4. Magnetism



Repetition from the last lecture

 What is photonics?
 What is a surface plasmon?

 What are localised surface plasmons used for?

* Can light pass through a hole smaller than its wavelength? If so,
what are the properties of transmitted light?

 What causes the brilliant color of opal, butterflies and peacock
feathers?

* What kinds of chromic materials exist and what are they used for?



Introduction to Magnetism

* In 1820 Hans Christian Oersted discovered that electric current
(movement of electric charge) induces a magnetic field in its
surroundings.

* The mathematical description of this phenomenon is described by the
Biot-Savart(-Laplace) law and Maxwell's equations

https://qgsstudy.com/oersteds-idea-magnetic-field/



Magnetism of Matter

* Magnetism of matter is caused by the movement of electric charge in the
matter. The main sources of this movement are:
 The movement of an electron in an atomic orbital (orbital magnetic moment)
* The rotation of the electron about its axis (spin magnetic moment)

Direction of
current

Direction of
electron motion Direction of
electron spin

N

* Both contributions are added together (the contribution of spin is about 2x more
significant).



Atom

* Bohr model from the 20th * It was not until guantum physics
century does not describe the came up with a better description
atom accurately enough — electrons have a wave-particle

nature and we only describe the

Bohr atomic model of a nitrogen atom

probability of their occurrence —
this is the highest in orbitals.

https://www.britannica.com/science/Bohr-model



Atom — Quantum Numbers

* If there are electrons in an electron shell, their stationary states are
described by the quantum numbers n, |, m and m_. No two electrons in
an atom can have all quantum numbers the same (Pauli exclusion
principle).

Quantum Symbol | Allowed values | It describes It determines
number

Principal 1,2,3,4,. energy and distance energy and orbital size
(K, L, M, N, ..) from the nucleus

Azimuthal I 0,1, 2,3,..n-1 orbital angular shape of the orbital

(Orbital) (s, p, d, f) momentum

Magnetic m 0, %1, 2, ..., x| orbital magnetic orbital orientation in space
moment

Spin m, +1/2 spin magnetic internal angular momentum

moment



Orbitals

https://chem.libretexts.org/Bookshelves/Physical _and_Theoretical Chemistry Textbook Maps/Supplemental_Modules_(Physical_and_Theoretical _Chemistry)/Quantum_Mechanics/09. The Hydrogen Atom/At
omic_Theory/Electrons_in_Atoms/Electronic_Orbitals



Magnetic Periodic Table

* In practice, we do not work with individual atoms, but with solids.
Therefore, we work with bonding orbitals instead of atomic orbitals
(those overlapping between atoms and forming bonds).
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_ https://www.piping-designer.com/index.php/disciplines/chemical/chemical-elements/1875-
Non Magnetic magnetic-element




Basic Types of Matter — Diamagnetic Materials

* Material with paired electrons — it B
dows not create a magnetic field
on its own

* External magnetic field partially
deforms the orbitals and the field
is weakened inside the
diamagnetic

* No significant industrial
applications

* AlLO,, B, C, Ge, Au, Pb, Si, Ag,
NaCl, ...

https://en.wikipedia.org/wiki/Diamagnetism



Basic Types of Matter — Paramagnetic Materials

* A material with unpaired electrons with
mutually independent magnetic moments.
Thﬁse do not collectively interact with each
other.

* Magnetic susceptibility is positive and hence
by applying an external magnetic field, the
spin moments are rotated and the field is (a)
amplified.

* When removed from the magnetic field, the
magnetic moments will again randomly spin
and lose magnetic properties.

* They have no significant industrial
application.

* Al, Ca, Cr, Li, Mg, Na, Ti, FeO, ...

https://infinitylearn.com/surge/blog/iit-jee/paramagnetic-materials/



Basic Types of Matter — Ferromagnetic Materials

Ferromagnetic materials Antiferromagnetic materials

* Magnetic spin moments are * Magnetic spin moments are
oriented in the same direction : oriented antiparallel:
~T™TtTrT™1T ™N ™ T

* They show very strong * They show weak magnetism
magnetism » Co0, NiCo, NiO, ...

