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Quantities and units in physics € ﬂ’ MAGNETISM

IS @ quantity?

is a unit ?
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THE EUROPEAN SCHOOL ON
Quantities and units in physics " MAGNETISM

Quantity Units
- Example: speed V = 6€/6t  Why?
< Dimension: dim(v) =L-T™! < Provide a measure

- Universality: share with others
-/ Possible formalism:
X = Xo(X)q

é// s Refevemce

@u\av\l’;\// @uam\,-, l\7
l\/]éa Svve

(L)s; = meter = 100(L)cgs
L= 50<L)SI — 5000<L>Cgs

QSPII’ILEC Olivier FRUCHART - Fields, moments, units ESM2020, 28t Sep-2" Oct |5 |

—



The electric charge and the electric field

Facts: force between charges

F _ d19>2 u
152 —47'[601'122 12
+q1 +q;
D o—

a

+q4 —q>
QO —0
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€D icers
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Modeling by the Physicist

J

o

Electric field E;_»

Charges are scalar sources of electric field
a

a

Fi, =q2E1
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The electric charge and the electric field (ﬂ' MAGNETISM

Macroscopic level: Gauss theroem 1 Microscopic level: Maxwell equation
<) Ostogradski theorem / V.-E-= P
< O > EO
JIf, V-EdV = ¢b E-ndS /\ 50 |
' p=—= Volume density

5V of electric charge

Qs the scalar source of E

Q _ P - :
—> 2= [ff, £ dv =, E-nds

Link /

v. E=%+ -"=Ex(x+6x)—Ex(x)+m
0x Ox
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Origin of magnetic interactions ( ﬂ’ MAGNETISM

Century-old facts
- Magnetic materials (rocks)

(Ersted experiment in 1820

Hans-Christian Oersted,
1777-1851.

Birth of
electromagnetism
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The electric current and the magnetic induction field ( ﬂ’ MAGNETISM

Facts: force between charge currents Modeling by the Physicist

I,1,[5€, x (6€; X uyy)] - Magnetic induction field: Biot & Savart law

411y, Uol6€ X u
6B =
+1; @T @ ® 42
C

0F1 2 = o

‘ - Retrieve the force (Laplace)
_IZ 5F2 = 125‘8 X B(rz)
Note: former definition of the Ampere: :{> F=qgqvxB
The force between two infinite wires
1m apart with current 1A is 2 X 1077 N/m . Magnetic  induction

field defined through
Lorentz Force
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The electric current and the magnetic induction field ( MAGNETISM

Macroscopic level: Ampere theorem Microscopic level: Maxwell equation
-/ Stokes theorem VX B = uj
A
i: Volume density of current (A/m?
[l (WxB)-nds=§,B-de J: Volu Y O EERE (]
< jis the vectorial —1 —

source of curl of B
Unit for B: tesla (T)

=D 1= ff; (-m)dS = §, B - de

‘~'>

s, |

S "
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THE EUROPEAN SCHOOL ON

MAGNETISM

Maxwell equations (in vacuum)

P
V- E=—
= :> Gauss theorem
0B
VX E= _6_ :> Faraday law of induction
JE
VXB=puglj+e€o e I:> Ampere theorem
V-B=0 I:> B is divergence free
(no magnetic poles)
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MAGNETISM

The magnetic point dipole

Biot and Savart The magnetic point dipole
[6€ X u
5B = Ho ’
4mr - Simple loop
< Note: 1/r? decay » n=ISn Unit:A- m?
Ampere theorem and CErsted field < General definition
i L n=— ﬂj r xj(r)dy
\V
.UOI QG \ r-DQ)UVQ
Be = onr iy e
-l a Y
/\/ B = _Ho (ll rr— |~ Note:1/r’ decay
413 |12
'_l .
Note: 1/r decay B = 4nr3 (2ucosfBu, + usinfuy)
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The magnetic point dipole in a magnetic induction field

