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Microscopic Origin of Magnetism

WHAT OCCURS WHEN YOU DI
AMAGNET TO PIECES?



MICROSCOPIC ORIGIN OF
MAGNETISM



What occurs when a magnet is chopped into
pieces”?

A Even when a magnet is T

divided, only small

magnets appears with the --

same magnetic charge ¢

density on both ends. o c o £ o c e
A Magnetic charges always E - EELELEE.

appear as pair of opposite

polarity, and no magnetic Fig.1 Even if a magnet is

le h b divided into pieces, areal
MOonNopoIE nas been density of magnetic charge at
observed until now. both ends of the small magnet

remains unchanged.



What occurs when the magnet Is cut
INto pieces of atomic scale?

A Finally even the atomic scale pieces show
similar magnetic properties as the magnet.

A No magnetic poles exist on the atom.

A We start with a classical Bohr model of atom,
In which an electron Is circulating around the ¢

nucleus.
AU

-0 -5

Fig.2 Classic Image of Atom




U Classic Picture of Atoms aAtomic Magnet

A According to the classic model of an atom,
electrons circulate around a nucleus. Since
current ofcevis created when an electron with a
chargece [C] moves with a velocity, the circular
current generates a magnetic moment.

A Equivalence of the magnetic moment generated
oy the circular current and the one produced by a
pair of opposite magnetic charges can be verified
oy an equivalence of torque when both are
nlaced in the static field.




created by a circular current

An electron with a charges[C] moving with a linear
velocity ofv[m/s] along a circumference of a circle
with a radius r produces a current
I=e/t=-evi2pr[A] (1)
since timet to go around the circle is expressed by
t=20r/v[s]
If the circular current is placed in a homogeneous
static magnetic fieldHA/m], a force vector dAN]
working on a minute ara4m] can be described by
the following formula ([f[m kg/s?])
dF=ids mH 2)
Since a torqued7working on an aradsat a
positionr is expressed byr dF, a total torque
T[Nm] can be obtained by integratirdj along the
circumference as follows:
T=4 dT=({/2)(sr ds) mH

=S mH (3)

| -

Fig.3 An electron going
around a circle generates
a magnetic moment
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Fig.4 A force working on a
circular current in a magnetic
field .



U Torgue working on gair of magnetic

chargesplaced in a magnetic field

A A torqueT[Nm] working on a magnetic momemzeQr[Wbn
consisting of a pair of hypothetical magnetic charg@¥o] and
[WD] placed in a magnetic field can be expressed by the
following equation:

T=Qr H=m H (4)

Since eq.(4posesseshe same vector product form=S mHIn
eq.(3), we can obtain an equation for magnetic momajwbm| by
comparison of two equations as eq.(5).

MEMIN (5)
It is found from eq.(5) thatirculating current generates a magnetic
moment, the value of which is proportional to the current and the

area of the circle surrounding by the current, and the direction of
which is along the normal of the area of the circle.



U CurrentA Angular momentum

A Using equations=-ev2pr and S=r2 mcan be
expressed as follows:
mEngiSn=mg(-eM2pr)(prsn - (6)
A We replace andv in eq.(6) by using an
angular momentund=r3 mv to get an equation
m=my(-1/12)er3 v= (-me/2m) G (7)
A In this way we finally express magnetic
moment in terms of angular momentum.



U Magnetic Moment In

Quantum Mechanical Expression

A To express a motion of an electron in an atom, it is necessa
to treat physical quantity in terms of the quantum mechanics

A In quantum mechanicangular momentum takes discrete
values with a unit oh-bar, and expressed by an equation
3 o0 wherel is the orbital angular momentum quantum.

A By substitution ofi into eq(7), an orbital magnetic moment is
obtained as follows: ‘
Qg a Coa (8

A Here' ‘Q pc ais a basic unit of magnetic moment called
Bohr magnetonand the value is expressed in SI uniH(E
relation)

A ppoe prm [Wbml (9




U Electronic orbital and quantum number

LElectronic statesof electronsin an atom can be
describedusingquntumnumbersn, | andm~L..