* Fe, Co, Ni, Gd, Nd,Fe,,B

(neodymium magnet), ... 1100




Basic Types of Matter — Ferrimagnetic Materials

* The crystal contains 2 sublattices
with antiparallel oriented magnetic
moments of different sizes.

* The moments are only partially
cancelled and the material is
characterized by spatial
magnetization.

* Ferrites - most are electrical
insulators (use in high frequency
electronics)

* Fe;0,, YFe.O,,, CoFe,0,,...
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http://sciexplorer.blogspot.com/2011/10/magnetism-explained-4-other-kinds-of.html



Magnetic Domains

* Ferromagnetic and ferrimagnetic
materials consist of small regions
(domains) with the same direction of
magnetization. In an unmagnetized
material, the total magnetization is

zero despite the magnetization of the Sl Domains
individual domains. T aiigned with

 The interface between the domains is
called the Bloch wall and has a

thickness of ~¥ 100 nm Bloch Wall

* When exposed to an external

magnetic field, the domain m i IFPCEh
boundaries shift and become larger. '

)
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This is not simply a reversible process
and a hysteresis loop is observed.

https://www.wenzelamerica.com/its-a-dogs-bark-its-a-barcalounger-its-barkhausen-noise-analysis/magnetic-domains/
http://cpb.iphy.ac.cn/article/2018/1941/cpb_27 6 _066802/cpb_27 6 _066802_f5.jpg.html



Magnetic Hysteresis Loop

° b,e —remanence = permanent

m a g n Et k3, Flas Doy Saturation
* ¢,f — coercivity — resistance of - P
the magnet to external field
against its demagnetization Ay
M —t' ing F ;‘l . / Magnen;lng Force

In Opposite Direction

* The material returns to 0,0 only / /
when heated to the Curie ./,,,/_//'(
temperature T_ P CppostDrecton B DA oot

https://www.nde-ed.org/Physics/Magnetism/HysteresisLoop.xhtml



Magnetically Hard and Soft Materials

e Soft materials
 Domains in the material respond

rapidly to changes in the magnetic B B
. —_—
field. e -~
* The area of the hysteresis curve is Smal g
relatively small = relatively little work =~ ——| [ | <= Goercive Force
required to change magnetization :
(small heat loss).
* Transformer cores, magnetic
recording media,... P 4 - —
. “"Soft” Ferromagnetic “Hard” Ferromagnetic
e Hard materials Material Material

* Permanent magnets (motors, locks,...)

https://www.electronics-tutorials.ws/electromagnetism/magnetic-hysteresis.html



Magnetic Data Recording

* Coercivity large enough to
preserve the data, but not too

large that the data can be deleted

* Small and light — homogeneously
distributed needle-like particles

Magnetic Particle Specific surface

particle length (um) Aspect ratio area (m°/g) H, (kA/m)
v-Fe,04 0.3-0.6 10 20-30 20-32
Co—v-Fe;0; 0.3-0.4 10 20-30 30-70
CrO, 0.2-0.7 10-20 24-40 30-50
Fe (metal) 0.2-0.4 ~6 40-50 75-130

https://www.tdk.com/en/tech-mag/ferrite02/006

https://www.researchgate.net/figure/Magnetic-Recording-working-principle_fig2 290150099

Primitive magnetic head
with a ring core

Ring core

€= Magnetic tape Magnetic recording
by leakage magnetic flux
from the head gap

Write Signal Read Signal
Write Head Read Head @
Medium
[ — () - - -] | -
g = Velocity ~ 10 m/s
Write
Current I l J
Read
Voltage
Clock
Window [ | | | | | | | | |
Data 0



Magnetic nanoparticles

. . . Ferromagnetic NPs Superparamagnetic NPs
* By sh.rlnkmg f.erromagne’gc to - :
the size of a single domain, we 2 D...a
observe different properties. 8 |°
: . g
e Superparamagnetism — owing to .
the small size, the thermal e AN
energy is large enough to ,turn“ §§’
the spin of an electron. The
. . . (b) Single-domain  Multi-domain
spins in the domain are no "
magnetic

longer all aligned.

Coercivity (H.)