Energy
E=—u-B  Zeemanenergy (/)
Demonstration

- Work to compensate Lenz law
during rise of B

- Integrate torque from Laplace
force while flipping dipole in B

€LD) lGNET

Torque

I‘=f rxI[(dexB)=uxB

- Inducing precession of dipole around the field

J

It is energy-conservative, as expected from Laplace
(Lorentz) force

Force
F=p-(VB)
- Valid only for fixed dipole

-/ No force in uniform magnetic
induction field
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Two interacting magnetic point dipoles

Energy
E=—

47Tr3

[ (TP I(TPRD SRl VPN 1

- The dipole-dipole interaction is anisotropic
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€LY HAGNETISH
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Examples
Holl1 U2
o— e, E=+2
473
| Hol1H2
E =
() + pp—
e—— E=0
| Hoka 1
o1 U2
8 —
P 413
HoH1H>2
o— —— E£=-2
413
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Magnetization \

MAGNETISM

Definition Equivalence with surface currents

-~ Volume density of magnetic point dipoles

op
= — A
M 5 /m

- Total magnetic moment of a body

]Vl‘=j MdV A-m?
v

- Applies to: ferromagnets,
paramagnets, diamagnets etc.

- Must be defined at a length scale

much Iarger than atoms -~ Name: Amperian description of magnetism
J Is the basis for the micromagnetic - Surface current equals magnetization A/m
theory
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Free currents and bound currents ( ﬂ’ MAGNETISM

Back to Maxwell equations The magnetic field H
- Disregard fast time dependence: B
magnetostatics ~ One has: VX|——M) =],
Ho

VXB= ) + €f—
Ho (] € at> B
J  Bydefiniton: H=—-M A/m

./ Consider separately real charge current, J¢ Uo
from fictitious currents of magnetic dipoles J

_ _ VXH=]j
VXB:HO(]C"’]m) :
U Onecanshow: VXM = j A/m? B versus H : definition of the system
_ - M: local (infinitesimal) part in 6V of the
MXn=jy A/m system defined when considering a magnetic

material

- H: The remaining of B coming from outside

. Qutside matter, B and uoH coincide and OV , liable to interact with the system

have exactly the same meaning.
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Derivation of the dipolar field (ﬂ' MAGNETISM

Derive the dipolar field

The dipolar field H,
- By definition: the contribution to H Maxwell equaton V-B=0 - V-Hg=-V-M

not related to free currents (possible
to split as Maxwell equations are
IV-m(')] (r—r")

linear) jjj
I:' > H = —M; dv’
VxHy=0 :> Hy = —Vyq a(r) = 4r [r —r'[3

Ex fopnal to

H = Hy 4 H,
PP m™maosg a8l
gm ° 047 To lift the singularity that may arise at boundaries, a
volume integration around the boundaries yields:

Analogy with electrostatics ' ' '
p(’) (r—r’) Eﬁa(r)(r—r)

H = dv’ ds’
VXE=0 |:> E=-V¢ a(r) = jﬂ 41 |r — 1’3 + 41 [r — r'|3

p(r)=—MsV-m(r) — volume density of magnetic charges
g(r)=Ms; m(r) -n(r) — surface density of magnetic charges

ESM2020, 28t Sep — 2" Oct 17
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Stray field and demagnetizing field

THE EUROPEAN SCHOOL ON

MAGNETISM

Example

Vocabulary

- @eneric names

Magnetostatic field
Dipolar field

) Inside material

Demagnetizing field

-/ Qutside material

Stray field

- Surface charges

- Dipolar field
or)(r—-r')
H = ds’
a(r) # 4 |r —r'[3

o(r)=M,m(r) - n(r)

Permanent magnet (uniformly-magnetized)

QS PINtec olivier FRUCHART - Fields, moments, units
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B versus H — Amperian versus Coulombian — Continuity conditions € ﬂ’ MAGNETISM

Coulombian

VXH=0

- No closed
lines

- (A, =0
W ‘N =0

out-{,n

- Pseudo-charges source qf

A

I

/

H

¥

@ SpPINtec olivier FRUCHART - Fields, mo

From: M. Coey’s book

ments, units

Amperian
- Fictitio

us currents source of B

AAl

.