AGiven the principal quantumn, orbital angular
momentum quantum | takes discrete number
betweerD andn-1 with incrementof 1. For example
|I=0 for n=1 and|=0 or 1 for n=2.

A-or an orbital angular momentum quantym
guantization component (magnetic guantum

number)m~l, takes total oPl+1 values, as follows:
-1 -1+1, -



Table 1 Angular momentum gquanta

. n | || m | orital | Degeneracy
1 0 0 1s 2
0 0 2S 2
2 1 1 0 -1 2p 6
0 0 3s 2
3 1 1 0 -1 3p 6
2 2 1 0 -1 -2 3d 10
0 0 4s 2
A 1 1 0 -1 4p 6
2 2 1 0 -1 -2 4d 10
3 3 2 1 0 -1 -2 -3 Af 14



U Shape of electronic distribution correspondi

to an orbital quantum number

A Orbitalss, p, df represent orbital shape,
corresponding to orbital qguantum numbé&t0,
1, 2,3, respectively.

A Fig.5gives a schematical illustration of spatial
distribution of electrons of 1<2s, 2p, 3d,,, 3d,
4f, orbitals.

A As shown in the figure;arbital has no
constriction, porbitals have one constriction,
and dorbitals have two constrictions. In this
way orbital angular momentum quantum
represents number of constrictions of electrol
distribution.

A Magnetic moment obtained from the
experiment cannot be explained solely by
orbital angular momenta, since electron has

not only orbital but also spin angular | o
momentum. Fig.5 Electron distribution




U Spin angular momentum

A Electron possesses charge and spin. Since spin |
RSNAOYSR UKS2NBUAOIf @&
equation, classical analogy is difficult.

A Spin is an internal degree of freedom of particle
and has two eigenvalues corresponding te up
spin (v) and down spin@ ), ie., rightcircular and
left circular rotation, respectively.

A Spin angular momentum quantustakesonly
two eigenvalue$2and-Ya.



U Electronpossesses spin angular momentum

A The concepthat electron has a spin 1.
angular momentum was introduced tose-- ' "
explain aZeeman effecof D o
luminescence of Na; I.e., spllttlng of th@

luminescence line598.6nm Dy -
3s,H 0 LJ by a magnetic field. | % i
A Existence of spin angular momentum is o

supported bySternGerIachexperiment ’
In which particlegsilver atoms in the

Inhomogeneous magnetic field to hit a
screen, whiclshows discrete points
rather than a continuous distribution,
owing to the quantum nature of spin.




U Composed angular momentum and magnetic
moment of multtelectron atom

A Both the orbital angular momentum quantum |
and the spin angular momentum guantum
contribute to the magnetic moment of an atom.

A In the case of multi-electron atom, we calculate
sum of orbital angular momentum guanta
4 B m, as well as sum of spin angular
momentum quanta{ B v and finally we get
total angular moment by a vector addition of
both quantaas L 4 .



Composition of total angular
momentum

A Relation between total orbital angular momentum
and magnetic moment /pis expressed by,

m=-m(e>2m)L=-mL (10)
On the other hand total spin angular momentum
and magnetic moment has a relation expressed by

m=-(e/mpS=-2mS (11)
Therefore, composed moment mis described as
17 m+ - (L +25) (12)

_ _ 3 _ Fig. 8 L and S goes:
While L+2S s not reserved, J =L+Sis reserved around J keeping

during motion. L and S conserving the relation vector relations
shown in Fig, 6 and goes round around the axis J.