D D. NP diameter

https://www.researchgate.net/publication/221846063_Magnetic_nanoparticles_Preparation_physical_properties_and_applications_in_biomedicine



Magnetic Nanostructures — Application

* Spintronics
* Bioapplications

* Imaging
 Catalysis

(
e magnetic
nanoparticle

https://www.cd-bioparticles.com/t/Properties-and-Applications-of-Magnetic-Nanoparticles_55.html



Magnetic Field Detection

* Photonic crystals with Fe;O, core S

* They change their band
structure with different
magnetic field -
absorption/reflection of
different colors

P
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Alom —e
Fig. 8.40 (a) Transmission electljpn micrograph and (b) schematic illustration of polyacrylate-
capped Fe3Oy4 colloidal nanocrystal clusters (CNCs) with a nanocrystal size of ~ 10 nm; scale bar:
100 nm. (c) Magnetization curve of CNCs measured at room temperature exhibiting superparam-
agnetic behavior. (d) Photographs of solutions of colloidal photonic crystals formed in response
to an external magnetic field; the magnet—sample distance decreases gradually from right to left.

H.E. Schaefer, Nanoscience: The Science of the Small in Physics, Engineering, Chemistry, Biology and Medicine, Springer, 2010



Medical Imaging

* Magnetic nanoparticles coated
with a specific antibody bind to a
virus under investigation and form

clusters large enough for imaging, .
e.g. in NMR

* Obtaining magnetic nanoparticles,
for example from magnetotactic
bacteria (e.g. Magnetospirillum
magnetotacticum) — these
biomaterialize magnetosomes
(magnetic Fe;0, nanoparticles)
from iron

H.E. Schaefer, Nanoscience: The Science of the Small in Physics, Engineering, Chemistry, Biology and Medicine, Springer, 2010



Ferrofluid

e Stable colloidal systems of
monodomain particles in a liquid
carrier (water, oil,...).

* Application:

* Sealing — oil ferrofluid and a
suitable magnet seals the space
(vacuum, bearings,...)

* imaging
* medicine

https://www.sciencedirect.com/science/article/abs/pii/S0304885398005629

/
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Giant Magnetoresistance (GMR)

* Multilayer nanomagnetic structure
e Discovered in 1988, Nobel Prize 2007 —

‘R/R (H=0)

A thin layer of conducting material
separates 2 ferromagnetic layers. The
thickness of all layers is less than the
mean free path of an electron in the
conducting material (about 100 nm).

(Fe 30 A/Cr 18 A)4,

—

(Fe 30 A/Cr 12 A)4g

Depending on the direction of — (Fo 30 AIGr9 Ay
magnetization, the electrical 05} s
resistance across the layers changes MER e W BB

significantly (> 80%),

https://www.sciencedirect.com/topics/chemistry/negative-magnetoresistance



GMR — Mott’s Theory

* The electric current in metals can be e Coincidentally oriented magnetizations allow
dlivided into trf]we curtlgnt coclanduhcted bz/l/ one type of spin to pass without collisions
electrons with spin * and with spin { . : : :

Their motion carl? be characterizegl by * Oppositely oriented will slow down both types
resistance. or spin.

* Ferromagnetic material is characterized by
an excess of one type of spin.

* A moving electron with spin with the same
orientation as the ferromagnetic material
does not have enough exergy levels to
relax to, and therefore its coﬁisions are
elastic — it does not lose energy in them.

* An electron with the opposite spin : : , _
orientation undergoes frequent inelastic Spin T Spin { Spin T Spin {
collisions where it loses energy (higher
resistance).

https://www.researchgate.net/publication/316839051_Magnetic_sensing_platform_technologies_for_biomedical_applications



Use of GMR

 HDD read-and-write head (10-100
Gb/inch)

* Antiferromagnetic exchange layer
together with a permanent magnet
(hard bias) maintains a constant
direction of Co layer magnetization.
The magnetization direction of
magnetically soft NiFe depends on
the magnetization direction written
on the recording medium. The
change in resistance is monitored by
reading the current.

https://www.rit.edu/kgcoe/eta/docs/Student%20Presentation-5-Hard%20Disk%20Reading%20Process.pdf
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Spintronics