V-B=0
-~ No magnetic
\ monopole

_JAJ_=0

\AA A

|

.
-

N ]
= Ko} X1
A ovlk - (I
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€LY HAGNETISH

Dipolar energy — Practical cases

Examples of magnetic charges The long cylinder

-/ Note for infinite
cylinder:

vy v Vv
Yy Vv Vv
Yy VvV Vv
Yy VvV
vy VvV V¥V
vy Vv Vv
Yy Vv v

nocharge £4 =0

"+
+ +
\+
\.
+ + + 4+ + + + + +

TTTTTIE
L

. Dipolar energy favors alignment of magnetization with longest direction of sample
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- Charges onside |
surfaces |
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Dipolar energy

€L oNETs

Dipolar energy
- Zeeman energy of microscopic volume

0E7 = —poMOV - Heyt

-~  Elementary volume_ of a
ipolarfifld

1/ wmuyfve Qn&gy
Ed=68d/617=— OM'Hd

Macroscopic
system creating its own

- Total dipolar energy of macroscopic body

1
gd=—§ﬂ0ff MHddV
14

1 2
Eq =§Mofﬂ Hj dV
v

< Always positive. Zero means minimum

QS Dintec olivier FRUCHART - Fields, moments, units

Size considerations
o) (r—-r’)

H,(r) = Volume + # prem—

-/ Unchanged if all lengths are scaled: homothetic.
NB: the following is a solid angle:

3 (r—r')ds’
r=r'|3

ds’

dQ

< H, does not depend on the size of the body
) Neither does the volume density of energy
) Said to be a long-range interaction

ESM2020, 28t Sep —2" Oct |21 |
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MAGNETISM

Range of dipolar interactions in low dimensionality

Range Non-homogeneity
~  Upper bound of dipolar field in thin films - Example: flat strip with aspect ratio 0.0125

0.25

_—»Tunle Q(j adnen ‘ . .
IHa() | < Mt ’ i dr U

L/ = /+ _

/ o Hy T oh(paQe ‘* =1+
e S
N 0.10
:> IHg(R)|| < Cste + O(1/R) True profile
'\ Average (demag coefficient)
0.00 .
0 100 200

Lateral position (a.u.)

. Dipolar fields are short-ranged in low dimensions
< Dipolar fields are highly non-homogeneous in such large aspect ratio systems

. Conseguences: non-uniform magnetization switching, edge modes etc.
QS PINTEC oOlivier FRUCHART - Fields, moments, units ESM2020, 28" Sep — 2" Oct 22 |
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€[ NAGNETISH

Demagnetizing coefficients — Maths

Dipolar energy for uniform magnetization

M(l‘) =M = ]WS(TnxfZ + myy' + mzi) Im,:g,(lz

-/ No volume charges: p(r)=—M;V-m(r) =0 ; %72
| | 3 M(r) -n(’)] (r—r’) 4; n(r')(r—r’)
Hd(l') — ﬁv ’#; dS

- Dipolar field: dS’' =" M.m;
At |r —r'|3 sy, 4w r—1'|3

- Dipolar energy:

5 = —%ﬂo ff M(r) - Hy(r)dV = —%qufmi fﬂv dv #av n(r)m-(r=rj .

4t Ir — r'|3
n; (r") (r- — r-’) , _
gd — Kdm m; Jjj de% l4n_ |I' _J l"l?{ ds (Hd(l‘)> = _Ms N-m
14
IW\P‘QA '\ Z;—__)( 2 8d=Kdeﬁm
/——— 3

See more detailed approach M. Beleggia et al., JMMM 263, L1-9 (2003)
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Demagnetizing coefficients — Take-away messages

€LD) lGNET

For any shape of body
(Hg(r)) = —M;N-m
Eq=K4V m- N -m

Dipolar anisotropy is always of second order

J N demagnetizing tensor. Always positive,
and can be diagonalized. Ny + Ny, + N, =1

Eq = KqV(N,m2 + N,m;, + N,mZ2)

- Along main directions

(Hq:(r)) = —N;Mj

Hypothesis uniform M may be too strong
Remember: dipolar field is NOT uniform

For ellipsoids etc.

