

reduce background noise. 

Detector helps to measure the state of electrons near the surface of materials, 

before entering the detector, a retarding potential is applied to lower the 

energy and improve the energy resolution. Upon entering the detector, the 

electrons are first collimated using a series of electrostatic lenses (to 

increase momentum spread), then a half sphere electron deflector is used to 

select the energy of the photoelectrons. [12] 

 

1.1 Spin and Angular Resolved Photoemission Spectroscopy 

(SARPES) 

 

Spin and Angular Resolved Photoemission Spectroscopy is a great 

tool in studying exotic materials with spin-polarized surface states 

like topological insulators. Angular resolved photoemission 

spectroscopy (ARPES) helps study the band structure of electronic 

materials by measuring the angle at which photoelectrons are emitted 

from a material (a measure proportional to the crystal momentum) 

when illuminated by light from high energy sources like synchrotron. 

To determine if the bands have spin-degeneracy (i.e. containing 



electrons with spin states allowing equal energy level), the material is 

probed by polarizing light from high energy sources. Spin splitting of 

valence energy bands by spin-orbit coupling in materials without 

inversion symmetry can be noticed by Spin-resolved ARPES 

(SARPES). The SARPES utilizes the spin-dependence in scattering 

experiments to characterize the spin-polarization (a function of 

spectral intensity) of electrons with momentum using a spectrometer 

to measure spectra corresponding to different spin axis. 

 

F. Bussolotti et al (2016) described SARPES set-up used to study 

quantum phenomena in low dimensional electronic systems. The set 

up has an energy (angular) resolution of <12meV (0.2
o
), the high 

energy and angular resolution of the ARPES system combined with 

spin detection capability and accessible photon energy & temperature 

range makes it unique to study quantum phenomena in low 

dimensional electronic systems, it also allows upgrade of anxilliary 

systems (for studying organic systems) and photon sources. [2] The 

paper demonstrated SARPES abilities using Gold [Au(111)] and 

Molybdenum disulphide (MoS2). 

 
Figure 1. Picture of SARPES set-up described in F. Bussolotti et al (2016). 

Reprinted with permission from [2]. © 2016 Materials Research Society/Springer 

Nature 

  

The ability of the setup to allow ancillary systems for organic matter 

and the spin detection capacity makes it a good equipment for 

studying spin waves propagating from the surface of a biogenic 

nanoparticles. 

 

  

 



2.0 Introduction to Magnonics 

Magnonics is a field involving the propagation of spin waves in magnetic 

materials. Magnons, which are a quanta of excitations from systems with strong 

magnetic ordering, similar to Phonons and Plasmons which are also 

quasiparticles of excitations in condensed matter, have promising capabilities 

for future information processing. 

Spin waves which arise from precession of magnetic moments are a propagating 

re-ordering of the magnetisation in a material. They can propagate in magnetic 

media with magnetic ordering (ferromagnets and antiferromagnets). The 

precession frequency of spin waves range from 1 – 100 GHz depending on the 

magnetic material used and can go up to the THz range because of resonance. 

Magnon-magnon scattering, magnon-phonon scattering and loss by eddy 

current leads to damping of propagating spin waves.  In magnonic systems, the 

Landau-Lifshitz equation describes magnetization dynamics. They have the 

general form  

       

  
  - γμoM(r,t)   Heff (r,t) 

Where M and Heff are the magnetization and effective magnetic field 

respectively, γ represents the gyromagnetic ratio. 

Krivoruchko and Savchenko, 2018 explored the use of electric field to control 

the power flow of spin waves in thin ferromagnetic films by strengthening spin-

orbit in ions present in the material, causing a frequency shift of spin which is 

evaluated using an isofrequency curve. This result could help in creating 

magnonic devices which can be tuned electrically [11]. 

In [14], broadband spectroscopy was used to detect magnons excited electrically. 

[15] [16] reported that magnetoresistance arise from propagation of spin waves. 

Resistance of metal deposited at a magnon junction is dependent on the 

magnetization of the layers at the magnon junction in [15]. 

2.1 Hartman Effect 

This is a phenomenon that describes the tunnelling of wave packets 

through a potential barrier in metal-insulator-metal connections. 

Hartman noticed that the time taken for wave packets to travel from 

one point of a potential barrier to another (group delay) is less than 

that which the packet requires to travel the same distance without a 



barrier in a material i.e. the lengthening of barrier width causes 

saturation of group delay. 