* Spin transport electronics

Magnetic devices Semiconducting devices
¥ Atomically smooth surface / interface X Depletion layer (um ~nm)
v Spin diffusion length (~ nm) X Spin diffusion length (~ um)
Vv Low resistivity (107~ 108 Qem) v_ Variable resistivity (10~ 108 Qem)
v Spin polarisation v' Doping (atomic engineering)
v Magnetically anisotropic X |sotropic

https://www.sciencedirect.com/science/article/pii/S0304885320302353
https://en.wikipedia.org/wiki/Magnetoresistive_RAM

* MRAM - based

on GMR,

magnetoresistive random access
memory

 Same magnetization "0"
* Different magnetization "1"

Bit Line

Magnetic Free Layer
Tunnel barrier

Magnetic Pinned Layer

Antiferromagnetic
Write Word
Line
Read Word
Vdd ||Line
N N



Where Are We Now

Table 9.2 Projected performance of MRAM, SMT MRAM, and conventional semiconducting
memories [9.50]

Standard SMT SMT

MRAM DRAM SRAM MRAM Flash Flash MRAM

(90 nm)® (90 nm)® (90 nm)® (90 nm)® (90 nm)® (32 nm)® (32 nm)?
Cell size (pm?) 0.25 0.25 1-1.3  0.12 0.1 0.02 0.01
Mbit/cm? 256 256 64 512 512 2500 5000
Read time (ns) 10 10 1.1 10 10-50 10-50 1
Program time (ns) 5-20 10 1.1 10 0.1-10% 0.1-108 1
Program energy/bit 120 5 5 0.4 3-12x10* 1x10* 0.02

(pd)

Needs

refresh
Endurance >10°  >10 =10 >10  >10' read >10'" read >10"

>10° write >10° write

Nonvolatility Yes No No Yes Yes Yes Yes

MRAM = magnetic random-access memory. SMT = spin momentum transfer; DRAM = dynamic
random-access memory; SRAM = static random access memory

https://www.sciencedirect.com/science/article/pii/S0304885320302353

Electrical spin
generation

Spin-orbit effects

Electric field
application

Electromagnetic
wave application

Spin-band splitting

Influence of
thermal gradient

Geometrical phase

Mechanical rotation

Materials

Products

1857 RKKY 1975 Julliére

1960 DMI theory
1958 SOT theory 1971 Spin Hall theory
1858 Skyrmionl theory

1959 AB effect

1015 Bamett effect

1903 Heusler alloy discovery

1956 HDD 1972 MRAM concept

1970

H.E. Schaefer, Nanoscience: The Science of the Small in Physics, Engineering, Chemistry, Biology and Medicine, Springer, 2010

1990 Spin FET concept

1989 FMDMS

1995RT-TMR 2001 Giant TMR theory 2004 Giant TMR
1988 GMR  Spin-valve 1996 STT theory 1999 STT experiment 2003 Spin oscillator
1999 Spin injection 2000 Conductance mismatch
2004 Domain motion by a current
2004 Spin Hall experiment 2006 Inverse spin Hall
2009 Skyrmions

2004 LLG equation

2000 Voltage-control FM

1995 Photoexctation

1998 Spin
ST™M

1993 Spin injection
1999 Spin LED

1981 AAS effect
1984 Berry phase 1992 Persistent current theory
1999 Ballistic MR

1983 Half-metallic Heusler alloy

1980

1988 DMS

1990

2002 Spin pumping

2002 FMR

2010 Magnonics

2008 Spin Sesbeck

2016 Neuromarphic operation

2017 Spin Nemst

2011 Spin mechatronics theory
2016 Hydrodynamic spin curent
2018 MOKE detection

2005 Topological insulator

1997 GMR-HDD 2002 MRAM
1995 GMR sensors

16

2000

26

2008 TMR-HDD

2010

2019 STT-MRAM

2016 TMR sensors
2011 Racetrack memory prototype

3G

2020



Conclusion

e Spin magnetisation of matter
* Magnetic properties are explained
by unpaired spins
* Distribution of matter
* Diaamagnetics
* Paramagnetics
* Ferromagnetics
* Ferrimagnetics

* Magnetic domains

* Nanomagnetism and its
applications

* GMR