0 [ |y Rfadoi
A Magnetic moment mis a vector parallel to J with a magnitude which
IS a J axis-projection (line OQ) of L+2S (line OP) vector and
expressed by eq.(13).
- g, mJ (13)
0,J=|0Q|= PP|com=|L+25|cosm=J+ScoD
By using AT Orlg|7o ~and¢ly| L { <4 we obtain
Q p (L 4 )L (19
A In quantum mechanics, eigenvalues of L2, S, J2

are L(L+1), S(St+1),J(J+1), respectively, since L,SJ .
are angular momentum operators. o e e of

A Then g, of eq.(14) can be rewritten as magnetic moment vector
Q p (WG p Y p) 00O PO p) (15)
g;iscalled L a n dgféacwr.

T+25

0]



Q: Why eigenvalue of L2 is not L2 but L(L+1)?

Aln quantum mechanics any physical quantity corresponds to
an operator. Since angular momentum operator L contains a
differential operator as in L=r3 p=r3 (-i>p), two operators A, B
are not commutative, i.e., [A,B]=AB-BAEDO.
A Given Cartesian components of L is represented by L, L, L,
lift operators L,, L. are defined by substitution as
L.=L,+iL,, L=L,-IL,.
A Commutationrelationsare
LIl [LLl=L [L.L]=2L, (AL)
=LA LALLA A, (A)
2L 2-L=08 2=+,
L2F =12+ F =LA, (A3)



U Electronic configuration of mulglectron
atoms

Af many electrons are belonging to an atom,
contribution of orbital and spin of eachelectron to
total momentum becomescomplicated A guideline
to determine the total momentum was given by
Hundandcalledd | dzywRIga &S €

AThepremiseof the | dzy Ruleis Pauliprinciple i.e.,
Only one electron can occupya state specifiedby a
setof quantumnumbers(n, |, m,, my).



Al dzy RQa wdzZA S Aa O2yaradcgAiy3da 2F F
1. Fora given electron configuration, the term with maximum
multiplicity has the lowest energy. Theultiplicity is equal to2S+ 1,
where Sis the total spin angular momentum for all electrons.

Therefore the term with lowest energy Is also the term with
maximums

2. Fora given multiplicity, the term witlhe largest value of the total
orbital angular momentunguantum numbel, has the lowest
energy.

3. Fora given term, in an atom with outermost subsh&llf-filled or
less the level with thdowest valueof the total angular momentum
guantum numbeid, (for the operatorJ=L+S) lies lowest in energy.
If the outermost shell isnore than halffilled, the level with the
highest valuef J is lowest in energy.

After C.Kittel Introduction to Solid State Physics"Bdition



U Expression of Multiplets

A In spectroscopy, multiplets are representeddyynbols S, P, D, F, G,
H, 1 corresponding ta=0, 1, 2, 3, 45, 6 with spirmultiplicity 25+1
on their left shoulders. Spin multiplicity valuae 1, 2, 3, 4, 5
which arecalled singlet, doublet, triplet, quartet, quintetextet
corresponding toS=0, 1/2, 1, 3/2, 25/2, respectively. Andis
added as subscription.

A According to the definition, the ground state of hydrogen is
described asS,,, doublet S one halfand that of boror/P, ,

doublet P one halffor example.

A In the case of 3d transition metals, only an electronic configuration
(orbitals and spins) of incomplete inner shell electrons is sufficient.
For example the multiplet of MrY(3cP) with S=5/2 (25+1=6),.=0
0 Mp{ v 2=5/R igdxpressed &8, sextet S five half).



U Electronic configuration and magnetic moment |

3-UNF YaAlGA2Yy YSUlFf AZ2
A Fig. 10 shows how electrons occupy@titals in 3dtransition
YSUGlFf A2ya | OO2NRAYy3I (2 | dzyF
A Each level corresponds to either of fize-2,-1,0,1,2. Though

orbital energy of each level is degenerated, the five orbital
levels are described separately for clarity.