The Hartman effect was demonstrated in [12], where exchange spin 

waves of GHz frequency tunnelling through a barrier in a thin film of 

perpendicular magnetic anisotropy showed saturation for group delay 

after expanding the thickness of the barrier – this was calculated using 

the transmissivity of the spin waves (which the group delay depends 

on) 

 gr (Ω, L) = 
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where  gr is the group delay, T is the transmissivity, L is the width of 

the barrier and kmL is the geometrical phase. 

 

2.2 Magnonic Dispersion Relation 

The dispersion relation, where energy is plotted alongside k-space, 

can be determined experimentally by Brillouin scattering [18]. The 

momentum of spin waves is demonstrated using reciprocal wave 

vector k, and the energy which is a function of wave number gives the 

dispersion relation for a 1 dimensional ferromagnet: 

 ω = 
   

 
[1- cos (ka)] 

Where ω is the angular frequency o spin waves, S is electron spin 

(assumed as
 

 
), J is the exchange energy and a is the distance between 

spins. 

This change for a cubic lattice in 3 dimensions to: 

 ω = 
   

 
[z-          ] 

For 1 dimensional dispersion relation, if (ka)   , we have a 

parabolic dispersion: 

 ω          

 

2.3 Ferromagnetic Resonance Spectra 

In ferromagnetic resonance, EM microwaves excite electron spin in 

magnetically ordered materials which are present in a non-dynamic 

magnetic field. Precession of magnetic moments occurs in the 

materials when an applied magnetic field causes resonance (when the 



microwave frequency is equivalent to the precession frequency given 

by the Larmor frequency 

ωL = γμoH 

where γ is the gyromagnetic ratio μo is the magnetic permeability and 

H is the magnetic field. 

 

This leads to absorption of energy that causes the spectrum to reach 

its peak position. The width of the spectrum depicts damping of 

precession and spin lattice relaxation. 

Ferromagnetic resonance peak can also be demonstrated in terms of 

the gyromagnetic ratio γ and magnetic anisotropy. A Lorentzian 

function of the peak is given by: 

       
 
   

  
 

      
   

   

  
   

 

Where I is the peak signal, Ho is the peak position and  Hω is the full 

width at half maximum. 

 

2.4 AntiFerromagnetic Magnons 

The magnon dispersion relation for antiferromagnets with two types 

of anisotropy: easy-axis (MnF2 and FeF2) and easy-plane (NiO) was 

discussed in [20]. 

Magnons transport spin currents (flow of spin angular momentum) in 

ferromagnetic materials. The density of spin current with polarization 

z which is propagated by spin waves of wave vector k and energy    

is given by: 

  
   

 

     
                

   

Where vk is velocity of spin waves, nk (r) is the number of magnons 

with wave vector k at position r and   
  is the number in thermal 

equilibrium [20]. 

For antiferromagnets spin current propagates through 2 magnon 

modes so the magnon spin current density is given as: 

 

  
    

 

     
                    

                 
    



The paper also discussed excitation of spin waves in antiferromagnets 

using spin Seebeck effect where thermal gradients create magnonic 

spin currents. 

 

2.5 Spin Phenomena in Magnetic Bioparticles 

Magnetosome chains in magnetotactic bacteria mimics magnetic 

nanoparticle chains, a magnetosome chain is equivalent to about  10 to 20 

magnetite particles where the dipolar moments sum up to create a fixed 

intracellular compass needle that allows the bacteria’s cell body to be 

aligned with the Earth’s magnetic field [21]. 

The particles in a magnetosome chain only interact magnetically by 

dipolar coupling; they tend to show exciting spin-wave dynamics.  

Zingsem et al, 2019 described the use of biogenic nanoparticle chains of 

bacteria Magnetospirillium gryphiswaldense (strain MSR-1, wildtype) to 

nanoscale magnonics at room-temperature [3]. The ferromagnetic 

resonance spectra (FMR) of the magnetosome chain shows magnonic 

band gaps and also that geometry of magnetosome chain, which depends 

on the genotype of the bacteria, determines band structure (confirming 

their magnonic nature). 