- Condition: boundary is a polynomial of the
coordinates, with degree at most two

Slabs (thin films), cylinders, ellipsoids
t\? [x\2 2
7= @ +6) 2
2 a b/ 2 W2 (72
S RO
Hd = —MS N -m a b C

8d=Kde-ﬁ-m

- Along main directions

Hgy; = —N; Mg

M and H may not be colinear along non-
main directions

QS Dintec olivier FRUCHART - Fields, moments, units
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THE EUROPEAN SCHOOL ON
Space symmetry € ﬂ’ MAGNETISM

Reminder about plane symmetry Magnetic fields are pseudo-vectors B is antisymmetric
- Points - Curlis a chiral operator al al
/-—7> A n ' &~/mm 4/2:7
O ® ,Lt0158 XUy —|— —|—

L A2 L;SVMMW/ ®f
A 'S/MMQ/IV/ O®\:: a

What use? Example: Ampere theorem and (Ersted field

- Vectors

[ Symmetry of | with plane containing |
o)

- Example: electar_ic fieldV . E = E_o w > Antisymmetry of B: is azimuthal

E [10]
. > Bg =
::> = 2nr

Cj SpINtec olivier FRUCHART - Fields, moments, units ESM2020, 28" Sep — 2" Oct |25




Time inversion symmetry

Time inversion symmetry of Maxwell
equations

- What happens with operation t — —t

vyl . E = £
Un 6ﬁ)V E - /\_.D..B

0B

Uh()?\&vaﬂal VX E= —E

s — b

] J0E
Twh g d Vﬁ = Ho (] + EOE)
l
5 b L .y -t
Twyern A V-B=0
. Maxwell equations remains valid

< Solutions must comply with time-

reversal symmetry

P " THE EUROPEAN SCHOOL ON

MAGNETISM

Example 11
g o !
A M/Qﬂ
Y V

What use? Magneto-crystalline anisotropy
E(6) = K,

K21cos/26/sﬁ9 + KlZWQ 4 ..

. Odd terms are forbidden

QS Dintec olivier FRUCHART - Fields, moments, units
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W Ky, cos@sinf +
K,o c0s? 0 + K,, sin® 0 + KW+W +
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Sl system cgs-Gauss
Definitions [l . _
 Definitions —— S Problems with cgs-Gauss
Kilogramkg Gram g - The quantity for charge
Second s Second S current is missing
Ampere A Ab-Ampere ab-A = 10A
| . No check for homogeneit
B=y, (H+M) B=H+41M ey
Ho=47X10 ° SI Wo=47 Mix of units in spintronics
Field H 1A/m <«———> 47x10°0e (Oersted)
Moment " TAm: = < G - Inconsistent definition of H
Magnetization M 1A/m = » 10 3 emu/cm?® Dimensionless quantities
Induction B 1T <«—» 10*G (Gauss) are effected: de.m-a.g
o factors, susceptibility etc.
Susceptibility y=M/H 1 <« 1/4n

./ More in the practical on units:
http://magnetism.eu/esm/repository-authors.html#F
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Quantum revolution in Sl units in 2019 " Wgﬁﬁﬂi}%ﬁ

Define quantities

Times
Length

Mass

L CL C *C

Electric charge

Fixed values

- Speed of light -> Define meter

To be measured -l Planck constant -> Defines kg
- Magnetic permeability of vacuum

o # 4w X 1077 S. 1.

- Charge of the electron

o = 4m[1+2.0(2.3) - 107191 x 1077 S.1.

QSPII’N;GC Olivier FRUCHART - Fields, moments, units ESM2020, 28th Sep — 2" Oct |28 |



spintec =

f—— 14

Thank you for your attention !
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