A

2

b : 7t T
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Table 2L, S, J, multiplet, magnetic moment in transition ions

lons | configuration| L | S J | m | my |exp| multiplet
TP* Ar]3dt 2| 1/2| 3/2| 1.58 1.73 1.7| °Dy,
VBT Ar]3d? 3| 1 2 1164283 28 SF
Ce* Ar]3c® 3| 3/2| 3/2| 0.784 3.8% 3.8 “F
Mn3* Ar]3d? 2| 2 0 0490 4.8 °D,
Fe* Ar]3c° 0| 5/2| 5/2| 592597 59 55,
Co* Ar]3c° 2| 2 4 | 6.71 49¢ 5.5 °D,
NiS* Ar]3d’ 3| 3/2| 9/2| 6.63 3.871 5.2 ‘R,

Table 2 shows quantumumbers L, S] for electronic
configurations shown in Fig.10. Calculated values of magnetic
moment for J and for S only, as well as experimental values are
listed in the table.



U Contribution of orbital and spin angular momentum
guantum number to magnetic moment

Magnetic susceptibility of paramagnets ¢ Is Inversely
proportionalto temperatureT accordingo Curielaw;

c=C/T (16)
HereCis Curieconstantand canbe describedusingtotal angular
momentumquantumnumberJ,

# 0°Q° o0 pjoQ @17
In this equationN is numberof ions,andk Boltzmanconstants If

the susceptibilityobeysthe Curielaw inverseof susceptibilityis
proportionalto T. Fromthe slopeof the curve Cis obtainedand

effectivemagneticmoment’  "Q,/(0 p) canbe obtained




U Paramagnetism of transition metals and re

earth 1ons

A As shown in Table 2, calculated A Fig.11(b) shows experimental

and experimental values of value of magnetic moment of RE
magnetic moment of 3dransition lons by open circles.
lons are listed. A The experimental magnetic

A Fig.11(a) shows experimental moment of RE ions are all
values by open circles for TM. accounted for by calculated
While calculated values fonwith values formwith J.

Jcannot explain the experiments
while those with S fit th
experiment.

AN 0}
N\ -

\
\

O experiment 1 I
! == orbital+spin \o\ - °
| /"™ — spin only \ :
S L \
el
A Ng i i ¢ A A

0o 2 4 6 8 10 0 2 4 6 8 10 12 14
3d electron number

_N W e O
Magnetic moment
N - (o2 o

Magnetic moment

O experiment
—orbital+spin, i

4f electron number

Fig.11 calculated and experimental values of
' paramagnetic effective moment for TM and RE ions




WHY IS IRON FERROMAGNETIC?



U Contribution of orbital and spin angular momentum
guantum number to magnetic moment

Magnetic susceptibility of paramagnets ¢ Is Inversely
proportionalto temperatureT accordingo Curielaw;

c=C/T (16)
HereCis Curieconstantand canbe describedusingtotal angular
momentumquantumnumberJ,

# 0°Q° o0 pjoQ @17
In this equationN is numberof ions,andk Boltzmanconstants If

the susceptibilityobeysthe Curielaw inverseof susceptibilityis
proportionalto T. Fromthe slopeof the curve Cis obtainedand

effectivemagneticmoment’  "Q,/(0 p) canbe obtained




U Magnetic moment of Fe cannot be explain

by magnetic moment of Fe atom

A Most people will remember the iron by a magnet. Nevertheless
It has been a long mystery why magnetism of iron is so strong.

A As described in the last section magnetic moment is originated
from orbital and spin angular momentum of electrons.

A Without force to align the atomic moment each other, direction
of atomic moments align randomly, which does not lead to a
spontaneous moment. Application of magnetic field aligns the
moment slightly toward the field direction, inducing a net
magnetic moment. This is a mechanism of paramagnetism.

A Temperature dependence of susceptibility of a paramagnet
Including 4f-RE ion is well explained by total magnetic moment,
while that of 3d-TM ion can be explained considering only spin
angular momentum.



U Exchange Interactio

A Materials will become ferromagnetic if tHerce acts
mutually align the orientation of thenagnetic moment
In the same direction between adjacestiom magnets.

A On the other hand, it will become antiferromagnetic if
the force acts mutually align inversely.