 



 

Figure 2, Correlation of magnonic fine structure and geometric configuration of 

particles. A) Simulated FMR spectra of seven magnetic nanocrystals in a coiled 

arrangement reproduced as silhouettes from an electron micrograph B) of a cell of 

the ΔmamK-mutant of MSR-1 C) Analysis of the spatial contributions to the upper-

envelope line of the spectrum. Each letter corresponds to a position on the envelope 

and the phase and amplitude of the magnonic response is mapped according to the 

color scale D) onto each point of the simulation grid (2.6 nm mesh size). Phase and 

amplitude are uniform within a given particle, with red hue indicating resonant 

response (90° phase relative to excitation) and cyan hue indicating opposite-to-

resonant response. Reprinted with permission from [3]. Copyright © 2019 Benjamin 

W. Zingsem et al 

 

 

 

 



3.0 Biogenic Magnonic Particle Study With SARPES 

 

While FMR and MFM might reveal magnonic and magnetic properties of 

these biogenic particles, a spin- and angular resolved photoemission 

spectroscopy of these biogenic nanoparticles might be used to probe spin-

polarization along the surface of the magnetosome chains. 

 

The SARPES set up could be upgraded to allow attachment of ancilliary 

systems (for studying organic systems) and laser source which makes it apt 

as an additional technique for probing biogenic magnonic nanoparticles 

excited by laser pulses.   

 

SARPES could reveal details such renomalization of bosonic quasiparticle 

(like magnons) band dispersions because of the interacting modes. Single 

particle spectral function can be obtained in terms of electron momentum 

and energy. Dispersion renormalization is obtained as abrupt drifts in slopes 

on an electronic dispersion curve [25]. 

 

Room-temperature magnonics from biogenic molecules could be used in 

MRI and NMR for spin relaxation effects. Sloan, 2019 reported using 

surface magnon polaritons in the negative magnetic permeability materials 

to strongly enhance spin relaxation in the nearby emitters (spin transition in 

the THz range) [28]. 

In Nuclear Magnetic Resonance (NMR), excited magnetic state returns to 

equilibrium distribution by relaxation, there is the possibility for using 

surface magnon polariton from genetically engineered magnonics from 

biogenic particles to enhance relaxation in biological systems in Nuclear 

Magnetic Resonance and Magnetic Resonance Imaging. 

 

 

 

 

 

 

 

 



4.0 Periodicity in Magnetic Metamaterials 

 

Periodicity in magnetic metamaterials helps control the propagation of spin 

waves and the energy at the nanoscale. In magnetic materials, properties 

arise from structuring rather than intrinsic properties. Patterning of periodic 

structures causes exciting properties to emerge in these materials. For 

example, degenerate states split allowing no magnetic modes in the 

magnonic band gap. Changing the periodicity by altering the size of the 

components in theory gives the flexibility to manipulate selective 

propagation of spin waves frequencies filtering out some magnonic modes. 

 

Magnonic bandgaps form when dipoles of adjacent particles in a magnonic 

structure are coupled. The coupling is determined by the size of the 

constituent particles and their separation distance, large particles with small 

separation distance would have a larger magnonic bandgap. An FMR 

spectra analysis of magnetosome chains of magetotactic bacteria show a 180° 

periodicity in their geometry, and dashed lines reveal the prevailing uniaxial 

shape anisotropy of the two linear chain segments, as confirmed with a 

micromagnetic model [3]. 

 

Magnonic Crystals, magnetic metamaterials that have alternating magnetic 

properties due to small spatial inhomogeneities that creates macroscopic 

behaviour, share similarities with Biogenic Magnonic molecules since they 

both derive their magnonic properties through geometric structuring of their 

constituent magnetic particles. Tuning of the size of bandgaps in magnonic 

crystals leads to selective propagation of spin wave frequencies and is 

achieved by alternating parameters such as the relative permeability or 

saturation magnetization.  

 

 

 

 

 

 

 

 

 



5.0 Conclusion  

 

The possibility of achieving room temperature spin wave transport using 

genetically modified sustainable bioparticles promises exciting applications 

not just because of the environmental footprint but also the use in 

information processing devices that require low power and dissipate less 

heat.  

Lab-scale Spin and Angular Resolved Photoemission Spectroscopy 

(SARPES) could be added to a list of experimental techniques for probing 

biogenic magnonic nanoparticles light. 

The limitation of the work is that so much work has not been carried out on 

exciting spin waves in biogenic nanoparticles using pulsed femtosecond 

lasers as opposed to exciting magnetism in materials using this type of 

pulsed lasers. Gotlieb et al, 2013 demonstrated the use of pulsed lasers 

attached to SARPES setup for study of L-gap Au(111) surface states [26]. 
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