A The force by whicatomicmagnets mutually alignis
ONRPdzZAKU 06 St SxhaNE yitaractiop K¢

A Ferromagnetic materials loose a spontaneous
magnetization when temperature exceedsirie

temperature which means that thermal fluctuations
overcome the exchange interaction.



U Magnetic moment per one Ftom

AHow much is the magnetic moment per a Fe atom, if 2 v
magnetism of Fe is generated by alignment of atomic o —4-

1

moment? L, Al

ASince Fe atom has an electronic configuration Fig12  Electronic
Ar closed shell[12s2p°3823pf]+3dP4<. Only outer shell configuration  of 3de

according to Hun d 6

electrons contribute magnetic moment. Ule

ASince spin moment of the two 4s electrons cancel out, only spin
moment of 3d TM contributes magnetization of Fe.

AElectronconfigurationis shown in Fig.12, from which S=4/2=2 is
obtained , so thati=23n,=4m,.

AHoweverexperimental Fe moment per atom is as smalP £4 9,
Not only Fe, Co(1.71%) and Ni(0.604dy) also show smaller moment
than expected from calculation.




U Iltinerant Electron Model

A In metallic ferromagnet the magnetitnoment
per atomisreduced from the onexpected from
ocalized model and takesrmn-integer value

A This phenomenon can only be explained by an
itinerant electron modetor band electromrmodel
In which electrons are not confined in the atomic
position but extend over many atoms in the
metal to form the energy band structure.




U Energy band structure of nemagnetic metals

n metals conduction band is
partially filled with electrons.
The highest energy of filled
pand Is called Fermi energy

(a) 1Is DOSIénsity of

states) of alkali metals.

(b) 1Is DOS of 3gansition
metals without magnetic
moment; In addition to
the sband, there appears

a d-band with high DOS -
near the Fermi energy. Ec Er  Energy

Fig.13 Density of states of metallic band
(a) Alkali metal, (b) 3d transition metal

DOS

DOS




U Band DOD of paramagnetic &
ferromagnetic metals

(@)

* DOS DOS > < ' 50S > F|g . 14

_ DOS
(down spin) (up spin) (down spin) (up spin)

A Energy band of ferromagnetic metals is different for each spin. As
shown in the DOS curves of the right half represents upasmiin
the left half represents down spin.

A (a) In paramagnetic metals DOS curves e$pip band and down
spin band are symmetric.

A (b) In ferromagnetic metals uppin band and dowsspin band
shows a shift in energy. Exchange splitting of the two bands is large
In 3d-band than insp-band.



Viagnetic moment of e can be explained |
terms of electronic filling

SlaterPauling Curve

A Magnetic moment
per atom for various
transition metal (TM
alloys plotted
against number of
electrons in the alloy

A Plots are on the hali
lines witha 45 slope
starting Cr or on the
line witha-45 slope
starting from
F&;,C0yo 10 NigoClho.

Atomic moment Bohr magneton

3.0

o.»doqabxoo
3 =

Q

H

0

A
1
Cr Mn N1
6 7 10
Electron concentratlo
Fig.15 Slater Pauling curves of ferrommagnetic alloys

Magnetic moment of FeCo and Nis 2.2M ®T | ' F
which are smaller than atomic value®ozorth




U Spinpolarized energy bands of Fe

Difference of occupied
DOS between §y spin anoc
Z spin bands gives a
magnetic moment _becFe

bee Fe

4.0r
3.0;
2.0-—
1.0:—
0.0—
1.0}

¥ P
TOTAL DOS(/eV|

ENERGY(eV)

bcc lattice

ENERGY(eV)

,T ,’_‘f"'l a7 H
-6F - + =+ + - 3.0_‘
Brillouin Zone of q'_ 1 l 1 \/ | 4.0p
L. ] l | I ] 5'?1
|
R .

Fig. 16 Sphpolarized band and
spinpolarized DOS of Fe




U DOS of Fand Ni

A DOS oft band is smaller thaf band
in Fe givingqin=n, -n,=2.2

{atm:Hy) n

| E|
Fe 11 B A 1H band is fully occupied ar@d band
. N S
| | 4 has only small amount of holes in Ni
E | givingpn:nb—n@:,g.gi
'N_ E‘“ 'ALT @ ol Y|
I !
oy 0.6holes, s
! - f ]
ﬁ". f 13;‘*- | electrons flow
C’:-Lﬁ 1 . from Cu into Ni,
‘g‘f ’ moment
- _ﬁ-é,é_" R vanishes when
Spin-polarized DOS ~ Spin-polarized DOS Cu content

. . | . becomes 40%.
Fig.17 Spinpolarized DOS of Fe and Ni



U Mechanism of appearance of spontaneou

magnetization: localized electron model

A In magnetic insulators such as iron oxides a
spontaneous magnetization can be explained
when atomic magnetic moments align
mutually along the same direction.

A This mechanism is first introduced by Weiss ir
terms ofmeanfield approximation*(or
molecular field approximation**)



Meanfield Approximation by Weiss

We treat the exchange field as equivalent to a magnetic fildrhe
magnitude of the exchange field may be as higha® p m"Y.

In the meanfield approximation we assume each magnetic atom t ¢ ; t ¢ t 4
experiences a field proportional to the magnetization: I ¢ ! ; % ; 4
O 00 (18) 111"1' [
where A is expressed &s=2zJ. /(N(gm)?) by quantum treatment. $ ¢ 4 t 4 t $ I
Consider the paramagnetic phase: an applied fi¢Will cause a finite tit't t
magnetization and this in turn will cause a finite exchange fitld MagnetizationV
Effective field is a sum of applied fi¢fthnd exchange fieltl: 0]

O ‘0 0O (19) ¢ y
Below Tc we use the compleBrillouin expression for the t I I * I 1
magnetization: th ! [

0 Ngpdd (@ml s WQ)Y TftTt |

Spontaneous magnetization appears without applied fietdd. By t ) t ¢ t 4 t %

substitution we get

O . CWw(@O®QLHQY (20)
By assuming 0 "Q 0eq.(20) becomes Fig.18 .I\/Iea.n field .
SERY) 6 ((cavjQMjo ) (21) approximation of Weiss

Mean field from surrounding moments



U Condition for existence of a spontaneou:

mome

Nt

By substitutiony=M/M, and
x=(2zJ,, J°IKT)M/M,, eq.(21)becomes
y= (kT/2z2J, . J?)x (22)
y=B4(x). (23)
Fig.18 illustrateseqs(22) and (23).
The curves in Fig.18 represent eq.(23)
for J=1/2, 3/2,5/2,while lines in Fig.18

represent eq.(22) whose slope is
proportional to T.

The lines rise up more steep for higher

temperatures than for low
temperature.

Spontaneous magnetization appears
when the curve (23) and the line (22)
have an intersection.

At high temperatures,Tc does not appear

v T T, lx

7 | NeBut) |
...... 120.5 '

(37~ Atlow tempera ~ — 5.
/5. ures Tc exists J22.§

y=Byx), y=(kT22J )

In this case Tc =0

X

Fig.19 Existence of a spontaneous moment in
the meanfield theory

At low temperatures intersection
exists since slope is small, while a
high temperatures no intersection
exists which leading to
disappearenc®f spontaneous
magnetization



Temperaturedependence of Magnetization

A In Fig.2QMagnetization - ‘\"g;ij\%;{,__
obtained from intersections , N\
using Fig.19 for different 0.4
temperature. 02

A Experimental MT curves of ~ ° "8 0

Most ferromagnetic materials o sonanesus magrezaton

. Experimental values are ¥ Fe,
can be explained by the mean . reo
] ] Curves are plots for J= S=1/2,1,D
field theory of Weiss, even

they are itinerant magnets.



U Curie Weilss La

The susceptibilitg =M/H of a paramagnetic

material, in which no interaction exists between

YIHYSUAO Y2YSyiaa Ol y
c=C/T. (24)

Therefore if the line of 1¢ is plotted against

Intersects at the origin the material is paramagne

Above the Curie temperature of a ferromagnetic
material the magnetic moments fluctuate random ~ “
leading to paramagnetism.

In this case susceptibility is given by the Glkeiss
lawasfollows

¢ =0(T-q). (26) o o
HereqplsOI ff SR GLI NI YFIYSGAO [/ dzZNAS GSY
In this case 1¢ plots againstl passes through-Y
axis atg,. If the value Is positive the material is

ferromagnetlc while if it is negative the material is
antiferromagetic

Curie Iaw]

g

/ Curie Weiss law
7T 1H(Te)C

O Temperature T (K)

@]
Inverse of magnetic

susceptibility

Fig.21 Curie law and Curie Weiss law



U Explanation of Curie Weiss Law by Mean
field Approximation

AEffective field is expressed by eq.(19)
7 0 O
O o00U
Ain T>Tc Curie law is satisfied for effective field:
L] O Lj(O O) o0]7Y
Here C Is a constant.
From two equations we get
LJ(O o0 0]7Y
from which 0 'O(CY 0 O is obtained.

Then paramagnetic moment can be written as
0]0 o (Y g) @)

Hereg 0 Ois paramagnetic Curie temperature.



Hysteresis an@€oercivity

MYSTERY QFAGNETICS




WHAT IS HYSTERESIS?



A

A

U Magnetic Recording and Hysteresi

In the computer storage HDD (hard disk
drive) is used, in which information is
recorded on a circular magnetic medium.

Fig.22 shows aNlFM (magnetic force
microscope¢ image of recorded states,
showing arrays of magnetic poles N and *;

Fig. 22 MFM image of recorded domains on

alignedalong thecircumference on the dis the perpendicular recording disk
su rface. Courtesy of Prof-utamoto(Chuo Univ.)

Schematically permanent magnets with
different NS direction align along the

circumference with a magnetic moment
directed perpendicular to a disk surface.

The mechanism of magnetic recording is
supported by the hysteresis of the magnetic
recording medium.

Fig. 23 Schematic illustration of recorded
domains on perpendicular recording disk.



Magnetic Hysteresis Cur

A Fig. 24 provides a typical o S
hysteresis curve of e
magnetization against T e
applied magnetic field. it BV B—

A Since hysteresis loop /
provides two values at zero A

field a magnetic recording Is
possible by assigning the “4al 0 oxo oz
two values to 1 and O.



Hysteresis curves In ferroelectric materials

A Hysteresis is also observed between .

polarization P and electric field E in
ferroelectric materials. o

A Fig.24 shows a dielectric hysteresis loop in: |
ferroelectric materials TGS. In this figure : | e
vertical axis represents an electric |
displacemenD=g,E+P and horizontal axis is |
electric field. | |

A A ferroelectric memory devic&€¢RAM v
makes use of residual polarizati®nto - | |
. . g. 24 A typical hysteresis curve of a
reCOrd InfOI’m at|0n . ferroelectric material

A The material has two different stable state
with a potential barrier between two states.
Transition between the states needs to
surpass the potential barrier. Such a
situationA & Obistabl&E Rl ¢ R Y| aK2z2g
a hysteresis.

=




Hysteresis in mechanical system

A Hysteresis phenomenon can be also
observed mechanical system. Gear 2
follows Gear 1 when Gear 1 is
rotated toward left, but follows after
0KS aol O“[f F aKEé G6KSY AYOSNBRSTE 8
rotated.

A This system is aldzistablesince two Gear 2
states (Gear 1 is attached to right
wall and left wall of Gear 2) with a  F9-25 Gears show hysteresis
threshold of the backlash.

Gearl

Etymologyof KE A0 SNKaAaé Aa || DNBS] 62 NJ
meaning a slow response. Hysteresis is often confused with history.




